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Keywords Abstract
Energy, In this study, 3-iodo-2-(p-tolyl)benzo[b]thiophene (4C) 1is synthesized by using
Fuel cell, Sonagashira coupling reactions and electrophilic cyclization reactions. Electrochemical
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Benzothiophene,
Palladium

measurements have been performed using electrochemical methods such as cyclic
voltammetry (CV), chronoamperometry (CA) and electrochemical impedance
spectroscopy (EIS) in the environment of 1 M KOH + 0.5M N:H4 solution. The CV results
obtained showed that 4C catalyst promoted the generation of the best current (15.40
mA/cm?), and EIS results confirmed that electrode modifeed with the same derivative
presented the lowest charge transfer resistance. Taken together, these results suggest
that 4C organocatalyst could be used as an anode efficient catalyst in hydrazine (N2H4)
fuel cells.

BENZO[B]TiYOFEN BAZLI ORGANIK BILESIKLERIN SENTEZI VE ANOT KATALIZORU OLARAK

HIiDRAZIN ELEKTROOKSIDASYON PERFORMANSI

Anahtar Kelimeler
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Eneryji,
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Bu ¢alismada Sonagashira baglanma reaksiyonlart ve elektrofilik siklizasyon
reaksiyonlart  kullanilarak  3-iodo-2-(p-tolil)benzo[b]tiyofen  (4C)  sentezlendi.
Elektrokimyasal élgiimler, 1 M KOH + 0,5M N:H: ¢ézeltisi ortaminda, déngiisel
voltametri (CV), kronoamperometri (CA), elektrokimyasal empedans spektroskopisi
(EIS) gibi elektrokimyasal yéntemler kullanilarak gerceklestirilmistir. Elde edilen CV
sonuglari, 4C katalizériiniin en iyi akimin (1540 mA/cm?) iiretimini destekledigini
gosterdi ve EIS sonuglari, ayni tiirevle modifiye edilen elektrotun en diistik yiik transfer
direncine sahip oldugunu gostermektedir. Birlikte ele alindiginda, bu sonuglar 4C
organik katalizériiniin hidrazin (N:zH4) yakit hiicrelerinde anot agisindan verimli bir
katalizor olarak kullanilabilecegini géstermektedir.
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1. Introduction

Energy affects all aspects of our modern life (Demirbas,
Sahin-Demirbas and Hilal Demirbas, 2004). Fossil fuels
(such as oil, natural gas and coal) are the main energy
sources all over the world in the last century Park, Lee
and Kim, 2013). However, due to the growing world
population and industry, the need for energy is
increasing, and therefore alternative energy sources

(0 @

are needed to meet the energy needs. Modern electrical
power generation relies on non-renewable resources.
These days, new, efficient, cheap and small-scale
renewable energy production options are more
preferred.

Nowadays the renewable energy sources these days,
fuel cells (Kivrak, Can, Duru and Sahin, 2014) organic
solar cells (Yang and Forrest, 2008) and batteries
(Clarke and Durrant, 2010) are at the top of the list as
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clean energy sources. Among these, fuel cell
applications have come to the fore recently due to
environmental pollution and the need for sustainable
energy (Shi, Huo, Esan, An and Zhao, 2021; Wang, Li
and Fooladi, 2021). Fuel cells are preferred today due
to their features such as low pollution, low noise and
high energy efficiency (Peng, Chen, Peng and Marefati,
2020; Wang, Chen, Mishler, Cho and Adroher, 2011).
Proton exchange membrane fuel cells have been
preferred in liquid fuel cell applications because they
have disadvantages such as hydrogen production,
storage and transportation (Khoo et al, 2021; Huang
and Li, 2015). Therefore, nowadays, scientists have
focused on liquid fuels because of their ease of use and
high energy efficiency (Caglar and Kivrak 2019;
Abdullah, Kamarudin, Hasran, Masdar and Daud, 2014).

