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CHAPTER I

INTRODUCTION

1.1 Introduction

Poly(phenyleneethynylene)s (PPEs) are rigid rod pi-conjugated polymer

consisting benzene ring and alkyne linker in each repeat units which can be offers a great

opportunity to decorate the backbone with various pendants. They find wide uses in many

fields such as semiconductor devices [1], molecular wire [2-4], photovoltatic device [5]

and molecular electronics [6-7]. Moreover, PPEs display attractive photophysical

properties in absorption and emission [8], making them as and an popular fluorophore in

sensor application [2, 9-10]. Synthetically, there are currently two general methods

available to make PPEs. The first one is the alkyne metathesis [11] which is powerful tool

for preparing PPE in high yield and high molecular weight polymer. However, it requires

high reaction temperature, high pressure and expensive catalyst such as molybdenum

hexacarbonyl (Mo(Co)6) or metalcarbyne catalyzed [8]. Hence, this synthetic method is

not favored and less possible to be practical in the industrial scale and laboratory work.

While the second one is the most popular method, Pd catalyzed coupling reaction. Its

popularity can be attributed to its mild reaction conditions, remarkable functional group

tolerance, and high often quantitative yield [12]. This reaction involves the coupling of

dihaloarenes to various acetylene sources such as diethynylarenes, protected acetylenes

and acetylene gas (Scheme 1.1) which have been reported in many literatures. The results

show formation of PPEs in high yield with high to excellent molecular weight. However,

these methods have several disadvantages such as multiple step synthesis and high cost

material. Although, acetylene gas is appreciably more economical but the major

drawback of acetylene gas is its high flammability and complicated instrument set up.

Recently, calcium carbide (CaC2) has been used as an acetylene sources for synthesis of

small acetylenic molecules [13-15] since its ease to handle and negligible price. Thus, we

are interested to synthesize PPEs using calcium carbide as starting material in the

presence of commercially available reagents under mild condition which have not been
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reported in any literature. Furthermore, compatibility of the reaction with various side

chain substituted aryl dihalobenzene and comparison study in term molecular weight and

quality of PPEs from CaC2 and conventional methods are being tested in this work.

Scheme 1.1 General synthetic method for PPEs

1.2 Introduction of Pd-catalyzed polymerizations

Historically, the Pd-catalyzed coupling of terminal alkynes to aromatic bromides

or iodides in amine solvents has been known since 1975 [16], so called the Sonogashira

cross-coupling reaction. Later, these reactions were first applied for the synthesis of PPEs

[16-19] by Giesa and Schulz [20] in 1990. Machanistically, the reaction involves a

palladium-mediated cross coupling between a sp2 hybridized carbon and a sp-hybridized

carbon to create a single bond and a conjugated bridge. Its popularity can be attributed to

its mild reaction conditions, remarkable functional group tolerance, and high often

quantitative yield. The reaction is catalytic in palladium and copper and requires a

stoichiometric equivalent of base. The generally accepted mechanism of this reaction is

depicted in Scheme 1.2 [12, 17, 20-21] begins with a Pd0 species A undergoing oxidative

addition to the aryl–X bond of B to form the intermediate C. Transmetalation with the Cu

acetylide D leads to the diorgano-Pd species E, which undergoes reductive elimination to

yield the product F, and regenerating A.
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Scheme 1.2 Catalytic cycle of Sonogashira coupling

Currently, PPEs polymerizations employ several acetylene sources as starting

material coupling with diharoarene such as diethynylarene, TMS-acetylene and acetylene

gas. Thus, the utilization of each acetylene sources for synthesis of PPE will be reviewed

and demonstrated in the next topic.

1.2.1 Diethynylarene as acetylene source

The use of diethynylarene 1 coupling with dihaloarene 2 is the most popular

method to produce PPEs both homo– and copolymerization corresponding to side chain

substituted benzene ring (Scheme 1.3). Those PPEs are prepared under this method gave

high yield with degree of polymerization (DP) approximate 20-50. [8]
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Scheme 1.3 Synthesis of PPEs from diethynylarene

1.2.2 TMS-acetylene as acetylene source

PPE polymerization used protected acetylene have also been reported in several

literatures [22-25]. The advantage of this strategy is the one-pot synthesis was required to

complete the reaction. Mechanistically, the coupling reaction of iodide and terminal

alkyne occurs initially and then deprotected trimethylsilane by in situ hydrolysis, and

again coupling with iodide. Rate limiting of this reaction is deprotection step which can

be restrained the occurrence of diyne defect [23]. The resultant PPEs showed high degree

of polymerization (DP ≈ 70-80) and narrow polydispersity index (PDI ≈ 1.5-3.0).

Scheme 1.4 Synthesis of PPEs from TMS-acetylene

1.2.3 Acetylene gas as acetylene source

Dihaloarene can also be polymerized directly with acetylene gas (Scheme 1.5) via

Sonogashira coupling reaction. This strategy is one of the most effective process yielding

polymer in good yields and high compatibility of diharoarene starting materials. The

resultant polymers showed high molecular weight and high purity absence diyne

formation [26].
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HH Ar
n

X Ar X
Pd cat., (Cu+ cat.)

base/solvent
X = I, Br

Scheme 1.5 Synthesis of PPEs from acetylene gas

As mentioned above, we found that all acetylene source is effective reagent which

can be produced PPEs in high yield with moderate to high molecular weight. However,

there are several disadvantages which can be demonstrated in Table 1.1.

Table 1.1 Disadvantages of conventional acetylene source

Entry Acetylene sources Disadvantages

1 Diethynylarene

1) Multiple step process, the diiodobenzene and

the dialkynylbenzene have to be synthesized

2) 5-10% alkyne homocoupling, end group

presented in PPE backbone

2 TMS-acetylene 1) High cost material

3 Acetylene gas

1) High flamibility

2) Complicated experiment setup

3) Required expensive reactor

4) Needed close attention during the process

Recently, calcium carbide (CaC2) has been used as a new acetylene source for

synthesis of small acetylenic molecules [13-15] since its ease to handle and its negligible

price. Thus we are interested in the synthesis of PPEs using alternative acetylene source,

calcium carbide as starting material in the presence of commercially available reagents

under mild condition.
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1.3 Introduction of calcium carbide

Calcium carbide (CaC2) is a flammable compound producing by the reaction of

calcium oxide with carbon in an electric furnace at temperatures in the range 1,800° to

2,100°C [27] (Scheme 1.6a). The basic chemical process was discovered since in 1888

[28]. Pure calcium carbide is colorless, but most of the material is produced industrially,

and is somewhat impure, giving it a black or grayish-white color. Typically, the carbide

product produced generally contains around 80% calcium carbide by weight with the less

rest such as CaO, Ca3P2, CaS, Ca3N2, SiC, etc [27]. Due to its inexpensive price and

domestically availability, it has been widely used. The most important application of

calcium carbide is the production of flammable gas acetylene by reacted with water

(Scheme 1.6b). It also is used to produce calcium cyanamide (CaCN2) by reacting with

nitrogen at about 1,000°C (Scheme 1.6c), used as a fertilizer and a source of ammonia

[27] and others such as use for incubation of agricultural products [29-30], production of

PVC [31-32], use as a chemical reagent or cutting fuel in the iron (foundry) and steel

industries, use as a low-priced fuel, and use in chemical synthesis [33-36].

CaO + 3C CaC2 + CO (a)

(b)CaC2 + 2H2O C2H2 + Ca(OH)2

CaC2 + N2 CaCN2 + C (c)

1,800-2,100 0C

Scheme 1.6 Production of a) calcium carbide, b) acetylene gas, c) calcium

cyanamide

1.4 Literature reviews

1.4.1 Synthesis of PPEs from diethynylarene

In 1990, Giesa and Schulz were the first to utilize the Sonogashira coupling to

make dialkoxy-PPEs and some other PAEs [20]. The authors employed dibromoarenes in



7

combination with diethynylarenes in these Pd-catalyzed coupling reactions to afford

copolymer PPEs in good yield with low molecular weight (DP = 9-15) (Scheme 1.7).

Their PAEs were purplish-grey or chocolate colored, suggesting significant defects of

alkyne homocoupling, end group or phosphine salt formation [8].

Scheme 1.7 Synthesis of PPEs from dihaloarene and diethynylarene

In 1995, Swager and co-workers prepared soluble conjugated rigid-rod poly(p-

phenyleneethynylene)s in high yields (89 – 96%) by coupling aryl acetylene with aryl

diiodide at 70 0C for 14-16 h (Scheme 1.8). The result showed PPEs containing R = 50%

C4H9 and 50% CH3 had the highest molecular weight (98,000 Da.) or degree of

polymerization (DP = 100). Moreover, they found the variations in monomer ratios can

be used to adjust the molecular weights of the polymers. By adjusting the monomer

stoichiometry closer to unity, high molecular weight polymers can be synthesized [37].

Scheme 1.8 Synthesis of PPEs from dihaloarene and diethynylarene
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1.4.2 Synthesis of PPEs from TMS-acetylene

In 2004, Khan and Hecht [23] reported the synthesis of poly(m-

phenyleneethynylene)s from coupling reaction of 1 or 2 with TMSA (Scheme 1.9), by

using  6 mol% Pd(PPh3)4 , 10 equiv. of water, microwave irradiation at 40 °C for 4 h, and

the use of a highly concentrated reaction mixture. The resulting polymers 3 showed

respectable chain-lengths (DP ~ 80) with no  signals at two point: 80.6 ≥ δ ≥ 79.7 and

75.4 ≥ δ ≥ 74.7 ppm that could be attributed to diyne defects. The success of this reaction

is due to the amount of water which is necessary to deprotect the silylated acetylene. This

step was hypothesized that represented the rate-limiting step of this reaction.

Scheme 1.9 Synthesis of PmPEs from dihaloarene and TMS acetylene

In 2005, Khan and co-workers [22] demonstrated a practical synthetic route to a

non-ionic, non-protic, amphiphilic PPE derivative using two branched ethyleneglycol

(OEG) as side chain which should render the backbone soluble in the variety of media

including water. The reaction involved Sonogashira coupling of aryl iodides with TMS

acetylene  at room temperature for 3 days to form polymer in 83% yield with high degree

of polymerization (DP = 30), narrow polydispersity index (PDI = 2.0) and performed

high quantum yields which can be explained by the absence of diacetylene defects.

Moreover, the resulting PPE displayed good solubility in a wide range of different

solvents, most importantly in water (0.7 mg. mL-1).

O OR

I

O OR O OR

I I

n

TMS

Pd(PPh3)4, CuI
H2O, DBU

CH3CN, 40 0C, MW

Pd(PPh3)4, CuI
H2O, DBU

CH3CN, 40 0C, MW
TMS

R =

or R =

3 2

O
O

O

1
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Scheme 1.10 Synthesis of PmPEs from dihaloarene and TMS acetylene

1.4.3 Synthesis of PPEs from acetylene gas

In 2002, Bunz and co-workers [26] developed the use of acetylene gas for poly(p-

phenyleneethynylene)s synthesis (Scheme 1.11). Varieties of PPEs have been

polymerized in mild condition, catalyst loading 0.1- 0.2% Pd(PPh3)Cl2 were sufficient for

this strategy. In addition, they found the best solvent to be a 1:1 mixture of toluene and

piperidine and optimum molar ratio of diiodobenzene to acetylene gas was between 1.0

and 1.1. These stoichiometries utilizing monomer yielded polymers of exceptionally high

yields and high quality with degree of polymerization as high as 316 for R =

ethylhexyloxy.

Scheme 1.11 Synthesis of PPEs from dihaloarene and acetylene gas

In 2003, Wang and co-worker [38] reported the synthesis of PPE with

macromolecular side chains via Pd-catalyzed coupling reaction of grafted side chain

macromonomer with acetylene gas furnishing a deep-yellow, flaky material after

precipitation from methanol. The reaction gave 78% yield of polymer with very high
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degree of polymerization of 140 repeating units and displayed the signals of the alkyne

carbons at 92 ppm.

Scheme 1.12 Synthesis of PPEs from dihaloarene and acetylene gas

1.4.4 The uses of calcium carbide in organic synthesis

Calcium carbide is the primary feed stock for generate series of acetylene source

which used in organic synthesis. This low cost effective material, calcium carbide is more

economical carbon source than the acetylene gas for 500 times and also have several

advantages in term of experiment due to its solid state such as its ease to handle, facile

experiment setup and stock it safely. Thus in recent year, the utilizations of calcium

carbide for Pd-catalyzed coupling reaction are being developed continuously.

