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METHOD FOR AEROBIC OXIDATIVE 
COUPLING OF THIOPHENES WITH A 

LIGAND-SUPPORTED PALLADIUM 
CATALYST 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

2 
functional group installations and interconversions, which 
renders their synthesis time-consuming and inefficient. 6 

Hence, more streamlined and efficient methods for the 
synthesis of thiophene materials are sought after. 

This application claims the benefit of U.S. provisional 
Application No. 62/615,248 filed Jan. 9, 2018, which is 10 

incorporated by reference herein for all purposes. 

A common building block for oligothiophenes and other 
thiophene-based materials is the 2,2'-bithiophene unit (FIG. 
1). In order for the 2,2'-bithiophene unit to be connected to 
other organic monomers on both halves of the bithiophene, 
functional groups must be included, most commonly in the 
5 and 5' positions. The most commonly used functional 
groups for this purpose are the (1) bromo functional group, 
(2) trialkylstannyl functional group, and (3) aldehyde func
tional group. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH/DEVELOPMENT 

This invention was made with govermnent support under 
GMl 19214 awarded by the National Institutes of Health and 
CHE! 700982 awarded the National Science Foundation. 
The government has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

Organic semiconductors have been widely investigated in 
applications including organic solar cells (OSCs),1 organic 
field-effect transistors (OFETs),2 organic light-emitting 
diodes (OLEDs),3 and others with the goal of eventually 
replacing silicon-based semiconductor technology. The rea
son is that organic electronics have the potential to be lower 
in cost than silicon-based semiconductor technology due to 
cheaper materials processing and high-throughput device 
assembly.26 

Perhaps the most widely studied organic materials are 
those based on thiophenes.4 Thiophenes have advantageous 
properties for their implementation in organic materials:4 a.s 

15 
Several organic materials made from 5,5'-dibromo-4,4'-

dialkyl-2,2'-bithiophenes are commercially available. One 
of these is the poly [2,5-bis(3-alkylthiophen-2-yl)thieno[3, 
2-b ]thiophenel (PBTTT) series of polymers, which was 
developed and is licensed by Merck (FIG. 2A).7 The original 

20 academic and patent papers utilized dodecyl groups; tetra
decyl polymers are commercially available. Another com
mercially available thiophene-based polymer, PBTTPD 
(FIG. 2B),8 is synthesized using 5,5'-bis(trimethylstannyl)-
4,4'-didodecyl-2,2'-bithiophene, the latter of which can be 

25 prepared from 5,5'-dibromo-4,4'-didodecyl-2,2'-bithiophene 
(although it can also be prepared using the unbrominated 
compound 4,4'-didodecyl-2,2'-bithiophene) (see below for a 
discussion of how 5,5'-bis(trialkylstannyl)-2,2'-bithiophenes 
are prepared from 5,5'-dibromo-2,2'-bithiophenes). Other 

30 commercially available polymers, such as PflBT4T-2OD 
(FIG. 2C),9 are synthesized from a 5,5'-bis(trimethylstan
nyl)-2,2'-bithiophene building block. 

Uses of 2,2'-Bithiophenes in Organic Materials Synthesis. 
The 5,5'-dibromo-2,2'-bithiophene building block is used 

in a number of different reactions for the synthesis of longer 
building blocks or directly for the preparation of the final 
organic materials. These reactions include Pd-catalyzed 
reactions such as the Stille coupling and the Suzuki coupling 

(1) excellent charge transport properties, (2) high polariz- 35 
ability, (3) tunable optical and electrochemical properties, 
which is in part due to (4) predictable and reliable methods 
for their synthesis. Oligothiophenes specifically have been 
investigated for their material properties, as well as used as 
monomers for the synthesis of organic materials as a copo
lymer or cooligomer. 

40 (Scheme 1 ). 5,5'-dibromo-2,2'-bithiophenes can be modified 
in order to create unsymmetrical monomers, such as by the 
reduction of one of the two bromo groups to prepare a 
5-bromo-2,2'-bithiophene. Many modifications are possible. 

