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SYNTHESIS AND CHARACTERIZATION OF THIENO[3,4-b]PYRAZINE-BASED
CONJUGATED POLYMERS

By
Meseret Asrat
Advisor: Wendimagegn Mammo (Professor)

Addis Ababa University, Department of Chemistry

Abstract
Seven novel thieno[3,4-b]pyrazine-based donor-acceptor polymers, namely, poly[2,3-bis(3-

(dodecyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-diyl] (52, 52°), poly[2,3-
bis(3-(decyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-diyl] (53), poly[2,3-bis-
(2,3-bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-diyl] (54, 54°) and
poly[2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-diyl] (55, 55°)
were synthesized and characterized. The polymers were prepared by employing the Stille cross
coupling polymerization and the direct heteroarylation polymerization techniques. For the Stille
cross coupling polymerization reactions, the monomers used were dibromo derivatives of
substituted thieno[3,4-b]pyrazines and 2,5-bis(tributylstannyl)thiophene. On the other hand, the
monomers used for the direct heteroarylation polymerization reactions were non-brominated
thieno[3,4-b]pyrazine derivatives and 2,5-dibromothiophene. Monomers and intermediate
compounds were characterized by using NMR (*H and **C), UV-Vis-NIR and IR spectroscopy.
The structural, electrochemical and optical properties of the polymers were investigated by using

'HNMR, UV-Vis-NIR spectroscopy and square-wave voltammetry (SWV).

Xi



1. Introduction

The use of coal, oil and other combustible raw materials as the main energy sources of today
have harmful effects on our planet and their supplies are limited. Therefore, different kinds of
renewable energy sources, such as solar energy, must be considered.® Solar energy can
potentially provide a clean, sustainable alternative to fossil fuels to meet the global growing
needs for energy. Solar cells based on the photovoltaic effect are an effective method to convert
solar energy into electricity.? Conventional solar cells made of inorganic semiconductors (mono-

and polycrystalline silicon) require costly and energy-consuming processing.

In order to develop low-cost technologies, organic materials are appropriate alternatives. In
particular, semiconducting polymers combine the favorable optoelectronic properties, such as
high absorption coefficients, of organic materials with the excellent processing and mechanical
properties of plastic materials.! Conjugated polymers and their use in polymer photovoltaic offer
a great technological potential as renewable energy sources for electrical energy and they are
currently one of the most promising approaches for the next generation thin-film photovoltaic
devices.> With increasing energy demand, polymer-based solar cells are a promising sustainable
solar energy converter for their unique advantages, such as low cost, light weight, and potential

use inflexible devices.*®

Conjugated polymers are materials which contain alternative double and single bonds along their
main chain and are characterized by the presence of delocalized m electrons system. Some
examples of m-conjugated polymers include:- poly(p-phenylene)®, poly(p-phenylenevinylene)’,
polyaniline®, polypyrrole®, polythiophene'® and polyfluorene™ (Figure 1).
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Figure 1: Some conjugated polymers

Conjugated polymers have attracted considerable attention due to their versatile applications in
the fields of conducting polymers and conjugated polymer optoelectronic devices. As
optoelectronic materials, conjugated polymers are broadly used in polymer light-emitting diodes
(PLEDs), polymer field effect transistors (PFETS), sensors, photodetectors, polymer photovoltaic
cells (PPVCs) or polymer solar cells (PSCs), etc. In order to get efficient electronic devices, it is
necessary to tune their properties, such as bandgap, molecular energy level, solubility,

luminescence, absorbance and so on.?

The history of conjugated polymers started in the late of 1970s with the discovery of metallic
electrical conductivity in oxidatively doped polyacetylene ™ Even in the late 1970s, researchers
understood the potential for having the special combination of optical properties of metals and
semiconductors and the processing advantages and mechanical properties of polymers.
Polyacetylene (Figure 2), although conceptually simple, is a very complex polymer. It is not
soluble, it cannot be processed in any way, and it is in fact unstable. After the discovery of
polyacetylene, new classes of conducting polymers based on aromatic precursors such as pyrrole,
benzene, aniline, and thiophene have been developed.'® This discovery led to the 2000 Nobel

Prize in chemistry awarded to Alan Heeger, Alan MacDiarmid, and Hideki Shirakawa.***

////

Figure 2: Polyacetylene



The bandgap E4 of a polymer is defined as the energy difference between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), and is
typically reported in electronvolt (eV). The bandgap can be measured in different ways; the two
most important ones are the optical bandgap estimated from UV-vis spectroscopy and the
electronic bandgap determined from cyclic voltammetry (CV). The low bandgap polymers are in
general defined as polymers with a bandgap below 2eV, i.e., the polymer absorbs light with
wavelengths (1) longer than 620 nm."® Low bandgap polymers have received more attention the
in the past few years, since it is believed that they can improve the efficiency of the photovoltaic
devices, due to a better overlap between the absorption spectra of the polymer and the solar

spectrum.t’1®

There are several factors that influence the bandgap of a conjugated polymer material. Among
these are: (1) intra-chain charge transfer, (2) bond-length alternation, (3) aromaticity, (4)

substituents effects, (5) intermolecular interactions and (6) -conjugation length.

The most widely used strategy to synthesize a low bandgap polymers involves incorporation of
electron-rich (donor) and electron-deficient (acceptor) unit in an alternating fashion in the same
polymer backbone.’® Examples of electron-rich units are thiophene, carbazole, dithienosilole,
and dibenzosilole, while electron-deficient units are thieno[3,4-b]pyrazine, 2,1,3-
benzothiadiazole, and quinoxaline.” The substituents on the donor (D) and acceptor (A) units
can affect the bandgap. The bandgap of the D-A copolymer is determined by the HOMO of the
donor and LUMO of the acceptor. The high energy level for the HOMO of the donor and the low
energy level for the LUMO of the acceptor results in a lower bandgap due to an intra-chain
charge transfer from donor to acceptor. Planarity along the aromatic backbone results in a low
bandgap, due to a high degree of delocalization of the m electrons. The alternation between single
and double bonds along the polymer chain has a tendency to increase the bandgap. A reduction
of the difference in bond length alternation is achieved by the alternation of donor and acceptor
units along the conjugated polymer chain thus lowering the bandgap. The alternation between

donor and acceptor results in two resonance forms: D-A and D*=A".
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Figure 3: Alternating donor—acceptor units lower the effective bandgap by orbital mixing.

When the HOMO level of the donor and the LUMO level of the acceptor are close in energy, it
results in a low bandgap as shown in Figure 3. Therefore, to achieve a lower bandgap the
strength of the donor and the acceptor must be increased. This is efficiently achieved by using
electron withdrawing groups (EWG) on the acceptor and electron donating groups (EDG) on the
donor. EWG such as CN, NO, on quinoxalines, pyrazines or thiadiazole lower the energy levels
(and thereby LUMO) of the acceptor. EDGs such as alkoxy groups on thiophene or pyrrole raise
the energy levels (and thereby HOMO) of the donor.'®® Besides this, the intermolecular
interactions affect the bandgap. The bandgap for certain polymers is lowered in the solid phase
due to ordering compared to the observed disorder in solution.

In the development of new materials for polymer solar cells applications, it is central to
understand the relationship between molecular structure and device performance. Three
properties, i.e., open circuit voltage (Voc), short-circuit current (Jsc), and fill factor (FF), are of
great importance in achieving high power conversion efficiency (PCE) of polymer solar cells
(PSCs) and evaluating the device performance. The Voc is limited by the difference between the
electron affinity (the LUMO) of the electron acceptor, and the ionization potential (the HOMO)
of the polymer donor. Therefore, the HOMO level is a very important factor to be considered

when designing new conjugated polymers. In donor-acceptor (D—A) structured polymers, alkyl



or alkoxy groups are introduced to the conjugated main chain to increase the solubilities of
conjugated polymers. But, the electron affinities of the side groups can affect the HOMO and
LUMO levels. Therefore, side groups of conjugated polymers play an important role not only in
imparting solubility but also in influencing the optical and electrical properties of polymers. For
example, the alkoxy group is rarely used as side chain on the acceptor units to increase the
solubility as the alkoxy group elevates the HOMO level and therefore decreases the Voc.
Therefore, attaching an electron-donating or an electron-withdrawing group to the main chain
has been largely considered in order to optimize the HOMO/LUMO levels of the conjugated

polymers and the Voc of the corresponding PSCs.*

A donor-acceptor structure reduces optical bandgap, enables absorption down to the near
infrared, and may raise power conversion efficiency (PCE) in solar cells through increased

photocurrent.??

1.1. Polymerization methods

Most low bandgap polymers were synthesized by using a variety of transition-metal-catalyzed

232425 tj]1e%32%2" and Negishi'® reactions. Compared

cross-coupling reactions including Suzuki,
with these polymerization methods, the ferric(l1l) chloride (FeCls) oxidative polymerization is
easy and cheap with mild reaction conditions, thereby making it suitable for large scale
production of polymers.®® Recently, the direct heteroarylation polymerization technique has

attracted much attention as means of polymer synthesis.

1.1.1. Stille cross-coupling reaction

The Stille cross-coupling reaction also known as Migita—Kosugi—Stille coupling is a coupling
reaction between stannanes and aryl halides to form new carbon-carbon bonds. It has become a
versatile synthetic methodology and has been widely applied to the syntheses of numerous
organic compounds. Despite its great versatility, the Stille reaction involves drawbacks such as
the formation of a stoichiometric amount of toxic by-products and in some cases, some

instability of the organometallic reagents.?

The general mechanism of the Stille reaction shown in Figure 4 consists of an oxidative addition

step, a transmetallation step, and reductive elimination step, which yields the product and



regenerates the catalyst.?” Other polymerization methods based on transition metals (e.g. Suzuki

cross coupling) used to prepare low bandgap polymers also follow this reaction cycle.

PdL, X, + 2 R?SnBug

2_R? + 2 XSnBujg

1 p2
RR R1-X

Pd(0O)L,

Reductive elimination Oxidative addition

d(I)LR? RTPE(I1)L,X

XSnBU, R2-SnBuj

Transmetalation
Figure 4: Mechanism of the Stille cross-coupling reaction and the catalytic cycle
1.1.2. Suzuki cross-coupling reactions

The Pd-catalyzed Suzuki—Miyaura coupling reaction is a very useful carbon—carbon bond-
forming reaction which involves the coupling of organic electrophiles such as aryl or alkenyl
halides and triflates, with organoboron compounds in the presence of a base as shown in Scheme
1. Amongst its various applications, the Suzuki reaction is particularly useful as a method for the
construction of conjugated dienes and higher polyene systems. Furthermore, tremendous
progress has been made in the development of Suzuki coupling reactions of unactivated alkyl
halides, enabling C(sp?)-C(sp®) and even C(sp*)-C(sp*) bond-forming processes. In addition, the

handling and removal of boron-containing by-products is easy when compared to other



organometallic reagents, such as organo-tin compounds in the Stille reaction, especially in a

large-scale synthesis.*

Cat. [PdOL,]
Base B

R-BY, + R2-X RI-R?

R' = alkyl, alkynyl, aryl, vinyl

R? = alkyl, alkynyl, aryl, vinyl, benzyl
X =Br, Cl, I, OP(=0)(OR),, OTf, OTs
Y = OH, (CO)2(CHs)4)

L = dba, OAc, PPh,

Scheme 1: The Suzuki coupling reaction
1.1.3. Negishi coupling

The use of organozinc reagents as the nucleophilic component in palladium-catalyzed cross-
coupling reactions is known as the Negishi coupling. Organozinc reagents exhibit a very high
intrinsic reactivity in palladium-catalyzed cross-coupling reactions, which combined with the
availability of a number of procedures for their preparation and their relatively low toxicity,
makes the Negishi coupling very useful alternative to other cross-coupling techniques, as well as

constituting an important method for carbon—carbon bond formation as shown in Scheme 2.%°

cat. [Pd’L,]

R-ZnR?+ R3-X R-R3
R® = alkyl, alkynyl, aryl, vinyl
R2 = acyl, aryl, benzyl, vinyl

X =Br, |, OTf, OTs
L, = PPhs, dba

Scheme 2: The Negishi coupling reaction.



1.1.4. Direct heteroarylation polymerization (DHAP)

The direct heteroarylation polymerization reaction is a catalytic dehydrohalogenative cross-
coupling reaction of non-preactivated arenes or heteroarenes with aryl halides. This technique
should be advantageous for the synthesis of n-conjugated polymers with respect to decreasing
the number of reaction steps and reducing undesired waste from the organometallic reagents.*
Despite a lot of attractive merits, direct heteroarylation polymerization has also drawbacks. This
synthetic method is difficult to completely avoid a side reaction at unexpected C—H bonds, which
leads to formation of branched or cross-linked structures because all aromatic C—H bonds in a
monomer have potential for direct arylation reactions. Since the number of expected C—-H bonds
for direct arylation decreases with increasing degree of polymerization, a reaction for too long
time causes overreaction at unexpected C—H bonds. Therefore, appropriate reaction time needs to
be determined in direct heteroarylation polymerization to avoid overreactions and to obtain high-

molecular-weight polymers.*

Abdo et al.*® suggested a reasonable reaction mechanism for the direct heteroarylation of
thienopyrazines as shown in Scheme 3. The basic synthesis steps of the reaction involve C-H

activation, cyclometallation, oxidative addition and reductive elimination.

R R R R R R
:N:/ \:N\ HT-Br X :N>/ \<N Br reductive ellmlnatlon
/’ 2/ \g Pd'-OAc oxidative addition U/Pd ~OAc
S S
o KOAc
Pd(OAc
Pathway (a) (OAc), PdBrOAc
AcOH
(R =H or CH,) /
Pd(OAc)/HTBr R R Pathway (b) (R = H) H Pdlv one
C-H activation/ >/_\< Pd(OAC)z/HTBr ) \ / \
cyclometalation :N N: » .N
Z/—§ C-H activation/ / reductive elimination
s cyclometalation/ s S
oxidative addition HT = hexylthiophene

Scheme 3: Mechanistic pathways for the heteroarylation of the thienopyrazine moiety.
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2. Thieno[3,4-b]pyrazines

Thieno[3,4-b]pyrazines have been shown to be excellent precursors for the production of low
bandgap conjugated polymers.®***3¢ They are commonly used as acceptors in polymer solar
cells. They are advantageous because they allow modification of the pyrazine ring without

introducing steric effects directly into the polymer backbone.?
2.1. Thieno[3,4-b]pyrazine-containing monomers

The first report of a thieno[3,4-b]pyrazine was the synthesis of 2,3-diphenylthieno[3,4-
b]pyrazine (10) reported by Imoto and co-workers in 1957.%" In 1981, Binder and co-workers
reported a modified synthesis for the dimethyl analogue (8).%® The first attempt at a general route
to these compounds was published a year later by Outurquin and Paulmier.>**° Their approach
applied modifications of the earlier methods to the preparation of thieno[3,4-b]pyrazine (7) and
its 2-substituted and 2,3-disubstituted analogues (where the substituent is methyl or phenyl). In
1992, Pomerantz and co-workers applied the methods of Outurquin and Paulmier to the synthesis
of 2,3-dihexylthieno[3,4-b]pyrazine (9) utilizing tetradecane-7,8-dione prepared by the oxidation
of the corresponding alkyne.** Subsequently, Kuzmany and co-workers also used these methods

to prepare a series of 2,3-disubstituted analogues.***?

7

. HsC  CHj

D A TN VN
B B — B
s s s S
7 8 9 10

Thieno[3,4-b]pyrazine and its 2,3-disubstituted analogues can be readily synthesized from
thiophene as shown in Scheme 4. Thus, compound 12 was readily produced by the nitration of
11 using fuming HNO3 and H,SO,4. Treatment of 12 with Sn and HCI both reduced the NO,

functionalities and removed the Br groups. The resulting 3,4-diaminothiopene (13) was



condensed with a-diones (14), which were obtained by reaction of organocuprates (derived from
Grignard reagents) with oxalyl chloride, to afford thieno[3,4-b]pyrazines (15). While previous
methods utilized short periods of heating (i.e., 50-70 °C for 10-15 min),* it was found that by
allowing the reaction to run at room temperature for longer periods of time, unwanted

polymerization reactions were reduced and the thieno[3,4-b]pyrazines were recovered in higher

yields.*
Mg, ether
2R-Br 19 T or MgBr
R = alkyl or aryl
1) CuBr, LiBr
2) O Cl
Cl o)
. @) R
fuming H,SO O5N NO
- s fuming HNO4 |\ Na,CO, /'y + R ©
11 Br S Br S 14
12 13
|Ethanol
R R
:/ \i
N N

I3
15

R = H, alkyl or aryl

Scheme 4: Synthesis of symmetrically substituted thieno[3,4-b]pyrazines.

5,7-Dibromothieno[3,4-b]pyrazines (16) can be synthesized from thieno[3,4-b]pyrazines (15) by
bromination using NBS in DMF or NBS in CHCI3/CH3COOH in the dark under nitrogen
(Scheme 5).1%%
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R R
>/ \<
N N NBS, DMF

R R
—
N N
U o Br/@Br
16

S NBS, CHCI;/HAC
15

R =H, alkyl, aryl
Scheme 5 : Synthesis of 5,7-dibromothieno[3,4-b]pyrazines.
2.2. Thieno[3,4-b]pyrazine-containing polymers

Recently, photovoltaic devices consisting of thieno[3,4-b]pyrazine-based low-bandgap polymers
as hole-transporting materials have shown improved efficiencies.****®% Thieno[3,4-b]pyrazine-
based polymers could be synthesized by using transition-metal-catalyzed cross-coupling
reactions (e.g., Suzuki and Stille) and direct heteroarylation polymerization. Scheme 6 shows the
preparation of P1-P4 via Stille coupling and direct heteroarylation polymerization methods.*
C—H arylation of 2,3-dimethylthieno[3,4-b]pyrazine (8) with 17a or 18a (1:1 molar ratio)
afforded copolymers with identical *"H NMR spectroscopic data to those of copolymers P2 and
P4 prepared through the Stille cross-coupling of equimolar ratios of 16b with 3-hexylthiophene-
2,5-diyl)bis(tributylstannane  (17b) or 3,3’-dihexyl-5,5-bis(tributylstannyl)-2,2’-bithiophene
(18b), respectively. However, longer reaction times and/or higher temperatures afforded
copolymers that were very sparingly soluble in most common organic solvents. *H NMR spectra
of the soluble parts of the copolymers P1 and P3 obtained through C-H arylation were
completely different to those of the copolymers P1 and P3 obtained through the Stille-cross-
coupling of 16a with 17b or 18b, respectively (Scheme 6). Based on the postulated mechanism
of C—H arylation of thienopyrazine (see Scheme 3), it is believed that cross-linking occurred

through multiple C—H arylation at positions 2, 5, and 7 of the thienopyrazine moiety.
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R R
— Coflis e cHy g S A\ 5 ROR
N~ N /\ — \ S —
Br S Br N N N N C6H13
/\ S |» CeH1z
TN ) -~ 17 B 18a N s V],
n . S . s\ / s
cr C-H arylation C-H arylation
sH13 8 ey
P1:R=H
R= A P3:R=H
P2 R =CH, ) SR
- | »
= & CeH13
- CeH13 <]
5 2 | Bussn—® [ SnBu
A /N b / S 3
& | BugSn™ g~ ~SnBug g
El 1 s 18b  CeHis
E 5
H :
R R
R R N>/ \<N
:/ \(
N° N M
M Br— g7 7Br
Br S Br
16a:R =H Conditions 16a:R=H
b: R = CH;4 Stille: DMF, [Pd(PPhg),], microwave; b: R = CH;

C-H arylation: DMF, KOAc, Bu4NBr, Pd(OAc), microwave.

