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ABSTRACT: Zero-valent palladium complex, Pd(PTh3)3, with three tri(2-thienyl)phos-
phine ligands was prepared and characterized. Pd(PTh3)3 is superior to Pd(PPh3)4 in
catalyzing Suzuki-Miyaura coupling and polymerization of thiophene-based deriva-
tives. The Suzuki polycondensation of 3-hexyl-5-iodothiophene-2-boronic pinacol ester
with Pd(PTh3)3 as the catalyst precursor afforded high-molecular-weight P3HT with
high regularity and yield. VVC 2008 Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem

46: 4556–4563, 2008
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INTRODUCTION

Oligo and polythiophenes and their derivatives,
which exhibited very high carrier mobility in
films, have attracted considerable attention due
to their applications in the fields of photovol-
taics,1–3 light-emitting diodes,4 and thin film
transistors.5 The regioregularity and the molec-
ular weight of polythiophene play crucial roles
in the fabrication of efficient organic solar
cells.6–8 In the literature, the synthetic strat-
egies for the preparation of regioregular poly-
thiophenes mainly involved Kumada-Corriu,9,10

Rieke (also called Negishi),11,12 Stille,13,14 and
Suzuki15–18 crosscoupling reactions. However,
for Kumada-Corriu and Rieke crosscoupling
reactions, the monomers (Grignard reagents or

organozinc compounds) are very susceptible and
not compatible with functional groups such as
aldehyde, carboxylic ester, etc.; for Stille cross-
coupling, the organotin-based monomers are
highly toxic.

Suzuki polycondensation (SPC) route has
many advantages, such as wide functional group
tolerance, the nontoxic, stable, and easy purifi-
cation of monomers, etc. however, it failed to
achieve access to high-molecular-weight regiore-
gular polythiophene.15–18 Recently, electron-rich
and bulky phosphorus ligands have been well-
developed, which show high activity even in the
coupling of electron-rich and hindered aryl chlo-
ride substrates.19–23 However, the use of a single
ligand to satisfy the diverse requirements of
different Suzuki-Miyaura couplings remains
unrealized.19 The employment of such ligands in
Suzuki-Miyaura coupling of thiophene-based
compounds did not give results as good as the
coupling of other aryl-based substrates.22 Here,
we describe the use of a novel efficient catalyst
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precursor, tris[tri(2-thienyl)phosphine]palladium
(Pd(PTh3)3), for Suzuki-Miyaura crosscoupling
and polycondensation of thiophene-based mono-
mers.

EXPERIMENTAL

Materials and Instruments

All chemicals were purchased from commercial
suppliers and used without further purification.
Solvents were dried according to standard proce-
dures. 3-hexylthiophene,24 2,5-dibromo-3-hex-
ylthiophene,25 5-bromothiophene-2-carbalde-
hyde,26 2-iodo-3-hexylthiophene,16 2-(5-iodo-4-
hexyl-2-thienyl)-4,4,5,5-tetramethyl-1,3,2-diox-
aborolane (3),16 and 2-(5-bromo-4-hexyl-2-
thienyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(4)17 were prepared according to literature pro-
cedures. All reactions were performed under an
atmosphere of nitrogen and monitored by TLC
with silica gel 60 F254 (Merck, 0.2 mm). Column
chromatography was carried out on silica gel
(200–300 mesh). 1H, 13C, and 31P NMR spectra
were recorded on a Bruker DM 300 or AV 400
spectrometer in CDCl3. The gel permeation
chromatography (GPC) measurements were per-
formed on a Waters chromatography connected
to a Water 410 differential refractometer with
THF as an eluent. Elemental analyses were per-
formed on a Flash EA 1112 analyzer.

Synthesis of Tris[tri(2-thienyl)phosphine]
palladium(0) [Pd(PTh3)3]

A degassed mixture of PdCl2 (0.05 g, 0.28 mmol)
and tri(2-thienyl)phosphine (0.30 g, 1.07 mmol)
in DMF (11 mL) was heated to 90 8C and then
hydrazine hydrate (0.13 mL, 0.28 mmol) was
added over 1 min. The dark solution was
allowed to cool to room temperature. The crys-
tals were collected by filtration and washed suc-
cessively with ethanol and ether. Pd(PTh3)3 was
obtained as a yellow crystal.

1H-NMR (400 MHz, CDCl3) d 7.42 (d, 3H),
7.15 (m, 3H), 6.88 (t, 3H). 15P NMR (400 MHz,
CDCl3) d �22.62 (s). Anal. Calcd. for C36H27P3-
PdS9: C, 45.63; H, 2.87. Found: C, 45.62; H, 2.89.