In 2006, Zhang [15] reported the synthesis of diarylethynes via copper free Pd-

catalyzed coupling reaction of aryl bromides from calcium carbide (Scheme 1.13). The

reaction gave moderate to high yields for aryl bromide containing electron-donating

substituents. However, low yield were obtained in the case of electron-deficient aryl

bromide. However, this process required an amino phosphine ligand which was not

commercially available. Thus, this method is inconvenient in laboratory and cannot be

practical in the industrial.
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Scheme 1.13 The previous use of calcium carbide in diarylethynes synthesis

In 2011, Chuentragool and co-workers [13] were successfully developed the

synthesis of diarylethyne using calcium carbide as alkyne source coupling with varieties

of aryl iodide via Sonogashira coupling reaction (Scheme 1.14). The reactions were

carried out under mild conditions in undried acetonitrile, used inexpensive and

commercially available reagents such as Pd(OAc)2, CuI, PPh3 and TEA to afford the

symmetrical diarylethynes in excellent yields as high as 99% by only a simple filtration

through a bed of silica gel. The reaction not only proceeds with excellent yield but also

tolerates a wide range of functional groups. Moreover, this reaction was first

accomplished for the synthesis of highly functionalized oligo (phenyleneethynylenes) in

good yields (51-87%) (Scheme 1.15).

Scheme 1.14 Synthesis of diarylethynes from calcium carbide

Scheme 1.15 Synthesis of oligo (phenyleneethynylenes) from calcium carbide

ArBr + CaC2 K2CO3, undried THF Ar Ar

65 oC

N P
Ph

Ph

L1Pd(OAc)2
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In 2012, Lin and co-workers [14] successfully prepared mono-substituted

aminopropynes and related compounds directly from calcium carbide with the

corresponding amine and aldehyde or ketone via alkyne, aldehyde, amine (AAA)

coupling using CuI as catalyst as shown in Scheme 1.16.  The yields of monosubstituted

aminopropyne products with a terminal alkyne function ranged from good to high yields

(68-86%). However, no reaction was observed for primary amines. This may be due to

the lower activity of imine intermediates for primary amines compared to iminium

intermediates for secondary amines.

C C

Ca

R1 R2

O
HN

R4

R3 10 mol% CuI

CH3CN, 80 0C, 18 h
C CH R2

R1

N
R4 R3

Alkyne Aldehyde Amine

(AAA) coupling

Scheme 1.16 Synthesis of aminopropynes from calcium carbide

1.5 Objective of this research

From all relevant research above, the effective synthesis of small acetylenic

molecules have been reported by utilizing calcium carbide as alkyne source, but there

was no report that use calcium carbide which is easy to handle, high efficiency and low

cost for the synthesis of acetylenic polymers such as PPEs. In fact, calcium carbide is a

primary feed stock, for the large scale production acetylene gas, TMS-acetylene and even

diethynylarene. Thus, this work aim to use directly calcium carbide as alternative reagent

coupling with aryl diiodides via Sonogashira coupling reaction focusing on milder

condition to synthesize PPEs with high yield, high molecular weight and high quality

(Scheme 1.17 below). This work is going to study the reaction optimization including the

effect of palladium sources, catalyst loading, substrate concentration, base and solvents.

Also, molecular weight and photophysical properties are being determined to compare

with PPEs from conventional method.
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Scheme 1.17 Objective of this research



14

CHAPTER II

EXPERIMENTAL

All reagents were purchased from Sigma-Aldrich, Fluka® (Switzerland) or

Merck® (Germany) and used without further purification. Analytical thin-layer

chromatography (TLC) was performed on Kieselgel F-254 pre-coated plastic TLC plates

from EM Science. Visualization was performed with a 254 nm ultraviolet lamp. Gel

column chromatography was carried out with silica gel (60, 230-400 mesh) from ICN

Silitech. Elemental (C, H, N) analysis was performed on PE 2400 series II (Perkin-Elmer,

USA). The 1H and 13C NMR spectra were recorded on a Varian 400 or Bruker 400 in

CDCl3 and DMSO-d6. Chemical shifts are expressed in parts per million () using

residual solvent protons as internal standards: chloroform ( 7.26 for 1H,  77.00 for 13C)

and DMSO-d6 ( 2.50 for 1H,  39.52 for 13C). Coupling constants (J) are reported in

Hertz (Hz). Splitting patterns are designated as s (singlet), d (doublet), t (triple), q

(quartet), bs (broad singlet), m (multiplet). Fourier transform infrared spectra were

acquired on Nicolet 6700 FT-IR spectrometer equipped with a mercury-cadminum

telluride (MCT) detector (Nicolet, USA). All polymer solutions were filtered through

0.45 μm syringe filters prior to use. Polymer molecular weights were determined by

Waters 600 controller chromatograph equipped two HR (waters), column (HR1 and HR4)

at 35 oC and a reflective index detector (waters 2414). Tetrahydrofuran was used as an

eluent with the flow rate of 1.0 mL/min (3mg/mL sample concentrations). Sample

injection volume was 50 µL. Polystyrenes (996-188,000 Da.) were used as standards for

calibration. The UV-Visible spectra were obtained from a Varian Cary 50 UV-Vis

spectrophotometer (Varian, USA) using CHCl3 and DMSO as a solvent and recorded the

spectra from 200 nm to 600 nm at ambient temperature. Fluorescence emission spectra

and fluorescence quantum efficiency were acquired by using Perkin Elmer precisely LS

45, quinine sulphate in 0.1 M H2SO4 (Φf = 0.54) was used as the standard.
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2.1 Initial observation

Table 3.1 Initial observation using 4-iodotoluene: A 100 mL round bottom

flask with a magnetic stir bar was charged with 200.0 mg of 4-iodotoluene (1 equiv),

CaC2 (6 equiv), palladium sources such as PdCl2(PPh3)2, Pd(PPh3)4 and Pd(OAc)2 (0.05

equiv), CuI (0.10 equiv) and PPh3 (0.10 equiv) in THF 12 mL. The solution was stirred

and degassed with N2 for 5 minutes. Then, TEA was added (6 mL). The mixture was

stirred at room temperature for 20 h. The reaction mixture was then filtrated through a

filter paper and washed with CH2Cl2. The filtered was evaporated under vacuum and

separated by column chromatography using 100% hexane as the eluent to give 1,2-dip-

tolylethyne in corresponding yields.

1,4-dibutoxy-2,5-diiodobenzene (2a)

Compound 1a: To a stirred suspension of KOH (4.58 g, 81.72 mmol) and

hydroquinone (2.00 g, 18.16 mmol) in DMF (15 mL) was added dropwise butyl bromide

(9.95 g, 72.64 mmol). The mixture was stirred at room temperature for overnight. The

mixture was extracted three times with CH2Cl2. The combined organic phase was washed

with water, brine, dried over anhydrous Na2SO4, concentrated in vacuo and purified by

column chromatography to provide 8.82 g (18.16 mmol, 76%) of 1a as a light brown

solid: 1H NMR (400 MHz, CDCl3) δ ppm 6.82 (s, 4H), 3.90 (t, J = 6.5 Hz, 4H),1.77-1.70

(m, 4H), 1.52-1.43 (m, 4H), 0.96 (t, J = 7.4 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ ppm

153.7, 115.9, 68.9, 32.0, 19.7, 14.3.

Compound 2a: To a stirred of 1a (4.00 g, 17.99 mmol) in MeOH (30 mL) at

temperature below 15 0C was added dropwise iodine(I) chloride (12.76 g, 78.61 mmol)

and the mixture was stirred reflux for 1 day under pressure of N2. The mixture was

extracted three times with CH2Cl2. The combined extract was washed with aqueous

Na2S2O3, water, and brine, dried over anhydrous Na2SO4, concentrated in vacuo and

purified by column chromatography to afford 6.25 g (17.99 mmol, 74%) of 2a as a white

solid. 1H NMR (400 MHz, CDCl3) δ ppm 7.17 (s, 2H), 3.93 (t, J = 6.4 Hz, 4H), 1.82-1.75
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(m, 4H), 1.58-1.49 (m, 4H), 0.98 (t, J = 7.4 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ ppm

153.2, 123.2, 86.6, 70.4, 31.6, 19.6, 14.1. This spectral data agreed with the results

reported in the literature [37].

2.2 Pd-catalyst coupling reaction using calcium carbide as a starting material.

2.2.1 Optimization conditions

General procedure for purification of poly(1,4-dibutoxy-p-phenylene

ethynylene) (3a) (procedure A): After the reaction proceeded completely, the reaction

mixture was then filtered through a cotton wool and washed with CH2Cl2 several times

until the color of polymer solution disappear. The filtrated was evaporated under vacuum

and precipitated by dropping the solution into 150 mL of MeOH. The precipitate that

formed was collected by centrifuge, washed repeatedly with MeOH and evaporated under

vacuum to give poly(1,4-dibutoxy-p-phenyleneethynylene) (3a) in corresponding yields.

After that the desired product was characterized by 1H, 13CNMR spectroscopy, FT-IR and

elemental analysis (EA) and then determined the molecular weight by gel permeation

chromatography (GPC).

Table 3.2 Catalyst loading and substrate concentration: A 100 mL round

bottom flask with a magnetic stir bar was charged with 150.0 mg of 1,4-dibutoxy-2,5-

diiodobenzene (2a) (1 equiv), CaC2 (6  equiv), Pd(OAc)2 (0.01, 0.05, 0.10 and 0.20

equiv), CuI and PPh3 (2 times of the Pd(OAc)2 equivalent). The mixture was degassed

with N2 for 30 seconds and then the solvent mixture of TEA/THF in ratio 1:2 were added

corresponding to substrate concentration (0.05, 0.10 and 0.20 M). The reaction mixture

was stirred under N2 at rt for 20 h and then purified the desired product according to

general procedure A to give orange powder of PPE 3a in corresponding yields.

Table 3.3 Amount of CaC2 and TEA: A 100 mL round bottom flask with a

magnetic stir bar was charged with 150.0 mg of 1,4-dibutoxy-2,5-diiodobenzene (2a) (1

equiv), CaC2 (3 or 6 equiv), Pd(OAc)2 (0.05 equiv), CuI (0.10 equiv) and PPh3 (0.10

equiv). The mixture was degassed with nitrogen for 30 seconds and then added MeCN (3



17

or 6 mL) or THF (3 or 4 mL). It must be noted that volume of solvent corresponding to

concentration at 0.05 M. The solution was stirred and degassed with N2 for 5 minutes and

then TEA was added (3 or 6 equiv and 2 mL). The reaction mixture was stirred under N2

at rt for 20 h and then purified the desired product according to general procedure A to

give orange powder of PPE 3a in corresponding yields.

Table 3.4 Base and solvent screening: A 100 mL round bottom flask with a

magnetic stir bar was charged with 150.0 mg of 1,4-dibutoxy-2,5-diiodobenzene (2a) (1

equiv), CaC2 (6 equiv), Pd(OAc)2 (0.05 equiv), CuI (0.10 equiv) and PPh3 (0.10 equiv).

The mixture was degassed with nitrogen for 30 seconds and then the mixture of

base/solvent in ratio 1:2 were added by fixed concentration at 0.05 M. The reaction

mixture was stirred under N2 at rt for 20 h and then purified the desired product according

to general procedure A to give orange powder of PPE 3a in corresponding yields.