Scheme 6: Synthesis of n-conjugated copolymers P1-P4.
2.3 Thieno[3,4-b]pyrazine-containing polymers by using carbazole as a donor

The synthesis of poly(3,6-(N-2-ethylhexyl)carbazole-alt-2,3-bis(4-fluorophenyl)thieno[3,4-
b]pyrazine) (23, PEC-FTP) is outlined in Scheme 7. Thus, treatment of 3,4-diaminothiophene
dihydrochloride (19) with 4,4'-difluorobenzil in the presence of triethylamine afforded 2,3-bis(4-
fluorophenyl)thieno[3,4-b]pyrazine (20), which was then brominated with NBS to give 5,7-
dibromo-2,3-bis(4-fluorophenyl)thieno[3,4-b]pyrazine (21).  Finally, compounds 21 and
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9-(N-2-ethylhexyl)carbazole (22) were
copolymerized through Suzuki coupling to afford 19 (PEC-FTP).

A solution of 23 in chloroform absorbed light in a spectral range from UV to near 740 nm, with
absorption maxima at 339 and 564 nm. The solid film of 23 exhibited absorption maxima at 336
and 600 nm. The absorption maxima at 564 nm (solution) and 600 nm (solid film) originated

from the conjugated n-system of 23. The bathochromic shifts of the UV-visible absorption and

12



PL emission spectra of the polymer film, as compared to those of its solution sample, are due to

closer intermolecular interactions in the solid state.*®

CIH-H,N NH,'HCI O O O

2/ \; —a> / \ —> N N O N
S O.
B
19 Z/ \g o /S\ >§ré Q
s B
20 21

a) 4,4'-difluorobenzil, triethylamine, dichloromethane/ ethanol (1/1); (b) NBS, DMF; Pd(PPhs),

c) 3,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9-(N-2-ethylhexyl)carbazole, K2COs
Pd(PPhs),, K,COj3, toluene.

\ N/ \N
Svavst
S
n
23 (PEC-FTP)

Scheme 7 : Synthetic route to 23 (PEC-FTP).

2.4. Thieno[3,4-b]pyrazine containing polymer by using thiophene as a donor

2,3-Bis(4-fluorophenyl)thieno[3,4-b]pyrazine (20) and 3-hexylthiophene (24) units were used as
electron-withdrawing and electron donating moieties, respectively, to further decrease the
bandgap, as compared to the thienopyrazine-carbazole copolymer (23) (Scheme 7) because
carbazole units may be more twisted from thieno[3,4-b]pyrazine units than from thiophene units,
due to two hydrogen atoms of carbazole unit that are at ortho positions to the main chain.*

13
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Scheme 8 shows the synthesis of poly(3-hexylthiophene-alt-2,3-bis(4-fluorophenyl)thieno-[3,4-
b]-pyrazine) (26, PHT-FTP). Thus, 5,7-dibromo-2,3-bis(4-fluorophenyl)thieno[3,4-b]pyrazine
(21) and 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-3-hexylthiophene  (25) were
copolymerized through Suzuki coupling to afford 26. The UV-visible absorption of 26 in
chloroform showed an absorption range from UV to near 1200 nm with two absorption maxima
at 356 and 729 nm. The absorption maxima of the solid film were red-shifted by 36-46 nm
compared to the spectrum in solution, due to closer n-n interactions between the polymer chains
in the solid state. The optical bandgap of the solid film was estimated to be 1.01 eV, which was
much lower than the previously reported values for pyrazine-carbazole copolymer (23)* (~1.7-
1.9eV).

o I/ \ o Pd(PPhs), 7\
+ B B — N" N
a g ° K2COs  cH
6\13 / \
e 25 LS,
Br g~ TBr S n
21 26 (PHT-FTP)

Scheme 8: Synthesis of poly(3-hexylthiophene-alt-2,3-bis(4-fluorophenyl)thieno-[3,4-
b]-pyrazine) (26, PHT-FTP).
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3. Objective of the work

The objectives of this thesis work is to synthesize seven donor-acceptor conjugated polymers
based on substituted thieno[3,4-b]pyrazine derivatives using the Stille-cross-coupling
polymerization reaction and the direct heteroarylation polymerization reaction. Thiophene will
be the electron donating moiety in all polymers while substituted thieno[3,4-b]pyrazines will be
the electron accepting moieties. All intermediate compounds will be characterized by using
spectroscopic techniques such as *H-NMR, **C-NMR, DEPT-135, FT-IR and UV-Vis and the
polymers will be characterized by using ‘H-NMR, UV-Vis spectroscopy and square-wave

voltammetry (SWV).
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4. Results and Discussion

This paper describes the synthesis, optical and electrochemical properties of seven donor-
acceptor copolymers based on thiophene and thieno[3,4-b]pyrazine. Two different methods, i.e.,
the direct heteroarylation polymerization and the Stille-cross-coupling polymerization methods
were used to synthesize the polymers. In the following sections, the syntheses of these polymers
starting from commercially available compounds will be described.

4.1. Syntheses of monomers

Scheme 9 shows the general strategy adopted to prepare 2,3-disubstituted thieno[3,4-b]pyrazines
(15) and 5,7-dibromothieno[3,4-b]pyrazines (16).

0

M

R H

benzoin condensation
followed by oxidation

R R R R
7\ >/ \<
H,>N NH o
2 Z_ﬁ 2 R R condensation N N N bromination N N N
S S Br S Br
13 15 16

Scheme 9: General strategy towards the syntheses thieno[3,4-b]pyrazines and 5,7-
dibromothieno[3,4-b]pyrazines.

The syntheses of intermediate compounds and monomers are described below.

4.1.1. 3,4-Diaminothiophene (13)

The synthesis of 3,4-diaminothiophene (13) began by treatment of 2,5-dibromothiophene (11)
with a mixture of fuming HNOgs, fuming H,SO, and conc.H,SO, to give 2,5-dibromo-3,4-
dinitrothiophene (12) *"* as shown in Scheme 10. Compound 12 was subsequently treated with
Sn powder and HCI following a literature procedure® to afford 3,4-diaminothiophene (13). The
reaction reduced the NO; functionalities and removed the Br groups.
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. 0N, NO, H,N  NH,
Br—>g” Br  Conc.H,S0, Br~>g”Br S\g
. 1 1
11 fuming HNO; 12 13

Scheme 10: Synthesis of 3,4-diaminothiophene (13)

Compound 12 was obtained as a yellowish solid with a melting point of 137-138.8°C; Lit. mp:
135 —137°C. The *H-NMR spectrum of compound 12 in CDCl; showed no signals in both the
aliphatic and aromatic regions. This indicated the absence of proton-bearing carbon atoms in the
compound. The * C-NMR spectrum of 12 revealed the presence of only two carbon signals in
the aromatic region. The quaternary carbon signal situated at 6 133.5 is ascribed to the carbons
bearing bromine atoms (C-2 and C-5) while the signal at 6140.6 is due to C-3 and C-4 bearing
nitro groups. Furthermore the absence of signals in the DEPT-135 spectrum of the compound
also indicated that all the carbon atoms in this compound are quaternary. The UV-Vis spectrum
of 12 was recorded in CHCI3 and showed two absorption maxima at 244 and 313 nm. The FT-IR
spectrum of 12 showed bands at 1546 and 1318 cm™ due to asymmetric stretching of N-O of
nitro group in the compound. The band at 901cm™ is due to out-of-plane bending and ring
bending and the band at 671cm™ is due to C-Br stretching. The IR data along with the *H-NMR

and *C-NMR data agree very well with structure 12.

The UV-Vis spectrum of 13 was recorded in CHCI3; and showed two absorption maxima at 256
and 312 nm. The FT-IR spectrum of 13 showed a band at 3365 cm™ due to N-H stretching of
amine. The band at 3093 cm™ is due to =C-H stretching of thiophene while the band at 1611 cm™
is due to C=C stretching. The "HNMR spectrum of 13 showed a broad singlet at & 3.40 which
integrated for two protons due to the NH, groups at C-3 and C-4. The signal appearing at 6 6.17
(1H, s) is due to H-2 and H-5. The *C-NMR spectrum of 13 showed only two carbon signals in
the aromatic region. The signal at 6 101.5 is due to the two symmetrical methine carbons C-2 and
C-5 of the thiophene ring. The quaternary carbon signal at & 137.0 is due to C-3 and C-4. The IR
data along with the *H-NMR, *C-NMR and DEPT spectral data agrees very well with the

structure of compound 13.
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4.1.2. Synthesis of 1,2-bis(3-(dodecyloxy)phenyl)ethane-1,2-dione (40)

1,2-Bis(3-(dodecyloxy)phenyl)ethane-1,2-dione (40) was synthesized starting from 3-
hydroxybenzaldehyde (27) as shown in Scheme 11. The reaction began by alkylation of 27 with
1-bromododecane (28) in the presence of K,COs, in N,N-dimethylformamide (DMF) following a
literature procedure™ to afford 3-(dodecyloxy)benzaldehyde (32). Attempt to purify 32 by silica
gel column chromatography using pentane as eluent could not remove unreacted 1-
bromododecane (28) completely. Thus, the mixture was subjected to a benzoin condensation
reaction using thiamine hydrochloride as a catalyst in distilled water and 95% ethanol to afford
1,2-bis(3-(dodecyloxy)phenyl)-2-hydroxyethanone (36) as a yellowish oily material after
purification by silica gel column chromatography. The condensation product 36 was oxidized
with DMSO/HBTr to afford compound 40 (50.1%) as yellowish solid after recrystallization from
ethanol. The above compounds 32, 36, and 40 were characterized based on their spectroscopic

behaviors as discussed below.

o
o} R—Br OR Thiamine hydrochloride RO O Q oR
H OH (28-31) H i
S bt CH3CH20HH2O
K,COs4 O OH

27 32-35

36- 39
e DMSO
2 Cl"CH, HBr(48%)
N N+ N * H-CI

A g OH

CH3; °N
Thiamine hydrochloride 28,32, 36, 40, R = CHy(CH,);; RO O O OR
29, 33, 37, 41, R = CH3(CHy)g
30, 34, 38, 42, R = CH3(CH,), o ©
3(CHy)

31,35,39,43, R=CH

2/5 40 - 43

Scheme 11 : The synthesis of diketones 40-43.
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32

The UV-Vis spectrum of compound 32 was recorded in CHCI; and showed two absorption
maxima at 254 and 311 nm due to © -n* and n- ©* transitions, respectively. The FT-IR spectrum
of 32 showed a band at 3018 cm™ due to C-H stretching of the benzene ring. The bands at 2926
and 2855 cm™ are due to stretching vibrations of the CHz and CH, groups, respectively. The
carbonyl-stretching band appeared at 1699 cm™ and the bands at 1599 and 1455 cm™ are
attributed to the C=C stretching vibration of the ring. The asymmetric and symmetric C-O-C

stretching bands were observed at 1216 and 1034 cm™, respectively.

The *H-NMR spectrum of 32 in CDCl; (Table 1) showed a one-proton singlet at 8 9.94 which is
due to the aldehyde proton. The one-proton singlet at & 7.37 is due to H-2. The unresolved
signals at & 7.43-7.40 are assigned to H-5 and H-6. The one-proton multiplet at 6 7.16 is ascribed
to H-4. The multiplet signal at & 3.99, which integrated for two protons, is ascribed to H-1". The
signals at 6 1.52 (2H, m) and 6 1.79 (2H, quintet) are assigned to H-11" and H-2’, respectively.
The sixteen-proton broad signal centered at & 1.26 is due to eight methylene groups and is
assigned to H-3’ to H-10" and the three-proton triplet at 6 0.88 (H-12’) is due to the terminal
methyl group.

The *C-NMR spectrum of compound 32 showed one carbon resonance in the aldehydic region,
Six resonances in the aromatic region, and twelve signals in the aliphatic region. The signal at 6
192.1 is assigned to the aldehyde carbonyl carbon (C-1°"). The quaternary carbon signals at &
159.7 and 137.7 are due to C-3 and C-1, respectively. The methine carbon signals at & 129.9,
123.2, 121.9 and 112.7 are assigned to C-5, C-6, C-4 and C-2, respectively. The resonance of the
oxygenated aliphatic carbon C-1’ appeared at & 68.2. The remaining ten methylene carbon
resonances were detected in the region between 6 31.9 and 22.7. Furthermore the compound
exhibited a carbon resonance at & 14.1 due to the terminal methyl group (Table 2). The proton,
3C-NMR, DEPT-135, IR and UV spectra of the compound are in agreement with structure 32.
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The benzoin condensation of 32 afforded compound 36 as a yellowish oily solid. The UV-Vis
spectrum of compound 36 was recorded in CHCI3 and showed two absorption maxima at 259
and 319 nm which are attributable to the n -n* and n- n* transitions, respectively. The FT-IR
spectrum of 36 showed a broad band at 3392 cm™ due to O-H stretching. The band at 2926 cm™
is due to C-H stretching of alkane. The band at 1703 cm™ is due to C=0 stretching of ketone
functional group. The bands at 683 and 787 cm™are due to out-of-plane ring vibration and ring
bending, respectively. The asymmetric and symmetric C-O-C stretching bands appeared at 1264

and 1035 cm™, respectively.

The *H-NMR spectrum of compound 36 showed overlapping signals at & 0.96 which integrated
for six protons due to the two terminal methyl groups. The broad and unresolved signal centered
at 6 1.35 which integrated for thirty-two protons is due to the sixteen methylene groups in the
compound. The four-proton multiplet at 6 1.50 is due to H-3” and H-3"’. The two overlapping
quintets at 6 1.82, which integrated for four hydrogens are due to H-2°’ and H-2’"’. The
overlapping signals at 6 3.99 (4H) are due to H-1" and H-1"’ and the singlet at 6 5.93 (1H) is due
to the methine proton on the carbon atom (C-2””) next to the carbonyl carbon. The signals
appearing in the region & 6.85 to 7.53 are ascribed to the eight aromatic protons in the structure
(Table 3).

The *C-NMR spectrum of compound 36 revealed a signal at § 198.7 attributable to the carbonyl
carbon of a ketone. The presence of two oxygenated aromatic carbons was revealed by the
signals at 6 159.6 and 159.3 which are assigned to C-3 and C-3, respectively. The signals due to
the quaternary carbons C-1 and C-1’ appeared at 6 140.3 and 134.6, respectively. The aromatic
methine carbon signals appeared at 6 130.1, 129.6, 121.5, 121.0, 119.9, 114.7, 113.8 and 113.6
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and are due to C-5°, C-5, C-6’, C-6, C-4, C-2°, C-2 and C-4’. The aliphatic region of the
spectrum revealed the presence of three oxygenated carbon atoms. The methine carbon signal at
0 76.7 is due to C-2””, while the signals at 6 68.2 and 68.0 are assigned to the methylene carbons
C-1” and C-1"". The signal at & 14.1 is due to the terminal methyl groups. Furthermore the
spectrum exhibited signals in the region between & 31.9 and 22.6 which represent resonances of
twenty carbons (Table 4). The FT-IR, UV, *H, *C-NMR data are in agreement with the structure
36.

12

The oxidation of 36 with DMSO/HBr afforded diketone 40 as a yellow solid with a melting point
of 61.3 — 62.0°C. The UV-Vis spectrum of compound 40 was recorded in CHCl3 and showed
two absorption maxima at 265 and 325 nm due to the presence of conjugation in the compound.
The FT-IR spectrum of compound 40 showed a band at 3076 cm™ due to aromatic C-H
stretching. The bands at 2924 and 2853 cm™ are due to stretching vibrations of the CHz and CH,
groups, respectively. The C=0 stretching of ketone appeared at 1679 cm™. The bands at 1595
and 1438 cm™ are due to C=C stretching vibration of the aromatic rings. The asymmetric and

symmetric C-O-C stretching bands appeared at 1264 and 1028 cm™, respectively.

The *H-NMR spectrum of compound 40 (Appendix 13) in CDCl; showed a signal at & 0.90 (3H,
t) due to the terminal methyl groups. The broad singlet centered at 6 1.28 integrated for sixteen
protons and is due to eight methylene groups. The signals at 6 1.47 (2H, m) and 1.81(2H, q) are
assigned to H-3” and H-2’, respectively. The signal at 6 4.02 (2H, t, J = 6.6) is due H-1". The
aromatic proton signals appeared at 6 7.21 (1H, dd, J = 8.0 Hz, 1.6Hz), 7.40 (1H, t, J = 8.0 Hz),
748 (1H, d, J = 8.0 Hz) and 7.53 (1H, broad) are assigned to H-4, H-5, H-6 and H-2,
respectively (Table 5).
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The *C-NMR and DEPT-135 spectra of compound 40 (Appendix 14 and Appendix 15,

respectively) in CDCl3 displayed the presence of nineteen carbon signals, corresponding to three

quaternary, four methine, one methyl and eleven methylene carbon atoms. The signal at 6 194.5

is due to the ketone carbonyl groups. The quaternary carbon signals that appeared at 6 159.6 and

134.2 are attributed to C-3 and C-1, respectively. The four methine carbon resonances situated at
6 113.5,122.2, 122.9 and 130.0 are ascribed to C-2, C-4, C-6 and C-5, respectively. Among the

eleven methylene carbon signals, the one appearing at 6 68.3 is due C-1’. The remaining ten

methylene carbon signals appeared between & 31.9 — 22.7. The signal due to the terminal methyl
group appeared at & 14.1 (Table 6). The IR, UV, *H-NMR, *C-NMR and DEPT-135 data agreed

very well with the structure of compound 40.