Crystal data of Pd(PTh3)3 (C36H27P3PdS9):
Mw ¼ 947.43. T ¼ 293(2) K. Rhombohedra,
space group R3, a ¼ 20.419(3), b ¼ 20.419(3), c
¼ 16.717(3) A, a ¼ 908, b ¼ 908, c ¼ 1208, V ¼
6036.1(17) A3, Z ¼ 6, D ¼ 1.564 mg m�3, l ¼

1.074 mm�1, R1 ¼ 0.1010, wR2 ¼ 0.2029 (all
data), GOF ¼ 0.989.

5-Bromo-2-iodothiophene-3-carbaldehyde

To a degassed solution of 5-bromothiophene-3-
carbaldehyde (3.0 g, 15.7 mmol) in chloroform
(100 mL) and acetic acid (20 mL), which was
cooled to 0–5 8C with an ice-water bath, was
added N-iodosuccinimide (5 g, 22.2 mmol). The
ice-water bath was removed and the resulted
mixture was stirred at room temperature for
4 h. The deep red solution was poured into an
aqueous Na2SO3 solution, the organic layer was
separated, the aqueous layer was extracted with
chloroform, and the combined organic layers
were dried over anhydrous Na2SO4 and evapo-
rated to dryness. The crude product was chro-
matographically purified on silica gel eluting
with hexane/CH2Cl2 (1:1) to give 5-bromo-2-iodo-
thiophene-3-carbaldehyde as a yellow solid (4.80
g, 96.4%).

1H-NMR (400 MHz, CDCl3) d 9.54 (s, 1H),
7.27 (s, 1H). 13C-NMR (400 MHz, CDCl3) d
185.54, 142.35, 129.41, 117.90, 87.75. Anal.
Calcd. for C5H2BrIOS: C, 18.95; H, 0.64; S,
10.32. Found: C, 18.91; H, 0.30; S, 10.12.

3,4-Bis(4-octyloxyphenyl)-2,5-dibromothiophene

To a degassed solution of 3,4-bis(4-octyloxyphe-
nyl)thiophene (0.51 g, 1.03 mmol) in chloroform
(100 mL), which was cooled to 0–5 8C with an
ice-water bath, N-bromosuccinimide (0.52 g, 2.9
mmol) was added. The ice-water bath was
removed and the resulted mixture was stirred
at room temperature for 4 h. The deep red solu-
tion was poured into an aqueous Na2SO3 solu-
tion, the organic layer was separated, the aque-
ous layer was extracted with chloroform, and
the combined organic layers were dried over an-
hydrous Na2SO4 and evaporated to dryness. The
crude product was chromatographically purified
on silica gel eluting with hexane/CH2Cl2 (2:1) to
give 3,4-bis(4-octyloxyphenyl)-2,5-dibromothio-
phene as a yellow solid (0.66 g, 100%).

1H-NMR (400 MHz, CDCl3) d 6.96 (d, 4H),
6.76 (d, 4H), 3.90 (t, 4H), 1.75 (m, 4H), 1.4 (m,
20 H), 0.88 (t, 6H). 13C-NMR (400 MHz, CDCl3)
d 158.49, 141.93, 131.28, 126.61, 113.88, 108.87,
67.85, 31.77, 29.32, 29.25, 29.19, 26.03, 22.61,
14.04. Anal. Calcd. for C32H42Br2O2S: C, 59.08;
H, 6.51; S, 4.77. Found: C, 58.78; H, 6.49; S,
4.93.
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5-(Thiophen-2-yl)thiophene-2-carbaldehyde
by Pd(PPh3)4

A mixture of 5-bromothiophene-2-carbaldehyde
(0.1260 g, 0.659 mmol), 2-thiopheneboronic ester
(0.1384 g, 0.659 mmol), THF (20 mL), water (5
mL), NaHCO3 (1.1 g, 13.2 mmol) and Pd(PPh3)4
(11.4 mg, 9.9 3 10�3 mmol) was carefully
degassed and charged with nitrogen (Table 1,
Entry 1). The reaction mixture was stirred and
refluxed for 48 h. CH2Cl2 was then added, and
the organic layer was separated and dried over
Na2SO4. The crude product was chromatograph-
ically purified on silica gel eluting with hexane/
CH2Cl2 (1:2) to provide the title compound as a
yellow solid (84 mg, 66%).

1H-NMR (400 MHz, CDCl3) d 9.86 (s, 1H),
7.67 (d, 1H), 7.36 (d, 2H), 7.25 (d, 1H), 7.08 (t,
1H). 13C-NMR (400 MHz, CDCl3) d 182.50,

147.14, 141.70, 137.25, 136.02, 128.33, 127.06,
126.12, 124.21. Anal. Calcd. for C9H6OS2: C,
55.64; H, 3.11; S, 32.04. Found: C, 55.40; H,
3.19; S, 33.01.