2.2.2 Monomer (2a) and polymer (3a) characterization

PPE 3a: A 100 mL round bottom flask with a magnetic stir bar was charged with

2a (150 mg, 0.31 mmol), palladium(II)acetate (3.37 mg, 0.015 mmol), copper iodide

(5.90 mg, 0.031 mmol), triphenylphosphine (8.13mg, 0.031 mmol), calcium carbide

(119.22 mg, 1.86 mmol) and DBU (2 mL) in THF (4 mL). The solution mixture was

carried out under positive pressure of N2 filled in rubber balloons. The mixture was

stirred at room temperature for 20 hours and then purified the desired product according

to general procedure A. This reaction gave 53.5 mg (0.22 mmol, 71%) of 3a-3 as a

yellow orange powder. GPC (vs.polystyrene standards in tetrahydrofuran): Mw = 20,168,

Mw/Mn = 2.3, DPn = 36. 1H NMR (400 MHz, CDCl3) δ ppm 7.01 (br, 2H), 4.04 (br, 4H),

1.83 (br, 4H), 1.55 (br, 4H), 0.99 (br, 6H). 13C NMR (101 MHz, CDCl3) δ ppm 153.7,

117.6, 114.6, 91.8, 69.7, 31.6, 19.4, 14.1. IR (neat, cm-1) 2954, 2929, 2869, 2200, 2157,

1768, 1721, 1595.
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2.2.3 Comparative study between other conventional methods with CaC2 method

Part I: Synthesis section

1) Preparation of 1,4-dibutoxy-2,5-diethynylbenzene (2a-H)

Compound 2a-TMS: A 100 mL round bottom flask with a magnetic stir bar was

charged with 1,4-dibutoxy-2,5-diiodobenzene (2a) (1.00 g, 2.11 mmol), PdCl2(PPh3)2 (28

mg, 0.04 mmol), CuI (15 mg, 0.07 mmol), PPh3 (21 mg, 0.08 mmol). The mixture was

added with THF (5 mL) and TEA (1.21 g, 12.00 mmol). The mixture was stirred for 5

minutes and then added ethynyltrimethylsilane (0.63 g, 6.42 mmol). The reaction mixture

was stirred under N2 at rt for 4 days. The mixture was extracted three times with

CH2Cl2/NH4Cl. The combined organic phase was dried over anhydrous Na2SO4,

concentrated in vacuo and purified by column chromatography using 100% hexane as

eluent to provide 0.52 g ( 1.26 mmol, 62%) of 2a-TMS as a bright yellow solid. 1H NMR

(400 MHz, CDCl3) δ ppm 6.89 (s, 2H), 3.95 (t, J = 6.3 Hz, 4H), 1.80 – 1.73 (m, 4H), 1.56

– 1.49 (m, 4H), 0.97 (t, J = 7.4 Hz, 6H), 0.25 (s, 18H). This spectral data agreed with the

results reported in the literature [39].

Compound 2a-H: A 100 mL round bottom flask with a magnetic stir bar was

charged with 2a-TMS (0.52 g, 1.26 mmol). The mixture was added with 20% K2CO3 (35

mg, 0.25 mmol), CH2Cl2 (5 mL) and MeOH (5 mL). The reaction mixture was stirred

under N2 at rt for 4 h. The mixture was extracted three times with CH2Cl2. The combined

organic phase was washed three times with NH4Cl and washed again with H2O and then

dried over anhydrous Na2SO4, concentrated in vacuo and purified by column

chromatography to provide 0.28 g (1.05 mmol, 83%) of 2a-H as a yellow solid. 1H NMR

(400 MHz, CDCl3) δ ppm 6.95 (s, 2H), 3.98 (t, J = 6.5 Hz, 4H), 3.33 (s, 2H), 1.82 – 1.75

(m, 4H), 1.56 – 1.47 (m, 4H), 0.97 (t, J = 7.4 Hz, 6H). This spectral data agreed with the

results reported in the literature [39].
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2) Synthesis of PPE 3a from various acetylene sources

Synthesis of PPE 3a-1 from diethynylarene (2a-H) [40]: A 100 mL round

bottom flask with a magnetic stir bar was charged with 2a (100.0 mg, 0.21 mmol), 2a-H

(59.62 mg, 0.22 mmol), PdCl2(PPh3)2 (0.29 mg, 0.42×10-3 mmol), CuI (0.08 mg,

0.42×10-3 mmol). The mixture was added with solvent mixture of TEA/toluene in ratio

1:2. The solution was stirred at rt under N2 atmosphere for 12 h and then purifying the

desired product according to general procedure A. This reaction gave 48.51 mg (0.20

mmol, 95%) of 3a-1 as an orange powder. 1H NMR (400 MHz, CDCl3) δ ppm 7.02 (s,

2H), 4.06-4.03 (t, 4H), 4.05 (t, J = 6.1 Hz, 4H), 1.85 (dt, J = 13.8, 6.9 Hz, 4H), 1.58 (dt, J

= 13.9, 6.9 Hz, 4H), 1.00 (t, J = 7.1 Hz, 6H).

Synthesis of PPE 3a-2 from TMS acetylene [22]: A 100 mL round bottom flask

with a magnetic stir bar was charged with 2a (150.0 mg, 0.31 mmol), Pd(PPh3)4 (17.34

mg, 0.015 mmol), CuI (5.90 mg, 0.031 mmol). The mixture was added with solvent

mixture of MeCN/THF and stirred for 30 seconds. Then, the solution mixture was added

with TMS-acetylene (36.53 mg, 0.37 mmol) and DBU (0.28 g, 1.86 mmol), respectively.

The solution was stirred at rt under N2 atmosphere for 3 days and then purified the

desired product according to general procedure A. This reaction gave 75.9 mg (0.31

mmol, 100%) of 3a-2 as a yellow greenish powder. GPC (vs.polystyrene standards in

tetrahydrofuran): Mw = 9,669, Mw/Mn = 2.3, DPn = 17. 1H NMR (400 MHz, CDCl3) δ

ppm 7.02 (s, 2H), 4.04 (br, 4H), 1.84 (br, 4H), 1.56 (br, 4H), 1.00 (br, 6H).

2.3 Preparation of aryl diiodides

Compound 2b [37, 41]

1b: To a stirred solution of hydroquinone (2.00 g, 18.16 mmol), KOH (4.59 g,

81.72 mmol) in DMF (15 mL). The solution was added dropwise with n-octyl bromide

(14.03 g, 72.64 mmol). The mixture was stirred at room temperature for overnight. The

mixture was extracted three times with CH2Cl2. The combined organic phase was washed

with water, brine, dried over anhydrous Na2SO4, concentrated in vacuo and purified by
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column chromatography to afford 3.05 g ( 18.16 mmol, 50%) of 1b as a white powder:
1H NMR (400 MHz, CDCl3) δ ppm 6.81 (s, 4H), 3.89 (t, J = 6.6 Hz, 4H),1.78-1.71 (m,

4H), 1.47-1.40 (m, 4H), 1.32-1.28 (m, 16H), 0.88 (t, J = 6.6 Hz, 6H). 13C NMR (101

MHz, CDCl3) δ ppm 153.7, 115.9, 69.2, 32.3, 29.9, 29.9, 29.7, 26.5, 23.1, 14.6.

2b: To a stirred of 1b (3.00 g, 8.98 mmol) in MeOH (20 mL) at temperature

below 15 0C was added dropwise iodine(I) chloride (6.37 g, 39.25 mmol) and the

mixture was stirred reflux for 1 day under pressure of N2. The mixture was extracted

three times with CH2Cl2. The combined extract was washed with aqueous Na2S2O3,

water, and brine, dried over anhydrous Na2SO4, concentrated in vacuo and purified by

column chromatography to afford 1.89 g (8.98 mmol, 36%) of 2b as a white powder. 1H

NMR (400 MHz, CDCl3) δ ppm 7.17 (s, 2H), 3.92 (t, J = 6.4 Hz, 4H), 1.83 – 1.75 (m,

4H), 1.54 – 1.44 (m, 4H), 1.39 – 1.24 (m, 16H), 0.89 (t, J = 6.5 Hz, 6H). 13C NMR (101

MHz, CDCl3) δ ppm 152.9, 122.9, 86.4, 70.4, 31.8, 29.3, 29.2, 29.2, 26.0, 22.7, 14.1.

Compound 2c [42]

1c: To a stirred solution of hydroquinone (2.00 g, 18.16 mmol), KOH (4.59 g,

81.72 mmol) in dried DMSO (15 mL). The solution was added dropwise with 2-

ethylhexyl bromide (14.03 g, 72.64 mmol). The mixture was stirred at room temperature

for overnight. The mixture was extracted three times with CH2Cl2. The combined organic

phase was washed with water, brine, dried over anhydrous Na2SO4, concentrated in

vacuo and purified by column chromatography to afford 5.59 g ( 18.16 mmol, 92%) of 1c

as a colorless oil. 1H NMR (400 MHz, CDCl3) δ ppm 6.83 (s, 4H), 3.79 (d, J = 4.5 Hz,

4H), 1.69 (dd, J = 11.2, 5.4 Hz, 2H), 1.56 – 1.21 (m, 16H), 1.06 – 0.85 (m, 12H). 13C

NMR (101 MHz, CDCl3) δ ppm 153.7, 115.6, 71.5, 39.8, 30.8, 29.4, 24.1, 23.3, 14.3,

11.3.

2c: To a stirred of 1c (0.50 g, 1.49 mmol), in MeOH (35 mL) at temperature

below 15 0C was added dropwise iodine(I) chloride (1.07 g, 5.96 mmol) and the mixture

was stirred reflux for 1 day under pressure of N2.The mixture was extracted three times
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with CH2Cl2. The combined extract was washed with aqueous Na2S2O3, water, and brine,

dried over anhydrous Na2SO4, concentrated in vacuo and purified by column

chromatography to afford 0.69 g (1.49 mmol, 78%) of 2c as a colorless oil. 1H NMR (400

MHz, CDCl3) δ ppm 7.15 (s, 2H), 3.83 (d, J = 5.4 Hz, 4H), 1.72 (m, 2H), 1.59 – 1.38 (m,

8H), 1.36 – 1.24 (m, 8H), 0.91 (m, 12H). 13C NMR (101 MHz, CDCl3) δ ppm 152.4,

121.9, 85.6, 71.9, 39.0, 30.0, 28.6, 23.5, 22.5, 13.6, 10.8.

Compound 2e [43]

1d: To a stirred solution of hydroquinone (1.00 g, 9.08 mmol), KOH (3.40 g, 60.4

mmol) in dried DMSO (10 mL). The solution was added dropwise with n-ethylhexyl

bromide (0.58 g, 3.02 mmol). The mixture was stirred at room temperature for overnight.

The mixture was extracted three times with CH2Cl2. The combined organic phase was

washed with water, brine, dried over anhydrous Na2SO4, concentrated in vacuo and

purified by column chromatography to afford 0.51 g (3.02 mmol, 77%) of 1d as an

colorless oil: 1H NMR (400 MHz, CDCl3) δ 6.78 (d, J = 6.7 Hz, 4H), 5.20 (s, 1H), 3.78

(d, J = 5.9 Hz, 2H), 1.73-1.67 (m, 1H), 1.53 – 1.38 (m, 4H), 1.33-1.31 (m, 4H), 0.94-0.91

(t, 6H). 13C NMR (101 MHz, CDCl3) δ ppm 153.6, 149.3, 116.1, 115.8, 71.5, 39.5, 30.5,

29.1, 23.9, 23.1, 14.1, 11.1.

1e: To a stirred solution of 1d (0.51 g, 2.31 mmol) in dried THF (15 mL) was

charged with MeI (0.98 g, 6.94 mmol) and then added NaH (0.11 g, 4.62 mmol). The

reaction mixture was stirred for 12 h at 70 0C and finally dropped with MeOH (5 mL).

The reaction mixture was extracted with CH2Cl2 (3× 50) and the combined organic layers

were dried over Na2SO4, concentrated in vacuo and purified by column chromatography

to provide 0.46 g (2.31 mmol, 85%) of 1e as an colorless oil. 1H NMR (400 MHz,

CDCl3) δ ppm 6.85 (s, 4H), 3.86 – 3.65 (m, 5H), 1.75-1.69 (m, 1H), 1.57 – 1.30 (m, 8H),

0.96-0.88 (m, 6H) 13C NMR (101 MHz, CDCl3) δ ppm 152.7, 152.2, 114.5, 113.6, 70.3,

54.7, 38.5, 29.6, 28.1, 22.9, 22.1, 13.0, 10.1.
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2e: A solution of 1e (0.15 g, 0.65 mmol), H5IO6 (0.07 g, 0.33 mmol) and I2 (0.33

g, 1.30 mmol) in 1.5 mL acetic acid, 1 mL sulphuric acid and 2 mL water was stirred at

70 0C for 12 h. After cooling, the mixture was extracted with CH2Cl2 (3×50). The organic

layer was washed with aqueous Na2S2O3, water, and brine, dried over anhydrous Na2SO4,

concentrated in vacuo and purified by column chromatography to provide 0.19 g (0.65

mmol, 60%) of 2e as a colorless oil. 1H NMR (400 MHz, CDCl3) δ ppm 7.19 (s, 1H),

7.16 (s, 1H), 3.82 (d, J = 3.0 Hz, 5H), 1.79 – 1.68 (m, 1H), 1.60 – 1.40 (m, 4H), 1.35 (dd,

J = 23.2, 19.7 Hz, 4H), 0.97 – 0.88 (m, 6H). 13C NMR (101 MHz, CDCl3) δ ppm 153.3,

153.2, 122.6, 121.7, 86.3, 85.6, 72.5, 57.3, 39.6, 30.6, 29.2, 24.1, 23.1, 14.2, 11.3.