However, the synthesis of oligothiophenes and other 
materials based on thiophenes is dominated by numerous 

Scheme 1. Reactions of 5,5'-dibromo-(4,4'-dialkyl-)2,2'-bithiophenes, including Stille-type couplings, for the synthesis 
of thiophene-containing materials. 
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The most common dibromobithiophene is 5,5'-dibromo-
2,2'-bithiophene as it is the most readily accessible in this 
class. However, 5,5'-dibromo-2,2'-bithiophenes will, fairly 
frequently, be used with alkyl groups in the 4 and 4' 
positions. Occasionally, the alkyl group will be a methyl 5 

group (-CH3), but most commonly (though not always), 
the alkyl group will be a straight (normal) chain with an even 
number of carbons ranging from 6 to 12. This means that the 
hexyl (C6H13), octyl (C8H17), decyl (C19H21 ), and dodecyl 
(C12H25) groups are used somewhat frequently. The reason 10 

is that alkyl groups that have six or more carbon atoms help 
provide solubility to the end-product organic materials in 
organic solvents. These, and other substitutions, on the 
thiophene core may also alter molecular packing within a 

15 
crystal and the resulting opto-electronic properties.26 

The 5,5'-bis( carbaldehyde )-2,2'-bithiophene building 
block has been used in reactions ranging from phosphorus
based reactions such as the Horner-Wadsworth-Emmons 
(HWE) reaction10 to imine condensations11 and Knoevena- 20 
gel condensations.12 Other 2,2'-bithiophene derivatives syn
thesized in this work that have been investigated in organic 
materials synthesis applications include those based on 
2,2'-bibenzo[b ]thiophene, 13 5,5'-bithiazole, 14 and 4,4',5,5'
tetrabromo-2,2'-bithiophene15 (FIGS. 3A, 3B and 3C). 25 

Synthetic Routes to 5,5'-Dibromo-2,2'-Bithiophenes. 
The most commonly employed synthesis of 5,5'-dibromo-

2,2'-bithiophene has two steps: (1) the reductive homocou
pling of 2-bromothiophene to give 2,2'-bithiophene, 16 and 
(2) the dibromination of 2,2'-bithiophene to give 5,5'-di- 30 
bromo-2,2'-bithiophene (Scheme 2).17 The reductive homo
coupling step is usually carried out with a nickel catalyst. 
This method generates a stoichiometric amount of magne
sium salt waste. Other synthetic routes that have been used 
suffer from the same kind of drawbacks as those described 35 
below for 5,5'-dibromo-4,4'-dialkyl-2,2'-bithiophenes, such 
as the need for strong base and stoichiometric oxidants.17

a·
18 

4 
3-alkylthiophene is deprotonated with a strong base such as 
n-butyllithium or lithium diisopropylamide. Then, a stoi
chiometric oxidant is added such as copper(II) chloride or 
iron(III) acetate. Sometimes, the deprotonation step can be 
bypassed if iron(III) chloride is used as the oxidant. Finally, 
the 4,4'-dialkyl-2,2'-bithiophene intermediate is brominated, 
most commonly with N-bromosuccinimide (Scheme 3).19 

This route to 5,5'-dibromo-4,4'-dialkyl-2,2'-bithiophenes is 
not ideal because: (1) A stoichiometric metal salt byproduct 
must be removed in the purification of the final product, (2) 
stoichiometric salt waste is generated (unless iron(III) chlo
ride is used), (3) an intermediate, 4,4'-dialkyl-2,2'-bithio
phene, must be purified, (4) anhydrous solvents and an 
anaerobic atmosphere must be used so that the strong bases 
can work effectively, (5) very low temperatures (with a dry 
ice/acetone bath) are required for the reactions, and (6) the 
overall yields are only generally modest, and purification of 
the intermediate and final product can be time-consuming 
and tedious. Additionally, the regioselectivity of the oxida
tive coupling step can be problematic.6 

Scheme 3. 
Traditional synthetic route to 5,5' -dibromo-4,4'-dialkyl-2,2' -bithiophene. 
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Scheme 2. 

Other stoichiometric oxidants such as iron(III) or quinone-
40 based oxidants can be used instead of CuC12. 

Traditional synthetic route to 5,5'-dibromo-2,2'-bithiophene. 

cat. Ni 
stoich. Mg 

The main synthetic route described above for 5,5'-di
bromo-2,2'-bithiophene is not used for the synthesis of 
4,4'-dialkyl derivatives. This is probably because the requi
site 2-bromo-4-alkylthiophene starting material is not read
ily available. If one were to monobrominate 3-alkylthio
phene, it is not 2-bromo-4-alkylthiophene that is obtained 
but 2-bromo-3-alkylthiophene, in practically quantitative 
yield. For this reason, 2-bromo-3-alkylthiophenes are com
mercially available and useful starting materials for the 
synthesis of 5,5'-dibromo-4,4'-dialkyl-2,2'-bithiophenes. 