Table 1: *H-NMR (400.13 MHz, CDCls) data (8ppm) of compounds 32, 33, 34 and 35

32 35
9.94 9.95

(s, 1H, H-1") (s, 1H, H-1") (s, 1H, H-1"") (s, 1H, H-1")

7.43-7.40 7.44-7.43
(unresolved, 2H, H-5, H-6) (unresolved, 2H, H-5, H-6) (unresolved, 2H, H-5, H-6) (unresolved, 2H, H-5, H-
6)

7.37 7.38

(s, 1H, H-2) (d, 1H, J = 2Hz, H-2) (d, 1H, J=2Hz, H-2) (d, 1H, J = 2Hz, H-2)
7.16 7.16

(m, 1H, H-4) (Im, H, H-4) (m, 1H, H-4) (m, 1H, H-4)
3.99 4.00

(m, 2H, H-17) (t,J= 6.6 Hz, 2H, H-1") (t,J= 6.6 Hz, 2H, H-1") (t,2H, J = 6.6 Hz, H-1")
1.79 1.80

(g, 2H, H-2") (g, 2H, H-2) (9, 2H, H-2)
1.52 1.47

(m, 2H, H-11") (m, 2H, H-9") (m, 2H, H-7%) (m, 2H, H-5%)
1.26 1.35

(br, 16H, H-3’ to H-10"") (br, 12H, H-3’ to H-8") (br, 8H, H-3" to H-6") (M, 4H, H-3>, H-4")

0.88 0.91

(t, 3H, H-12") (t, 3H, H-10%) (t, 3H, H-6")
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Table 2: **C-NMR (CDCls, 100.6 MHz) data (8,pm) for compounds 32, 33, 34 and 35.

Carbon 32 33 34 35
1 137.7 137.7 137.7 137.7
2 112.7 112.7 112.7 112.7
3 159.7 159.7 159.7 159.7
4 121.9 121.9 121.9 121.9
5 129.9 129.9 129.9 129.9
6 123.2 123.2 123.2 123.2
r 68.2 68.2 68.3 68.2
2’ 29.7 29.6 29.4 29.1
3 26.0 26.0 26.0 25.7
4 29.5 29.6 29.3 31.6
5’ 29.7 29.4 29.2 22.6
6 29.7 29.4 31.9 14.0
7 29.7 29.2 22.7
8’ 29.4 31.9 14.1
9 29.2 22.7
10° 31.9 141
1 22.7
12 14.1
1> 192.1 192.1 192.1 192.2

4.1.3. Synthesis of 1,2-bis(3-(decyloxy)phenyl)ethane-1,2-dione (41)

1,2-Bis(3-(decyloxy)phenyl)ethane-1,2-dione  was  synthesized  starting  from  3-
hydroxybenzaldehyde (27) as shown in Scheme 11. The reaction began by alkylation of 27 with
1-bromodecane (29) in the presence of K,COs; in N,N-dimethylformamide to afford 3-
(decyloxy)benzaldehyde (33). Attempt to purify 33 by silica gel column chromatography using
petroleum ether as eluent could not remove unreacted 1-bromodecane completely. Hence, the
mixture was subjected to benzoin condensation reaction using thiamine hydrochloride as a
catalyst in distilled water and 95% ethanol following a literature procedure® to afford 1,2-bis(3-
(decyloxy)phenyl)-2-hydroxyethanone (37) as a yellowish oily material after purification by
silica gel column chromatography. The condensation product 37 was oxidized with DMSO/HBr

to afford compound 41 (93.3%) as yellowish solid after washing with cold methanol.
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Compounds 33, 37 and 41 were characterized based on their spectroscopic behaviors as

discussed below

The UV-Vis spectrum of compound 33 was recorded in CHCI; and showed two absorption
maxima at 256 and 316 nm. The FT-IR spectrum of compound 33 showed a band at 3069 cm™
due to C-H stretching of aromatic ring. The bands at 2926 and 2855 cm™ are due to stretching
vibrations of the CH3; and CH, groups, respectively. The aldehyde carbonyl stretching band
appeared at 1702 cm™. The bands at 1599 and 1453 cm™ are attributed to the C=C stretching
vibration of the aromatic ring. Furthermore, the asymmetric and symmetric C-O-C stretching
bands appeared at 1263 and 1041cm™, respectively.

The *H-NMR spectrum of 33 showed a signal at § 9.96 (1H, s) due to the aldehydic proton. The
aromatic proton resonances at & 7.45-7.43 (2H, unresolved), 7.39 (1H, d) and 7.17 (1H, m) are
assigned to H-5, H-6, H- 2 and H-4, respectively. The triplet signal at & 4.00 (2H, t, J = 6.6 Hz) is
assigned to H-1" while the quintet at & 1.81 is due to H-2’. The multiplet at 1.47 which integrated
for two protons is attributable to H-9°. The broad signal at & 1.29 integrated for 12 protons and is
due to six methylene groups. The signal due to the terminal methyl protons appeared at & 0.89 as

a triplet (Table 1).

33

The *C-NMR spectrum of compound 33 with the aid of DEPT-135 revealed the presence of
three quaternary, four methine, nine methylene and one methyl carbon atoms. The signal at &
192.1 is due to the aldehyde carbonyl carbon while the quaternary carbon signals at 6 159.7 and
137.7 are attributed to C-3 and C-1, respectively. The methine carbon resonances at 6 129.9,
123.2, 121.9 and 112.7 are due to C-5, C-6, C-4 and C-2, respectively. The signal at & 68.2 is
due to C-1’ and the remaining methylene carbon resonances appeared between 6 31.9 and 22.7.
The signal due to the terminal methyl carbon appeared at & 14.1 (Table 2). The IR, UV, H-
NMR, *C-NMR and DEPT-135 data agree very well with structure 33.
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The benzoin condensation of 33 afforded compound 37 as a yellowish solid with a melting point
of 42.2— 43.5°C. The UV-Vis spectrum of 37 was recorded in CHCIz and showed two absorption
maxima at 259 and 316 nm which correspond to n -n* and n- ©n* transitions, respectively. The
FT-IR spectrum of 37 showed a band at 3446 cm™ due to O—H stretching of alcohol functional
group. The bands at 2922 and 2856 cm™ are due to C-H stretching of CH3 and CH, groups,
respectively. The band at 1676 cm™ is due to C=0 stretching of ketone functional group. The
bands at 1585 and 1473 cm™ due to C=C ring stretching of the benzene rings. The asymmetric
and symmetric C-O-C stretching bands appeared at 1269 and 1030 cm™, respectively. Out-of-

plane ring vibration and out-of-plane bending bands appeared at 605 and 782 cm™, respectively.

The *H-NMR spectrum of 37 depicted two overlapping signals at & 0.91 which integrated for six
protons indicating the presence of two terminal methyl groups in the structure of the compound.
This also confirmed the unsymmetrical nature of the compound. The unresolved broad signal
centered at & 1.29, which integrated for twenty four protons, is due to twelve methylene groups.
Another unresolved multiplet centered at 6 1.42 integrated for four protons and is due to H-9”’
and H-9°’. The two overlapping quintets at 6 1.76 integrating for four protons are due to H-2”
and H-2". The four-proton signal at 6 3.94 is attributed to H-1°" and H-1""". The signal at & 5.90
(1H, s) is due to the methine proton on the carbon atom (C-2°’"”) adjacent to the ketone carbonyl.

The aromatic proton resonances appeared in the region between 6 6.80 and 7.49 (Table 3).

The **C-NMR spectrum of compound 37 revealed a signal at & 198.7 due to the ketone carbonyl
group. The signals at & 159.6 and 159.3 are due to two oxygenated positions in the aromatic rings
and are assigned to C-3” and C-3, respectively. The quaternary carbon signals at 6 140.4 and
134.6 are attributed to C-1 and C-1’, respectively. Besides, the spectrum revealed the presence of

eight aromatic methine carbons. In the aliphatic region, the methine carbon signals at & 76.2 is
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assigned to C-2"” and the oxygenated methylene carbon resonances at 6 68.2 and 68.0 are due to
C-1” and C-1"’. The spectrum also revealed the presence of sixteen methylene carbon
resonances in the region between ¢ 31.9 to 22.7 and a signal due to the terminal methyl groups at
8 14.1 (Table 4). Hence, the IR, UV 'H-NMR, *C-NMR and DEPT-135 data support the

assignment of structure 37 to this compound.

10'
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The oxidation of 37 with DMSO/HBr afforded diketone 41 as a yellow solid with a melting point
of 57.6 -58.4°C. The UV-Vis spectrum of 41 was recorded in CHCIz and showed two absorption
maxima at 265 and 325 nm showing the presence of conjugation in the compound. The FT-IR
spectrum of 41 showed a band at 3076 cm™ due to C-H stretching of the aromatic rings. The
bands at 2925 and 2853 cm™ are due to stretching vibrations of the CH; and CH, groups,
respectively. The carbonyl stretching of ketones appeared at 1678 cm™. The bands at 1594 and
1471 cm™ are ascribed to the C=C stretching vibration of the aromatic rings. Moreover, the
asymmetric and symmetric C-O-C stretching bands appeared at 1262 and 1031 cm™,

respectively.

The 'H-NMR spectrum of 41 (Appendix 10) in CDCl; revealed a signal at & 0.90 (3H, t) due to
the terminal methyl groups. The broad signal centered at 6 1.30 is due to six methylene groups.
The signals at & 1.48 (2H, m) and 1.81(2H, quintet) are assigned to H-9’ and H-2’, respectively.
The signal at 6 4.03 (2H, t, J = 6.4 Hz) is assigned to H-1". The presence of signals at & 7.22 (1H,
m), 7.40 (1H,t, J =7.8 Hz), 7.48 (1H, d, J = 7.8 Hz), 7.53 (1H, d, J = 2.4) are assigned to H-4,
H-5 and H-6 and H-2 of the aromatic rings, respectively (Table 5).

The *C-NMR and DEPT-135 spectra of compound 41 (Appendix 11 and Appendix 12,
respectively) in CDCl3 displayed the presence of seventeen carbon signals due to one methyl,

nine methylene, four methine and three quaternary carbon atoms. The signal at 6 194.5 is due to
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the ketone carbonyl groups. The quaternary carbon signals at 6 159.6 and 134.2 are attributed to
C-3 and C-1, respectively. The four methine carbon signals at 6 129.9, 122.9, 122.2 and 113.6
are ascribed to C-5, C-6, C-4 and C-2, respectively. Among the nine methylene carbon signals
the one appearing at 6 68.3 is due to C-1’, the carbons bearing oxygen atoms on the side chain.
The remaining eight methylene carbon signals are observed between 6 31.9-22.6. The presence
of terminal methyl group was also confirmed by the presence of a carbon signal at 6 14.1(Table
6). The IR, UV, *H-NMR, *C-NMR and DEPT-135 agree with the assignment of structure 41
for the compound.

Table 3: *H-NMR (400.13MHz, CDCls) data (Sppm) of compound 36, 37, 38 and 39.

36 37 38 39
7.53 -6.85 7.49 -6.80 7.53-6.83 7.49 -6.80
(m, 8H, H-2’, H-4>, H-5’, H-  (m, H-2’,H-4’,H-5",H-6>, H-2, (m, H-2’,H-4 H-5’,H-6" \H-2, (m, 8H, H-2’, H-4’, H-5’, H-
6>, H-2, H-4, H-5, H-6) H-4, H-5, H-6.) H-4, H-5 ,H-6) 6>, H-2, H-4, H-5, H-6)
5.93 5.90 5.94 5.80
(s, 1H, H-2"") (s, 1H, H-2"") (s, 1H, H-2"") (s, 1H, H-2"")
3.99 3.94 3.96 3.95
(m, 4H, H-1", H-1""") (m, 4H, H-1", H-1""") (t, 4H, H-1"",H-1"") (t, 4H, H-1"", H-1"")
1.82 1.76 1.79 1.77
(g, 4H, H-2, H-2""") (g, 4H, H-2, H-2""") (@, 4H, H-2, H-2""") (, 4H, H-2"", H-2""")
1.50 1.42 1.48 1.45
(m, 4H, H-11") (m, 4H, H-9", H-9°"") (m, 4H, H-7, H-7"") (m, 4H, H-5", H-5"")
135 1.29 1.36 1.35
(br.m, 32 H, H-3"" to H-10”,  (br.m, 24H, H-3” to H-8>, H-  (br. m, 16H, H-3>’ to H-6>, H-  (br.m, 8H, H-3>’ to H-4"",
H-3">to H-10""") 3°to H-8"7) 37 to H-6") H-3"> to H-4")
0.96 0.91 0.95 0.98

(t, 6H, H-127°, H-12""")

(t, 6H, H-10"’, H-10""")

(t, 6H, H-8”, H-8”")

(t, 6H, H-6, H-6"")
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Table 4: *C-NMR (CDCls, 100.6 MHz) data (S,pm) for compound 36, 37, 38 and 39.

Carbon 36 37 38 39
1 140.3 140.4 140.4 140.4
2 113.8 113.8 113.8 113.8
3 159.3 159.3 159.3 159.3
4 119.9 119.9 119.9 119.9
5 129.6 129.6 129.6 129.6
6 121.0 121.0 121.6 121.4
1’ 134.6 134.6 134.7 134.6
2’ 114.7 114.7 114.7 114.7
3 159.6 159.6 159.7 159.6
4’ 113.6 113.6 113.7 113.6
5’ 130.1 130.1 130.1 130.1
6’ 121.5 1215 121.6 1215
1 68.2 68.2 68.2 68.2
2” 29.7 29.4 29.6 29.2
37 26.0 26.0 26.0 25.7
4” 29.6 294 294 31.6
57 29.7 29.3 29.2 22.6
6” 29.7 29.3 31.8 141
7’ 295 29.2 22.3 -
8” 29.3 31.9 141 -
9” 29.1 22.7 - -
10” 31.9 141 - -
117 22.6 - - -
127 141 - - -
1" 68.0 68.0 68.0 68.0
27 29.7 29.4 29.6 29.1
3 26.0 26.0 26.0 25.7
4 29.6 294 294 31.6
5 29.7 29.3 291 22.6
6> 29.7 29.3 31.8 141
7 29.5 29.2 22.3 -
8 29.3 31.9 14.1 -
9 29.1 22.7 - -
10°° 31.9 141 - -
11° 22.6 - - -
12° 141 - - -
1 198.7 198.7 198.7 198.7
27 76.7 76.2 76.2 76.2
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4.1.4. Synthesis of 1,2-bis(3-(octyloxy)phenyl)ethane-1,2-dione (42)

1,2-Bis(3-(octyloxy)phenyl)ethane-1,2-dione  (42) was synthesized starting from 3-
hydroxybenzaldehyde (27) as shown in Scheme 11. The reaction began by alkylation of 27 with
1-bromooctane (30) in the presence of K,CO3 in DMF to afford 3-(octyloxy)benzaldehyde (34).
The crude product (34) was subjected to benzoin condensation reaction without purification
using thiamine hydrochloride as a catalyst in distilled water and 95% ethanol to afford 2-
hydroxy-1,2-bis(3-(octyloxy)phenyl)ethanone (38) as a yellow oil after purification by silica gel
column chromatography. The condensation product 38 was oxidized with DMSO/HBr following
a literature procedure® to afford compound 42 (82.7%) as yellowish solid after washing with
cold methanol. The above compounds 34, 38, and 42 were characterized based on their

spectroscopic behaviors as discussed below.

The UV-Vis spectrum of compound 34 was recorded in CHCI; and showed two absorption
maxima at 256 and 316 nm which are attributable to the © -n* and n- n* transitions, respectively.
The FT-IR spectrum of compound 34 showed a band at 3069 cm™ due to C-H stretching of the
benzene ring. The bands at 2925 and 2855 cm™ are due to stretching vibrations of the CHs and
CH, groups, respectively. The band due to stretching of the aldehyde carbonyl group appeared at
1703 cm™. In addition, the bands at 1598 and 1452 cm™ are attributed to the C=C stretching
vibration of the aromatic ring. The asymmetric and symmetric C-O-C stretching bands appeared

at 1263 and 1048 cm™, respectively.

The *H-NMR spectrum of 34 in CDCl; showed a signal at & 9.98 indicating the presence of an
aldehyde. The aromatic proton signals appeared at & 7.44-7.46 (2H, unresolved), 7.40 (1H, d)
and 7.18 (1H, m) and are assigned to H-5, H-6, H-2 and H-4, respectively. The triplet at 6 4.02
(2H, t, J = 6.6 Hz) is due to H-1". The quintet at 6 1.82 (2H) is assigned to H-2’. The multiplet at
0 1.46 which integrated for two protons is assigned to H-7’ while the broad signal at & 1.31
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integrating for eight protons is due to H-3" to H-6’. The triplet at 6 0.92 which integrated for
three protons is due to the terminal methyl group (H-8”) (Table 1).

The *C-NMR and DEPT-135 spectra of compound 34 in CDCl; displayed the presence of
fifteen carbon signals, of which one is a methyl, seven are methylene, four are methine and three
are quaternary carbon resonances. The quaternary carbon signals at 6 192.1, 159.7 and 137.7 are
attributable to the aldehydic carbon, C-3 and C-1, respectively. The four methine carbon
resonances at & 129.9, 123.2, 121.9 and 112.7 are ascribed to C-5, C-6, C-4 and C-2,
respectively. Among the five methylene carbon signals, the one appearing at & 68.3 is accounted
for the oxygen-bearing carbon C-1 of the n-octyl group. The remaining six methylene signals
appeared between 6 31.9 and 22.7 and are due to C-2° — C-7’. The signal at & 14.1 is due to the
terminal methyl group (Table 2).