Compound 2f [44]

1f: To a stirred suspension of K2CO3 (4.5 g, 32.56 mmol) and hydroquinone (1 g,

9.08 mmol) in MeCN (10 mL) was added dropwise 3-chloropropan-1-ol (2.58 g, 27.25

mmol). The mixture was refluxed overnight. The mixture was extracted with CH2Cl2 (3×

50) and the combined organic layers were dried over Na2SO4, concentrated in vacuo and

purified by column chromatography to provide 1.26 g (9.08 mmol, 76%) of 1f as a white

powder. 1H NMR (400 MHz, CDCl3) δ ppm 6.83 (s, 4H), 4.07 (t, J = 5.9 Hz, 4H), 3.86 (t,

J = 5.9 Hz, 4H), 2.10 – 1.98 (m, 4H),1.89 (s, 2H). 13C NMR (101 MHz, CDCl3) δ ppm

153.0, 115.4, 66.5, 60.5, 31.9.

2f: To a stirred of 1f (1.50 g, 5.64 mmol) in MeOH (15 mL) at temperature below

15 0C was added dropwise iodine(I) chloride (4.57 g, 28.18 mmol) and the mixture was

stirred reflux for 1 day under pressure of N2.The mixture was extracted three times with

CH2Cl2. The combined extract was washed with aqueous Na2S2O3, water, and brine,

dried over anhydrous Na2SO4, concentrated in vacuo and purified by column

chromatography to afford 2.64 g ( 5.52 mmol, 98%) of 2f as a white solid. 1H NMR (400

MHz, DMSO) δ ppm 7.33 (s, 2H), 4.52 (s, 2H), 4.01 (t, J = 6.2 Hz, 4H), 3.58 (t, J = 5.9

Hz, 4H), 1.83 (p, J = 6.2 Hz, 4H). 13C NMR (101 MHz, DMSO) δ ppm  152.3, 122.4,

86.9, 66.8, 57.3, 32.1.
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Compound 2h [45]

1g: To a stirred solution of diethyleneglycol monomethylether (10.38 g, 86.31

mmol) and DMAP in CH2Cl2 (150 mL) was charged with triethylamine (25.00 mL, 178

mmol). The reaction mixture was stirred at 0 0C for 10 min and then dropwise with

mesylchloride (10.92 g, 95.2 mmol). The reaction mixture was stirred at room

temperature for 2 h. The mixture was extracted with CH2Cl2 (3× 50) and the combined

organic layers were dried over Na2SO4, concentrated in vacuo and purified by column

chromatography to provide 15.47 g (78.0 mmol, 90%) of 1g as a light yellow oil. 1H

NMR (400 MHz, CDCl3) δ ppm 4.33 (t, J = 4.60 Hz, 2H), 3.72 (t, J = 4.40 Hz, 2H), 3.60

(t, J = 4.40 Hz, 2H), 3.49 (t, J = 4.60 Hz, 2H), 3.32 (s, 3H), 3.02 (s, 3H).

1h: To a stirred solution of hydroquinone (1.53 g, 13.89 mmol) and KOH (2.44 g,

43.5 mmol) in DMF (30 mL) was added with 1g (5.81 g, 29.3 mmol). The reaction

mixture was stirred at 60 0C for 20 h. The reaction mixture was extracted with CH2Cl2 /

0.1 M HCl and the combined organic phase was washed with water (10×100), dried over

Na2SO4, concentrated in vacuo and purified by column chromatography to provide 4.21 g

(13.34 mmol, 96%) of 1h as a brown oil. 1H NMR (400 MHz, CDCl3) δ ppm 6.80 (s,

4H), 4.05 (t, J = 5.00 Hz, 4H), 3.79 (t, J = 4.80 Hz, 4H), 3.68 (t, J = 4.60 Hz, 4H), 3.54 (t,

J = 4.60 Hz, 4H), 3.35 (s, 6H).

2h: A solution of 1h (0.50 g, 1.59 mmol), H5IO6 (0.18 g, 0.79 mmol) and I2 (0.80

g, 3.18 mmol) in acetic acid (4.5 mL), sulfuric acid (3 mL) and water (6 mL) was stirred

at 70 0C for 12 h. After cooling, the mixture was extracted with CH2Cl2 (3×50). The

organic layer was washed with aqueous Na2S2O3, water, and brine, dried over anhydrous

Na2SO4, concentrated in vacuo and purified by column chromatography to provide 0.59 g

(1.04 mmol, 66%) of 2h as a white powder. 1H NMR (400 MHz, CDCl3) δ ppm 7.23 (s,

2H), 4.11 (t, J = 4.80 Hz, 4H), 3.89 (t, J = 4.80 Hz, 4H), 3.78 (t, J = 4.40 Hz, 4H), 3.58 (t,

J = 4.40 Hz, 4H), 3.40 (s, 6H). 13C NMR (101 MHz, CDCl3) δ ppm 153.4, 123.8, 86.6,

72.3, 71.3, 70.6, 69.8, 60.7, 59.3.
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Compound 2i: To a stirred solution of 2f (0.10 g, 0.21 mmol) and DMAP in

pyridine (1.5 mL) was charged with acetic anhydride (0.08 g, 0.84 mmol). The reaction

mixture was stirred reflux for 3 h under pressure of N2. The reaction mixture was

extracted with EtOAc / H2O and the combined organic phase was washed with water

(3×100), dried over Na2SO4, concentrated in vacuo and purified by column

chromatography to provide 0.11 g (0.20 mmol, 96%) of 2i as an warm white powder. 1H

NMR (400 MHz, CDCl3) δ ppm 7.18 (s, 2H), 4.32 (t, J = 6.2 Hz, 4H), 4.02 (t, J = 6.0 Hz,

4H), 2.17 - 2.11 (m, 4H), 2.07 (s, 6H). 13C NMR (101 MHz, CDCl3) δ ppm 171.0, 152.8,

122.9, 86.3, 66.7, 61.2, 28.6, 21.0.

Compound 2j: To a stirred solution of 2f (0.10 g, 0.21 mmol) and DMAP in

pyridine (1.5 mL) was charged with hexanoic anhydride (0.22 g, 1.05 mmol). The

reaction mixture was stirred reflux for 3 h under pressure of N2. The reaction mixture was

extracted with EtOAc / H2O and the combined organic phase was washed with water

(3×100), dried over Na2SO4, concentrated in vacuo and purified by column

chromatography to provide 0.14 g (0.21 mmol, 99%) of 2j as a colorless solid. 1H NMR

(400 MHz, CDCl3) δ ppm 7.16 (s, 2H), 4.31-4.28 (t, J = 6.3 Hz, 4H), 4.01-3.98 (t, J = 6.0

Hz, 4H) , 2.30-2.27 (t, J = 7.6 Hz, 4H), 2.14-2.08 (m, 4H), 1.63-1.56 (m, 4H), 1.29-1.25

(m, 8H), 0.87-0.84 (t, J = 6.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ ppm 173.8, 152.8,

122.9, 86.4, 66.8, 61.0, 34.3, 31.4, 28.7, 24.7, 22.4, 14.0.

Compound 2k: To a stirred solution of 2f (1.00 g, 2.09 mmol), p-toluenesulfonyl

chloride (1.60 g, 8.36 mmol) and DMAP in dried CH2Cl2 (10 mL) was charged with

pyridine (0.66 g, 8.36 mmol). The reaction mixture was stirred at room temperature for 3

h under pressure of N2. The reaction mixture was extracted with EtOAc / H2O and the

combined organic phase was washed with water (3×100), dried over Na2SO4,

concentrated in vacuo and purified by column chromatography to provide 1.04 g (1.32

mmol, 63%) of 2k as a white powder. 1H NMR (400 MHz, CDCl3) δ ppm 7.76 (d, J = 8.0

Hz, 4H), 7.24 (d, J = 7.9 Hz, 4H), 7.00 (s, 2H), 4.32 (t, J = 5.8 Hz, 4H), 3.89 (t, J = 5.6
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Hz, 4H), 2.36 (s, 6H), 2.18 – 2.10 (m, 4H). 13C NMR (101 MHz, CDCl3) δ ppm 152.3,

144.8, 132.9, 129.9, 127.9, 122.5, 86.0, 66.9, 65.2, 28.9, 21.7.

Compound 2l: To a stirred solution of 2k (20 mg, 0.02 mmol), NaN3 (31.20 mg,

0.48 mmol) in dried DMF (0.5 mL). The reaction mixture was stirred at 105 oC for 12 h

under pressure of N2. The reaction mixture was extracted with CH2Cl2 and the combined

organic phase was washed with water (3×50), dried over Na2SO4, concentrated in vacuo

and purified by column chromatography to provide quantitative of 2l as a white solid. 1H

NMR (400 MHz, CDCl3) δ ppm 7.18 (s, 2H), 4.02 (t, J = 5.8 Hz, 4H), 3.60 (t, J = 6.6 Hz,

4H), 2.09 – 2.02 (m, 4H). 13C NMR (101 MHz, CDCl3) δ ppm 152.8, 123.0, 86.4, 66.9,

48.3, 28.8.

Compound 2m: To a stirred solution of 2l (0.18 g, 0.34 mmol), PPh3 (0.45 g,

1.70 mmol) in THF 5 mL. Water (2.5 mL) was added and the resulting mixture was

heated at 80 oC for 2 h. The solvent was then removed in vacuo and the residue was

purified by column chromatography using 100% methanol as eluent to give 0.13 g (0.34

mmol, 99%) of 2m as a white solid. 1H NMR (400 MHz, MeOD) δ ppm 7.21 (s, 2H),

3.95 (t, J = 5.9 Hz, 4H), 2.84 (t, J = 6.8 Hz, 4H), 1.91 – 1.85 (m, 4H). 13C NMR (101

MHz, MeOD) δ ppm 154.3, 124.1, 87.0, 69.6, 39.9, 32.7.

Compounds 2n and 2o: To a stirred solution of 2k (0.20 g, 0.25 mmol), sodium

bromide (0.13 g, 1.27 mmol) in dried acetone (10 mL).The reaction mixture was stirred

reflux for 24 h under pressure of N2. The reaction mixture was extracted with CH2Cl2 and

the combined organic phase was washed with water (3×100), dried over Na2SO4,

concentrated in vacuo and purified by column chromatography to provide 0.15 g (0.16

mmol, 65%) of 2n as a white solid. 1H NMR (400 MHz, CDCl3) δ ppm 7.21 (s, 2H), 4.09

(t, J = 5.6 Hz, 2H), 3.69 (t, J = 6.4 Hz, 2H), 2.33 (p, J = 5.9 Hz, 2H).13C NMR (101 MHz,

CDCl3) δ ppm 152.9, 123.1, 86.5, 67.8, 32.4, 30.2. Furthermore, this reaction provided 2o

as minor product in 34% yield. 1H NMR (400 MHz, CDCl3) δ ppm 7.76 (d, J = 8.2 Hz,

2H), 7.23 – 7.21 (d, 2H), 7.16 (s, 1H), 7.01 (s, 1H), 4.32 (t, J = 5.9 Hz, 2H),  4.08 (t, J =

5.6 Hz, 2H), 3.87 (t, J = 5.6 Hz, 2H), 3.69 (t, J = 6.3 Hz, 2H), 2.35 (s, 3H), 2.16 – 2.10
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(m, 2H). 13C NMR (101 MHz, CDCl3) δ ppm 152.7, 152.5, 144.9, 133.0, 130.0, 128.0,

123.0, 122.6, 86.3, 86.2, 67.7, 67.1, 65.3, 32.4, 30.2, 29.0, 26.6, 21.8.