There are several routes possible for the synthesis of 
5,5'-dibromo-4,4'-dialkyl-2,2'-bithiophenes. Two methods 
are predominantly used. The first is an oxidative homocou
pling route that uses a stoichiometric oxidant. In this route, 

A second route for the synthesis of 5,5'-dibromo-4,4'
dialkyl-2,2'-bithiophenes is frequently used. This is an oxi
dative homocoupling route with 2-bromo-3-alkylthiophene 
as a starting material that uses a catalytic amount of a 

45 palladium(II) salt (Scheme 4).20 The method requires the 
oxidant silver(!) fluoride in superstoichiometric quantities. 
The original report of this reaction used silver(!) fluoride 
directly.21 However, due to its high cost, the authors of the 
original methodology sought to find a less expensive system 

50 and subsequently discovered that the silver(!) fluoride could 
be generated in situ using the cheaper reagents silver(!) 
nitrate and potassium fluoride. 22 In some ways, this method 
is an advancement over the oxidative homocoupling 

55 
described previously in large part because only one step is 
needed from a readily commercially available starting mate
rial in order to obtain the desired 5,5'-dibromo-4,4'-dialkyl-
2,2'-bithiophene product. (Note that there are some reports 
of the oxidative homocoupling of a 2-bromo-3-alkylthio-

60 phene using stoichiometric copper(II) choride,23 but the 
reaction is still limited by the need for dry solvents, low 
temperatures, a stoichiometric oxidant, and an anaerobic 
atmosphere.) The palladium-catalyzed method that uses 
stoichiometric silver(!) suffers from a number of drawbacks: 

65 (1) stoichiometric silver waste must be removed in order to 
purify the desired product, (2) the reaction requires anhy
drous solvent/conditions, (3) the reaction must be performed 
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under an inert gas such as nitrogen, and ( 4) the reaction 
and/or the storage of the silver(!) salt must be excluded from 
light. 

Scheme 4. Pd-catalyzed oxidative homocoupling of 2-bromo(-3-alkly) 
thiophene with superstoichiometric silver(!) fluoride to give 5,5' -

dibromo-4,4' -dialkyl-2,2' -bithiophene. 

nR cat. Pd 

ZS>-Br -A-g-/F ___ (4_e_q_u-iv~)► 

Synthetic Routes to Other 2,2'-Bithiophenes. 

5,5'-dicarbaldehyde-2,2'-bithiophenes can be prepared in 
good yield by the lithiation of 5,5'-dibromo-2,2'-bithio
phenes followed by exposure to DMF. 17

a Reductive homo
coupling from 2-bromo-5-carbaldehyde using a palladium 
catalyst and a stoichiometric amine base has been shown.23 

5,5'-bis(trialkylstannyl)-2,2'-bithiophenes can be prepared 
by lithiation of 5,5'-dibromo-2,2'-bithiophenes followed by 
addition of 2.0 equivalents of a trialkyltin chloride reagent.25 

The 5,5'-bis(trialkylstannyl)-4,4'-dialkyl-2,2'-bithiophenes 
have also been prepared by lithiation of 4,4'-dialkyl-2,2'
bithiophenes followed by addition of 2.0 equivalents of a 
trialkyltin chloride reagent.26 

Development and Optimization of Aerobic Method for 
Homocoupling Bromothiophenes and Other Thiophenes. 

The utility of 5,5'-dibromo-( 4,4'-dialkyl-)2,2'-bithio
phenes19·27-28 and other functionalized bithiophene deriva
tives for the synthesis of organic materials strongly suggests 
that a more efficient oxidative homocoupling synthesis from 
2-bromo(-3-alkyl)thiophenes and related compounds could 

10 

15 

6 

Scheme 5. 
Targeted aerobic Pd-catalyzed oxidative homocoupling of2-bromo 

(-3-alkyl)thiophene to give 5,5'-dibromo(-4,4'-dialkyl)-2,2'-bithiophene. 
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1 atru 02 

R R 

)O-<JC 
Screening of known Pd-catalyzed aerobic arene homo

coupling methods ( all normalized to 10 mo! % Pd loading at 
110° C., with solvents chosen as appropriate so that they 
would not boil away during the reaction) gave yields that did 