Hydrazine (N2Ha4) is preferred in fuel cells today due to
its high hydrogen content and advantages such as high
negative electrooxidation potential and zero CO:
emission with oxygen as an oxidizer (Feng et al,, 2019).
The reason for the need for modified electrodes in the
fuel cell; the kinetic oxidation of hydrazine is difficult
(Wang, Wan and Zhang, 2010; Ding et al, 2019)
reported that prepared MnO/NAC catalyst exhibits high
catalytic activity and showed extraordinary stability
also after 3000 cycles in hydrazine electrooxidation
reaction. Besides, (Wang et al., 2019), notified that P-
CuxNiy/C catalysts were prepared by a high-
temperature phosphating process for hydrazine
electrooxidation, and among the designed catalysts, P-
Cu2Ni/C  exhibited the best stability and
electrocatalytic activity. Apart from these catalysts, the
maximum peak values of metalbased catalysts for
hydrazine electrooxidation reaction compiled from the
literature are given in Table 1. Today, organic
molecules are preferred as catalysts in materials
science because they have very important advantages
such as flexibility, low molecular weight, low charge
transfer resistance and high electrochemical stability.
Because of the advantages of organic molecules,
scientists focused on this topic (Peumans, Yakimov and
Forrest, 2003). It was reported that the organic catalyst
synthesized by (Er, Ulas, Ozok, Kivrak and Kivrak,
2021). showed a very high performance for hydrazine
electrooxidation by showing a current of 3.22 mA/ cm-
2 and this organic catalyst showed the lowest charge
transfer resistance. As a result, they developed that
organic materials can be used instead of expensive
metal catalysts as anode catalysts in N2Ha4 fuel cells.
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Table 1. Maximum current density for NzHa
electrooxidation reported in the literature.

Maximum
Catalyst Preparation Peak Reference
(mA*cm-2)
i (Ding et al,
MnO/N-C  dope 6.30 2019)
(Chen, Jiang,
Wang, Chen and
AuPd co- Feng, 2016)
. 9.57 (Zhao, Sun, Chen,
DANCs reduction
. 8.13 Huang, and Lu,
Co@NM deposition
NCS dobe 2.88 2019)
p (Cazetta, Zhang,
Silva,  Almeida
and Asefa, 2018).
Organic .
compound Synthesis 4,95 (Er, etal, 2021)
4C Synthesis 15.40 This work

Heterocyclic molecules have wide applications in
materials science (Cho, Neuenswander, Lushington and
Larock, 2019). Thiophenes, benzothiophenes, indoles,
furans, pyrroles, pyridines are member of known
heteroaromatic compounds (Figure 1).
Benzothiophene derivatives constitute an important
class of very important heteroaromatic compounds.
They show a lot of biological behaviors such as
antitumor, analgesic, antibacterial, antiparasitic,
antipyretic (Algso and Kivrak 2019; Keri et al,, 2017).
Benzothiophene derivatives have also been used in
organic materials due to their low molecular weight
and greater flexibility in organic solar cells (Morimoto
et al,, 2018) and transistors (Guo et al., 2018). Because
of their advantages, new organic materials containing
(O, S and N) have been designed and synthesized for
renewable energy generation.

pyrrole furan thiophene pyridine

PN co D Lo
N

H o s N

indole pyrazole

Figure 1. Some Examples of Heteroaromatic
Compounds

Our study consists of two parts: organic synthesis and
hydrazine electro-oxidation. In the first part,
benzothiophene derivatives were designed and
synthesized using sonagashira reaction and
electrophilic cyclization reaction. In the second part,
we aimed to design and investigate synthesized organic
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catalysts as a new organic anode catalyst for the
oxidation of hydrazine in fuel cells. (CV), spectroscopy
(EIS) and (CA) methods were used for electrochemical
measurements.