Compound 38 was obtained by the benzoin condensation of 34 using thiamine hydrochloride as
catalyst. The UV-Vis spectrum of 38 was recorded in CHCI3 and showed two absorption maxima
at 259 and 316 nm suggesting the presence of conjugation in the compound. The FT-IR spectrum
of 38 indicated a band at 3461 cm™ due to O-H stretching of alcohol. The bands at 2941 and
2856 cm™ are due to C-H stretching of CHzand CH groups, respectively. The band at 1681 cm™
is due to C=0 stretching of ketone functional group. The bands at 674 and 780 cm™ are due to
out-of-plane ring vibration and out-of-plane C-H bending, respectively. The bands due to
stretching of C=C bonds of the rings appeared at 1596 and 1443 cm™. The asymmetric and
symmetric C-O-C stretching bands appeared at 1266 and 1034 cm™, respectively.

The *H-NMR spectrum of compound 38 revealed the presence of two terminal methyl groups
due to the overlapping signals at 6 0.95(6H). The broad signal centered at 6 1.36, which
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integrated for sixteen protons, is due to the presence eight methylene groups. The broad
overlapping multiplets at & 1.48 (4H) are due to H-7"’ and H-7"’ while the quintet at 6 1.79 (4H)
is due to H-2>’ and H-2"". The spectrum exhibited a singlet, which integrated for one proton at &
5.94 due to H-2". Eight proton signals were observed in the aromatic region between 6 6.83 and

7.53 indicating the presence of two aromatic rings in the structure of the compound (Table-3).

The **C-NMR spectrum of 38 showed a signal at & 198.7 indicating the presence of a ketone
moiety in the structure of the compound. The signals at 6 159.7 and 159.3 revealed the presence
of two oxygenated carbon atoms and are assigned to C-3 and, C-3° respectively. The other
aromatic carbon signals appeared at 6 140.5, 134.7, 130.1, 129.6, 121.6, 121.0, 119.9, 114.7,
113.8 and 113.7 and are due to C-1, C-1°, C-5°, C-5, C-6’, C-6, C-4, C-2’, C2 and C-4’,
respectively. The spectrum showed the presence of three oxygenated aliphatic carbon atoms.
Thus, the methine carbon signal at 6 76.2 is due to C-2"” while the methylene carbon resonances
at 6 68.2 and 68.0 are due to C-1” and C-1"”, respectively. The aliphatic methylene carbon
resonances appeared between 6 31.8 and 21.3. The spectrum also showed a signal at 6 14.1 due

to the terminal methyl groups (Table 4).

The oxidation of 38 with DMSO/HBr afforded diketone 42 as a yellow solid with a melting point
of 50.7- 51.6°C. The UV-Vis spectrum of 42 was recorded in CHCIz and showed two absorption
maxima at 265 and 325 nm due to © -7* and n- * transitions, respectively. The FT-IR spectrum
of 42 showed a band at 3074 cm™ due to C-H stretching of the aromatic rings. The bands at 2927
and 2856 cm™ are due to stretching vibrations of the CH; and CH, groups, respectively. The
stretching vibration of the ketone carbonyl appeared at 1679 cm™. Similarly, the bands at 1597
and 1438 cm™ are attributed to the C=C stretching vibrations of the aromatic rings. The
asymmetric and symmetric C-O-C stretching bands appeared at 1265 and 1032 cm™,

respectively.
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The *H-NMR spectrum of 42 (Appendix 7) in CDCl; showed the presence of a signal at & 0.91
indicating the presence of terminal methyl groups. The broad signal centered at & 1.31 integrated
for eight protons and is due to the presence four methylene groups. The signals at 6 1.48 (2H, m)
and 1.81(2H, quintet) are assigned to H-7" and H-2’, respectively. The triplet at 6 4.02 (2H, t, 6.4
Hz) is due to C-1’ and is characteristic of protons on oxygenated carbon atoms. The aromatic
proton signals at 6 7.21 (1H, d, J=8.0 Hz), 7.39 (1H, t, J = 8.0 Hz), 7.48 (1H, d, J = 8.0 Hz) and
7.53 (1H, unresolved) are assigned to H-4, H-5, H-6 and H- 2 respectively (Table 5).

The *C-NMR and DEPT-135 spectra of 42 (Appendix 8 and Appendix 9, respectively) in CDCls
displayed the presence of fifteen carbon signals, of which, three are quaternary, four are methine,
seven are methylene and one is methyl carbon signals. The signal at & 194.5 is due to the ketone
carbonyl groups. The quaternary carbon signals at 5 159.6 and 134.1 are attributed to C-3 and C-
1, respectively. The four methine carbon resonances at & 130.0, 122.9, 122.2 and 113.5 are
ascribed to C-5, C-6, C-4 and C-2, respectively. The signal at 6 68.3 is due to C-1°. The
remaining six methylene carbon signals appeared between 6 31.8 and 22.6. The signal at 6 14.1
is due to the terminal methyl groups (Table 6). The UV, IR, *H-NMR, *C-NMR and DEPT-135
data are in good agreement with structure 42.

4.1.5. Synthesis of 1,2-bis(3-(hexyloxy)phenyl)ethane-1,2-dione (43)

1,2-Bis(3-(hexyloxy)phenyl)ethane-1,2-dione  (43) was synthesized starting from 3-
hydroxybenzaldehyde (27) as shown in Scheme 11. The reaction began by alkylation of 27 with
1-bromohexane (31) in the presence of K,COs, in DMF to afford 3-(hexyloxy)benzaldehyde
(35). The crude product was subjected to benzoin condensation reaction without purification
using thiamine hydrochloride as a catalyst in distilled water and 95% ethanol to afford 1,2-bis(3-
(hexyloxy)phenyl)-2-hydroxyethanone (39) as a yellow solid material after purification by silica
gel column chromatography. The condensation product 39 was oxidized with DMSO/HBr to
afford compound 43 (96.4%) as yellowish solid in pure form after washing with cold methanol.
Compounds 35, 39 and 43 were characterized based on their spectroscopic behaviors as

discussed below.
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The UV-Vis spectrum of compound 35 was recorded in CHCI; and showed two absorption
maxima at 255 and 312 nm indicating the presence of conjugation in the compound. The FT-IR
spectrum of 35 showed bands at 2932 and 2859 cm™ due to stretching vibrations of CH, and CHs
groups, respectively. The band at 3018 cm™ is due to C-H stretching of benzene ring. The
carbonyl stretching band appeared at 1699 cm™. The bands at 1586 and 1452 cm™ are attributed
to the C=C stretching vibration of the aromatic ring. Moreover, the asymmetric and symmetric

C-O-C stretching bands appeared at 1263 and 1030 cm™, respectively.

The *H-NMR spectrum of 35 was recorded in CDCls. The most deshielded proton signal at &
9.95 indicated the presence of an aldehyde in the structure. The unresolved signals at 6 7.44-7.43
(2H) and multiplet at 7.16 (1H) are assignable to H-5, H-6 and H-4, respectively. The one-proton
doublet at & 7.38 is ascribed to H-2. The two-proton triplet at & 4.00 is due to H-1°. The multiplet
at 6 1.47 (2H) and the quintet at 6 1.80 (2H) are assigned to H-5" and H-2’, respectively. The
signal at & 1.35 is due to two methylene groups. Furthermore the triplet at 6 0.91 is due to the
terminal methyl group (Table 1).

The *C-NMR and DEPT-135 spectra of compound 35 displayed thirteen carbon signals, of
which, two are quaternary, four are methine, one is methyl and five are methylene carbon
signals. The aldehyde carbonyl carbon signal appeared at & 192.2. The quaternary carbon signals
at & 159.7 and 137.7 are attributed to C-3 and C-1, respectively. The four methine carbon
resonances at 6 1299, 123.2, 121.9 and 112.7 are ascribed to C-5, C-6, C-4 and C-2,
respectively. Among the five methylene carbon signals in the aliphatic region, the one appearing
at & 68.2 is accounted for C-1’. The remaining four methylene carbon signals were observed
between 6 31.6-22.6. The signal at 6 14.0 is due to the terminal methyl group (Table 2). The IR,
UV, 'H-NMR, **C-NMR and DEPT-135 spectral data agree with the structure of compound 35.

The benzoin condensation of 35 catalyzed by thiamine hydrochloride afforded compound 39
with a melting point 54.8 —55.3°C. The UV-Vis spectrum of 39 was recorded in CHCIz and
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showed two absorption maxima at 259 and 317 nm. The FT-IR spectrum of 39 showed a band at
3447 cm™ due to O-H stretching. The band at 2941 cm™ is due to C-H stretching of CH3. The
C=0 stretching band of the ketone functional group appeared at 1679 cm™. The spectrum also
revealed bands at 1600 and 1444 cm™ due to C=C stretching of the rings. Bands due to out-of-
plane ring vibration and out-of-plane bending appeared at 586 and 783 cm™, respectively. The
asymmetric and symmetric C-O-C stretching bands appeared at 1269 and 1033 cm?,

respectively.

The *H-NMR spectrum of compound 39 showed overlapping signals at & 0.98, which integrated
for six protons, due to the two terminal methyl groups. The broad signal centered at 6 1.35
integrated for eight protons and the multiplet at & 1.45 integrated for four protons and account for
a total of six methylene groups. The spectrum also exhibited a quintet at 6 1.77 (4H) due to H-2"’
and H-2"’. The spectrum showed overlapping triplets at & 3.95 (4H) due to H-1" and H-1"". The
singlet at 6 5.8 (1H) is due to H-2””. The eight aromatic proton signals appeared between & 6.80
and 7.49 (Table 3).

The *C-NMR spectrum of compound 39 revealed the presence of twenty-four carbon signals.
The quaternary carbon signals at 6 198.7, 159.6, 159.3, 140.4 and 134.6 are ascribed to the
ketone carbonyl, C-3°, C-3, C-1 and C-1’, respectively. The other aromatic methine carbon
signals appeared at 6 130.1, 129.6, 121.5, 121.0, 119.9, 114.7, 113.8 and 113.6 and are due to C-
5°, C-5, C-6°, C-6, C-4, C-2’, C-2 and C-4’, respectively. The methine carbon signal at 6 76.2 is
attributed to C-2”. The signals at & 68.2 and 68.0 are due to methylene carbons C-1” and C-1"".
The signals due to the remaining six methylene carbons appeared between 6 31.6 and 25.7 (Table

4). The above spectroscopic data agreed with the structure of compound 39.
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The oxidation of 39 with DMSO/HBr gave compound 43 as a yellowish solid with a melting
point of 50.5-51.8°C. The UV-Vis spectrum of 43 was recorded in CHCIl; and showed two
absorption maxima at 265 and 325 nm which correspond to n -z* and n- w* transitions,
respectively. The FT-IR spectrum of 38 showed a band at 3082 cm™ due to C-H stretching of
benzene rings. The bands at 2933 and 2871 cm™ are due to stretching vibrations of the CH3 and
CH, groups, respectively. The carbonyl-stretching band appeared at 1672 cm™. The bands at
1599 and 1444 cm™ are attributed to the C=C stretching vibrations of the rings. In addition, the
asymmetric and symmetric C-O-C stretching bands appeared at 1266 and 1030 cm™,
respectively.
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Table 5: *H-NMR (400.13 MHz, CDCls) data (Sppm) Of compounds 40, 41, 42 and 43.

40 41 42 43
7.53 7.53 7.53 7.53

(br, 1H, H-2) (d, =24, 1H, H-2) (br, 1H, H-2) (d, J = 1.6Hz, 1H, H-2)
7.48 7.48 7.48 7.48

(d, J = 8.0 Hz, 1H, H-6)
7.40
(t, J = 8.0 Hz, 1H, H-5)
7.21
(dd, J = 8.0, 1.6 Hz, 1H, H-4)
4.02
(t, J = 6.6 Hz, 2H, H-1")
1.81
(g, 2H, H-2")
1.47
(m, 2H, H-11)
1.28
(br.s, 16H, H-3’ to H-10")
0.98

(t, 3H, H-12°)

(d,J= 7.8 Hz, 1H, H-6)
7.40
(t, J = 7.8 Hz, 1H, H-5), ,
7.22
(m, 1H, H-4),
4,03
(t, J = 6.4 Hz, 2H, H-1")
1.81
(g, 2H, H-2")
1.48
(m, 2H, H-9%)
1.30
(br.s, 12H, H-3" to H-8")
0.91

(t, 3H, H-10")

(d,J = 8.0 Hz, 1H, H-6)

7.39

(t,J =8.0 Hz, 1H, H-5), ,

7.21
(d, J=8.0Hz, 1H, H-4),
4,02
(t, J = 6.4 Hz, 2H, H-1")
1.81
(, 2H, H-2")
1.48
(m, 2H, H-7")
1.31
(br.s, 6H, H-3’ to H-6")
0.91

(t, 3H, H-8")

(d, J=8.0 Hz, 1H, H-6)
7.39
(t, J=8.0 Hz, 1H, H-5)
7.21
(dd, J=8.0, 1.6 Hz, 1H, H-4)
4.02
(t, J=6.6 Hz, 2H, H-1)
181
(g, 2H, H-2")
1.45
(m, 2H, H-5")
1.35
(br.s, 4H, H-3’to H-4")
0.93

(t, 3H, H-6")

The 'H-NMR spectrum of 43 (Appendix 4) in CDCl; showed a triplet at & 0.93 (3H) indicating

the presence of terminal methyl groups. An unresolved signal centered at 6 1.35 integrated for

four protons and is due to two methylene groups. The signals at & 1.45 (2H, m) and 1.81 (2H,

quintet) are assigned to H-5" and H-2’, respectively. The signal at 6 4.02 (2H, t, J = 6.6 Hz) is
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due to H-1". The aromatic proton resonances at 6 7.21 (1H, dd, J = 8.0, 1.6 Hz), 7.39 (1H, t,J =
8.0 Hz), 7.48 (1H, d, J = 8.0 Hz) and 7.53 (1H, d, J = 1.6Hz) are assigned to H- 4, H- 5, H-6 and
H-2, respectively (Table 5).

Table 6: *C-NMR (CDCl3, 100.6 MHz) data (S,pm) of compounds 40, 41, 42 and 43.

Carbon 40 41 42 43
1 134.2 134.2 134.1 134.2
2 1135 113.6 1135 113.6
3 159.6 159.6 159.6 159.6
4 122.2 122.2 122.2 122.2
5 130.0 129.9 130.0 130.0
6 122.9 122.9 122.9 122.9
1 68.3 68.3 68.3 68.3
2’ 29.6 29.3 29.3 29.1
3 26.0 26.0 26.0 25.6
4 29.6 29.3 29.2 315
5 29.3 295 29.1 22.6
6 29.3 29.5 318 14.0
7 29.3 29.1 22.7
8 29.6 319 14.1
9 315 22.6
10° 29.1 14.1
1 22.7
12’ 14.1
1 194.5 194.5 194.5 194.5

The C-NMR and DEPT-135 spectra of compound 43 (Appendix 5 and Appendix 6,
respectively) in CDCI; displayed thirteen carbon signals corresponding to three quaternary, four
methine, one methyl and five methylene carbon resonances. The signal at 6 194.5 is due to the
ketone carbonyl group. The quaternary carbon signals at 8 159.6 and 134.2 are ascribed to C-3
and C-1, respectively. The four methine carbon signals at 6 113.6, 122.2, 122.9 and 130.0 are
due to C-2, C-4, C-6 and C-5, respectively. Among the five methylene carbon signals, the one at
d 68.3 is due to the oxygenated carbon C-1’ of the n-hexyl group. The remaining four methylene

carbon signals appeared between & 31.5 and 22.6. The signal due to the terminal methyl groups
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appeared at 6 14.0 (Table 6). The above spectroscopic data agreed very well with the structure of

compound 43.
4.2. Syntheses of thieno[3,4-b]pyrazines

Thieno[3,4-b]pyrazines 44, 45, 46, and 47 and the corresponding 5,7-dibromo derivatives 48, 49,
50 and 51 were synthesized starting from diketones 40-43 and 3,4-diaminothiophene (13) as

described below.

4.2.1. Syntheses of thieno[3,4-b]pyrazine derivatives 44, 45, 46, and 47

Thieno[3,4-b]pyrazines 44, 45, 46, and 47 were synthesized by modifications of published
procedures.** Thus, condensation reactions between 3,4-diaminothiophene (13) with diketones
40-43 (Scheme 12) in absolute ethanol afforded 44 (86.5%), 45 (74.9%), 46 (70.8%) and 47
(78%). Compounds 45 and 47 were purified by silica gel column chromatography while 44 and
46 were obtained in pure form after washing the crude products with cold methanol. The
identities of the thieno[3,4-b]pyrazines were confirmed based on their spectroscopic data as

discussed below.

H2N NH2 R
R I < ) O

o) O
R 13) 7N

- N N
O o CH;CH,OH T\
40 R = CH(CH,);; S
41 R = CH4(CHy)g 44 R = CH3(CHp)y
42 R = CH4(CHy), 45 R = CHj3(CHy)g
43 R = CH,(CHy)s 46 R = CH3(CHy),
47 R = CH3(CH2)5

Scheme 12: The syntheses of compounds 44-47.

The UV-Vis spectrum of 44 was recorded in CHCI3 and showed two absorption maxima at 256
and 355 nm (Figure 5) which correspond to © -n* and n- ©* transitions, respectively. The FT-IR
spectrum of 44 (Appendix 44 ) displayed bands at 3070 and 2920 cm™ due to C-H stretching of
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aromatic ring and C-H stretching of the CHgs, respectively. The imine C=N band appeared at
1601 cm™ while the band due to the C=C stretching of ring appeared at 1441 cm™. Furthermore,
the asymmetric and symmetric C-O-C stretching bands appeared at 1222 and 1032 cm™,
respectively.

The *H-NMR spectrum of compound 44 (Appendix 25) showed a signal at § 0.93 (3H, t, J = 6.6
Hz) indicating the presence of terminal methyl groups. The broad signal centered at 6 1.29 which
integrated for sixteen protons is due to eight methylene groups. The signals at 6 1.40 (2H, m) and
1.71 (2H, quintet) are assigned to H-11"" and H-2"’, respectively. The signal at 6 3.83 (2H, t, J =
6.4 Hz) is due to H-1". The aromatic proton signals appeared at 6 6.91, 7.00-7.02 and 7.21 and
are assigned to H- 4°, H-2’, H-6" and H-5’, respectively. The signal at 6 8.09 (1H, s) is attributed
to H-5 and H-7 (Table 7).