20 
not exceed 2%.30 One of the methods was also chosen for 
solvent screening, but the best yield found upon screening 
different solvents was only 18%.30

d Notably, a known Pd
catalyzed aerobic thiophene homocoupling methodology 

25 gave only trace yields of product. 30c The substrates from this 
literature thiophene homocoupling report only contained 
alkyl groups, methoxy groups, and functional groups con
nected to the thiophene ring with a saturated alkylene linker. 
These results suggest that bromo-substituted thiophenes 

30 have different homocoupling requirements. 
Optimization efforts began inspired by conditions devel

oped by Ube Industries for the homocoupling of o-dimeth
ylphthalate.32 It was found that a mixture of a palladium 
cocatalyst, a copper cocatalyst, and a ligand could afford the 

35 desired 5,5'-dibromo-4,4'-dihexyl-2,2'-bithiophene product 
in yields better than the best found from the literature arene 
homocoupling methods. Yields of approximately 80% could 
be attained with a mixture of 3 mo! % Pd(OAc )2, 3 mo! % 
Cu(OAc )2.H20, and 3 mo!% 1,1 O-phenanthroline-5,6-dione 

40 (phd) under one atmosphere 0 2 at 120° C. in DMSO at 1.1 
molar concentration for 16 hours. The optimal ligand, phd, 
is very unusual: it has never been used as an optimal ligand, 
to the best of our knowledge, in aerobic Pd oxidative 
catalysis.34 

Further optimization efforts led to the discovery that the 
yield could be improved to 97% by adding 3 mo! % 
benzoquinone to the catalytic mixture described in the 
previous paragraph. Additionally, other transition metal salts 
(e.g. Mn(OAc)2.4H20) can be used instead of 

be widely adopted by materials researchers. Ideally, this 
method would utilize oxygen as the terminal oxidant instead 45 

of stoichiometric metal salts such as silver(!), copper(II), or 
iron(III) (Scheme 4). An aerobic metal-catalyzed oxidative 
homocoupling of common thiophenes relevant to materials 
chemistry such as 2-bromo(-3-alkyl)thiophenes without 
stoichiometric additives has never been before reported in 
the literature.29 Although there are dozens of literature
reported uses of a one-step synthesis of 5,5'-dibromo-4,4'
dialkyl-2,2'-bithiophenes from 2-bromo-3-alkylthiophenes 
with a palladium catalyst and stoichiometric silver(!) salts, 
there is a need in the art for new aerobic methods of 
bithiophene synthesis using a palladium catalyst. 

50 Cu(OAc )2 .H20, and use of alkaline earth metal salts instead 
of transition metal salts can provide moderate yields. As 
shown in the examples below, this work has also been 
extended to the aerobic covalent homocoupling of benzo
thiophenes, an acetal of thiophene-2-carbaldehyde, and 

55 4-bromothiazole, among other functionalized thiophenes. 
Accordingly, in a first aspect, the disclosure encompasses 

a method for synthesizing a 2,2'-bithiophene or analog 
thereof from two thiophenes or analogs thereof. The method 
includes contacting the two thiophenes or analogs thereof SUMMARY OF THE INVENTION 

We disclose herein methods of aerobic oxidative covalent 
homocoupling of certain thiophenes and thiophene analogs 
to the corresponding bithiophene or analog thereof using a 
ligand-supported Pd-containing catalytic system. Initially, 
the substrate 2-bromo-3-hexylthiophene was chosen for 
screening, as shown in Scheme 5, where Risa hexyl group. 

60 with oxygen gas and a catalyst comprising palladium. As a 
result of performing the method, the two thiophenes or 
analogs thereof are covalently coupled by aerobic oxidation 
to form the 2,2'-bithiophene or analog thereof. 

In some embodiments, the two thiophenes or analogs 
65 thereof are not substituted exclusively with alkyl groups, 

alkoxy groups, alkanoate groups, wherein "alkanoate" refers 
to any ester with a saturated alkylene linker of at least one 



US 10,858,334 B2 
7 

carbon atom in length separating the carbonyl group and the 
thiophene ring; alkanamide groups, wherein "alkanamide" 
refers to any amide with a saturated alkylene linker of at 
least one carbon atom in length separating the carbonyl 
group and the thiophene ring; alkoxyalkyl groups, wherein 5 

"alkoxyalkyl" refers to any alkyl-substituted ether with a 
saturated alkylene linker of at least one carbon atom in 
length separating the oxygen atom and the thiophene ring; 
and benzoxyalkyl groups, wherein "alkoxyalkyl" refers to 
any benzyl-substituted ether with a saturated alkylene linker 10 

of at least one carbon atom in length separating the oxygen 
atom and the thiophene ring. 