5-(Thiophen-2-yl)thiophene-2-carbaldehyde
by Pd(PTh3)3

A mixture of 5-bromothiophene-2-carbaldehyde
(0.1665 g, 0.871 mmol), 2-thiopheneboronic ester
(0.183 g, 0.871 mmol), THF (20 mL), water (5 mL),
NaHCO3 (1.46 g, 17.4 mmol), and Pd(PTh3)3
(12.4 mg, 1.31 3 10�2 mmol) was carefully
degassed and charged with nitrogen (Table 1,
Entry 1). The reaction mixture was stirred and
refluxed for 48 h under N2. CH2Cl2 was then
added, and the organic layer was separated and
dried over Na2SO4. The crude product was chro-
matographically purified on silica gel eluting

Table 1. Suzuki-Miyaura Coupling of Thienyl Halide and Thiophene-2-Boronic
Ester with Pd(PPh3)4 or Pd(PTh3)3 as the Catalyst Precursor

Entry Thienyl Halide Product

Yield (%)

Pd(PPh3)4 Pd(PTh3)3

1a 66 95

2b 76 82

3b 91 92

4c 54 78

5c 77 96

a 1 equiv of thienyl halide, 1 equiv of thiophene boronic ester, 20 equiv of NaHCO3, THF (20
mL), H2O (5 mL), 1.5 mol % equiv of Pd(PPh3)4, or Pd(PTh3)3, and reflux for 48 h.

b 1 equiv of thienyl halide, 2 equiv of thiophene boronic ester, 20 equiv of NaHCO3, THF (20
mL), H2O (5 mL), 1.5 mol % equiv of Pd(PPh3)4, or Pd(PTh3)3, and reflux for 48 h.

c 1 equiv of thienyl halide, 1 equiv of thiophene boronic ester, 20 equiv of NaHCO3, THF (20
mL), H2O (5 mL), 1.5 mol % equiv of Pd(PPh3)4, or Pd(PTh3)3, and 50 8C for 48 h.
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with hexane/CH2Cl2 (1:2) to provide 5-(2-thio-
phenyl)thiophene-2-carbaldehyde as a yellow
solid (0.161 g, 95%).

2,5-Dithienyl-3-hexylthiophene by Pd(PPh3)4

A mixture of 2,5-dibromo-3-hexylthiophene
(0.1566 g, 0.481 mmol), 2-thiopheneboronic ester
(0.2020 g, 0.962 mmol), THF (20 mL), water (5
mL), NaHCO3 (0.81 g, 9.62 mmol), and Pd(PPh3)4
(10.7 mg, 7.2 3 10�3 mmol) was carefully
degassed and charged with nitrogen (Table 1,
Entry 2). The reaction mixture was stirred and
refluxed for 48 h. CH2Cl2 was then added, the or-
ganic layer separated, and dried over Na2SO4.
The crude product was chromatographically puri-
fied on silica gel eluting with hexane to provide
the title compound as a green oil (0.121 g, 76%).

1H-NMR (400 MHz, CDCl3) d 7.29 (d, 1H),
7.19 (d, 1H), 7.15 (d, 1H), 7.12 (d, 1H), 7.05 (t,
1H), 7.00 (m, 2 H). 13C-NMR (400 MHz, CDCl3)
d 140.27, 137.22, 135.88, 135.09, 129.51, 127.81,
127.38, 126.49, 125.82, 125.29, 124.28, 123.53,
31.63, 30.53, 29.31, 29.20, 22.60, 14.07. Anal.
Calcd. for C18H20S3: C, 65.01; H, 6.06; S, 29.01.
Found: C, 64.85; H, 6.09; S, 28.93.

2,5-Dithienyl-3-hexylthiophene by Pd(PTh3)3

A mixture of 2,5-dibromo-3-hexylthiophene (0.1688
g, 0.518 mmol), 2-thiopheneboronic ester (0.2178 g,
1.04 mmol), THF (20 mL), water (5 mL), NaHCO3

(0.871 g, 10.4 mmol), and Pd(PTh3)3 (7.36 mg, 7.8
3 10�3 mmol) was carefully degassed and charged
with nitrogen (Table 1, Entry 2). The reaction mix-
ture was stirred and refluxed for 48 h under N2.
CH2Cl2 was then added; and the organic layer was
separated, dried over Na2SO4, and evaporated to
dryness. The crude product was chromatographi-
cally purified on silica gel eluting with hexane to
provide the title compound as a green oil (0.141 g,
82%).