2.4 Preparation of PPEs (3a-3o) from monomers (2a-2o)

Table 3.6 PPEs substrate applicability

General procedure for polymerization of aryl diiodides (procedure B) (3b-

3h): A 100 mL round bottom flask with a magnetic stir bar was charged with aryl

diiodides (1 equiv.), palladium catalyst (0.05 equiv.), copper catalyst (0.1 equiv.),

triphenylphosphine (0.1 equiv.), calcium carbide (6 equiv.) in 1:2 mixture of  base and

solvent. All reactions were carried out under positive pressure of N2 filled in rubber

balloons. The mixture was stirred at room temperature for 20 h. The solution mixture was

then filtered through a cotton wool using methylene chloride as eluent, concentrated to a

small volume and precipitated by dropping the solution into 150 mL of methanol. The

precipitate that formed was collected by centrifuge, washed repeatedly with methanol and

evaporated under vacuum.

PPE3b [40]: Synthesis as declared in procedure B using 2b (100 mg, 0.17 mmol),

palladium(II)acetate (1.9 mg, 0.008 mmol), copper iodide (3.24 mg, 0.017 mmol),

triphenylphosphine (4.46 mg, 0.017 mmol), calcium carbide (65.38 mg, 1.02 mmol) and

DBU (1 mL) in THF (2 mL) to afford 47.27 mg ( 0.13 mmol, 78%) of 3b as an orange

solid. GPC (vs.polystyrene standards in tetrahydrofuran): Mw = 40972, Mw/Mn = 2.40,

DPn = 48, 1H NMR (400 MHz, CDCl3) δ ppm 6.99 (br, 2H), 4.00 (br, 4H), 1.83 (br, 4H),

1.49 (br, 4H), 1.27 (br, 20H), 0.86 (br, 6H). 13C NMR (101 MHz, CDCl3) δ ppm 153.7,

117.6, 114.5, 91.6, 69.9, 32.0, 29.6, 29.5, 29.5, 26.2, 22.8, 14.2. IR (neat, cm-1) 2922,

2850, 2186, 2157, 1733, 1597.

PPE3c [26]: Synthesis as declared in procedure B using 2c (100 mg, 0.17 mmol),

palladium(II)acetate (1.9 mg, 0.008 mmol), copper iodide (3.24 mg, 0.017 mmol),

triphenylphosphine (4.46 mg, 0.017 mmol), calcium carbide (65.38 mg, 1.02 mmol) and

DBU (0.5 mL) in THF (1 mL) to afford 50.36 mg ( 0.14 mmol, 83%) of 3c as a yellow
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fiber. GPC (vs.polystyrene standards in tetrahydrofuran): Mw = 91300, Mw/Mn = 2.00,

DPn = 128, 1H NMR (400 MHz, CDCl3) δ ppm 6.99 (s, 2H), 3.89 (s, 4H), 1.81 (s, 2H),

1.53 (s, 8H), 1.33 (s, 8H), 0.98 (s, 5H), 0.88 (s, 6H). 13C NMR (101 MHz, CDCl3) δ ppm

153.6, 116.6, 114.1, 91.5, 71.9, 39.5, 30.5, 29.0, 23.9, 22.9, 13.9, 11.2. IR (neat, cm-1)

2954, 2921, 2869, 2855, 2203, 2159, 1642, 1592. Elemental Analysis = Calc. C: 80.84,

H: 10.18, Found. C: 80.86, H: 10.11.

PPE3e: Synthesis as declared in procedure B using 2e (100 mg, 0.20 mmol),

palladium(II)acetate (2.25 mg, 0.01 mmol), copper iodide (3.81 mg, 0.02 mmol),

triphenylphosphine (5.25 mg, 0.02 mmol), calcium carbide (76.92 mg, 1.20 mmol) and

DBU (1.34 mL) in THF (2.66 mL) to afford 48.28 mg ( 0.19 mmol, 93%) of 3e as a

yellow-green powder. GPC (vs.polystyrene standards in tetrahydrofuran): Mw = 26915,

Mw/Mn = 2.21, DPn = 47, 1H NMR (400 MHz, CDCl3) δ ppm 7.05 (s, 1H), 3.90 (br, 4H),

1.80 (br, 1H), 1.73 – 1.19 (br, 8H), 0.96-0.88 (br, 5H), 13C NMR (101 MHz, CDCl3) δ

ppm 153.9, 153.7, 117.0, 115.1, 91.5, 71.7, 56.3, 39.5, 30.4, 29.0, 23.8, 22.9, 13.9, 11.1.

IR (neat,   cm-1) 2954, 2924, 2872, 2855, 2198, 2159, 1663, 1642, 1603, 1546. Elemental

Analysis = Calc. C: 79.03, H: 8.58, Found. C: 79.05, H: 8.59.

PPE3f: Synthesis as declared in procedure B using 2f (100 mg, 0.21 mmol),

palladium(II)acetate (2.36 mg, 0.01 mmol), copper iodide (4.00 mg, 0.02 mmol),

triphenylphosphine (5.51 mg, 0.02 mmol), calcium carbide (80.77 mg, 1.26 mmol) and

DBU (1.33 mL) in THF (2.66 mL) to afford 48.40 mg (0.20 mmol, 93%) of 3f as a dark-

orange solid. 1H NMR (400 MHz, DMSO) δ ppm 7.15 (s, 2H), 4.57 (br, 4H), 4.14 (br,

4H), 3.64 (br, 4H), 1.91 (br, 4H), 13C NMR (101 MHz, DMSO) δ ppm 152.9, 116.9,

113.6, 91.6, 66.2, 57.4, 32.2. IR (neat, cm-1) 3313, 2929, 2874, 2184, 2159, 1735, 1713,

1598.

PPE3h: Synthesis as declared in procedure B using 2h (100 mg, 0.18 mmol),

palladium(II)acetate (2.02 mg, 0.009 mmol), copper iodide (3.43 mg, 0.018 mmol),

triphenylphosphine (4.72 mg, 0.018 mmol), calcium carbide (69.23 mg, 1.08 mmol) and

DBU (1.16 mL) in THF (2.24 mL) to afford 52.43 mg ( 0.16 mmol, 87%) of 3h as an
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orange film. GPC (vs.polystyrene standards in tetrahydrofuran): Mw = 26975, Mw/Mn =

1.56, DPn = 51, 1H NMR (400 MHz, CDCl3) δ ppm 7.05 (s, 2H), 4.24 (br, 4H), 3.92 (br,

4H), 3.77 (br, 4H), 3.53 (br, 4H), 3.35 (s, 6H). 13C NMR (101 MHz, CDCl3) δ ppm

154.1, 118.6, 115.2, 92.0, 72.5, 71.5, 70.2, 59.5. IR (neat, cm-1) 2921, 2872, 2817, 2198,

2159, 1721, 1666, 1633, 1600. Elemental Analysis = Calc. C: 64.27, H: 7.19, Found. C:

64.17, H: 6.92.

2.5 Preparation of diiodo heterocyclic compounds (2p-2s)

Compound 2p: To a stirred solution of carbazole (5.0 g, 29.9 mmol) in acetic

acid (50 mL) was added potassium iodide (6.6 g, 39.8 mmol). Then, potassium iodate

(9.6 g, 44.9 mmol) was added in small portions over a period of 5 min and the resulting

mixture was refluxed for 20 min. The reaction was allowed to cool to room temperature

and diluted with EtOAc (50 mL) and water (50 mL). The aqueous layer was separated

and extracted with EtOAc (2 × 50 mL). The combined organic layer was dried over

MgSO4, filtered, and concentrated under reduced pressure to give a brown solid residue.

The crude product was purified by crystallization from acetone and hexane to yield 2p as

light brown crystals. (12.3 g, 98%). 1H NMR (400 MHz, DMSO-d6) δ ppm 11.56 (s,

1H), 8.58 (s, 2H), 7.66 (d, J = 8.5 Hz, 2H), 7.35 (d, J= 8.5 Hz, 2H). 13C NMR (101

MHz, DMSO-d6) δ ppm 138.7, 134.0, 129.1, 123.8, 113.5, 81.8.

Compound 2q [46]: To a stirred solution of 2p (0.20 g, 0.48 mmol), sodium

hydride (0.15 g, 6.20 mmol) in dried DMF (0.5 mL) was added with 2-ethylhexyl

bromide (0.18 g, 0.96 mmol). The reaction mixture was stirred at rt for 1 h. The reaction

mixture was extracted with CH2Cl2 and the combined organic phase was washed with

water (3×100), dried over Na2SO4, concentrated in vacuo and purified by column

chromatography to provide 0.20 g (0.39 mmol, 80%) of 2q as bright yellow oil. 1H NMR

(400 MHz, CDCl3) δ ppm 8.28 (d, J = 1.4 Hz, 2H), 7.68 (dd, J = 8.6, 1.6 Hz, 2H), 7.11

(d, J = 8.6 Hz, 2H), 4.01 (dd, J = 7.2, 2.4 Hz, 2H), 1.95 (dt, J = 11.3, 5.5 Hz, 1H), 1.26
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(d, J = 7.2 Hz, 8H), 0.88 (dd, J = 14.3, 6.7 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ ppm

140.0, 134.5, 129.3, 124.0, 111.2, 81.8, 47.6, 39.4, 31.1, 28.9, 24.5, 23.1, 14.1, 11.0.

Compound 2r [47]: To a stirred solution of 2p (0.50 g, 1.19 mmol), sodium

hydride (0.37 g, 15.51 mmol) in dried DMF (1 mL) was added with n-octyl bromide (0.46

g, 2.38 mmol). The reaction mixture was stirred at rt for 1 h. The reaction mixture was

extracted with CH2Cl2 and the combined organic phase was washed with water (3×100),

dried over Na2SO4, concentrated in vacuo and purified by column chromatography to

provide 0.55 g (1.04 mmol, 88%) of 2r as colorless oil. 1H NMR (400 MHz, CDCl3) δ

ppm 8.32 (d, J = 1.3 Hz, 2H), 7.71 (dd, J = 8.6, 1.6 Hz, 2H), 7.17 (d, J = 8.6 Hz, 2H),

4.21 (t, J = 7.2 Hz, 2H), 1.85 – 1.76 (m, 2H), 1.26 (t, J = 13.2 Hz, 10H), 0.86 (t, J = 6.8

Hz, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 139.7, 134.7, 129.5, 124.2, 111.0, 81.8,

43.4, 31.9, 29.4, 29.3, 29.0, 27.4, 22.7, 14.2.

Compound 2s [48]: To a stirred solution of 2,3-di hydrothieno[3,4-b][1,4]dioxine

(24 mg, 0.17 mmol) in dried CH2Cl2 (0.5 mL) was added with iodine(I)chloride (0.11 g,

0.68 mmol) and pyridine (94 mg, 1.19 mmol). The reaction mixture was stirred at rt for 1

h. The reaction mixture was extracted with CH2Cl2 and the combined organic phase was

washed with aqueous Na2S2O3, water, brine and dried over Na2SO4, concentrated in

vacuo and purified by column chromatography to provide 11.6 mg (0.03 mmol, 17%) of

2s as a warm white solid. 1H NMR (400 MHz, CDCl3) δ ppm 4.26 (s, 4H). 13C NMR

(101 MHz, CDCl3) δ ppm 131.0, 129.0, 65.3, 65.3, 65.1, 65.0.

2.6 Preparation PAEs (3q-3s) from monomers (2q-2s)

Table 3.7 Preparation of PAEs

PPE3q: Synthesis as declared in procedure B using 2q (60 mg, 0.11 mmol),

palladium(II)acetate (1.23 mg, 5.5×10-3 mmol), copper iodide (2.11 mg, 0.011 mmol),

triphenylphosphine (2.90 mg, 0.011 mmol), calcium carbide (42.30 mg, 0.66 mmol) and

DBU (0.73mL) in THF (1.46 mL) to afford 19.46 mg ( 0.064 mmol, 59%) of 3q as a

deep brown powder. 1H NMR (400 MHz, CDCl3) δ ppm 8.29 (br, 2H), 7.67 (br, 2H),
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7.33 (br, 2H), 4.10 (br, 1H), 2.05 (br, 3H), 1.67 (br, 6H), 1.25 (br, 6H). IR (neat, cm-1)

2924, 2858, 2159, 1628, 1598, 1406.