The *C-NMR and DEPT-135 spectra of compound 44 (Appendix 26 and Appendix 27,
respectively) in CDCI; showed twenty one carbon signals corresponding to four quaternary, five
methine, one methyl and eleven methylene carbon signals. The quaternary carbon signals at &
158.9, 153.1, 141.3 and 129.1 are attributed to C-3°, C-3, C-1” and C-9, respectively. The five
methine carbon signals at 6 115.1, 116.0, 117.6, 121.9 and 140.1 are ascribed to C-2’, C-4’, C-6’,
C-5and C-5’, respectively. The signal at 6 68.0 is due to C-1". The remaining eleven methylene
signals appeared between 6 31.9 and 22.7. The presence of terminal methyl group was also
confirmed by the presence of a carbon signal at & 14.1 (Table 8). The IR, UV, 'H-NMR, *C-
NMR and DEPT-135 agree with the assignment of structure 44 for the compound.
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Table 7: *H-NMR (400.13MHz, CDCl5) data (Sppm) Of Compound 44, 45, 46 and 47.

44 45 46 47
8.09 8.07 8.09 8.12
(s, 1H, H-5, H-7) (s,1H, H-5, H-7) (s, 1H, H-5, H-7) (s, 1H, H-5, H-7)
7.21 7.21 7.21 7.22
(t,J =8.8 Hz, 1H, H-5") (t, J = 7.8 Hz, 1H ,H-5") (t, J=7.8, 1H, H-5") (t, J = 7.8 Hz, 1H, H-5")
7.0-7.02 7.0-7.02 7.0-7.02 7.0-7.02

(unresolved, 2H, H-2’, H-
6’)

6.91
(d, J=8.8, 1H, H-4")
3.83
(t, J = 6.4Hz, 1H, H-1"")
171
(@, 2H, H-2")
1.41
(m, 2H H-117)
1.29
(br, 16H, H-3""to H-10"")
0.90
(t, 3H, H-12"")

(unresolved, 2H, H-2’, H-
6)

6.91
(d, J = 7.8 Hz,1H, H-4")
3.83
(t, J = 6.4Hz, 1H, H-17)
171
(@, 2H, H-2")
1.41
(m, 2H H-9"")
1.32
(br, 12H, H-3""to H-8")
0.91
(t, 3H, H-10"")

(unresolved, 2H, H-2’, H-
6)

6.91
(d,J=78, 1H, H-4")
3.83
(t, J = 6.4Hz, 1H, H-17)
171
(@, 2H, H-2")

1.41
(br, 2H, H-7"")
1.32
(or, 8H, H-3"to H-6")
0.91
(t, 3H, H-8"")

(unresolved, 2H, H-2’, H-
6”)

6.92
(dt, 1H, H-4")
3.83
(t, J = 6.6Hz, 2H, H-1"")
171
(@, 2H, H-2")
1.42
(m, 2H, H-5")
131
(br, 4H, H-3>, H-4"")
0.93
(t, 3H, H-6"")
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Table 8: **C-NMR (CDCls, 100.6 MHz) data (S,om) for compound 44, 45, 46 and 47.

Carbon 44 45 46 47
2,3 153.1 153.2 153.0 153.0
57 121.9 121.9 121.9 122.0
8.9 129.1 129.1 129.2 129.2
r 141.3 141.5 141.1 141.1
2’ 115.1 115.1 115.0 115.1
3 158.9 158.8 158.9 158.9
4 116.0 115.9 116.1 116.1
5’ 140.1 140.3 140.2 139.8
6' 117.6 117.5 117.5 117.7
1 68.0 68.0 68.0 68.0
2 29.6 29.6 29.3 29.0
3 26.0 26.0 26.0 25.6
4> 29.1 29.4 29.3 31.5
57 29.6 294 29.1 22.6
6 29.6 29.4 31.8 14.1
7 29.6 29.1 22.7 -
8” 29.6 31.9 141 -
9 29.4 22.7 - -
10 31.9 14.1 - -
1" 227 - - -
127 141 - - -
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The UV-Vis spectrum of 45 was recorded in CHCI3; and showed two absorption maxima at 255
and 336 nm (Figure 5) which are attributable to the « -n* and n- ©* transitions, respectively . The
FT-IR spectrum of 45 (Appendix 45) showed bands at 3069 and 2920 cm™ due to C-H stretching
of benzene ring and stretching vibrations of the CHs, respectively. The C=N and C=C ring
stretching bands were observed at 1577 and 1441 cm™, respectively. The asymmetric and

symmetric C-O-C stretching bands appeared at 1222 and 1022 cm™, respectively.

The *H-NMR spectrum of 45 (Appendix 22) showed a triplet at & 0.91 (3H) due to the terminal
methyl groups. The broad signal at 6 1.32 integrated for twelve protons corresponding to Six
methylene groups. The two-proton multiplet at 6 1.49 was assigned to H-9°” and the quintet at 6
1.71 is due to H-2”. The signal at 6 3.83 (2H, t, J = 6.4 Hz) is assigned to H-1"". The aromatic
proton signals appeared at 6 6.91 (1H, d, J = 7.8 Hz), 7.00-7.02 (2H, unresolved) and, 7.21 (1H,
t, J = 7.8 Hz) are assigned to H-4’, H-2’, H-6 and H-5", respectively. The signal at 6 8.07 (1H, S)
is due to the thiophene ring protons H-5 and H-7 (Table-7).

The *C-NMR and DEPT-135 spectra of 45 (Appendix 23 and Appendix 24, respectively) in
CDCI; displayed nineteen carbon signals corresponding to four quaternary, five methine, one
methyl and nine methylene carbon signals. The quaternary carbon signals appeared at & 158.8,
153.2, 141.5 and 129.1 and are attributed to C-3', C-3, C-1’ and C-9, respectively. The five
methine carbon signals at 6 115.1, 115.9, 117.5, 121.9 and 140.3 are ascribed to C-2°, C-4’, C-6’,
C-5 and C-5°, respectively. The signal at & 68.0 is due to the oxygen-bearing carbon of the n-
decyl group. The remaining nine methylene signals appeared between & 31.9 and 22.7. The
signal at § 14.1 is due to terminal methyl groups (Table 8). The IR, UV, *H-NMR, *C-NMR and
DEPT-135 data agree very well with the structure of compound 45.

42



The UV-Vis spectrum of 46 was recorded in CHCI3; and showed two absorption maxima at 257
and 354 nm (Figure 5) which correspond to © -n* and n- ©* transitions, respectively. The FT-IR
spectrum of 46 (Appendix 46) showed a band at 3067 cm™ due to C-H stretching of the aromatic
rings. The band at 2923 cm™ is due to C-H stretching vibration of the CHs. The imine C=N band
and C=C stretching band of the rings appeared at 1600 and 1440 cm™, respectively. The
asymmetric and symmetric C-O-C stretching bands appeared at 1222 and 1045 cm™,

respectively.

The *H-NMR spectrum of 46 (Appendix 19) showed a triplet at § 0.91 due to the terminal methyl
groups. The broad signal centered at 6 1.32 which integrated for eight protons is due to four
methylene groups. The signals at & 1.41 (2H, br) and 1.71 (2H, quintet) are assigned to H-7"* and
H-2"’, respectively. The signal at 6 3.83 (2H, t, J = 6.4 Hz) is assigned to H-1"". The aromatic
proton signals appeared at 6 6.91 (1H, d, J = 7.8 Hz, H-4’), 7.00 — 7.13 (2H, unresolved, H-2’
and H-6), 7.21 (1H, t, J = 7.8 Hz, H-5"). The signal at 6 8.09 (1H, s) is assigned to H-5 and H-7
(Table 7).

The *C-NMR and DEPT-135 spectra of 46 (Appendix 20 and Appendix 21, respectively) in
CDCI; displayed seventeen carbon signals corresponding to four quaternary, five methine, one
methyl and seven methylene carbon signals. The quaternary carbon signals at 6 158.9, 153.0,
141.1 and 129.2 are assigned to C-3°, C-3, C-1" and C-9, respectively. The five methine carbon
signals at 6 115.1, 116.0, 117.5, 121.9 and 140.2 are ascribed to C-2', C-4’, C-6’, C-5 and C-5°,
respectively. The signal at & 68.05 is due to the oxygen-bearing carbon of the n-octyl group. The
remaining seven methylene signals appeared between 6 31.8 and 22.7. The signal at & 14.1 is
attributed to the terminal methyl groups (Table 8). The above spectroscopic data agree very well

with the structure of compound 46.
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The UV-Vis spectrum of 47 was recorded in CHCI; and showed two absorption maxima at 256
and 352 nm (Figure 5) indicating the presence of conjugation in the structure of the compound.
The FT-IR spectrum of 47 (Appendix 47) showed bands at 3108 and 2930 cm™ due to C-H
stretching of the aromatic rings and stretching vibrations of the CHg, respectively. The band at
1599 cm™ is typical of C=N stretching of imine and the band at 1436 cm™ is due to C=C
stretching of the rings. In addition, the asymmetric and symmetric C-O-C stretching bands
appeared at 1289 and 1033 cm™, respectively.

The *H-NMR spectrum of compound 47 (Appendix 16) in CDCl; showed a signal at § 0.93 (3H,
t, J = 6.8 Hz) indicating the presence of terminal methyl groups in the compound. A broad signal
centered at 6 1.31 integrating for four protons is due to the two methylene groups H-3’* and H-
4°’, The signals at 6 1.42 (2H, m) and 1.71 (2H, quintet) are assigned to H-5"’ and H-2"’,
respectively. The signal at & 3.83 (2H, t, J = 6.6 Hz) is assigned to H-1"". The aromatic proton
signals appeared at 6 6.92 (1H, dt,), 7.00 — 7.02 (2H, unresolved) and, 7.22 (1H, t, J = 7.8 Hz)
and are assigned to H- 4’, H- 6°, H-2’ and H-5, respectively. The signal at & 8.12 (1H, s) is
assigned to H-5 (and H-7) the thiophene protons a to the sulfur (Table 7).

The *C-NMR and DEPT-135 spectra of 47 (Appendix 17 and Appendix 18, respectively) in
CDCI; displayed fifteen carbon signals due to four quaternary, five methine, one methyl and five
methylene carbon signals. The quaternary carbon signals at 6 158.9, 153.0, 141.1 and 129.2 are
attributed to C-3’, C-3, C-1" and C-9, respectively. The five methine carbon signals at 5 115.1,
116.1, 117.7, 122.0 and 139.8 are ascribed to C-2’, C-4’, C-6’, C-5 and C-5’, respectively. The
signal at 6 68.0 is due to C-1”. The remaining four methylene carbon signals appeared between o
31.5 and 22.6. The signal at & 14.0 is attributed to the terminal methyl groups (Table 8). The IR,
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UV, 'H-NMR, C-NMR and DEPT-135 agree with the assignment of structure 47 for the

compound.

—&— 2 3-bis(3-(hexyloxy)phenyl) TP (47)
—— 2,3-bis(3-(octyloxy)phenyl) TP (46)
Lo 2,3-bis(3-(decyloxy)phenyl) TP (45)
—w— 2,3-bis(3-(dodecyloxy)phenyl) TP (44)

Absorbance (a.u)

0.2 4

0.0 4

T T T T T T T T T T T
250 300 350 400 450 500
Wavelength (nm)

Figure 5: UV-Vis spectra of monomers 44 (blue), 45 (green), 46 (red) and 47 (black).

4.2.2. Bromination of the thieno[3,4-b]pyrazines 44-47

Thieno[3,4-b]pyrazines 44-47 were subjected to bromination reactions using NBS in DMF or
NBS in CHCls:acetic acid (1:1) to afford the corresponding dibromides 48-51 (Scheme 13).

R R o)
R R Br—N

NZRN NBS, DMF N )
& i T3
s NBS, CHClg:HAC (1:1) Br—"~g”~Br NBS
44 R = CH3(CH2)11 48 R = CH3(CHy)11
45 R = CH3(CHy)g 49 R = CH3(CHy)g
46 R = CH3(CH,), 50 R = CHj3(CH,);
47 R = CH3(CH2)5 51 R= CH3(CH2)5

Scheme 13: Conversion of thieno[3,4-b]pyrazines 44-47 to the corresponding dibromides.
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The syntheses and characterization of the dibromides are described below.

4.2.2.1. Synthesis of monomers 48 and 50

5,7-Dibromo-2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-b]pyrazine (48) and 5,7-dibromo-2,3-
bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine (50) were synthesized by bromination of 2,3-bis(3-
(dodecyloxy)phenyl)thieno[3,4-b]pyrazine (44) and 2,3-bis(3-(octyloxy)phenyl)thieno[3,4-
b]pyrazine (46), respectively, using N-bromosuccinimide in DMF in dark (Scheme 14). These
compounds were obtained in pure form after silica gel column chromatography and were
characterized using different spectroscopic techniques as described below. Bromination with
NBS in DMF as compared to CHCI3/HAC gives better result. Bromination with NBS in

CHCI3/HAC was obtained mixture of products because of their poor solubility.

N N N N
I\ M
S Br S Br
44 R = CH3(CH2)11 48, R = CH3(CH2)11
46 R = CHj(CH,), 50, R = CH3(CH,),

Scheme 14: Synthesis of dibromides 48 and 50.

The UV-Vis spectrum of 48 was recorded in CHCI3 and showed two absorption maxima at 267
and 371 nm (Figure 6) which correspond to « -n* and n- n* transitions, respectively. The FT-IR
spectrum of 48 (Appendix 48) showed band at 2919 cm™ due to stretching of alkane. The band at
1604 cm™ is attributed to the imine C=N vibration. The asymmetric and symmetric stretching
bands of the C-O-C groups appeared at 1222 and 1035 cm™, respectively. The band at 1464 cm™
is due to the stretching vibration of the ring C=C bonds. The bands due to out-of-plane C-H and
C=C bending vibrations of the aromatic and rings appeared at 983 and 795 cm™, respectively.

The C—Br stretching band appeared at 523 cm™.
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The *H-NMR spectrum of 48 (Appendix 34) in CDClI; revealed the presence of a triplet at & 0.90
indicating the presence of terminal methyl groups. A broad signal centered at 6 1.29 integrating
for sixteen protons is due to eight methylene groups. The signals at & 1.42 (2H, m) and 1.72 (2H,
quintet) are assigned to H-11"" and H-2’, respectively. The signal at 6 3.83 (2H, t, J = 6.6 Hz) is
assigned to H-1"’. The aromatic proton signals at & 6.92 (1H, dd, J =8.0 Hz, 2.4 Hz), 7.03 (d, J =
8.0 Hz, 1H), 7.05 (1H, d, J = 2.4 Hz) and 7.20 (1H, t, J = 8.0 Hz) are assigned to H-4’, H-6’, H-
2’ and H-5’, respectively (Table 9).

The *C-NMR and DEPT-135 spectra of 48 (Appendix 35 and Appendix 36, respectively) in
CDCI; showed twenty-one carbon signals corresponding to five quaternary, four methine, one
methyl and eleven methylene carbons. The quaternary carbon signals at 6 158.8, 154.5, 139.4,
139.2 and 104.9 are attributed to C-3', C-3, C-1°, C-9 and C-5, respectively. The four methine
carbon signals at & 115.4, 116.3, 129.1 and 122.2 are ascribed to C-2°, C-4’, C-5 and C-6’,
respectively. The signal at & 68.1 is due to C-1"". The remaining ten methylene carbon signals
appeared between & 31.9 and 22.7. The signal at 6 14.1 is due to terminal methyl group (Table
10). The UV, IR, *H-NMR, *C-NMR and DEPT-135 data agree very well with structure 48.

The UV-Vis spectrum of 50 was recorded in CHCI3 and showed two absorption maxima at 267
and 367 nm (Figure 6) due to 7 -7* and n- * transitions, respectively. The FT-IR spectrum of 50
(Appendix 49) showed a band at 2920 cm™ due to C-H stretching of CHs5 group. The bands at
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1603 and 1466 cm™ are attributed to the C=N of imine and the ring C=C stretching vibrations,
respectively. The asymmetric and symmetric C-O-C stretching bands appeared at 1221 and 1032
cm™, respectively. Out-of -plane C-H bending vibration of the aromatic rings appeared at 981
cm™ and the ring C=C bending vibration at 796 cm™. The band at 524 cm™ is due to C—Br
stretching.

Table 9: *H-NMR (400.13MHz, CDCl5) data (8ppm) Oof compound 48, 50 and 51.

48 50 51
7.20 7.20 7.21
(t,J=8.0Hz, 1H, H-5") (t,J=8.0Hz, 1H, H-5") (t,J=8.2Hz, 1H, H-5")
7.05 7.05 7.05
(d,J=2.4 Hz, 1H, H-2) (t, J=1.6 Hz, 1H, H-2") (d, J=1.6 Hz, 1H, H-2")
7.03 7.03 7.03
(d,J=8.0 Hz,1H, H-6) (d,J=8.0Hz, 1H, H-6") (d, J = 8.2 Hz, 1H, H-6")
6.92 6.92 6.92

(dd, J=8.0 Hz, 2.4 Hz, 1H, H-4) (dd, J = 8.0 Hz, 1.6.Hz, 1H, H-4") (dd, J=8.2 Hz, 1.6 Hz, 1H, H-4)

3.83 3.83 3.83
(t,J=6.6 Hz, 2H, H-1"") (t,J=6.6 Hz, 2H, H-1"") (t,J=6.6 Hz, 2H, H-1"")
1.72 1.72 1.72
(g, 2H, H-2"") (g, 2H, H-2") (g, 2H, H-2")

1.42 1.42 1.42
(m, 2H, H-11") (m, 2H, H-7") (m, 2H, H-5")
1.29 1.32 1.34
(s, 16H, H-3"" to H-10") (s, 8H, H-3"" to H-6") (s, 4H, H-3"" to H-4")
0.90 0.90 0.93
(t,J=6.8Hz, 3H, H-12") (t,3H, H-8") (t,J=6.8Hz, 3H,H-6")

The *H-NMR spectrum of 50 (Appendix 31) in CDCl5 displayed a triplet at & 0.90 due to the
terminal methyl groups. The broad signal centered at 6 1.32, which integrated for eight protons,
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is due to four methylene groups. The signals at 6 1.42 (2H, m) and 1.72 (2H, quintet) are
assigned to H-7’ and H-2"’, respectively. The signal at 6 3.83 (2H, t, J = 6.6 Hz) is due to H-1"".
The aromatic proton signals at 6 6.92 (1H, dd, J = 8.0 Hz, 1.6 Hz), 7.03 (1H, d, J = 8.0 Hz), 7.05
(AH, t, J = 1.6 Hz) and 7.20 (1H, t, J = 8.0 Hz) are assigned to H-4', H-6’, H-2’ and H-5’,
respectively (Table 9).