3,4-Bis(4-octyloxyphenyl)-2,5-di(2-
thienyl)thiophene by Pd(PPh3)4

A mixture of 3,4-bis(4-octyloxyphenyl)-2,5-dibro-
mothiophene (0.1003 g, 0.154 mmol), 2-thiophe-
neboronic ester (64.8 mg, 0.308 mmol), THF (18
mL), water (4 mL), NaHCO3 (1 g, 11.9 mmol),
and Pd[PPh3]4 (2.7 mg, 2.3 3 10�3 mmol) was
carefully degassed and charged with nitrogen
(Table 1, Entry 3). The reaction mixture was
stirred and refluxed for 48 h. CH2Cl2 was then
added, the organic layer separated, and dried

over Na2SO4. The crude product was chromato-
graphically purified on silica gel eluting with
hexane/CH2Cl2 (1:1) to provide the title com-
pound as a yellow solid (92.3 g, 91%).

1H-NMR (400 MHz, CDCl3) d 7.10 (d, 2H),
7.00 (m, 6H), 6.90 (m, 2H), 6.74 (d, 4H), 3.90 (t,
4H), 1.76 (m, 4H), 1.45 (m, 4 H), 1.32 (m, 16 H),
0.89 (t, 6 H). 13C-NMR (100 MHz, CDCl3) d
158.45, 139.96, 136.47, 131.77, 130.75, 127.96,
126.76, 125.55, 125.33, 114.10, 67.81, 31.79,
29.38, 29.31, 29.21, 26.06, 22.63, 14.07. Anal.
Calcd. for C40H48O2S3: C, 73.12; H, 7.36; S,
14.48. Found: C, 72.90; H, 7.38; S, 14.64.

3,4-Bis(4-octyloxyphenyl)-2,5-di(2-
thienyl)thiophene by Pd(PTh3)3

A mixture of 3,4-bis(4-octyloxyphenyl)-2,5-dibro-
mothiophene (0.1399 g, 0.215 mmol), 2-thiophe-
neboronic ester (90.36 mg, 0.431 mmol), THF
(20 mL), water (5 mL), NaHCO3 (1 g, 11.9
mmol), and Pd(PTh3)3 (3.1 mg, 3.23 3 10�3

mmol) was carefully degassed and charged with
nitrogen (Table 1, Entry 3). The reaction mix-
ture was stirred and refluxed for 48 h. CH2Cl2
was then added; and the organic layer was sepa-
rated, dried over Na2SO4, and evaporated to
dryness. The crude product was chromatograph-
ically purified on silica gel eluting with hexane/
CH2Cl2 (1:1) to provide the title compound as a
yellow solid (0.129 g, 92%).

2-Bromo-5-thienyl-thiophene by Pd(PPh3)4

A mixture of 2-bromo-5-iodothiophene (0.2072 g,
0.717 mmol), 2-thiopheneboronic ester (0.1506 g,
0.717 mmol), THF (20 mL), water (5 mL),
NaHCO3 (1.21 g, 14.3 mmol), and Pd(PPh3)4
(12.4 mg, 1.08 3 10�2 mmol) was carefully
degassed and charged with nitrogen (Table 1,
Entry 4). The reaction mixture was stirred and
refluxed for 48 h. CH2Cl2 was then added, the
organic layer separated, and dried over Na2SO4.
The crude product was chromatographically
purified on silica gel eluting with hexane to pro-
vide the title compound as a yellow solid (95 mg,
54%).

1H-NMR (400 MHz, CDCl3) d 7.23 (d, 1H),
7.11 (d, 1H), 7.01 (t, 1H), 6.97 (d, 1H), 6.92 (d,
1H). Anal. Calcd. for C8H5BrS2: C, 39.19; H,
2.06; S, 25.63. Found: C, 39.21; H, 2.14; S,
26.16.
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2-Bromo-5-thienyl-thiophene by Pd(PTh3)3

A mixture of 2-bromo-5-iodothiophene (0.21 g,
0.727 mmol), 2-thiopheneboronic ester (0.1527 g,
0.727 mmol), THF (20 mL), water (5 mL),
NaHCO3 (1.22 g, 14.5 mmol), and Pd(PTh3)3
(10.3 mg, 10.9 3 10�3 mmol) was carefully
degassed and charged with nitrogen (Table 1,
Entry 4). The reaction mixture was stirred and
refluxed for 48 h. CH2Cl2 was then added, the
organic layer separated, and dried over Na2SO4.
The crude product was chromatographically
purified on silica gel eluting with hexane to pro-
vide the title compound as a yellow solid (0.139
g, 78%).