In some embodiments, the method is not performed in the 
presence of a stoichiometric amount of silver salts. 

In some embodiments, the two thiophenes or analogs 15 

thereof are the same compound. 
In some embodiments, the 2,2'-bithiophene that is syn

thesized has the chemical structure: 

8 
corresponding 2,2'-bithiophene is 5,5'-dibromo-4,4'-di
hexyl-2,2'-bithiophene (Xis bromine, R1 is n-hexyl, and R2 

is hydrogen) or 5,5'-dichloro-4,4'-dihexyl-2,2'-bithiophene 
(X is chlorine, R1 is n-hexyl, and R2 is hydrogen). 

In some embodiments, the two thiophenes are 2-bromo-
3-methylthiophene, and the 2,2'-bithiophene is 5,5'-di
bromo-4,4'-dimethyl-2,2'-bithiophene (X is bromine, R1 is 
methyl, and R2 is hydrogen). 

In some embodiments, the two thiophenes are 2-bromo
thiophene or 2-chlorothiophene, and the corresponding 2,2'
bithiophene is 5,5'-dibromo-2,2'-bithiophene (X is bromine, 
R1 is hydrogen, and R2 is hydrogen) or 5,5'-dichloro-2,2'
bithiophene (X is chlorine, R1 is hydrogen, and R2 is 
hydrogen). 

In some embodiments, the two thiophenes are 2-bromo-
3-dodecylthiophene, and the 2,2'-bithiophene is 5,5'-di
bromo-4,4'-didocecyl-2,2'-bithiophene (X is bromine, R1 is 
n-dodecyl, and R2 is hydrogen). 

In some embodiments, the two thiophenes are 2,3-dibro-
20 mothiophene, 2,4-dibromothiophene, or 2-bromo-4-fluoro

thiophene; and the corresponding 2,2'-bithiophene is 4,4',5, 
5'-tetrabromo-2,2'-bithiophene (Xis bromine, R1 is bromine, 
and R2 is hydrogen), 3,3',5,5'-tetrabromo-2,2'-bithiophene 
(X is bromine, R1 is hydrogen, and R2 is bromine) or 

25 5,5'-dibromo-3,3'-difluoro-2,2'-bithiophene (X is bromine, 
R1 is hydrogen, and R2 is fluorine). 

and the two thiophenes have the chemical structure: 

In some embodiments, X is a halogen, an alkyl, a trim
ethylsilyl (TMS), a thiophenyl, or a dioxolanyl. In certain 
non-limiting examples, X may be bromine, chlorine, 
n-hexyl, TMS, 

30 

35 

40 

45 

In some embodiments, R1 and R2 can be hydrogen, 
bromine, chlorine, fluorine, an alkoxycarbonyl group, an 
oxoalkyl group, or an alkyl group. 

50 
In some embodiments, the two thiophenes are 2-bromo-

3-hexylthiophene or 2-chloro-3-hexylthiophene, and the 

In some embodiments, the two thiophenes are: 

/11<\-I 
"'~~ S 0 

S TMS, oJ• or 

0 on-
Br S 

and the corresponding 2,2'-bithiophene is 

2p 
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-continued 
21 

0 

0 

In some embodiments, the 2,2'-bithiophene that is syn-
15 

and 
thesized is a 2,2'-bibenzo[b]thiophene, and the two thio- the two 2-(1-oxoalkyl)thiophenes have the chemical struc-
phenes are benzo[b ]thiophenes. ture: 

In some such embodiments, the 2,2'-bibenzo[b]thiophene 
has the chemical structure: 

R2 R2 

R3 R3 

~ ~; 

Rs Rs 

and 
the two benzo[b]thiophenes have the chemical structure: 

20 

25 

30 

In some such embodiments, R1 is an alkyl group, such as 
tert-butyl, or a hydrogen. 

In some embodiments, R2 and R3 are hydrogen. 
In some embodiments, the 5,5'-bis-(l-oxoalkyl)-2,2'-bi

thiophene that is synthesized is 5,5'-bis( carbaldehyde )-2,2'
bithiophene, and the two 2-(1-oxoalkyl)thiophenes are thio
phene-2-carbaldehyde (Ri, R2 , and R3 are all hydrogen). 