Table 10: "*C-NMR (CDCl3, 100.6 MHz) data (8,,m) for compound 48, 50 and 51.

Carbon 48 50 51

2,3 154.5 154.5 154.5
57 104.9 104.9 104.9
8,9 139.2 139.2 139.2
1’ 1394 1394 1394
2’ 1154 1154 1154
3 158.8 158.8 158.8
4 116.3 116.3 116.3
5’ 129.1 129.1 129.1
6 122.2 122.2 122.2
17 68.1 68.1 68.0
2”7 29.7 29.3 29.0
37 26.0 26.0 25.7
4 29.6 29.2 315
57 29.4 29.1 22.6
6’ 29.4 318 14.1
7 29.4 22.7

8 29.6 14.1

9 29.1

107 31.7

11 22.7

127 14.1

The **C-NMR and DEPT-135 spectra of 50 (Appendix 32 and Appendix 33, respectively)
displayed seventeen carbon signals corresponding to five quaternary, four methine, one methyl
and seven methylene carbon. The quaternary carbon signals at & 158.8, 154.5, 139.4, 139.2 and
104.9 are attributed to C-3°, C-3, C-1°, C-9 and C-5, respectively. The four methine carbon
signals at 6 115.4, 116.3, 129.1 and 122.2 are ascribed to C-2°, C-4’, C-5’ and C-6’, respectively.
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The signal at 6 68.0 is due to the oxygen-bearing carbon (C-1”) of the n-octyl group. The
remaining six methylene carbon signals appeared between at 6 31.8 and 22.7. The presence of
terminal methyl groups was evident from the carbon signal at § 14.1 (Table 10). The UV, IR, *H-
NMR, *C-NMR and DEPT-135 data agree very well with structure 50.

4.2.2.2. Synthesis of monomers 49 and 51

5,7-Dibromo-2,3-bis(3-(decyloxy)phenyl)thieno[3,4-b]pyrazine (49) and 5,7-dibromo-2,3-bis(3-
(hexyloxy)phenyDthieno[3,4-b]pyrazine  (51) were synthesized by bromination of
thienopyrazines 45 and 47, respectively, using N-bromosuccinimide in CHCI3/CH3;COOH (1:1)
in the dark as shown in Scheme 15. Compound 51 was obtained in a pure form after purification
by silica gel column chromatography. However, compound 49 could not be obtained in a pure
form even after column chromatography on silica gel. The difficulty with this route is due to
formation of mixture of mono- and dibrominated products, which was difficult to separate
because of their poor solubility and similar Rf values.

R R
R R

NBS
7\ N/ \N
N N CHCl5/ HAc
3 3
S Br—>g” "Br
45, R = CH3(CH,)g 49, R = CH3(CHy)g
47, R = CH3(CHy)s 51, R = CH3(CH,)s

Scheme 15: Synthesis of compounds 49 and 51.

The UV-Vis spectrum of 51 (Figure 6) was recorded in CHCI; and showed two absorption
maxima at 266 and 366 nm due to  -n* and n- n* electronic transitions, respectively. The FT-IR
spectrum of 51 (Appendix 50) showed a band at 3061cm™ due to C-H stretching of the aromatic
rings. The band at 2934 cm™ is ascribed to C-H stretching of alkane. The band at 1602 cm™ is
attributed to the C=N stretching of imine. The aryl ether displayed an asymmetric and symmetric
stretching band of C-O-C appeared at 1221 and 1032 cm™, respectively. The C=C ring stretching
and bending vibrations occurred at 1442 cm™ and 796 cm™, respectively. Bands due to out-of-
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plane C-H bending vibration of aromatic compound and C—Br stretching were observed at 983

s

1N N4

cm™and 523 cm™, respectively.

Br 7SSBr
51

The *H-NMR spectrum of 51 (Appendix 28) in CDCl; showed a triplet at & 0.93 due to the
terminal methyl groups. A broad signal centered at 6 1.34, which integrated for four protons, is
due to two methylene groups. The signal at 6 1.43 (2H, m) and 1.72 (2H, quintet) are assigned to
H-5"> and H-2’, respectively. The signal at 6 3.83 (2H, t, J = 6.6 Hz) is assigned to H-1"". The
aromatic proton signals at 6 6.92 (1H, dd, J = 8.2 Hz, 1.6 Hz), 7.03 (1H, d, J = 8.2 Hz), 7.05 (d,
1H, J = 1.6 Hz) and 7.21 (1H, t, J = 8.2 Hz) are due to H-4’, H-6°, H-2* and H-5", respectively
(Table 9).

The *C-NMR and DEPT-135 spectra of 51 (Appendix 29 and Appendix 30, respectively) in
CDCI; displayed fifteen carbon signals corresponding to five quaternary, four methine, one
methyl and five methylene carbons. The quaternary carbon signals at & 158.8, 154.5, 139.4,
139.2 and 104.9 are attributed to C-3’, C-3, C-1°, C-9 and C-5, respectively. The four methine
carbon signals at & 115.4, 116.3, 129.1 and 122.2 are ascribed to C-2°, C-4’, C-5 and C-6’,
respectively. The signal at 6 68.0 is due to the oxygenated carbon C-1"" of the n-hexyl group.
The remaining four methylene signals were observed between 6 31.5 and 22.6. The presence of a
signal at & 14.0 confirmed the presence of terminal methyl groups (Table 10). The IR, UV, 'H-
NMR, *C-NMR and DEPT-135 data are in agreement with structure 51.
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Figure 6: UV-Vis spectra of monomers 48, 50 and 51.
4.3. Syntheses of polymers

Seven thieno[3,4-b]pyrazine-based donor-acceptor polymers, namely, poly[2,3-bis(3-
(dodecyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-diyl] (52, 52°), poly[2,3-
bis(3-(decyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-diyl] (53), poly[2,3-bis-
(2,3-bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-diyl] (54, 54°) and
poly[2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-diyl] (55, 55°)
were synthesized and characterized. The polymers were synthesized by using the Stille cross
coupling polymerization and the direct heteroarylation polymerization techniques. For the Stille
cross coupling polymerization reactions, the monomers used were the dibromides 48, 50, and 51
and 2,5-bis(tributylstannyl)thiophene (56). On the other hand, the monomers used for the direct
heteroarylation polymerization reactions were thieno[3,4-b]pyrazines 44, 45, 46 and 47 and 2,5-

dibromothiophene (11) as described below.
4.3.1. Syntheses of polymers by direct heteroarylation polymerization.

The four thieno[3,4-b]pyrazine-based polymers (52-55) were synthesized as shown in Scheme 16

by using a modified literature procedure.>® Thus, equimolar quantities of thieno[3,4-b]pyrazines
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44, 45, 46 and 47 with 2,5-dibromothiophene (11) were reacted using Pd(OACc), as a catalyst in
the presence of pivalic acid in DMAc. All polymers were purified by successive Soxhlet
extractions with methanol and acetone to remove catalyst residue and oligomers and then with
CHCIs. Polymers 52 (36.4%), 53 (39.0%), 54 (69.9%) and 55 (45.3%) were obtained as deep
green solids. The polymers were characterized by *"HNMR and UV-Vis spectroscopy.

R R
R

R
— Pd(OAC), —
N N Br@Br Pivalic acid N N
H@H 11 K, CO, . /S\ \s/ .
DMAC, 60°C n
44 R = CH3(CH,)1
45 R = CH4(CHy)g 52 R = CH3(CHp)44
46 R = CH3(CH,); 93 R = CH3(CHy)g
47 R = CH3(CH,)s 54 R = CH3(CH,);

55 R = CH3(CHy)5

Scheme 16: Synthesis of polymers 52-55.

4.3.2. Syntheses of polymers by Stille-cross-coupling reaction

The three thieno[3,4-b]pyrazine-based donor-acceptor polymers 52°, 54° and 55° were
synthesized using modified literature procedure.®* Thus, equimolar quantities of 2,5-
dibromothieno[3,4-b]pyrazines 48, 50, and 51 with 2,5-bis(tributylstannyl)thiophene (56) were
reacted in the presence of Pd(PPhs), in anhydrous DMF and anhydrous toluene (Scheme 17).
The polymers were purified by Soxhlet extraction with acetone and methanol to remove
oligomers and then with CHClI3. Polymers 52’ (69.2%), 54’ (74.9%) and 55 (10%) were
obtained as deep-green solids. The polymers were characterized by 'H-NMR, UV-Vis and

square-wave voltammetry (SWV).
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Scheme 17: Synthesis of polymer 52°, 54° and 55°.
4.3.3. Optical properties of the polymers

Optical spectra of conjugated polymers provide information about the electronic structure and
the bandgap. The energy gap for n-n* transition is directly affected by the degree of conjugation.
The higher the conjugation length the smaller the energy gap for the transition between the two
orbitals. The UV-Vis absorption spectra of polymers 52, 52°, 53, 54, 54°, 55 and 55 were
measured in chloroform solutions and as thin films on glass slides. The solution and thin film
spectra of the polymers exhibited broad absorption ranging from 300 — ca 1150 nm with two

absorption maxima as shown in Table 11 and Figures 7 to 10.

Table 11: Optical properties of polymers 52, 53, 54, 55, 52°, 54’ and 55

Solution Film
Jmax (NM) \onset EgP(€V)  Amax (NM) \onset Es* (eV)
52 387, 806 1056 1.17 403, 819 1160 1.07
53 362, 727 1114 1.22 371, 756 1140 1.09
54 386, 829 1130 1.10 404, 861 1159 1.06
55 330, 749 1076 1.15 363, 757 1135 1.09
52’ 393, 950 1228 1.01 413, 967 1293 0.96
54° 407, 996 1290 0.96 424, 1000 1324 0.94
55° 330, 1024 1290 0.96 384, 1111 1338 0.93
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The UV-Vis spectra of polymers 52, 53, 54 and 55 in CHCI3 solution showed two absorption
maxima in the range between 330 and 829 nm (Figure 7, Table 11). The optical absorption
spectra (Figure 8) of 52, 53, 54 and 55 were recorded as thin films on glass slides. The onsets of
absorption of 52, 53, 54 and 55 extended up to 1160 nm. The long wavelength absorption
maxima appeared at 819, 756, 861 and 757 nm for 52, 53, 54 and 55, respectively. The optical
bandgaps (E4™) were estimated to be 1.07, 1.09, 1.06 and 1.09 eV for polymer 52, 53, 54 and
55, respectively, from the onsets of absorption in the thin film spectra while band-gaps of 1.17,
1.22, 1.10, 1.15, respectively, were estimated from the onsets of absorption in the solution
spectra (Table 11). Polymers 52-55 exhibit bathochromic shifts of their absorptions in the film
state compared with the solution state, presumably as a result of donor—acceptor structures

leading to strong m—m stacking interactions.
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Figure 7: Uv-Vis absorption spectra of 52 (blue), 53 (green), 54 (red) and 55 (black) in CHCI3

solution.
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Figure 8: Uv-Vis absorption spectra of 52 (blue), 53 (green), 54 (red) and 55 (black) as thin
films.

The chloroform solutions of polymers 52°, 54° and 55° exhibited broad absorptions extending
into the near-infrared region with two absorption maxima in the range between 330 and 1024 nm
(Figure 9, Table 11). The long wavelength absorption maxima appeared at 950, 996 and 1024 nm
for 52°, 54’ and 55°, respectively. The optical absorption spectra of 52°, 54° and 55° (Figure 10,
Table 11) showed broad absorption in the range between 384 and 1111 nm. The long wavelength
absorption maxima appeared at 967, 1000 and 1111 nm, respectively. Red shifts were observed
in the thin-film spectra compared to the solution spectra presumably because of ©—x interaction
between the closely packed polymer backbones in the solid state and ICT transitions in the thin
film.®® The onsets of absorption in thin film spectra of 52°, 54’ and 55° appeared at 1293, 1324
and 1338 nm, respectively, which correspond to optical bandgaps of 0.96, 0.94 and 0.93 eV,
respectively (Table 11).
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Figure 9: Uv-Vis absorption spectra of 52° (green), 54’ (red) and 55° (black) in CHCI; solution.
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Figure 10: Uv-Vis absorption spectra of 52° (green), 54° (red) and 55 (black) as thin films.

All of the polymers showed two distinct absorption bands around 300-410 nm which can be
assigned to the m—=* transition while the long-wavelength absorption peaks can be attributed to
intramolecular charge transfer between the thiophene donor and the thienopyrazine acceptor
moieties. The bandgaps of polymers 52, 52°, 53, 54, 54°, 55 and 55’ calculated from the onsets
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of absorptions of thin films of the polymers were lower than the bandgaps calculated from the
onsets of absorptions of the solution spectra. This difference may be due to solid state ordering
compared to the disorder in solution.’® Polymers synthesized by direct heteroarylation (52-55)
exhibited different absorption maxima in comparison to those polymers synthesized by Stille-
coupling reaction (52°, 54’ and 55°) (Figure 7-10, Table 11). The thin films of the polymers
obtained by Stille coupling showed red shift in their absorption spectra relative to those

polymers( 52-55) obtained by direct heteroarylation. The optical bandgaps (E,™

) of polymers
52-55 are very close to each other and lie between 1.06 and 1.09 eV, which are slightly higher

than for polymers 52°, 54° and 55° (~0.96-0.93 eV) (Table 11).

4.3.4. Electrochemical properties

Cyclic voltammetry (CV) was used to determine the HOMO and LUMO energy levels (Exomo
and E_umo, respectively) of polymers. Square-wave voltammetry (SWV) was used for similar
materials to determine the HOMO and LUMO energy levels of polymers 52° and 54°. Square-
wave voltammetry was found to be more sensitive than CV resulting in much clearer peaks in the
voltammograms.® The onsets of oxidation potentials correspond to the HOMO levels, and the
onsets of reduction potential correspond to the LUMO levels. From the values of Eox onset and
Eredonset, HOMO and LUMO>™***" as well as the electrochemical bandgaps (E,) of the

polymers could be calculated using Equations 1-3.
Exomo = - (Eox, onset +4.4) (6V) (1)
ELumo = - (Ered, onset +4.4) (V) (2)
E¢™ = ELumo— EnHomo 3)

The estimated E4* values are somewhat higher than the E™ values estimated from the onsets of
absorption in the thin film spectra of the polymers, probably due to the barriers for charge
transfer between the electrodes, the polymer films and the supporting electrolyte, resulting in

lags between voltage input and current measurement.***®

The square-wave voltammetry was conducted with a three-electrode setup consisting of platinum
wires, both as working electrode and counter electrode and Ag/AgCI as reference electrode. A
0.10 M tetrabutylammoniumperchlorate (BusNCIO,) in anhydrous acetonitrile was used as
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supporting electrolyte at a scanning rate of 100 mV/s. The polymer films for electrochemical

measurements were coated from chloroform solutions of the polymers.

The electrochemical properties of polymers 52° and 54° were studied using square-wave
voltammetry (Figure 11). The oxidation-onset potentials of polymers 52 and 54° were 0.49 and
0.51 V, respectively. On the basis of these potentials, HOMO energy levels of polymers 52 and
54> were estimated to be -4.89 and -4.91eV, respectively. Similarly from reduction onset
potentials, the LUMO energy levels were estimated to be -3.67 and -3.96 eV, respectively. The
electrochemical bandgaps of polymers 52° and 54° were 1.22 and 0.95eV, respectively. The
electrochemical bandgap of polymer 52” was slightly larger than the electrochemical bandgap of
54°. The bandgap values obtained from electrochemical and optical measurements agree well for

polymer 54°.
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Figure 11: Square-wave voltammograms of polymers 52 and 54°.
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5. Conclusion

Seven thieno[3,4-b]pyrazine-based donor-acceptor polymers, namely, poly[2,3-bis(3-
(dodecyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-diyl] (52, 52°), poly[2,3-
bis(3-(decyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-diyl] (53), poly[2,3-bis-
(2,3-bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-diyl] (54, 54°) and
poly[2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-diyl] (55, 55°)
were synthesized and characterized. The polymers were prepared by employing the Stille cross
coupling polymerization and the direct heteroarylation polymerization techniques. The polymers
were deep green solids and soluble in common organic solvents like CHCI3 and chlorobenzene.
The polymers showed optical absorptions that extended up to ca 1150 nm. The optical bandgaps
of the polymers synthesized by direct heteroarylation polymerization (52-55) and Stille-coupling
polymerization (52°, 54° and 55°) had no significant differences. The electrochemical bandgap of
polymer 52” was slightly larger than the electrochemical bandgap of 54°. Further studies of the
physical properties such as molecular weight determination, charge carrier mobility, solar cell
device fabrication and characterization, photoluminescence and electroluminescence properties,

etc., are necessary to fully characterize the polymers.
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6. Experimental

6.1. Materials and Methods

All of the compounds prepared in the course of the synthetic work were purified and
characterized by UV-Vis, FT-IR and NMR techniques. *H-NMR and *C-NMR spectra were
recorded on a Bruker Avance 400 spectrometer in CDCl; as a solvent and are reported in  units.
The UV-Vis spectra of the monomers and polymers were recorded on PERKIN-ELMER
LAMBDA 950 UV/Vis/NIR spectrophotometer at room temperature. Infrared spectra were
obtained using a PERKIN ELMER Spectrum 65 infrared spectrophotometer. Melting points
were measured using Mettler-Toledo FP82HT hot stage with FP90 central processor and LEICA
GALEN™ 111 microscope apparatus and are uncorrected. Cyclic voltammograms (CVs) were
recorded on a BASi Epsilon-EC potentiostat using platinum electrodes at a scan rate of 100
mV.s™* and a Ag/Ag+ (0.10 M of AgNOs in acetonitrile) reference electrode in solution of 0.1 M

of tetrabutylammonium perchlorate in acetonitrile.