5-Bromo-2-thienyl-thiophene-3-carbaldehyde
by Pd(PPh3)4

A mixture of 5-bromo-2-iodothiophene-3-carbal-
dehyde (0.1935 g, 0.610 mmol), 2-thiophenebor-
onic ester (0.128 g, 0.61 mmol), THF (20 mL),
water (5 mL), NaHCO3 (1.03 g, 12.2 mmol), and
Pd(PPh3)4 (10.6 mg, 9.15 3 10�3 mmol) was
carefully degassed and charged with nitrogen
(Table 1, Entry 5). The reaction mixture was
stirred and refluxed for 48 h under N2. CH2Cl2
was added; the organic layer was separated,
dried over Na2SO4, and evaporated to dryness.
The crude product was chromatographically
purified on silica gel eluting with hexane/
CH2Cl2 (2:5) to provide the title compound as a
yellow solid (0.128 g, 77%).

1H-NMR (400 MHz, CDCl3) d 9.96 (s, 1 H),
7.48 (m, 2 H), 7.25 (m, 1 H), 7.14 (t, 1 H). 13C-
NMR (100 MHz, CDCl3) d 183.79, 148.50,
137.63, 130.99, 129.57, 129.36, 129.09, 128.29,
112.77. Anal. Calcd. for C9H5BrOS2: C, 39.57; H,
1.84; S, 23.13. Found: C, 39.54; H, 1.87; S,
23.48.

5-Bromo-2-(2-thienyl)thiophene-3-carbaldehyde
by Pd(PTh3)3

A mixture of 5-bromo-2-iodothiophene-3-carbal-
dehyde (0.196 g, 0.617 mmol), 2-thiophene bor-
onic ester (0.1296 g, 0.617 mmol), THF (20 mL),
water (5 mL), NaHCO3 (1.04 g, 12.3 mmol), and
Pd(PTh3)3 (8.8 mg, 9.26 3 10�3 mmol) was care-
fully degassed and charged with nitrogen (Table
1, Entry 5). The reaction mixture was stirred
and refluxed for 48 h. CH2Cl2 was then added,
the organic layer separated, and dried over
Na2SO4. The crude product was chromatograph-

ically purified on silica gel eluting with hexane/
CH2Cl2 (2:5) to provide the title compound as a
yellow solid (0.163 g, 96%).

General Procedures for the Preparation of P3HT

A mixture of monomer 3 or 4, THF or THF/Tolu-
ene, water, NaHCO3 and the catalyst precursor
(Pd(PPh3)4 or Pd(PTh3)3) was carefully degassed
and charged with nitrogen. The reaction mix-
ture was stirred and refluxed for 3 days. CHCl3
and aqueous hydrochloric acid was then added;
the organic layer was separated and dried over
Na2SO4. After the removal of the solvent, the
residue was dissolved in a minimum amount of
THF and precipitated into methanol. The
formed deep red precipitates were collected by
filtration and further purified by extraction with
methanol, hexane, and THF successively. The
THF extraction was collected and evaporated to
dryness, and the residue was dissolved in a
small amount of benzene and freeze-dried to
give P3HT as a dark solid.

1H-NMR (400 MHz, CDCl3) d 6.98 (s, 1H),
2.80 (b, 2H), 1.70 (b, 2H), 1.45–1.2 (b, 6H), 0.90
(b, 3H). The product was characterized with a
head to tail linkage of 97% 6 1% by 1H-NMR
integration.

Entry 1: 3 (0.15 g, 0.36 mmol), THF (12 mL),

H2O (3.5 mL), NaHCO3 (0.59 g, 7 mmol) and
Pd(PTh3)3 (4.3 mg, 4.5 3 10�3 mmol) were
used. 42 mg (a yield of 72%) of P3HT (THF
fraction) was obtained.

Entry 2: 3 (0.16 g, 0.38 mmol), THF (8 mL), Tol-
uene (2 mL), H2O (3.5 mL), NaHCO3 (0.65 g,
7.7 mmol) and Pd(PTh3)3 (4.8 mg, 5.1 3 10�3

mmol) were used. 44 mg (a yield of 68%) of
P3HT (THF fraction) was obtained.

Entry 3: 3 (0.21 g, 0.50 mmol), THF (7 mL), Tolu-
ene (7 mL), H2O (4 mL), NaHCO3 (0.84 g, 10
mmol) and Pd(PTh3)3 (6.1 mg, 6.4 3 10�3

mmol) were used. 52 mg (a yield of 62%) of
P3HT (THF fraction) was obtained.