In some embodiments, the 5,5'-bis-(l-oxoalkyl)-2,2'-bi-

H 

35 thiophene that is synthesized is 5,5'-bis(trimethylacetyl)-2, 
2'-bithiophene, and the two 2-(1-oxoalkyl)thiophenes are 
2-trimethylacetylthiophene (R1 is tert-butyl; R2 and R3 are 
hydrogen). 

Rs 
In some embodiments, the 2,2'-bithiophene analog that is 

40 synthesized is a 5,5'-bithiazole, and the two thiophene 
analogs are thiazoles. 

In some such embodiments, R1 , R2 , R3 , R4 and Rs are 
hydrogen or bromine. 

In some such embodiments, the 2,2'-bibenzo[b]thiophene 
that is synthesized is 2,2'-bibenzo[b ]thiophene, and the two 45 

benzo[b ]thiophenes are unsubstituted benzo[b ]thiophene 
(Ri, R2 , R3 , R4 and Rs are all hydrogen). 

In other such embodiments, the 2,2'-bibenzo[b]thiophene 
that is synthesized is 3,3'-dibromo-2,2'-bibenzo[b ]thiphene, 
and the two benzo[b ]thiophenes are 3-bromobenzo[b ]thio- 50 

phene (R1 is bromine; R2 , R3 , R4 and Rs are all hydrogen). 
In some embodiments, the 2,2'-bithiophene that is syn

thesized is a 5,5'-bis( carbonyl)-2,2'-bithiophene, and the two 
thiophenes are 2-(1-oxoalkyl)thiophenes. 

In some such embodiments, the 5,5'-bis-(l-oxoalkyl)-2, 55 

2'-bithiophene has the chemical structure: 

60 

In some such embodiments, the 5,5'-bithiazole has the 
chemical structure: 

and 
the two thiazoles have the chemical structure: 

In some such embodiments, R1 is hydrogen. 
In some such embodiments, R2 is bromine. 

65 In some embodiments, the 5,5'-bithiazole that is synthe-
sized is 4,4'-dibromo-5,5'-bithiazole, and the two thiazoles 
are 4-bromothiazole (R1 is hydrogen, R2 is bromine). 
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In some embodiments, the palladium is in the form of 
dipalladium(0) tris( dibenzylideneacetylacetone ). In other 
embodiments, the palladium is in the form of a palladium 
salt. In some such embodiments, the palladium salt is 
palladium(II) acetate, palladium(II) propionate, palladium 5 

(II) pivalate, palladium(II) benzoate, palladium(II) acetylac
etonate, palladium(II) trifluoroacetate, palladium(II) nitrate 
dihydrate, or palladium(II) iodide. 

In some such embodiments, one or more ofR1 , R2 , R3 , R4 , 

Rs, and R6 is hydrogen. 

In some embodiments, the catalyst further includes a 10 
ligand. In some such embodiments, the ligand is a 1,10-
phenanthroline; a 2,2'-bipyridine, a 2,2'-bipyrimidine; a 4,5-
diazafluoren-9-one; a quinoline; a 1,10-phenanthroline; a 
bis(arylimino )acenaphthene; or a 2,2'-biquinoline. 

In some embodiments, the ligand is a 4,5-diazafluoren
In some embodiments, the ligand is a 1,10-phenanthroline 15 

9-one having the chemical formula: 
having the chemical formula: 

20 

25 

In some such embodiments, 1, 2, 3, 4, 5 or all 6 ofRi, R2 , 

R3 , R4 , Rs and R6 are hydrogen. In some such embodiments, 30 

all 6 of R1 , R2 , R3 , R4 , Rs and R6 are hydrogen (the ligand 
is 1,10-phenanthroline-5,6-dione (phd)). 

In some embodiments, the ligand is a pyridine having the 
chemical formula: 35 

In some such embodiments, one or more ofR1 , R2 , R3 , R4 , 

and Rs are fluorine, chlorine, bromine, tert-butyl, methoxy, 
dimethylamino, hydrogen, methyl, acetyl, nitro, or 
hydroxyl. 

In some embodiments, the ligand IS a 2,2'-bipyridine 
having the chemical formula: 

R3 ~ Rs R,; 

R2 R7. 