PPE3r: Synthesis as declared in procedure B using 2r (100 mg, 0.19 mmol),

palladium(II)acetate (2.16 mg, 9.5×10-3 mmol), copper iodide (3.62 mg, 0.019 mmol),

triphenylphosphine (5.00 mg, 0.019 mmol), calcium carbide (73.07 mg, 1.14 mmol) and

DBU (1.20 mL) in THF (2.40 mL) to afford 50.42 mg ( 0.17 mmol, 87%) of 3r as a deep

brown powder. 1H NMR (400 MHz, CDCl3) δ ppm 8.30 (br, 2H), 7.68 (br, 2H), 7.31 (br,

2H), 4.22 (br, 2H), 1.81 (br, 2H), 1.23 (br, 10H), 0.84 (br, 6H).



31

CHAPTER III

RESULTS AND DISCUSSION

3.1 Initial observation

Usually, it is well known that the reactivity of aryl iodides in oxidative addition to

palladium is much greater than other halo-aryl compounds and the oxidative addition is

believed to be the rate determining steps in most Sonogashira coupling [19]. Therefore,

coupling reactions of aryl iodide and calcium carbide to produce the phenylene

ethynylene were first tested under common Sonogashira coupling reaction in order to see

the efficient of the possibility of this process. The results are summarized in Table 3.1. Pd

catalyst systems were screened by focusing on type of Pd source which has been known

to use for preparation of good quality of PPEs. Based on a number of literatures [13, 22-

23, 26, 37], THF/TEA was typically utilized as solvent for the coupling. Thus, 4-

iodotoluene and calcium carbide were subjected to Sonogashira coupling using various

Pd sources in THF/TEA with CuI and PPh3 under inert atmosphere. PdCl2(PPh3)2 and

Pd(PPh3)4 gave low yield of 1,2-dip-tolylethyne (34 and 43% yield respectively) along

with the recovered starting 4-iodotoluene. In contrast, Pd(OAc)2 was efficient to

complete the conversion of starting 4-iodotoluene into the desired 1,2-dip-tolylethyne in

77% yield making this Pd salt the best choice for this coupling reaction. Further

optimization for PPEs synthesis was thus based mainly on Pd(OAc)2.
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Table 3.1 Initial observationa

5% Pd-catalyst
10% CuI, 10% PPh3

TEA, THF, rt, N2

+ CaC2

Yield

I

Pd-catalyst Yieldb

PdCl2(PPh3)2 34%

Pd(PPh3)4 43%

Pd(OAc)2 77%
aAll reactions were carried out with 4-iodotoluene (1 equiv), CaC2 (6 equiv), Pd(OAc)2 (5%), CuI

(10%), PPh3 (10%) was degassed with N2 for 30 sec. Then, the mixture of THF and TEA with ratio 2:1 was

added to the reaction mixture and stirred under N2 at rt for 20 hr. bIsolated yield.

1,4-dibutoxy-2,5-diiodobenzene (2a)

For optimization of polymerization conditions, 1,4-dibutoxy-2,5-diiodobenzene

(2a) was selected as a model monomer due to its convenient synthesis. The flexible butyl

substituent can also increase the solubility of the corresponding PPEs in common organic

solvents such as THF that will facilitate the synthesis and characterization.

Compound 1a was synthesized by alkylation of hydroquinone with butyl bromide

in DMF giving the desired compound in 76% yield (Scheme 3.1). Consequently, the

iodination of 1a by iodine(I)chloride in methanol under reflux condition leading to the

formation of 2a in 74% yield as a white solid .

Scheme 3.1 Synthesis of compound 2a

O

O

O

O

I I

OH

HO

KOH, DMF

rt, 12 h.

Br

I-Cl, MeOH

ref lux, 4h.

2a76% 74%1a
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3.2 Pd-catalyst coupling reaction using calcium carbide as a starting material.

3.2.1 Optimization conditions

1) Catalyst loading and substrate concentration

With compound 2a in hands, the optimization investigation was carried out first

by varying the amount of Pd(OAc)2 and monomer concentration. The polymerization was

performed under a typical in THF at room temperature in the presence of calcium

carbide, CuI, PPh3 and TEA under N2 atmosphere. The results were summarized in Table

3.2

Table 3.2 Catalyst loading and substrate concentrationa

entry Pd(OAc)2 2a Conc. Yieldb Mw DPn Mw/Mn

(mol%) (M) (GPC) (GPC) (GPC)

1c 1 0.05 N.A. - - -
2c 1 0.10 N.A. - - -
3c 1 0.20 N.A. - - -
4 5 0.05 84% 11,737 21 2.3
5 5 0.10 93% 9,291 15 2.5

6 5 0.20 73% 6,327 13 1.9
7d 10 0.05 31% 7416 15 1.8
8d 10 0.10 66% 7,952 12 2.6
9d 20 0.05 56% 6,012 11 2.2

aAll the reaction used 1,4-dibutoxy-2,5-diiodobenzene 1 equiv., CaC2 6 equiv., TEA/THF (1:2),
Pd(OAc)2/CuI/PPh3 (1:2:2). bIsolated yield by single precipitation from MeOH/CH2Cl2,

cIncomplete
conversion of 2a, dPartially dissolved in CH2Cl2, N.A. = not available.

I I

O

O

O

O

n

3a2a

Pd(OAc)2, CuI, PPh3

TEA, THF, rt, N2, 20 h
+ CaC2
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The results in Table 3.2 demonstrate that 1% of Pd(OAc)2 loading is insufficient

for complete conversion of the starting materials. It produced oligomer with low

molecular weight (entry 1). Although, we increased substrate concentration from 0.05-

0.2, the desired PPEs was not reprecipitated out in MeOH/CH2Cl2 (entries 1-3)

suggesting the formation of oligomer or small molecular weight PPEs. However, this

problem was solved by increasing amount of Pd(OAc)2 up to 5%mol. It gave 84% yield

with high degree of polymerization (DPn = 21) without remaining any starting material

2a (entry 4). We attempted to increase the polymerization efficiency by increasing

amount of Pd(OAc)2 and substrate concentration. Unfortunately, the results were

disappointed. Yields and molecular weight were dropped when increasing both factors

(entries 5-9). We hypothesized that lower yield and molecular weight is due to the

formation of high molecular weight polymer which cause the poor solubility in CH2Cl2.

Thus, only partially soluble of polymer could be analyzed by GPC and precipitate out in

small proportion. From the above mentioned, we concluded that 5% Pd(OAc)2 is suitable

to drive the reaction completely and 0.05 M was the optimal concentration.

2) Amount of CaC2 and TEA

In this section, we used 1,4-dibutoxy-2,5-diiodobenzene (1 equiv) coupling with

various amounts of CaC2 by fixing the concentration at 0.05 M and amount of Pd(OAc)2

at 5%mol, CuI 10%mol and PPh3 10%mol in TEA and MeCN as base/solvent system.

[13] All the reactions were carried out under nitrogen atmosphere for 20 h and the results

were summarized in Table 3.3
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Table 3.3 Amount of CaC2 and TEA

entry CaC2 TEA Yielda Mw DPn Mw/Mn

(equiv.) (GPC) (GPC) (GPC)

1 3 3 equiv. N.A. - - -

2 3 6 equiv. N.A. - - -

3 6 6 equiv. 29% 2,776 7 1.61

4 b 6 6 equiv. N.A. - - -

5 c 6 6 equiv. N.A. - - -

6 d 6 6 equiv. 63% 5,004 10 1.9

7 e 3 2 mL 23% 5,969 12 2.0

8 e 6 2 mL 84% 11,737 21 2.3
aIsolated yield by single precipitation from MeOH/ CH2Cl2,

badded 10% H2O, cHeated at 60 °C, dadded
50% THF, eTHF as solvent, N.A. = not available.

The results in Table 3.3 indicated that 6 equiv of CaC2 is sufficient to drive the

polymerization reaction without recovery of any starting material and when we added

THF as co-solvent gave better results in comparison with MeCN was used alone or mixed

with water. This is due to THF could improve solubility of starting material and the PPE

product (entries 3-4, 6). However, degree of polymerization remained low (DPn = 10)

when TEA were used at only 6 equivalent (entry 6). To increase the degree of

polymerization, we hypothesized that amount of base 6 equiv might be inadequate for

coupling reaction, because base is significant to drive the formation of a π-alkyne

complexation [19]. Therefore, we decided to use excess TEA combined with THF as

mixed solvent (entry 8). It showed the most effective condition giving satisfactory yield

along with the highest degree of polymerization. When the reaction was carried out at 60

°C, the reaction was inefficient along with an almost recovery of starting material. This is

likely due to the instability of the palladium complex intermediates under this condition

I I

O

O

O

O

n

3a2a

TEA, MeCN
rt, N2, 20 h

5% Pd(OAc)2,
10% CuI,10% PPh3

+ CaC2



36

(entry 5). In conclusion, we found that the best condition of base/solvent system was a

ratio 1:2 which produced the highest degree of polymerization.

3) Type of base and solvent

For the next optimization study, a number of bases and solvents were tested for

the polymerization of 1,4-dibutoxy-2,5-diiodobenzene (1 equiv) in the presence of CaC2

(6 equiv), 5% Pd(OAc)2, 10% CuI, 10% PPh3 in the mixture of base/solvent in a ratio 1:2

under nitrogen atmosphere at room temperature for 20 h. The results were summarized in

Table 3.4

Table 3.4 Base and solvent screening

entry Base/solvent Yielda Mw DPn Mw/Mn

(GPC) (GPC) (GPC)

1 TEA/THF 84% 11,737 21 2.3
2 TEA/MeCN 90% 6,888 13 2.1
3 TEA/DMF N.A. - - -
4 DIPEA/THF N.A. - - -
5 DBU/THF 71% 20,168 36 2.3

6 K2CO3/THF N.A. - - -

7 Cs2CO3/THF N.A. - - -
aIsolated yield by single precipitation from CH3OH/CH2Cl2, N.A. = not available.

The results in table 3.4 showed that TEA as effective base to coupling reaction in

both solvents, THF and MeCN (entries 1, 2). Although MeCN gave desired polymer with

the highest yield but in terms of degree of polymerization remained low (DPn = 13) in

comparison with THF (DPn = 21). The cause of the result was the poor solubility of

starting material in MeCN. Hence, we selected THF as the best solvent for screen type of

I I

O

O

O

O

n

3a2a

5% Pd(OAc)2,
10% CuI,10% PPh3+ CaC2

base/solvent
rt, N2, 20 h
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base next (entries 1, 4-7). The results indicate that inorganic base is inefficient causing

incomplete conversion of starting material (entries 6, 7) while DBU was the most

effective base giving satisfactory yield of yellow-orange solid of 3a along with the

highest degree of polymerization (entry 5) in comparison with TEA. Therefore, we

decided that the best solvent and base system were THF and DBU, respectively. Notably,

the slightly lower yield is due to the high molecular weight portion of polymer was

poorly soluble in CH2Cl2 solvent which is needed for the precipitation.

For all conditions screening, the optimized conditions is the treatment of 1,4-

dibutoxy-2,5-diiodobenzene 2a (1 equiv), CaC2 (6 equiv), Pd(OAc)2 (5%mol), PPh3

(10%mol), CuI (10%mol) in the mixture of base/solvent in a ratio 1:2 at room

temperature under a nitrogen atmosphere for 20 h. Under these optimized conditions,

complete conversion of starting material 2a to desired product 3a which was isolated by

single precipitation from MeOH/CH2Cl2 gave satisfactory yield (71 - 90%) along with

high degree of polymerization in the range of 13 -36. It must be noted that the structural

confirmation and molecular weight determination of monomer 2a and PPE 3a using

FT-IR, 1H and 13C NMR spectroscopy will be further discussion in the next section.