Entry 4: 4 (0.19 g, 0.51 mmol), THF (18 mL),
H2O (4.5 mL), NaHCO3 (0.84 g, 10 mmol) and
Pd(PTh3)3 (5.8 mg, 6.1 3 10�3 mmol) was
used. 17 mg (a yield of 20%) of P3HT (THF
fraction) was obtained.

Entry 5: 4 (0.15 g, 0.40 mmol), THF (8 mL), Tol-
uene (2 mL), H2O (3.5 mL), NaHCO3 (0.67 g,
8.0 mmol) and Pd(PTh3)3 (4.6 mg, 4.9 3 10�3

mmol) was used. 18 mg (a yield of 30%) of
P3HT (THF fraction) was obtained.
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Entry 6: 4 (0.14 g, 0.38 mmol), THF (7 mL), Tol-
uene (7 mL), H2O (3 mL), NaHCO3 (0.65 g,
7.7 mmol) and Pd(PTh3)3 (4.5 mg, 4.7 3 10�3

mmol) was used. 18 mg (a yield of 27%) of
P3HT (THF fraction) was obtained.

Entry 7: 3 (0.18 g, 0.43 mmol), THF (18 mL),
H2O (4 mL), NaHCO3 (0.72 g, 8.57 mmol) and
Pd(PPh3)4 (5.0 mg, 4.3 3 10�3 mmol) was
used. 15 mg (a yield of 22%) of P3HT (THF
fraction) was obtained.

Entry 8: 4 (0.18 g, 0.48 mmol), THF (18 mL),
H2O (4 mL), NaHCO3 (0.81 g, 9.6 mmol), and
Pd(PPh3)4 (5.6 mg, 4.8 3 10�3 mmol) were
used. 9 mg (a yield of 11%) of P3HT (THF
fraction) was obtained.

RESULTS AND DISCUSSION

Suzuki-Miyaura Crosscoupling of
Thiophene-Based Monomers

The preparation of zerovalent palladium com-
plex of tri(2-thienyl)phosphine is similar to the
procedure reported for Pd(PPh3)4.

27 X-ray crys-
tallography and computational chemistry finally
revealed that each zerovalent palladium atom
has three tri(2-thienyl)phosphine ligands in this
complex. The ORTEP diagram of Pd(PTh3)3 is
given in Figure 1. The length of the Pd(0)-phos-
phine bond in Pd(PTh3)3 is 2.2849 Å, smaller
than that of Pd(0)-phosphine (2.427, 2.458 Å) in
Pd(PPh3)4.

28

The well-known catalytic cycle of the Suzuki-
Miyaura crosscoupling reaction includes three
key steps: oxidative addition, transmetalation,
and reductive elimination, in which oxidative
addition is the rate-determining step.29 In gen-
eral, palladium complexes with fewer than four
phosphine ligands or bulky phosphines are
highly reactive in the oxidative addition step
because of the ready formation of coordinatively
unsaturated palladium species, and the elec-
tron-donating ability of ligands is usually con-
sidered to be an important factor in improving
the activity of the catalyst. The electron-rich
ligands facilitate the oxidative addition by
increasing the electron-density of the palladium
intermediate.30,31 The ligand–ligand exchange
reaction between aryls at a Pd center and the
phosphorus of the ligand and the deboronation
of the thiophene-based monomers are the main
side reactions that prohibit the formation of
high-molecular-weight polythiophenes.15–18,32–35

The use of electron-rich compounds as a ligand
of palladium for Suzuki polycondensation should
suppress the side reactions and afford higher
molecular weight polymers.

According to the report of Katritzky et al.,
furyl and thienyl ring systems are stronger elec-
tron donors than unsubstituted phenyl rings.36,37

Triphenylphosphine and tri(2-furyl)phosphine
are well-known ligands for zerovalent palladium
compounds.38 While TFP has proven highly effi-
cient for Stille, Negishi and Heck reactions, TFP
is yet to be proven as effective for the Suzuki-
Miyaura couplings.38,39 To the best of our knowl-
edge, this is the first report on tri(2-thienyl)-
phosphine as a ligand of zerovalent palladium
for catalyzing coupling reactions. The high activ-
ity of the tri(2-thienyl)phosphine ligand in Suzuki-
Miyaura coupling of thiophene-based substrates
is probably due to the strong electron donating
ability of the thienyl rings.36,37

This tri(2-thienyl)phosphine-based zerovalent
palladium complex was firstly used as the cata-
lyst precursor to screen Suzuki-Miyaura cross-
coupling of thiophene-based substrates. The
results are summarized in Table 1. For compari-
son, the results of Pd(PPh3)4 as a catalyst pre-
cursor are also listed in Table 1. Under the
same reaction conditions, Pd(PTh3)3 gave better
results than the traditional Pd(PPh3)4 did. Table
1 clearly demonstrates that the coupling of

Figure 1. ORTEP diagram of Pd(PTh3)3. Thermal
ellipsoids are represented by the 30% probability
surfaces.
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thiophene-based substrates carrying aldehyde
functional groups gives improved yields.