2. Material and Methods

2.1. Synthesis of organic catalysts

General Procedure for the synthesis of methyl (2-
(aryl/alkyl-ethynyl) phenyl) sulfane 3: To a solution
of 2-iodo thioanisole (1 eq) in Et3N (15 mL) and THF
(10 mL) was added alkyne (1.2 eq), Pd(PPh3)2CI2
(2%), and Cul (1%) argon atmosphere. The mixture
was stirred at room temperature (room) overnight.
After the starting compound was completely
consumed, the mixture was extracted and the organic
phase was dried with anhydrous MgS04. After
filtration, the solvent was evaporated under high
pressure and the residue was purified by column
chromatography using the Hexane solvent system to
give 3 (Figure 2).

R
| Pd, Cu = I, !
L, -~ = o O
SCH; _— <

4

1 2 3

2A:Phenyl 3A:Phenyl 4A:Phenyl
2B:Pentyl 3B:Pentyl 4B:Pentyl
2C:Tolyl 3C:Tolyl 4C:Tolyl
2D:Naphthyl 3D:Naphthyl 4D:Naphthyl

Figure 2. Synthesis of 3-iodo-benzothiophene
Derivatives 4A-D

Methyl(2-(phenylethynyl)phenyl)sulfane (3A4): 2-
lodothioanisole (4 mmole), phenylacetylene (4.8
mmole), PdClz(PPhs)2 (0.33 mmole), Cul (0.017
mmole), THF (10 mL) and EtsN (15 mL) were
employed to afford 880 g of the desired compound as
yellow color, yield 92%; Solvent: Hexane. The spectral
data have been previously reported for this compound.
(Eretal, 2021).

(2-(hept-1-yn-1-yl)phenyl) (methyl)sulfane (3B): 2-
Iodothioanisole (4 mmole), 1-heptyne (4.8 mmole,),
PdClz(PPhs)z (0.33 mmole), Cul (0.017 mmole), THF
(10 mL) and EtsN (15 mL) were employed to afford
825 mg of the desired compound as a brown color,
yield 94%; Solvent: Hexane/EtOAc (100/1); The
spectral data have been previously reported for this
compound. (Eretal, 2021).

Methyl(2-(p-tolylethynyl)phenyl)sulfane (3C): 2-
Iodothioanisole (4 mmole), 4-ethynyltoluene (9.6
mmole), PdCl2(PPhs)2 (0.33 mmole), Cul (0.017
mmole), THF (10 mL) and EtsN (15 mL) were
employed to afford 790 mg of the desired compound as
a yellow color, yield 88%; Solvent: Hexane/EtOAc
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(100/1). The spectral data have been previously
reported for this compound. (Eretal, 2021).

Methyl(2-(naphthalen-1-ylethynyl)phenyl)sulfane

(3D): 2-lodothioanisole (4 mmole), 1-
ethynylnaphthalene (4.8 mmole), PdCl2(PPhs3)2 (0.33
mmole), Cul (0.017 mmole), THF (10 mL), and EtsN
(15 mL) were employed to afford 790 mg of the desired
compound as a white, yield 72%; Solvent:
Hexane/EtOAc (100/1). The spectral data have been
previously reported for this compound (Er et al., 2021).

General Procedure for the synthesis of 3-iodo-2-
aryl/alkyl-benzo[b]thiophene (4): To a solution of
methyl(2-(aryl/alkyl-ethynyl)phenyl)sulfan 3 in 20 mL
of DCM was added molecular iodine (2 eq.) under
argon atmosphere. The mixture was stirred at rt for 3
hours. After the starting material was completely
completed, the mixture was extracted into DCM and the
organic phase was dried over anhydrous MgSO4. After
filtration, the residue was purified by column
chromatography using Hexane/EtOAc to give (4).

3-lodo-2-phenylbenzo[b]thiophene 4A: 3A (3.4
mmole), DCM (20 mL), Iz (6.8 mmole) were employed
to afford 965 mg of the desired compound, yield 86%;
Solvent: Hexane; The spectral data have been
previously reported for this compound (0zok, Kavak,
Er, Kivrak and Kivrak, 2020).