3.2.2 Monomer (2a) and polymer (3a) characterization

To confirm the conversion of aryl diiodide monomer 2a into PPE 3a which

consisted of conjugated alkyne π-systems in the backbone of the polymer structure, we

investigated by stacking FT-IR and 1H, 13C NMR spectra of aryl diiodide monomer 2a

with PPE 3a derived from optimized condition with the hope that alkyne signal would

show up (Figure 3.1-3.3).
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a b
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e

a

b c d

e

Figure 3.1 FT-IR spectra of monomer 2a and PPE 3a

Figure 3.2 1H NMR spectra of monomer 2a and PPE 3a in CDCl3
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Figure 3.3 13C NMR spectra of monomer 2a and PPE 3a in CDCl3

In the Figure 3.1 shows the FT-IR spectra of the monomer 2a and polymer 3a.

This is indicated that carbon triple bond appeared as a very weak broaden peak at 2195

cm-1 and the peak at 1773, 1721 and 1598 cm-1 corresponding with vibrational modes of

the conjugated backbone containing ring deformations and aryl ethynyl C-C stretching

vibrations (Figure 3.1) [49]. In the case of measurement by NMR spectroscopy, the lH

NMR of the polymer 3a is slightly different from the monomer 2a (Figure 3.2). All the

resonances are cleanly broader, suggesting the efficient of polymerization to produce

high molecular weight polymer. Moreover, the resulting polymers were thoroughly

analyzed by 13C-NMR spectroscopy (Figure 3.3) in order to confirm the triple bond

formation and to detect potential diyne defects. The acetylene carbon formation is clearly

visible at δ ~ 91 ppm [49] and no signals around δ ~ 73-71 ppm which could be attributed

to diyne defects [50]. The broaden peak in the 1H NMR along with the no diyne defect

from prepared PPE 3a suggested an uninterrupted conjugated backbone structure. This
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result suggesting the high molecular weight = 20168 Da., degree of polymerization (DPn)

= 36 with narrow polydispersity index (PDI) = 2.40. Even though the new carbon source,

calcium carbide is proven to be suitable starting material for PPE with high yield and

molecular weight but the question arising from these discovery is, can this method are

able to replace those previous conventional methods. Therefore, in the next section, we

decided to prepare PPE from the known procedure and compared those PPEs with our

PPE from the optimized condition.

3.2.3 Comparative study between other conventional methods with CaC2 method

Generally, the most efficient method for synthesized PPEs is Sonogashira cross-

coupling reaction because of its mild reaction condition and remarkable functional group

tolerance [12]. The reaction involves the coupling of dihaloarenes to acetylene source

such as diethynylarenes, protected acetylenes and acetylene gas (Scheme 3.2) [26].

However, herein we selected only diethynylarenes and TMS acetylenes as acetylene

source due to its ease to handle and non flammability unlike an acetylene gas.

Scheme 3.2 The conventional methods for synthesis of PPEs

Initially, we prepared diethynylarene (2a-H) according to literature procedures

and TMS-acetylene was obtained from commercial suppliers.

Part I: Synthesis section

1) Preparation of 1,4-dibutoxy-2,5-diethynylbenzene (2a-H)

Compound 2a-TMS was synthesized by Sonogashira reaction of 2a with ethynyl

trimethylsilane in THF in the presence of PdCl2(PPh3)2 to give a white solid as desired

product in 62% yield (Scheme 3.3). Then, deprotection of trimethylsilyl group took place

Sonogashira coupling

HC CH

TMS

X = I, Br

X Ar X

Ar

Ar
n

or

or

PPEs
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smoothly upon the treatment of K2CO3 in CH2Cl2/MeOH to obtain terminal alkyne 2a-H

in 83% yield.

Scheme 3.3 Synthesis of compound 2a-H

2) Synthesis of PPE 3a from various acetylene sources

We synthesized series of PPE including 3a, 3a-1 and 3a-2 from difference

acetylene sources. PPE 3a-1 and 3a-2 were synthesized from conventional method using

diethynylarene (2a-H) or TMS acetylene respectively as starting material with aryl

diiodide 2a (Scheme 3.4-3.5) according to previous reported procedure [40]. While, PPE

3a was synthesized under our optimized condition using CaC2 as acetylene source.

Synthesis of PPE 3a-1 from diethynylarene (2a-H)

PPE 3a-1 was synthesized by Sonogashira coupling of 2a with 2a-H in

TEA/toluene. The mixture was stirred under N2 atmosphere at room temp for 12 h. TLC

indicated the complete consumption of starting material 2a. After filtration and

precipitation with methanol, orange powder of 3a-1 was received in 95% yield (Scheme

3.4).

O

O

I I

O

O

TMSTMS

TMS H

PdCl2(PPh3)2,CuI, PPh3

TEA, THF, N2, rt, 4 days

2a 62%

20% K2CO3
CH2Cl2, MeOH

N2, rt, 4 h
83%

O

O

HH

2a-TMS

2a-H
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Scheme 3.4 Synthesis of PPE 3a-1

Synthesis of PPE 3a-2 from TMS acetylene

On the other hands, PPE 3a-2 was synthesized by Sonogashira coupling of 2a

with TMS acetylene using Pd(PPh3)4 and CuI as catalyst and DBU as base. The mixture

was stirred in CH3CN/THF under N2 atmosphere at room temp for 3 days. After the

routine workup method yellow greenish powder of 3a-2 were precipitated in 100% yield

(Scheme 3.5).

Scheme 3.5 Synthesis of PPE 3a-2

Part II: Comparative study

1) Polymer 3a-1, 3a-2 and 3a characterization

With all the PPE 3a, 3a-1 and 3a-2 in hand, we then compared 1H NMR spectra

of all polymers by stacking NMR spectra of three methods (Figure 3.4). We found that

PPE 3a-1 and 3a-2 derived from terminal alkyne and TMS-acetylene method,

respectively displayed small peaks in the near 3.5 ppm region of the acetylenic proton

and a weak additional signal appears in the aromatic region while PPE 3a derived from

O

O

I I

O

O
n

0.2% PdCl2(PPh3)2, 0.2% CuI

TEA:toluene (1:2), N2, rt, 12 h

2a

O

O

HH

2a-H 3a-1
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calcium carbide did not give any signal in those region. The small peaks at 3.5 could be

assigned as the unreacted terminal acetylene in PPE while peak at aromatic region

corresponds to the phenyl end groups, carrying a nonreactive iodine atom (Figure 3.4).

Again, those results indicated low molecular weight of PPE from diethynylarene (PPE

3a-1) and TMS acetylene (PPE 3a-2) in the comparison with PPE from calcium carbide

(PPE 3a)

End group =                                       , Acetylenic proton =

Figure 3.4 1H NMR spectra of PPE of 3a from diethynylarene (3a-1), TMS

acetylene (3a-2) and calcium carbide (3a)

OR

RO

I

OR

RO
n

end group

end group

no end group

acetylenic
proton3a-1

3a-2

3a
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2) Determination of molecular weight by GPC

The result in the Table 3.5 indicated that PPE 3a-2 synthesized from TMS-

acetylene method gave PPE with molecular weights around 9,669 Da. (entry 2). While

PPE 3a was synthesized by CaC2 method gave the highest molecular weight around

20,168 Da. (entry 3). Notably, the slightly lower yield of PPE 3a is due to the high

molecular weight portion of polymer was poorly soluble in CH2Cl2 solvent which led to

precipitation.

Table 3.5 Comparison study between PPE synthesized by CaC2 method and these

observed by other methodsa

entry Acetylene sources PPEs Yieldb Mw DPn Mw/Mn

1 3a-1 95% - - -

2 3a-2 100% 9,669 17 2.3

3 CaC2 3a-3 71% 20,168 36 2.4
aThe molecular weight was determined by gel permeation chromatography using THF as eluent and

polystyrene as a standard. bIsolated yield by single precipitation from MeOH/CH2Cl2.

After we confide that our optimized condition was highly effective coupling

reaction producing PPE with high molecular weight and high quality, our next challenge

is to expand the scope of this reaction. Therefore, in the next chapter, we will prepare a
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panel of aryl diiodides carrying various side chains in order to study the generality of this

condition.

3.3 Preparation of aryl diiodides.

We synthesized twelve aryl diiodides (2a-2j) for testing substrate applicability of

our optimized condition (Scheme 3.6). All of aryl diiodides were prepared according to

literatures. The synthesis of such compounds will be discussed in this section.

Scheme 3.6 Diiodoarenes used in this section.
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Compound 2a

Compound 1a was synthesized by alkylation of hydroquinone and butyl bromide

in DMF (76% yield) (Scheme 3.7). Then, the iodination by iodine(I)chloride in methanol

gave compound 2a in 74% yield after purification by column chromatography.

O

O

O

O

I I

OH

HO

KOH, DMF

rt, 12 h.

Br

I-Cl, MeOH

ref lux, 4h.

2a76% 74%1a

Scheme 3.7 Synthesis of compound 2a

Compound 2b

Similar to above method, reaction of hydroquinone with octyl bromide and KOH

in DMF at ambient temperature for 12 h produced compound 1b in 50% yield. Then, the

iodination by iodine(I)chloride in methanol generated compound 2b in 36% yield

(Scheme 3.8).

Scheme 3.8 Synthesis of compound 2b
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I I

OH

HO
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rt, 12 h.

I-Cl, MeOH

reflux, 4h.

2b50% 36%

Br
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Compounds 2c and 2e

To synthesize compounds 2c and 2e, we first carefully reacted 2-ethylhexyl

bromide with hydroquinone in dried DMSO providing dialkylated 1c and monoalkylated

1d in 92% and 77% yield, respectively. Then, 1d was further methylated by methyl

iodide to give 1e in 85% yield. Finally, the iodination of 1c and 1e were subjected to the

routine iodination with iodine(I)chloride in methanol to obtain 2c and 2e in 78 and 85%

yield, respectively (Scheme 3.9).

Scheme 3.9 Synthesis of compounds 2c and 2e

Compound 2f

To test the compatibility of our method with alcohol substrate, we decided to

prepare compound 2f. We reacted 3-chloropropane-1-ol with hydroquinone in MeCN

resulting in the formation of compound 1f in 76% yield. Then, iodination by

iodine(I)chloride in methanol gave compound 2f in 98% yield (Scheme 3.10).
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Scheme 3.10 Synthesis of compound 2f

Compound 2h

Compound 2h were synthesized in order to prove that polyoxygenic substrate did

not affect the reaction condition. We first activated hydroxyl group on diethyleneglycol

monomethylether with mesylchloride to obtain 1g in 90% yield. Then, 1g was reacted

with hydroquinone in DMF at 60 0C for 20 h to generate 1h in 96%. Finally, iodination

by iodine(II) gave 2h in 66% yield (Scheme 3.11).

Scheme 3.11 Synthesis of compound 2h
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Compounds 2i, 2j and 2k

To confirm that our condition is the gentle reaction that allows the substrate

carrying sensitive functional group to react, we decided to prepare compounds 2i, 2j and

2k. Compounds 2i and 2j were easily generated from esterification of 2f with acetic or

hexanoic anhydride in pyridine and refluxing for 3 h to obtain 96 and 99% yield,

respectively. On the other hand, 2f was reacted with p-toluenesulfonylchloride in dried

CH2Cl2 resulting in formation of compound 2k in 63% yield (Scheme 3.12).
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Compounds 2l, 2m, 2n and 2o

To demonstrate the high compatibility of various functional groups in our method,

reactive group substituted aryldiiodide were synthesized. Reaction of 2k with NaN3 in

dried DMF was refluxed for 12 h to give diazide compound 2l in quatitative yield

(Scheme 3.13). Then, the reduction of 2l by triphenylphosphine in THF/H2O to afford

compound 2m in 99% yield. On the other hand, compound 2n was generated from
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bromination of 2k gave in 65% yield. Furthermore, we obtained compound 2o as minor

product from bromination in 34% yield.
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Scheme 3.13 Synthesis of compounds 2l, 2m, 2n and 2o

3.4 Preparation PPEs (3a-3o) from monomers (2a-2o)

With all the diiodo benzene (2a-2o) in hands, we next studied the generality of

our reaction. Therefore, a series of aryl diiodides (2a-2o) which were prepared according

to section 3.4 were subjected to the coupling reaction with CaC2 under the optimized

reaction conditions: aryl diiodides 2a-2o (1 equiv), CaC2 (6 equiv), Pd(OAc)2 (5%mol),

PPh3 (10%mol), CuI (10%mol) in the mixture of DBU/THF in a ratio 1:2 and reaction

proceeded smoothly at room temperature under a nitrogen atmosphere for 20 h to give the

corresponding PPEs 3a-3o. The results were summarized in Table 3.6.
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Table 3.6 PPEs substrate applicability

5% Pd(OAc)2,
10% CuI, 10% PPh3

2 3
nDBU/THF, N2, rt, 20 h

CaC2I I

R2

R1

R2

R1

entry PPE 3 yielda Mw
b (Da) DPn

b Mw/Mn
b

1 71% 20,168 36 2.3

2 78% 40,972 48 2.4

3 83% 91,300 128 2.0

4 93% 26,915 47 2.2

5 93% N.D. N.D. N.D.