Suzuki-Miyaura Polycondensation

To evaluate the catalytic activity in polymeriza-
tion, the freshly prepared catalyst precursor,
Pd(PTh3)3, was applied in the Suzuki polycon-
densation of the thiophene-based monomers.
AB-type monomers 3-hexyl-5-iodothiophene-2-
boronic pinacol ester (3) and 3-hexyl-5-bromo-
thiophene-2-boronic pinacol ester (4) were used
for the polymerization (Scheme 1). The reactions
were carried out in a biphasic mixture of aque-
ous NaHCO3/THF or aqueous NaHCO3/THF/tol-
uene with approximate 1.2 mol % of Pd(PPh3)4
or Pd(PTh3)3 as catalyst precursor. Standard
workup afforded P3HT as a dark-red amorphous
material and the results are summarized in Ta-
ble 2. The molecular weights of entries 1–8 were
as determined by GPC calibrated with polysty-
rene standard. The head-to-tail regularity of
P3HT is over 97% determined by the integration
of 1H-NMR spectra following a literature
method.40 Table 2 illustrates (a) the use of
Pd(PTh3)3 instead of Pd(PPh3)4 as a catalyst

precursor in SPC of both iodo- and bromo-substi-
tuted thiophene monomers can significantly
boost the yields and molecular weights of the
polymers; (b) the combination of iodo monomer
3 and Pd(PTh3)3 as a catalyst precursor leads to
a yield of 72% and weight average molecular
weight of 26,000 for P3HT. In comparison to the
literature reported results of the polymerization
of 3-alkyl-5-bromothiophene-2-boronic pinacol
ester with t-Bu3P and Buchwald-type ligands
(Chart 1) as the ligands of palladium, our
results (Table 2, Entries 5 and 6) are compara-
ble. Tri(2-thienyl)phosphine ligand is slightly
superior to t-Bu3P, (o-biphenyl)P

tBu2, and 5, but
slightly inferior to ligand 6.17 It is worth to note
that the synthesis of tri(2-thienyl)phosphine
ligand is much simpler than the preparation of
Buchwald-type ligands. The use of phosphorus
ligand-free palladium catalyst, Pd(OAc)2, pro-
duces quite high molar mass polymer, but with
low regioregularity and capricious yield.16,17

CONCLUSIONS

In conclusion, we report a new zerovalent palla-
dium complex with tri(2-thienyl)phosphine as
ligands; X-ray crystallography and computa-
tional chemistry are used to reveal its exact
structure; for the first time, this complex has
been used as catalyst precursor for the coupling
of thiophene-based substrates. Our work clearly
demonstrates that Pd(PTh3)3 is superior to
Pd(PPh3)4, in catalyzing Suzuki-Miyaura cou-
pling and polymerization of thiophene-based sub-
strates. The combination of Pd(PTh3)3 and mono-
mer 3 afforded high-molecular-weight P3HT with
high regularity. Ongoing studies are directed at
the reaction and the development of novel 2-thie-
nylphosphine-based ligands for Suzuki polycon-
densation of thiophene-based bromo monomers.

Scheme 1. Synthesis of P3HT by SPC with Pd(PPh3)4
or Pd(PTh3)3 as catalyst precursors.

Table 2. Mw, Mw/Mn, and Yields of SPC of
Monomers 3 and 4 Under Different Conditions

Entrya Monomer Catalyst
Yield
(%) Mw

d Mw/Mn
d

1a 3 Pd(PTh3)3 72 26,000 2.29
2b 3 Pd(PTh3)3 68 15,500 1.57
3c 3 Pd(PTh3)3 62 14,800 1.47
4a 4 Pd(PTh3)3 20 7,800 1.21
5b 4 Pd(PTh3)3 30 11,300 1.33
6c 4 Pd(PTh3)3 27 11,400 1.32
7a 3 Pd(PPh3)4 22 13,900 1.61
8a 4 Pd(PPh3)4 11 4,800 1.17

a THF/H2O.
b THF/toluene/H2O ¼ 4/1/1.
c THF/toluene/H2O ¼ 4/4/1.
d Determined by GPC with polystyrene standards

(Eluent: THF).