3-lodo-2-pentylbenzo[b]thiophene 4B: 3B (4
mmole), DCM (20 mL), Iz (8 mmole) were employed to
afford 1.7 g of the desired compound, yield 95%;
Solvent: Hexane. The spectral data have been

previously reported for this compound (Ozok et al,
2020).

3-iodo-2-(p-tolyl)benzo[b]thiophene 4C: 3C (3.2
mmole), DCM (20 mL), Iz (6.4 mmole) were employed
to afford 902 mg of the desired compound, yield 79%;
Solvent: Hexane. The spectral data have been
previously reported for this compound (Ozok et al,
2020).

3-lodo-2-(naphthalen-1-yl)benzo[b]thiophene
(4D): 3D (2.7 mmole), DCM (20 mL), 12 (5.4 mmole)
were employed to afford 746 mg of the desired
compound, yield 75%; Solvent: Hexane. The spectral
data have been previously reported for this compound
(Ozok et al., 2020).

2.2. Electrochemical measurements

Electrochemical measurements were implemented
employing the CHI 660E potentiostat device to
determine the glucose electrooxidation activities of the
catalysts. CV, CA, and EIS measurements were
performed in a three-electrode system consisting of
glassy carbon electrode (working electrode), Pt wire
(counter electrode), and Ag/AgCl (reference electrode)
in 1 M KOH + 1 M N:H4 solution. The electrooxidation
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activities of the catalysts were determined via CV at 50
mV/s at the potential range of -0.6-0.8 V. CA
measurements for the stability of 4C catalyst was
performed at 0.0, 0.2, 0.4 V, 0.6 and 0.8V potentials at
1000 s. The electrochemical resistance of this catalyst
was investigated by EIS at 316 kHz-0.046 Hz frequency
and 5 mV amplitude.

3. Results and Discussion
3.1. Synthesis

The Sonogashira coupling reaction is one of the most
important reactions in organic chemistry that allows
the formation of new c-c bonds. In the first part, 2-
iodothiyanisol (1) was allowed to react with primary
alkynes (2) in the presence of Pd catalyst at rt under
inert atmosphere and intermediate (3) was obtained
with high yields. In this step, our 3D organic catalyst
was synthesized with the highest efficiency of 94%. In
the next step, electrophilic cyclization reaction was
used in iodine medium and derivatives (4) were
synthesized. The yields of the isolated molecules vary
between 75% and 95% (Table 2).

Table 2. Yields of 3-iodo-benzothiophene Derivatives
4A-D.

ENTRY PRODUCT YIELD
1 | 4A
N
2 ! 4B
N

&CSH11 95%

3 ! 4C
AN\

8%

4 O \' 4D

. s 8' 75%
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In Figure 3b, it was seen that the current intensity of
hydrazine electrooxidation was due to the different
chemical structures of the benzothiophene derivatives.
The highest heo current is the 4C derivative to which
the tolyl primary alkyne is attached. The CV stability of
the 4C catalyst was taken at potentials of 0.0 V to 0.8 V
in1 M KOH + 0.5 M N2H4 solution. As mentioned above,
the highest heo current obtained from CV results was
obtained from (4C). In addition, the highest stability
was obtained at 4C. It has been observed that the
presence of tolyl groups in the chemical structure
increases electrooxidation activity and stability.

urrent (mA/cm?)