6 87% 26,975 51 1.5

7 66% N.D. N.D. N.D.

8 63% N.D. N.D. N.D.

9 N.A. - - -

10 93% N.D. N.D. N.D.

11 N.A. - - -

12 N.A. - - -

13 N.A. - - -

aIsolated yield by precipitation in MeOH from CH2Cl2.
bDetermined with GPC using universal calibration

with standard polystyrene. N.D.= non dissolved in THF, N.A.= not available.
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The aryl diiodides bearing a symmetrically alkoxy chain (R1=R2) such as butoxy

(2a), octyloxy (2b) and ethylhexyloxy (2c) yielded the desired PPEs in good to excellent

yields (71 - 83%) (entries 1-3). In addition, GPC data indicated that PPEs 3a and 3b

showed higher molecular weight as compared with previous report [40]. Particularly,

diiodo benzene carrying ethylhexyloxy side chain (2c) gave the highest molecular weight

(entry 3). This is due to steric hindrance of side chain which had an impact on π-π

stacking formation leading to excellent solubility of 3c in the reaction medium.

Moreover, the polymerization condition was efficient for unsymmetrical aryl diiodide. As

seen in entry 4, PPE 3e was successful coupling in excellent yield (93%) although, the

molecular weight was significantly decreased when compared with produce asymmetrical

PPE 3c. We hypothesized that the unsymmetrical side chain induced conformation of

polymer to be arranged in helical form. This is due to steric interaction along the polymer

backbone. Surprisingly, aryl diiodides containing oxygeneous substituents such as 2f and

2h were able to tolerate and proceed smoothly under the polymerization condition giving

the desired PPEs 3f and 3h in excellent yields (entries 5, 6). Compound 2h gave PPE 3h

with high degree of polymerization (DPn=32) and narrow polydispersity index (PDI=1.5).

Unfortunately, the molecular weight of PPE 3f could not be measured by GPC because it

is insoluble in THF. In the case of aryl diiodides 2i and 2j containing ester group, we

found that ester group did not survive in the reaction as they could not afford the target

PPEs 3i and 3j (entries 7, 8). FT-IR spectra shown in Figure 3.5 indicated that all ester

groups of PPE 3i disappeared and it was hydrolyzed to alcohol side chain yielding the

PPE 3f. The corresponding to the signal of –OH stretching which displayed at 3300 nm-1

were detected and signal at 1750 nm-1 of C=O stretching disappeared. In the case of

diiodo benzene 2j, the hexyl ester moiety in PPE 3j were hydrolyzed partially as seen in

Scheme 3.19 which showed the signals of C=O and –OH stretching at 1750 nm-1 and

3300 nm-1, respectively. This is due to the reaction consisting of water from undried THF

which could drive the hydrolysis of ester. Unfortunately, the presence of protecting group

3k, amine 3m, bromide 3n and even unsymmetrical with difference functional group 3o

substituents were not suitable for this reaction because they formed only oligomer with
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low molecular weight which could not precipitated in excess methanol, although the

starting material were completely consumed during the reaction condition (entries 9, 11-

13). However, azide substituted aryl diiodide 2l was reacted rapidly to complete

conversion of starting material (less than 3 h) and gave bright yellow powder after

purification in 93% yield. Unfortunately, we could not characterize 3l by NMR

spectroscopy because it did not show any signals in NMR data even in CDCl3 or DMSO-

d6. This may be explained as a result of its poor solubility in solvents.

Figure 3.5 FT-IR spectra of PPEs 3i and 3j

From the previous section, we demonstrated the substrate scope for the synthesis

of PPE from the calcium carbide. Now we turned our attention to the related conjugated

polymer class, poly(aryleneethynylene)s (PAEs).
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3.5 Preparation of diiodo heterocyclic compounds (2p-2s)

Compounds 2p, 2q and 2r

Compounds 2p, 2q and 2r were synthesized in order to see the potential of our

method that may be applicable for PAEs synthesis from diiodo heterocyclic compound.

Initially, we prepared compound 2p which is an important starting material to produce

TNT sensory material by iodination of carbazole with potassium iodide to give 98%

yield. Then, alkylation of 2p using 2-ethylhexyl bromide or octyl bromide in pyridine

provided compound 2q and 2r in 80% and 88% yield, respectively (Scheme 3.14).

Scheme 3.14 Synthesis of compounds 2q and 2r
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Compound 2s

To study the effect of sulfur atom on our reaction, we prepared compound 2s by

iodination of 2,3-dihydrothieno[3,4-b][1,4]dioxine using iodine(I)chloride in dried

CH2Cl2 to afford compound 2s in 17% yield (Scheme 3.15). We can observe the 1H NMR

signal of carbon at dioxine shifting to down field after iodination.

Scheme 3.15 Synthesis of compound 2s

3.6 Preparation of PAEs (3q-3s) from monomers (2q-2s)

Typically, poly(aryleneethynylene)s or PAEs were synthesized from Sonogashira

coupling reaction of aryl dihalide with terminal alkyne or TMS acetylene. Hence, we are

interested to synthesize PAEs from new carbon source calcium carbide under our

optimized condition. The prepared diiodoarene such as 2q, 2r and 2s were subjected to

above mentioned condition in order to determine the efficiency of this reaction. The

results are summarized in Table 3.7.
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Table 3.7 Preparation of PAEs

5% Pd(OAc)2,
10% CuI, 10% PPh3

2 3
nDBU/THF, N2, rt, 20 h

CaC2I Ar I Ar

aIsolated yield by precipitation from MeOH/CH2Cl2.
bDetermined with GPC using universal calibration

with standard polystyrene. N.D.= non dissolved in THF, N.A.= not available

The results in Table 3.7 indicated that monomers 2q and 2r could be used for

synthesis of PAEs 3q and 3r appearing as a deep brown powder in satisfactory yields.

However, the molecular weight could not be determined because of both PPEs were poor

by soluble in THF. While, monomer 2s could not be polymerized to give polymer with

molecular weight high enough to precipitate out from the reaction mixture, although the

starting material 2s was completely consumed under this condition.

3.7 Color appearance

In this section, we observed the color appearance of PPEs in different

environment such as solid state, in solution and under black-light. The appearance is

presented in Table 3.8.

entry aryl diiodides 2 PPE 3 yielda Mw
b

(GPC)
DPn

b

(GPC)
Mw/Mn

b

(GPC)

1
3q

3r

59%

87%

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

2 3s N.A. - - -
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Table 3.8 Color appearance of PPEs 3a-3h

R2

R1

n
3a-h

entry PPEs solid statea solutionb under
black-lightb

1

2

3

4

5

6

aIsolated yield by precipitation from MeOH/CH2Cl2.
bDissolved in chloroform except 3f was dissolved in

DMSO.

3c; R1=R2=
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The photograph of each PPE in Table 3.8 demonstrated that the alkoxy substituted

PPEs are yellow-orange to deep orange powder suggesting that PPEs are defect free

corresponding to Bunz et al. [51] In the case of PPEs solution, we first dissolved PPEs

3a-3e, 3h in chloroform and PPE 3f in DMSO. We observed the color of PPE solution by

naked eye and found that typically all polymers gave yellow greenish emission in

chloroform under visible light, while under black-light they showed greenish-blue

colored emission. Furthermore, we investigated color appearance of synthesized PAEs

(3q and 3r) as seen in the Table 3.9.

Table 3.9 Color appearance of PAEs 3q and 3r

PAEs 3
N

R

n

entry PAEs solid statea
In

solutionb
under

black-lightb

1

2

aIsolated yield by precipitation from MeOH/CH2Cl2.
bDissolved in CHCl3

PAEs 3q appears as deep brown powder similar to PAEs 3r and both were

dissolved in chloroform giving light brown solution under visible light. Surprisingly,

appearance of PAEs solution was investigated under black-light showing strong light

blue emission.
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Generally, conjugated polymer such PPEs displayed high emissive quantum

yields which are close to unity. PPEs absorption and emission change significantly under

different environment. As a consequence, the photophysical properties of PPEs are

excellent indicators for sensor application [8]. Therefore, we then investigated the

photophysical properties of these PPEs to expand the scope of this research into sensor

field.

3.8 Photophysical properties

Figure 3.6 Normalized absorption (solid line) and emission (dotted line) spectra

of PPEs 3a – 3e, 3h in CHCl3 and 3f in DMSO.
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The normalized intensity of absorption and fluorescence spectra of PPEs 3a-3h

are presented in Figure 3.6 and tabulated in Table 3.10. The photophysical properties of

the polymers including maximum absorption wavelength (λabs), maximum emission

wavelength (λem), molar absorptivity (ε) and fluorescence quantum efficiency (Φf) were

determined as presented in Table 3.10.

Table 3.10 Photophysical properties of PPEs 3a-3ha

entry polymer 3 λabs/nm λem/nm log ε Φf

1 447 476 4.32 0.65

2 448 476 4.30 0.66

3 458 479 4.41 0.71

4 450 478 4.02 0.67

5 445b 481b 4.11b 0.34b

6 430 470 4.02 0.67

aAll reaction was dissolved in CHCl3 and used quinine sulfate as reference standard. bPerformed in DMSO

The results in Table 3.10 summarized that all polymers showed maximum

wavelength of absorption around 445 – 458 nm, except PPE 3h which showed maximum

wavelength at 430 nm which is similar to the reported case of a PPE bearing ethylene

glycol side chain [22] and showed the emission maximum around 480 nm, representing a

rather small stoke shift due to the rigid conformation of polymers (Figure 3.6). The fact
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that the absorption spectra and the absorption maxima of the polymers appeared at almost

the same wavelength suggested that these polymers have a similar π-conjugated system.

Moreover, all polymers were found to have high molar absorptivity (ε) which were

reported in log ε around 4.00-4.40. The fluorescence quantum efficiency (Φf) were

determined by using a comparative method with well-characterized standard samples of

known quantum yield values and had the emission range cover in emission of compound.

For all PPEs, quinine sulfate in 0.1 M H2SO4 (Φf = 0.54) was used as the standard and

gave relatively high quantum efficiencies (0.34-0.71). The observed high quantum yields

can be explained by the absence of diacetylene defects due to our robust method of

polymer preparation. [23]
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CHAPTER IV

CONCLUSION

Poly(phenyleneetynylene)s (PPEs) were successfully synthesized directly from

primary chemical feed stock calcium carbide as carbon triple bond source. The synthesis

involves coupling reaction between aryl diodides with calcium carbide via a Pd-catalyzed

coupling reaction. Under the optimized conditions, PPEs are prepared in excellent yields

after precipitation with methanol. To test the functional group compatibility, the aryl

diiodides containing oxygenic or alkoxy side chains are subjected to polymerization

reaction and the desired PPE obtained in good yields along with high molecular weight

and high quality. Unfortunately, aryl diiodides containing sensitive or reactive functional

groups such as ester, bromo or tosyl were not suitable for polymerization under this

optimized condition giving the small oligomer of ethylene phenylene. Moreover, we

demonstrate that poly(aryleneethynylene)s (PAEs) containing heterocyclic ring such as

thiophene and carbazole can be synthesized from this reaction in satisfactory yields.

Photophysical properties of these PPEs show the absorption and emission maximum

around 445 and 480 nm respectively with high molar absorptivity between 4.02-4.41 and

high quantum efficiency in the range of 0.34-0.71. In comparison with the conventional

method using acetylene gas or protected acetylene as starting material, our method offers

several advantages such as 1) low cost starting material 2) convenient experimental setup

3) less hazardous. Therefore, this novel synthetic would be great alternative processor the

preparation of high quality PPEs in laboratory and industrial aspect.
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