R1 Rs 

40 

45 

50 

55 

60 

0 

In some such embodiments, one or more ofR1 , R2 , R3 , R4 , 

Rs, and R6 is hydrogen. 

In some embodiments, the ligand is a quinoline having the 
chemical formula: 

Rs 

In some such embodiments, one or more ofR1 , R2 , R3 , R4 , 

Rs, R6 and R7 is hydrogen. 

In some embodiments, the ligand is a 1,10-phenanthroline 
having the chemical formula: 

~ Rs 

R,; 

R2 R7. 

R1 R,; 

In some such embodiments, one or more ofR1 , R2 , R3 , R4 , 

Rs, R6 , R7 and R8 are hydrogen, tert-butyl, methoxy, methyl, 
phenyl, or trifluoromethyl. 

In some such embodiments, one or more ofR1 , R2 , R3 , R4 , 

65 
Rs, R6 R7 , and R8 is hydrogen, methyl, or phenyl. 

In some embodiments, the ligand is a 2,2'-bipyrimidine 
having the chemical formula: 

In some embodiments, the ligand is a bis(arylimino) 
acenaphthene having the chemical formula: 
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In some such embodiments, one or more ofR1 , R2 , R3 , R4 , 

Rs, and R6 is hydrogen. In some such embodiments, one or 
both of Ar1 and Ar2 are 4-methylphenyl or 1,3,5-trimethyl-

14 
In some embodiments, the system does not include a 

stoichiometric amount of silver. 
In some embodiments, the system is not highly acidic or 

highly basic. 
5 In a third aspect, the disclosure encompasses a compound 

having the chemical structure: 

10 

'Bu s 'Bu 

0 

phenyl. 15 

In some embodiments, the ligand is a 2,2'-biquinoline 
having the chemical formula: 

Rs Rs 20 

The following descriptions are of certain exemplary 
embodiments, and should not be considered limiting. The 
full scope of the invention is defined by the appended 
claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The patent or application file contains at least one drawing 
executed in color. Copies of this patent or patent application 

25 publication with color drawing(s) will be provided by the 
Office upon request and payment of the necessary fee. 

FIG. 1 shows the chemical structure of the 2,2'-bithio
phene monomer with common substituents in the 5 and 5' 
positions: bromo, carbaldehyde, or trialkylstannyl. In some such embodiments, one or more ofR1 , R2 , R3 , R4 , 

30 
Rs, R6 , R7 , R8 , R9 , R10, R11 and R12 is hydrogen. 

FIGS. 2A, 2B and 2C show the chemical structures of 
commercialized thiophene-based organic polymers contain
ing the 2,2'-bithiophene monomer. FIG. 2A) PBTTT-C14 
polymer; FIG. 2B) PBTTPD polymer; FIG. 2C) PflBT4T-
2OD polymer. 

In some embodiments, the ligand is present in catalytic 
amounts, not in stoichiometric amounts. 

In some embodiments, the catalyst further includes a 
transition metal. In some such embodiments, the transition 35 FIGS. 3A, 3B and 3C show the chemical structures of the 

cores of other biheteroaryls whose syntheses were investi
gated in this work. FIG. 3A) 2,2'-bibenzothiophene; FIG. 
3B) 5,5'-bithiazole; FIG. 3C) 4,4',5,5'-tetrabromo-2,2'-bith
iophene. 

metal is zinc, copper, manganese, nickel, iron, cobalt, or 
silver. In some such embodiments, the transition metal is in 
the form of metallic copper. In some such embodiments, the 
transition metal is in the form of a transition metal salt, such 
as zinc(II) acetate, copper(II) acetate monohydrate, iron(II) 40 

acetate, co balt(II) acetate, manganese(II) acetate tetrahy
drate, nickel(II) acetate tetrahydrate, or silver(!) acetate. 

FIG. 4 shows the chemical structure of the optimal 
ancillary ligand in this work: 1,10-phenanthroline-5,6-dione 
(phd). 

In some embodiments, the catalyst further includes a 
redox-active organic mediator. 

In some such embodiments, the redox-active organic 
mediator is a substituted or unsubstituted benzoquinone, or 
a substituted or unsubstituted hydroquinone. 

In some embodiments, the method is performed in the 
absence of silver salts. 

In some embodiments, the method is not performed under 
highly acidic or highly basic conditions. 

In some embodiments, the method is performed at a 
temperature of more than 100° C. or more than 60° C. 