Chart 1. The chemical structures of Buchwald-type
ligands.
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chet, J. M. J. J Am Chem Soc 2006, 128, 13988–
13989.

3. Kim, J. Y.; Lee, K.; Coates, N. E.; Moses, D.;
Nguyen, T.-Q.; Dante, M.; Heeger, A. J. Science
2007, 317, 222–225.

4. Perepichka, I. F.; Perepichka, D. F.; Meng, H.;
Wudl, F. Adv Mater 2005, 17, 2281–2305.

5. Zaumseil, J.; Sirringhaus, H. Chem Rev 2007,
107, 1296–1323.

6. Kim, K.; Liu, J.; Namboothiry, M. A. G.; Carroll,
D. L. Appl Phys Lett 2007, 90, 163511–163513.

7. Li, G.; Shrotriya, V.; Huang, J.; Yao, Y.; Moriarty,
T.; Emery, K.; Yang, Y. Nat Mater 2005, 4, 864–
868.

8. Yang, C.; Hu, J. G.; Heeger, A. J. J Am Chem Soc
2006, 128, 12007–12013.

9. McCullough, R. D.; Williams, S. P. J Am Chem
Soc 1993, 115, 11608–11609.

10. Loewe, R. S.; Khersonsky, S. K.; McCullough, R.
D. Adv Mater 1999, 3, 250–253.

11. Chen, T. A.; Wu, X.; Rieke, R. D. J Am Chem Soc
1995, 117, 233–244.

12. Chen, T. A.; Rieke, R. D. J Am Chem Soc 1992,
114, 10087–10088.

13. McCullough, R. D.; Ewbank, P. C.; Loewe, R. S.
J Am Chem Soc 1997, 119, 633–634.

14. Iraqi, A.; Barker, G. W. J Mater Chem 1998, 8, 25–
29.

15. Guillerez, S.; Bidan, G. Synth Met 1998, 93, 123–
126.

16. Jayakannan, M.; Lou, X.; Van Dongen, J. L. J.;
Janssen, R. A. J. J Polym Sci Part A: Polym
Chem 2005, 43, 1454–1462.

17. Liversedge, I. A.; Higgins, S. J.; Giles, M.; Heeney,
M.; McCulloch, I. Tetrahedron Lett 2006, 47, 5143–
5146.

18. Jayakannan, M.; Van Dongen, J. L. J.; Janssen,
R. A. J. Macromolecules 2001, 34, 5386–5393.

19. Barder, T. E.; Walker, S. D.; Martinelli, J. R.;
Buchwald, S. L. J Am Chem Soc 2005, 127, 4685–
4696.

20. Old, D. W.; Wolfe, J. P.; Buchwald, S. L. J Am
Chem Soc 1998, 120, 9722–9723.

21. Wolfe, J. P.; Singer, R. A.; Yang, B. H.; Buchwald,
S. L. J Am Chem Soc 1999, 121, 9550–9561.

22. Littke, A. F.; Fu, G. C. Angew Chem Int Ed 2002,
41, 4176–4211.

23. Zapf, A.; Ehrentraut, A.; Beller, M. Angew Chem
Int Ed 2000, 39, 4153–4155.

24. Van Pham, C.; Mark, H. B.; Zimmer, H. Synth
Commun 1986, 16, 689–696.

25. Loewe, R. S.; Ewbank, P. C.; Liu, J.; Zhai, L.;
McCullough, R. D. Macromolecules 2001, 34,
4324–4333.

26. Huo, L. J.; Hou, J. H.; He, C.; Han, M. F.; Li, Y.
F. Synth Met 2006, 156, 276–281.

27. Coulson, D. R. Inorg Synth 1972, 13, 121–125.
28. Andrianov, V. G.; Akhrem, I. S.; Chistovalova, N.

M.; Struchkov, Y. T. J Struct Chem 1976, 17, 111–
116.

29. Miyaura, N.; Suzuki, A. Chem Rev 1995, 95,
2457–2483.

30. David, Y. B.; Portnoy, M.; Milstein, D. J Am
Chem Soc 1989, 111, 8742–8744.

31. Baranano, D.; Hartwig, J. F. J Am Chem Soc
1995, 117, 2937–2938.

32. Segelstein, B. E.; Butler, T. W.; Chenard, B. L.
J Org Chem 1995, 60, 12–13.

33. Goodson, F. E.; Wallow, T. I.; Novak, B. M. J. Am
Chem Soc 1997, 119, 12441–12453.

34. Morita, D. K.; Stille, J. K.; Norton, J. R. J Am
Chem Soc 1995, 117, 8576–8581.
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