6.2. Reagents

All reagents were purchased from commercial suppliers. The chemicals used were 2,5-
dibromothiophene (Aldrich), potassium carbonate (Aldrich), anhydrous sodium sulfate (Aldrich),
Pd(OACc),; (Fluka), N-bromosuccinimide (NBS) (Aldrich), 1-bromooctane, 1-bromohexane, 1-
bromodecane and 1-bromododecane (Aldrich), DMF (Aldrich), CHCI; (Carlo-Erba), methanol
(Carlo-Erba), diethyl ether (BDH), petroleum ether (Aldrich), acetone (Aldrich), ethyl acetate
(Carlo-Erba), n-pentane (Aldrich), NaOH (Scharlau), toluene (Riedel-De Haén), propan-2-ol
(BDH), ethanol (Carlo-Erba), acetic acid (Aldrich), iron metal (Fluka), tin powder (Fluka),
tetrahydrofuran (Riedel-De Haén), KOH, acetonitrile (Aldrich), Conc.H,SO,4 (Aldrich), fuming
H,SO,4 (Aldrich), fuming HNO;3; (Aldrich), conc.HNO3 (Aldrich), 37% HCI (Aldrich), 3-
hydroxybenzaldehyde (Aldrich), triethylamine (Riedel-De Haén), CH.Cl, (Carlo-Erba),
NaHCO3, NaCN (Analar), thiamine hydrochloride (BDH), 3-methoxybenzaldehyde (Aldrich), n-
hexane, DMSO (Aldrich), 48% HBr (Aldrich), pivalic acid, DMAc (Aldrich), EDTA (Aldrich).
All reactions were carried out under nitrogen atmosphere. The progresses of reactions were
monitored by analytical thin-layer chromatography using 0.25 mm pre-coated silica gel plates.

Column chromatography was conducted on silica gel (70-230mesh) . 0.45 um PTFE filters were
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used to filter polymeric materials under reduced pressure. THF was freshly dried over sodium

and benzophenone, prior to use.

6.3. Procedures
6.3.1. Syntheses of monomers.

6.3.1.1. Synthesis of 2, 5-dibromo-3,4-dinitrothiophene ( 12)

A dried three-necked flask containing a mixture of conc. H,SO4 (11.27 mL), fuming H,SO,
(17.36 mL), and fuming HNO3 (9.54 mL) was cooled in an ice bath and 2,5-dibromothiophene
(3.00 mL, 6.4 g, 26.60 mmol) was added dropwise maintaining the temperature at 15 °C. After
the addition was complete, the reaction mixture was stirred for an additional 4 hr at room
temperature and then poured into ice (91 g). The solid product was collected by vacuum
filtration, washed with cold water, dried and recrystallized from isopropanol to give 12 (6.0 g,

67.9 %) as a shiny yellow solid.
Mp: 137-138.8°C; Lit. mp: 135 —137°C; *C- NMR (100 MHz, CDCls): & 133.5, 140.6
6.3.1.2. Synthesis of 3,4-diaminothiophene (13)

2,5-Dibromo-3,4-dinitrothiophene (12) (6.0 g, 18.07 mmol) and 37% conc. HCI (74.5 mL) were
combined. Tin powder (13.27 g, 92.66 mmol) was added in small portion in about 1 hr and 20
min maintaining the temperature at 15°C. After the addition was complete, the mixture was
stirred at 0°C overnight. The solid residue was filtered by vacuum filtration and washed with
diethyl ether and acetonitrile until the wash was colorless, giving the diammonium salt (2.14 g).
The salt was dissolved in distilled water and basified with 0.89 M KOH solution until pH
reached to 7-8. The aqueous solution was extracted with ethyl acetate. The organic layer was
separated, dried over anhydrous Na,SO, and the solvent was removed by rotary evaporation at

room temperature to afford 13 (1.0 g, 48.5%) as shiny solid.

'H- NMR (400 MHz, CDCls): & 3.40 (br.s, 2H, H-3), 6.17 (s, 1H, H-2). **C- NMR (100 MHz,
CDCl3): $101.4, 137.0.
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6.3.1.3. Synthesis of 3-dodecyloxybenzaldehyde (32).

In to a 250 mL, three-necked round bottom flask, K,COj3 (56.7 g, 410 mmol) was suspended in a
solution of 3-hydroxybenzaldehyde (10 g, 81.88 mmol) in DMF (100 mL) and heated to 100°C
under nitrogen atmosphere. To the heated mixture, 1-bromododecane (41.2 g, 39.7 mL, 165
mmol) was added dropwise from a pressure-equalizing dropping funnel over 1 hr and 40 min and
the reaction mixture was stirred at 100°C under nitrogen for 26 hr. After cooling to room
temperature, the solid material was filtered off and water was added to the filtrate, which was
extracted three times with diethyl ether. The ether extract was combined and washed with 2M
HCI followed by 1M NaOH and water. The organic layer was separated, dried over anhydrous
Na,SO, and the solvent was removed by rotary evaporation. The crude product was purified by

silica gel column chromatography using pentane as eluent to afford 32 (22.2 g) as a yellow oil.
'H- NMR (400 MHz, CDCl3): Table 1. **C- NMR (100 MHz, CDCls): Table 2.
6.3.1.4. Synthesis of 3-decyloxybenzaldehyde (33).

3-Decyloxybenzaldehyde (33) was prepared following the procedure described above for the
preparation of compound 32 by reacting 3-hydroxybenzaldehyde (10 g, 81.88 mmol) with 1-
bromodecane (36.8 g, 166.6 mmol) to afford crude 33 (24.75 g) as yellow oil after purification
by silica gel column chromatography using petroleum ether as eluent.

'H- NMR (400 MHz, CDCl3): Table 1. **C- NMR (100 MHz, CDCls): Table 2.
6.3.1.5. Synthesis of 3-octyloxybenzaldehyde (34).

3-Octyloxybenzaldehyde (34) was prepared following the procedure described above for the
preparation of compound 32 by reacting 3-hydroxybenzaldehyde (10 g, 81.88 mmol) with 1-
bromooctane (31.7 g, 164.4 mmol) to afford 34 (22.5 g) as yellow oil which was used in the next

reaction without further purification.

'H-NMR (400 MHz, CDCI5): Table 1. *C- NMR (100 MHz, CDCls): Table 2.
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6.3.1.6. Synthesis of 3-hexyloxybenzaldehyde (35).

3-Hexyloxybenzaldehyde (35) was synthesized following the procedure described above for the
preparation of compound 32 by reacting 3-hydroxybenzaldehyde (10 g, 81.88 mmol) with 1-
bromohexane (27.2 g, 23.2 mL, 165 mmol) to afford 35 (18.4 g) as yellow oil which was used in
the next reaction without further purification.

'H- NMR (400 MHz, CDCls): Table 1. *C- NMR (100 MHz, CDCls): Table 2.

6.3.1.7. Synthesis of 1,2-bis(3-(dodecyloxy)phenyl)-2-hydroxyethanone (36).

Thiamine hydrochloride (1.92 g, 5.69 mmol) and distilled water (3.90 mL) were added in to two-
necked flask (250 mL). The mixture was stirred until the white powder was completely
dissolved. To the colorless solution, 95% ethanol (15.30 mL) was added and the solution was
cooled in ice bath to less than 20°C. Sodium hydroxide (2M, 5.72 mL) was added slowly to the
flask. Up on addition of base, a yellow color was formed and faded. 3-Dodecyloxybenzaldehyde
(32) (21.73 g, 74.80 mmol) was added and the mixture was stirred and heated to 60°C for 4 hr
and 50 min. The progress of the reaction was monitored by TLC using hexane:ethyl acetate
(12:1) as eluent. The mixture was the cooled to room temperature and extracted with chloroform
twice. The chloroform extract was washed twice with distilled water, dried over anhydrous
Na,SO, and the solvent was removed by rotary evaporation. The residue was purified by silica
gel column chromatography using hexane:ethyl acetate (12:1) as eluent to afford 36 (5.61 g) as

yellowish oily solid.
'H- NMR (400 MHz, CDCl3): Table 2. **C- NMR (100 MHz, CDCls): Table 3.

6.3.1.8. Synthesis of 1,2-bis(3-(decyloxy)phenyl)-2-hydroxyethanone (37)

1,2-Bis(3-(decyloxy)phenyl)-2-hydroxyethanone (37) was synthesized following the procedure
described above for the preparation of compound 36 by reacting crude 3-
(decyloxy)benzaldehyde (33) (23.3 g) with thiamine hydrochloride (1.95 g, 5.79 mmol) to afford
37 (6.2 g) as yellow solid.

Mp: 42.2— 43.5°C; *H- NMR (400 MHz, CDCls): Table 3. **C- NMR (100 MHz, CDCls): Table
4.
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6.3.1.9. Synthesis of 1,2-bis(3-(octyloxy)phenyl)-2-hydroxyethanone (38)

1,2-Bis(3-(octyloxy)phenyl)-2-hydroxyethanone (38) was synthesized following the procedure
described above for the preparation of compound 36 by reacting crude 3-
(octyloxy)benzaldehyde (34) (22.89 g) with thiamine hydrochloride (3.49 g, 10.34 mmol) to
afford compound 38 (3.5 g) as yellow oil.

'H- NMR (400 MHz, CDClIs): Table 3.**C- NMR (100 MHz, CDCls): Table 4.
6.3.1.10. Synthesis of 1,2-bis(3-(hexyloxy)phenyl)-2-hydroxyethanone (39)

1,2-Bis(3-(hexyloxy)phenyl)-2-hydroxyethanone (39) was prepared following the procedure
described above for the preparation of compound 36 by reacting crude 3-hexyloxybenzaldehyde
(18.3 g) with thiamine hydrochloride (2.26 g, 6.70 mmol) to provide 39 (5.5 g) as yellow solid.

Mp: 54.8-55.3, *H- NMR (400 MHz, CDCls): Table 3. *C- NMR (100 MHz, CDCls): Table 4.

6.3.1.11. Synthesis of (1,2-bis(3-dodecyloxy)phenyl)ethane-1,2-dione (40)

In a 250 mL three-necked round bottom flask equipped with a reflux condenser and a dropping
funnel, 1,2-bis(3-(dodecyloxy)phenyl)-2-hydroxyethanone (36) (3.81g, 6.56 mmol) in DMSO
(12.3 mL). Then 48% HBr (8 mL) was added dropwise from the dropping funnel over 1 hr and
50 min. The reaction mixture was heated to 50°C for 5 hr. The temperature was further raised to
90°C and was maintained at that temperature overnight. The reaction mixture was then cooled
and poured on to ice-water where up on a solid precipitate was formed which was collected by
vacuum filtration and washed with cold methanol, dried and recrystallized from ethanol to afford
40 (1.9 g, 50.1%) as yellow solid.

Mp: 61.3 -62.0°C; *H- NMR (400 MHz, CDCls): Table 5. *C- NMR (100 MHz, CDCl3): Table
6.

6.3.1.12. Synthesis of 1,2-bis(3-(decyloxy)phenyl)ethane-1,2-dione (41).

1,2-Bis(3-(decyloxy)phenyl)ethane-1,2-dione (41) was synthesized following the procedure
described above for the preparation of compound 40 by reacting 1,2-bis(3-(decyloxy)phenyl)-2-
hydroxyethanone (37) (4.2 g, 8.02 mmol) in DMSO (9.3 mL) with 48% HBr (4.49 mL).
Compound 41 (3.9 g, 93.3%) was obtained as a yellow solid after washing with cold methanol.
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Mp: 57.6 — 58.4°C; *H-NMR (400 MHz, CDCls): Table 5. *C- NMR (100 MHz, CDCls): Table
6.

6.3.1.13. Synthesis of 1,2-bis(3-(octyloxy)phenyl)ethane-1,2-dione (42)

Compound 42 was synthesized following the procedure described above for the preparation of
compound 40 by reacting 2-hydroxy-1,2-bis(3-(octyloxy)phenyl)ethanone (38) (3.4 g, 7.27
mmol) in DMSO (8.43 mL) with 48% HBr, (4.1 mL) to afford. Compound 42 was obtained as
the yellow solid (2.8 g, 82.7 %) after washing with cold methanol.

Mp: 50.7-51.6°C; 'H- NMR (400 MHz, CDCls): Table 5. **C- NMR (100 MHz, CDCls): Table
6.

6.3.1.14. Synthesis of (1,2-bis(3-hexyloxy)phenyl)ethane-1,2-dione (43).

In a 250 mL three-necked round bottom flask equipped with a reflux condenser and a dropping
funnel, 1,2-bis(3-(hexyloxy)phenyl)-2-hydroxyethanone (39) ( 3.91 g, 9.49 mmol) was dissolved
in DMSO (17.8 mL). Then 48% HBr (11.3 mL) was added dropwise from the dropping funnel
over 1 hr and 50 min. The reaction mixture was heated to 50°C for 5 hr. The temperature was
further raised to 90°C and was maintained at that temperature overnight. The mixture was then
cooled and poured on to ice-water where up on a solid precipitate was formed which was
collected by vacuum filtration and washed with cold methanol to afford 43 (3.76 g, 96.4%) as

yellow solid.
Mp: 50.5-51.8°C; *H-NMR (400 MHz, CDCls): Table 5. **C- NMR (100 MHz, CDCls): Table 6.
6.3.1.15 Synthesis of 2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-b]pyrazine (44)

1,2-Bis(3-(dodecyloxy)phenyl)ethane-1,2-dione (40) (1.05 g, 1.82 mmol) and 3,4-
diaminothiophene (0.27 g, 2.32 mmol) were dissolved in ethanol (110 mL) to yield a red brown
solution which was stirred for 48 hr at room temperature in the dark. The solvent was then
removed by rotary evaporation without heating to yield a deep brown oil which was purified by
silica gel column chromatography using dichloromethane as eluent to give 44 (1.03 g, 86.5%) as

greenish yellow solid after washing with cold methanol.
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Mp: 69.5-71.0°C; *H- NMR (400 MHz, CDCls): Table 7. **C-NMR (100 MHz, CDCls): Table
8.

6.3.1.16. Synthesis of 2,3-bis(3-(decyloxy)phenyl)thieno[3,4-b]pyrazine (45)

2,3-Bis(3-(decyloxy)phenyl)thieno[3,4-b]pyrazine (45) was synthesized following the procedure
described above for the preparation of 45 by reacting 1,2-bis(3-(decyloxy)phenyl)ethane-1,2-
dione (41) (1.5 g, 2.87 mmol) with 3,4-diaminothiophene (330 mg, 2.87 mmol). Compound 45
(1.3 g, 74.9%) was obtained as a brown solid after purification by silica gel column

chromatography using dichloromethane:hexane (3:1) as eluent.
'H- NMR (400 MHz, CDCl3): Table 7. **C- NMR (100 MHz, CDCls): Table 8.

6.3.1.17. Synthesis of 2,3-bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine (46)

2,3-Bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine (46) was synthesized following the procedure
described above for the preparation of 45 by reacting 1,2-bis(3-(octyloxy)phenyl)ethane-1,2-
dione (42) (810 mg, 1.74 mmol) with 3,4-diaminothiophene (221 mg, 1.94 mmol) . Compound

46 (760.5 mg, 70.8%) was obtained in pure form after washing with cold methanol.

Mp: 47.3-49.0°C; 'H- NMR (400 MHz, CDCls): Table 7. *C- NMR (100 MHz, CDCls): Table
8.

6.3.1.18. Synthesis of 2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine (47)

1,2-Bis(3-(hexyloxy)phenyl)ethane-1,2-dione  (43) (1.20 g, 292 mmol) and 3/4-
diaminothiophene (323 mg, 2.83 mmol) were dissolved in ethanol (134 mL) to yield a red
brown solution. The mixture was stirred at room temperature in the dark for 48 hr and then the
solvent was removed by rotary evaporation without heating to yield a deep brown oil which was
purified by silica gel column chromatography using dichloromethane as eluent to afford 47 (1.08

g, 78 %) as a brown oil.
'H- NMR (400 MHz, CDCl3): Table 7. **C-NMR (100 MHz, CDCl5): Table 8.

6.3.1.19. Synthesis of 5,7-dibromo-2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-b]pyrazine (48)

A solution of NBS (523 mg, 2.94 mmol) in anhydrous DMF (8.5 mL) was added dropwise from
a syringe to a solution of 2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-b]pyrazine (44) (552 mg, 0.84
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mmol) in anhydrous DMF (28 mL) in the dark at -56°C. The mixture was allowed to warm
slowly to room temperature and stirred at this temperature for 48 hr in the dark. The crude solid
product was collected by vacuum filtration and washed with cold methanol and water. The
resulting yellow solid was subjected to silica gel column chromatography by using pentane:
CHCl; (2:1) as eluent to afford 48 (250 mg, 36.5%).

Mp: 89.8— 91.0°C; *H- NMR (400 MHz, CDCl5): Table 9. *C- NMR (100 MHz, CDCls): Table
10.

6.3.1.20. Attempted Synthesis of 5,7-dibromo-2,3-bis(3-(decyloxy)phenyl)thieno[3,4-
b]pyrazine (49)

2,3-Bis(3-(decyloxy)phenyl)thieno[3,4-b]pyrazine (45) (802 mg, 1.33 mmol) in chloroform:
acetic acid (1:1, 16 mL) was cooled in ice bath. NBS (523 mg, 2.94 mmol) was added in three
portions in the dark and the mixture was stirred overnight under nitrogen atmosphere. Then,
water was added and the chloroform layer was separated and washed thoroughly with water,
dried over anhydrous Na,SO, and the solvent was removed by rotary evaporation. The residue
was purified by silica gel column chromatography (dichloromethane:hexane, 2:1) to give a
greenish yellow solid (650 mg). NMR showed that this material contained impurities. Further
attempt to purify compound 49 by silica gel column chromatography using pentane:

dichloromethane (2:1) as eluent did not give a pure compound.

6.3.1.21. Synthesis of 5,7-dibromo-2,3-bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine (50)

A solution of NBS (380.4 mg, 2.14 mmol) in anhydrous DMF (3.5 mL) was added dropwise
from a syringe to a solution of 2,3-bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine (46) (447 mg,
0.82 mmol) in anhydrous DMF (12.7 mL) in the dark at -56°C. The mixture was allowed to
warm slowly to room temperature and stirred at this temperature for 24 hr in the dark. The
reaction mixture was poured into cold water and extracted with chloroform. The organic layer
was separated and washed with water, dried over anhydrous Na,SO, and the solvent was
removed under reduced pressure. The crude product was purified by silica gel column
chromatography using hexane:CH,Cl, (1:1) as eluent to afford 50 (310 mg, 53.8%) as yellow

solid.
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Mp: 89.3-90.9°C; *H- NMR (400 MHz, CDCl,): Table 9. *C- NMR (100 MHz, CDCls): Table
10

6.3.1.22. Synthesis of 5,7-dibromo-2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine (51)

A solution of 2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine (47) (753 mg, 1.54 mmol) in
chloroform:acetic acid (1:1, 18 mL) was cooled to 0°C and NBS (0.60 g, 3.39 mmol) was added
in three portions in the dark. The reaction mixture was stirred overnight at room temperature
under nitrogen atmosphere. Water was then added to the mixture and the chloroform layer was
separated and washed with 2M KOH solution and distilled water. The organic layer was dried
over anhydrous Na,SO, and the solvent was removed under reduced pressure to give a greenish
yellow solid which was purified by silica gel column chromatography (hexane:CH,Cl,, 1:2) to
afford 51 (450 mg, 45.2%) as a yellowish green solid.