00 02 04 06 08

00 02 04 06 08 Potential I (V vs Ag/AgCl)

Potential (V vs Ag/AgC)

Figure 3. CV results of organocatalysts 4(A-D) ina) 1 M
KOH and b) 1 M KOH + 0.5 M N2Ha

Table 3. N2Hs4  electrochemical results of

organocatalysts
Catalyst Total Current  Total Current Normal
of KOH, of N2Hg, Current,
mA/cm? mA/cm? mA/cm?
4A 0.215 14.375 14.160
4B 0.121 9.136 9.015
4C 0.137 15.406 15.269
4D 0.251 13.755 13.504

3.2. Electrochemical results

The (heo) activity of 4A-D organic catalysts was
investigated by CV analysis. CV measurements were
taken in 1 M KOH and 1 M KOH + 0.5 M N2Ha4 solutions
in the potential range (0.0 V - 0.8 V). Since no oxidation
peak was observed in N2Hs measurements,
organocatalysts were evaluated based on total current.
(Figure 3). In heo, 15.406 mA/cm? was determined as
the 4C catalyst, which showed the highest current
performance among organocatalysts (Table 3).

Chronoamperometry curves can be used to determine
the stability and catalytic activity of electrocatalysts
(Kivrak et al, 2014). For this purpose, CA
measurements were performed in 1 M KOH + 1 M N2H4
solution at different potential values (0.0, 0.2, 0.4, 0.6,
and 0.8 V) in 1000 seconds (Figure 4a). Since the 4C
organocatalyst exhibited greater long-term stability
and the highest current, it was measured to have higher
activity among other catalysts according to electrical
distribution values (Figure 4b). These results showed
the best stable structure of the 4C organocatalyst at
0.8V for a long time.
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Figure 4 a) CA Results of Organocatalysts at 0.8 V, b) CA
Analysis of Organocatalyst 4C.

EIS measurements are often used to calculate
electrocatalytic resistance, with the diameter of the
circle decreasing as resistance increases (Sahin,
Duzenli and Kivrak, 2016). Figure 5a shows plotted
Nyquist Plots of 4C catalyst at 0.0-0.2-0.4-0.6-0.8V
potantials. Figure 5b also shows the comparison of EIS
results for organocatalysts at 0.8 V. Figure 5c shows
that the transfer resistor load is 4C > 4D > 4B > 4A. The
electrocatalytic activities of the catalysts are
determined by relating the diameter of these
semicircles to the charge transfer resistance (Ulas,
Caglar, Sahin and Kivrak, 2018). The charge transfer
resistance (Rct) values of GCE electrode modified with
4Cin 0.8V (2747 ) > 0.6 V (5102 Q) > -0.0 V (5203 Q)
>-0.2V (5408 Q), > 0.4 V (5825 ), different potentials
was found from the equivalent circuit model. Since 0.8
V potential has the lowest semicircular shape and R, it
has the highest carrier transfer performance compared
to other potentials.

1600
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Figure 5. Nyquist Graph Obtained in 1M KOH + 0.5 M
N2H4 Solution a) 4C Catalyst Different Potentials and b)
Compared to All Other Organocatalysts at 0.8 Vin 1 M
KOH + 0.5 M NzHas,c) The Charge Transfer Resistance
(Rct) Values of 4C Electrode.

As a result, the 4C electrocatalyst exhibited the highest
electrocatalytic  activity = when  compared to

0 1000 2000 3000 4000 5000 6000
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organacatalysts. When the results were examined, it
was seen that CV and CA were compatible with the
results.

5. Conclusions

This study consists of two parts. The first part is the
synthesis of organic-based catalysts. In the first step of
the synthesis, new C-C bonds were formed using the
Sonogashira Coupling reaction under Pd catalysis. In
the next step, 3-iodobenzothiophene derivatives were
synthesized and characterized using electrophilic
cyclization reactions. The second part is testing the
hydrazine electrooxidation of catalysts.
Electrochemical measurements were made by (CV),
(CA) and (EIS) in 1 M KOH + 0.5 M N2H4 solution. 4C
(15.40 mA/cm?) showed activity as the highest
performance organic base in hydrazine
electrooxidation. In addition, 4C is the organocatalyst
with long-term stability and highest current. It has
been found that a metal-free organic molecule shows a
high current compared to studies in the literature. In
conclusion, the 4C benzothiophene derivative may be
promising as an alternative to expensive metals such as
Pd and Pt.
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