Mp: 88-89°C; *H- NMR (400 MHz, CDCls): Table 9 **C- NMR (100 MHz, CDCls): Table 10.
6.3.2. Syntheses of polymers

6.3.3. Syntheses of polymers by direct heteroarylation polymerization.

6.3.3.1 Poly[2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-
diyl] (52)

2,3-Bis(3-(dodecyloxy)phenylthieno[3,4-b]pyrazine (44) (124.83 mg, 0.19 mmol), 2,5-
dibromothiophene (11) (46 mg, 0.19 mmol), Pd(OAc), (2 mg, 0.089 mmol), K,CO3 (66 mg,
0.478 mmol), pivalic acid (5.85 mg, 0.055mmol), DMAc (0.65 mL), toluene (0.5 mL) and
chloroform (0.5 mL) were placed in a round-bottomed flask and kept under nitrogen atmosphere.
Then the reaction mixture was heated at 60°C for 11 hr under nitrogen, cooled down to room
temperature and precipitated from MeOH and filtered. The precipitate was dissolved in CHCI;
and washed successively with aqueous solution of EDTA, 0.1 N HCI and distilled water. The
organic layer was separated, concentrated to a small volume and reprecipitated from MeOH. The
polymer was collected by filtration and then purified by Soxhlet extraction with acetone,
methanol, and CHCIs;. The CHCI3 extract was concentrated, precipitated from MeOH, filtered

and dried in vacuum oven to give 52 (51 mg, 36.4%) as a deep green solid.
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'H- NMR (400 MHz, CDCl5): § 6.93-7.54 (br. m, 4H, Ar-H), 3.87(br. m, 2 H, ArOCHy), 1.59(br.
m, 2H, ArOCH, CH,-), 1.29 (br. m, 16H), ArOCH,CH, (CH,)s- ), 0.87(br. m, 3H, CHs).

6.3.3.2.  Poly[2,3-bis(3-(decyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-
diyl] (53)

2,3-Bis(3-(decyloxy)phenyl)thieno[3,4-b]pyrazine (45) (228.3 mg, 0.38 mmol), 2,5-
dibromothiophene (11) (91.9 mg, 0.38 mmol), Pd(OAc), (6.0 mg, 0.0267 mmol), K,CO3 (132
mg, 0.95 mmol), pivalic acid (11.7 mg, 0.11 mmol), DMAc (1.8 mL) and chloroform (0.3 mL)
were placed in a round-bottomed flask and kept under nitrogen atmosphere. Then the reaction
mixture was heated at 60°C for 23 hr under nitrogen, cooled down to room temperature and
precipitated from MeOH and filtered. The residue was dissolved in CHCI3; and was washed
successively with aqueous solution of EDTA, 0.1 N HCI and distilled water. The organic layer
was separated, concentrated to a small volume and reprecipitated from MeOH. The polymer was
collected by filtration and then purified by Soxhlet extraction with acetone, methanol and CHCls.
The CHCI; extract was concentrated, precipitated from MeOH, filtered and dried in vacuum oven
to give 53 (101 mg, 39.0%) as a dark green solid.

H- NMR (400 MHz, CDCls):  6.94-7.28 (br. m, 4H, Ar-H), 3.86(br. m, 2 H, ArOCH5), 1.69(br.
m, 2H, ArOCH, CH,-), 1.29 ((br. m, 16H, ArOCH,CH, (CH,)7- ), 0.94(br. m, 3H, CH).

6.3.3.3. Poly[2,3-bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-
diyl] (54)

Polymer 54 was synthesized following the procedure described above for the synthesis of 53.
Thus, 2,3-bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine (46) (207 mg, 0.38 mmol) and 2,5-
dibromothiophene (11) (91.9 mg, 0.38 mmol), Pd(OAc), (6.0 mg, 0.0267 mmol), K,CO3 (132
mg, 0.95 mmol) and pivalic acid (11.7 mg, 0.11 mmol), were reacted to afford polymer 54 (166
mg, 69.9%) as a dark green solid.

IH- NMR (400 MHz, CDCl): § 6.92-7.21 (br. m, 4H, Ar-H), 3.86(br. m, 2 H, ArOCH.,), 1.27
(br. m, 12H, ArOCH, (CH,)s- ), 0.94(br. m, 3H, CH).
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6.3.3.4.  Poly[2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-
diyl] (55)

2,3-Bis(3-(hexyloxy)phenythieno[3,4-b]pyrazine (47) (278.7 mg, 057 mmol), 2,5-
dibromothiophene (11) (137.9 mg, 0.57 mmol), Pd(OAc); (10 mg, 0.04 mmol), K,CO3 (198 mg,
1.44 mmol), pivalic acid (17.55 mg, 0.17 mmol), DMAc (2.2 mL), toluene (0.6 mL) and
chloroform (1.2 mL) were placed in a round-bottomed flask and kept under nitrogen atmosphere.
Then the reaction mixture was heated at 60°C for 37 hr under nitrogen, cooled down to room
temperature and precipitated from MeOH and filtered. The precipitate was dissolved in CHCI;
and was washed successively with aqueous solution of EDTA, 0.1N HCI and distilled water. The
organic layer was separated, concentrated to a small volume and reprecipitated from MeOH. The
polymer was collected by filtration and then purified by Soxhlet extraction with acetone,
methanol, and CHCI;. The CHCI; extract was concentrated, precipitated from MeOH, filtered
and dried in vacuum oven to give 55 (146.8 mg, 45.3%) as a dark green solid.

'H- NMR (400 MHz, CDCls): & 6.94-7.54 (br. m, 4H, Ar-H), 1.27 (br. m, 8H, ArCH; (CH,)s- ),
3.92(br. m, 2 H, ArOCHy), 0.91(br. m, 3H, CH3).

6.3.4. Syntheses of polymers by Stille-cross coupling reaction

6.3.4.1. Poly[2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-
diyl] (52°)

5,7-Dibromo-2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-b]pyrazine (48) (97.5 mg, 0.12 mmol)
and 2,5-bis(tributylstannyl)thiophene (56) (79.2 mg, 0.12 mmol), Pd(PPhs), (18 mg), anhydrous
DMF (0.45 mL) and anhydrous toluene (1.75 mL) were mixed in a round-bottomed flask
equipped with a reflux condenser. The solution was flushed with nitrogen for 20 min and heated
to 100°C under nitrogen. After 11 hr, the reaction mixture was cooled down to room temperature
and precipitated from MeOH and filtered. The residue was dissolved in CHCI3; and washed
successively with aqueous solution of EDTA and distilled water. The organic layer was
separated, concentrated to a small volume and reprecipitated from MeOH. The polymer was
collected by filtration and then purified by Soxhlet extraction with acetone, methanol, and
CHCI3. The CHCI; extract was concentrated, precipitated from MeOH, filtered and dried in

vacuum oven to give 52” (61 mg, 69.2%) as a deep green solid.
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'H- NMR (400 MHz, CDCls): 5 6.94-7.98 (br. m, 4H, Ar-H), 3.87(br. m, 2 H, ArOCHy), 1.59(br.
m, 2H, ArOCH, CH,-), 1.27((br. m, 18H, ArOCH,CH, (CH,)s- ), 0.87(br. m, 3H, CH).

6.3.4.2. Poly[2,3-bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-
diyl] (54°)

5,7-Dibromo-2,3-bis(3-(octylloxy)phenyl)thieno[3,4-b]pyrazine (50) (182.4 mg, 0.26 mmol) and
2,5-bis(tributylstannyl)thiophene (56) (171 mg, 0.26 mmol), Pd(PPhs), (30 mg), anhydrous DMF
(0.86 mL) and anhydrous toluene (3.75 mL) were mixed in a round-bottomed flask equipped
with a reflux condenser. The solution was flushed with nitrogen for 20 min and heated to 100°C
under nitrogen. After 12 hr, the reaction mixture was cooled down to room temperature and
precipitated from MeOH and filtered. The precipitate was dissolved in CHCI3 and was washed
successively with aqueous solution of EDTA and distilled water. The organic layer was
separated, concentrated to a small volume and reprecipitated from MeOH. The polymer was
collected by filtration and then purified by Soxhlet extraction with acetone, methanol, and
CHCIs. The CHCI; extract was concentrated, precipitated from MeOH, filtered and dried in
vacuum oven to give 54° (121.38 mg, 74.9%) as a deep green solid.

'H- NMR (400 MHz, CDCly): § 6.94 -7.74 (br. m, 4H, Ar-H), 3.98(br. m, 2 H, ArOCH,), 1.27
(br.m, 10H, ArOCH,CH, (CH,)s- ), 1.61(br. s, 2H, ArOCH, CHy-), 0.94(br. m, 3H, CH).

6.3.4.3.  Poly[2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-diyl-alt-thiophene-2,5-
diyl] (55”)

5,7-Dibromo-2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine (51) (196.7 mg, 0.30 mmol) ,
2,5-bis(tributylstannylthiophene (56) (201.6 mg, 0.30 mmol), Pd(PPhs), (60 mg) and toluene
(10 mL) were mixed in a round-bottomed flask equipped with nitrogen. The mixture was flushed
with nitrogen and heated at 75°C for 100 hr followed by stirring at 90°C for 11 hr. The reaction
mixture was cooled down to room temperature and precipitated from MeOH and filtered. The
precipitate was dissolved in CHCI3; and was washed with aqueous solution of EDTA and distilled
water. The organic layer was separated, concentrated to a small volume and reprecipitated from
MeOH. The polymer was collected by filtration and then purified by Soxhlet extraction with
acetone, methanol, and CHCI;. The CHCI3 extract was concentrated, precipitated from MeOH,

filtered and dried in vacuum oven to afford 55 (17.3 mg, 10%) as a deep green solid.
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'H- NMR (400 MHz, CDCly): 5 6.89-7.74 (br. m, 4H, Ar-H), 1.27 (br. m, 8H, ArCH, (CH,)s- ),
3.97(br. m, 2 H, ArOCHy,), 0.91(br. m, 3H, CHs).
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Appendix 1: *H-NMR spectrum of 3,4-diaminothiophene (13).
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Appendix 2: *C-NMR spectrum of 3,4-diaminothiophene (13).
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Appendix 3: DEPT-135 spectrum of 3,4-diaminothiophene (13).
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Appendix 4 : *H-NMR spectrum of 1,2-bis(3-(hexyloxy)phenyl)ethane-1,2-dione (43).
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Appendix 5 : *C-NMR spectrum of 1,2-his(3-(hexyloxy)phenyl)ethane-1,2-dione (43).
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Appendix 6: DEPT-135 spectrum of 1,2-bis(3-(hexyloxy)phenyl)ethane-1,2-dione (43).
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Appendix 7 : *H-NMR spectrum of 1,2-bis(3-(octyloxy)phenyl)ethane-1,2-dione (42).
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Appendix 8: **C-NMR spectrum of 1,2-bis(3-(octyloxy)phenyl)ethane-1,2-dione (42).

83



DO H NS =

P R R RN A

130.01
122.98
122.25
11359
68.37

2!

2!

2!

2

2

S
\

L L B L O A
200 175 150 125 100 75 50 25 o

ppm (f1)

Appendix 9 : DEPT -135 spectrum of 1,2-bis(3-(octyloxy)phenyl)ethane-1,2-dione (42).
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Appendix 10: *H-NMR spectrum of 1,2-bis(3-(decyloxy)phenyl)ethane-1,2-dione (41).
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Appendix 11 : *C-NMR spectrum of 1,2-bis(3-(decyloxy)phenyl)ethane-1,2-dione (41).
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Appendix 12 : DEPT-135 spectra of 1,2-bis(3-(decyloxy)phenyl)ethane-1,2-dione (41).
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Appendix 13 : *H-NMR spectrum of 1,2-bis(3-(dodecyloxy)phenyl)ethane-1,2-dione (40).
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Appendix 14 : *C-NMR spectrum of 1,2-bis(3-(dodecyloxy)phenyl)ethane-1,2-dione (40).
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Appendix 15 : DEPT -135 spectrum of 1,2-bis(3-(dodecyloxy)phenyl)ethane-1,2-dione (40).

© O DO D DO~ D

8

4

0

5

1
8.066

=3 == © o
J S 3 8 SS383 < S o B S S S S i i |
o= = © © oo o s 3 3 W
|
|
T T T T T e . .
7.20 7.10 7.00 6.90 6.80 0.950 0.900
m (tl B )
ppm (t1) pAm (t1)
- o o
o] 8 3
23 8 =]
=] ~ o

3.900 3.850 3.800 { L t
ppm (t1)
Ln J

f f I I
15.0 10.0 5.0 0.0
ppm (t1)

Appendix 16 : *H-NMR spectrum of 2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine (47).
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Appendix 17: **C-NMR spectrum of 2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine (47).
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Appendix 18 : DEPT-135 spectrum of 2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine (47).
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Appendix 19 : *H-NMR spectrum of 2,3-bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine (46).
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Appendix 20 : **C-NMR spectrum of 2,3-bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine (46).
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Appendix 21 : DEPT-135 spectrum of 2, 3-bis (3-(octyloxy)phenyl)thieno[3,4-b]pyrazine (46).
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Appendix 22 : *H-NMR spectrum of 2, 3-bis(3-(decyloxy)phenyl)thieno[3,4-b]pyrazine (45).
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Appendix 23 : *C-NMR spectrum of 2,3-bis(3-(decyloxy)phenyl)thieno[3,4-b]pyrazine (45).
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Appendix 24 : DEPT-135 spectrum of 2,3-bis(3-(decyloxy)phenylthieno[3,4-b]pyrazine (45).
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Appendix 25 : 'H-NMR spectrum of 2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-b]pyrazine (44).
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Appendix 26: **C-NMR spectrum of 2, 3-bis(3-(dodecyloxy)phenyl)thieno[3,4-b]pyrazine (44).
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Appendix 27 : DEPT-135 spectrum of 2, 3-bis(3-(dodecyloxy)phenyl)thieno[3,4-b]pyrazine (44).
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Appendix 28: 'H-NMR spectrum of 5,7-dibromo-2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-
b]pyrazine (51).
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Appendix 29 : ¥C-NMR spectrum of 5,7-dibromo-2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-
b]pyrazine (51).
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Appendix 30 : DEPT -135 spectrum of 5, 7-dibromo-2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-
b]pyrazine (51).
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Appendix 31: 'H-NMR spectrum of 5,7-dibromo-2,3-his(3-(octyloxy)phenyl)thieno[3,4-

ppm (f1)

b]pyrazine (50).

© O DM O =
- S o O
S NAN NN

13946
139.25
12915
12222
11632

11548
10498

68.11

[
P
|
[ |
| h
|
|
|
mwmﬂw ‘\'\
i L
L B e e T T T T T T T T T T T T T T T
] 100 50 25 [

PPm (f1)

Appendix 32 : *C-NMR spectrum of 5,7-dibromo-2,3-bis(3-(octyloxy)phenyl)thieno[3,4-

b]pyrazine (50).

95



© WY > MmO =
P R RN A
NN NN

129.15
122.22
116.32
11547
68.11

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
o 175 150 125 100 75 50

ppm (f1)

Appendix 33 : DEPT -135 spectrum of 5,7-dibromo-2,3-bis(3-(octyloxy)phenyl)thieno|[3,4-
b]pyrazine (50).
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Appendix 34 : 'H-NMR spectrum of 5,7-dibromo-2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-
b]pyrazine (48).
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Appendix 35 *C-NMR spectrum of 5,7-dibromo-2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-
b]pyrazine (48).
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Appendix 36 : DEPT-135 spectrum of 5,7-dibromo-2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-
b]pyrazine (48).
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Appendix 37: *H-NMR spectrum of poly[2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine -5,7-
diyl-alt-thiophene-2,5-diyl] (55).
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Appendix 38 : 'H-NMR spectrum of poly[2,3-bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-
diyl-alt-thiophene-2,5-diyl] (54).
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Appendix 39 : *H-NMR spectrum of poly[2,3-bis(3-(decyloxy)phenyl)thieno[3,4-b]pyrazine-
5,7-diyl-alt-thiophene-2,5-diyl] (53).
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Appendix 40 : *H-NMR spectrum of poly[2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-b]pyrazine -
5,7-diyl-alt-thiophene-2,5-diyl] (52).
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Appendix 41: *H-NMR spectrum of poly[2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine -
5,7-diyl-alt-thiophene-2,5-diyl] (55°).
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Appendix 42: *H-NMR spectrum of poly[2,3-bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine-5,7-
diyl-alt-thiophene-2,5-diyl] (54°).
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Appendix 43 : *H-NMR spectrum of poly[2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-b]pyrazine -
5,7-diyl-alt-thiophene-2,5-diyl] (52°).

90
80
70

60

%T

50

40 — 2920

T T T T T L T T T T L T
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Appendix 44: IR spectrum of 2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-b]pyrazine (44).
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Appendix 45: IR spectrum of 2,3-bis(3-(decyloxy)phenyl)thieno[3,4-b]pyrazine (45).
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Appendix 46: IR spectrum of 2,3-bis (3-(octyloxy)phenyl)thieno[3,4-b]pyrazine (46).
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Appendix 47: IR spectrum of 2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine (47).
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Appendix 48: IR spectrum of 5,7-dibromo-2,3-bis(3-(dodecyloxy)phenyl)thieno[3,4-b]pyrazine
(48).
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Appendix 49: IR spectrum of 5,7-dibromo-2,3-bis(3-(octyloxy)phenyl)thieno[3,4-b]pyrazine

(50).
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Appendix 50: IR spectrum of 5,7-dibromo-2,3-bis(3-(hexyloxy)phenyl)thieno[3,4-b]pyrazine

(51).
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