In a second aspect, the disclosure encompasses a catalytic 
system for catalyzing the synthesis of a 2,2'-bithiophene or 
analog thereof from two thiophenes or analogs thereof. The 
system includes oxygen gas; palladium; a transition metal, 
alkali metal, alkaline earth metal, bismuth salt, or aluminum 
salt (non-limiting examples include cesium, magnesium, 
calcium, strontium or bismuth); and a ligand. Each of these 
components may optionally have one or more of the limi
tations described above. 

In some embodiments, the system further includes a 
redox-active organic mediator. 

In some such embodiments, the redox-active organic 
mediator is a substituted or unsubstituted benzoquinone, or 
a substituted or unsubstituted hydroquinone. 

FIG. 5 is a chart showing the ligand effects in the 
Pd/Cu-cocatalyzed aerobic homocoupling of 2-Bromo-3-

45 Hexylthiophene, the reaction scheme shown on the top line. 
Ligands and associated % yield of the desired product are 
shown in in the bottom three lines. Reaction conditions: 
2-bromo-3-hexylthiophene (0.168 mmol), 5 mo! % 
Pd(OAc)2 (0.0084 mmol), 5 mo!% Cu(OAc)2 .H2 O (0.0084 

50 mmol), 10 mo!% ligand (0.0168 mmol), 0.25 mL in DMSO, 
1.1 atm pO2 , 16 hr. Reaction yields were determined by 
HPLC with a standard of phenanthrene in THF added after 
the reaction had cooled to room temperature. 

FIG. 6 includes a reaction scheme for thiophene C-H 
55 homocoupling (top) and a bar chart showing % yield as a 

function of the catalytic components used (bottom). Reac
tion conditions: la (1.1 mmol), catalyst (3 mo!%), 1.0 mL 
in DMSO, 1.1 atm pO2 , 120° C., 16 hr. 

FIG. 7 is a chart showing the substrate scope for the 
60 aerobic C-H heteroarene homocoupling reaction scheme 

shown on the top line. Substrates and associated % yield of 
the desired product are shown in in the bottom six lines (1 H 
NMR yields shown with isolated yields in parentheses). 
Reaction conditions: Susbtrate (1.1 mmol, 1.1 M), 3 mo!% 

65 each Pd(OAc)2 , phd, Cu(OAc)2 .H2O, BQ, 1 mL reaction 
volume in DMSO, 120° C., 1.1 atm pO2 , 16 hr. asolvent was 
a 1.2: 1 mixture DMSO:CyOAc. 6 100° C. c5 mo!% catalyst. 
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FIG. SA is a reaction scheme for aerobic thiophene 
homocoupling. 

FIGS. SB, SC, SD and SE are graphs showing kinetic data 
for the aerobic thiophene C-H homocoupling shown in 
FIG. SA, assessing the dependence on (SB) [Pd(OAc)/phd] 
(SC) [Cu(OAc)2 .H2O] (SD) [phd] (1 and 4 equiv Cu(OAc)2 ) 

and (SE) [la]. Standard conditions: 33 mM catalyst ([Pd 
(OAc)2], [Cu(OAc)2 .H2O], [phd], [BQ]), 1.1 M [2a] (0.55 
mmol), 1.1 atm pO2 , 0.50 mL in DMSO, 120° C. Standard 
conditions were employed, except for the concentration of 
the component being varied. Lines fit to the data are to guide 
the eye only. 

FIG. 9 shows the reaction scheme for thiophene HID 
exchange (top) and a bar showing % D incorporation and 
rate of 2a formation (see FIG. SA) when using both 
Pd(OAc)2 /phd and Pd(OAc)/phd/Cu(OAc)2 catalytic sys
tems. Data for 2a and la-D5 are reported for catalytic 
conditions with added DOAc. Conditions: 2a (1.1 mmol), 
catalyst (0.0165 mmol), BQ (0.0165 mmol), DOAc (11 
mmol), 1.1 atm pO2 , 1.0 mL in DMSO-d6 , 120° C., 30 min. 

FIG. lOA shows UVNis spectra of Pd(OAc)/phd (red), 
Cu(OAc)2 /phd (blue), and Pd(OAc)2 /phd/Cu(OAc)2 

(green). Conditions: [Pd(OAc)2]=16.5 mM, 
[Cu(OAc)2]=16.5 mM, [phd]=16.5 mM. 

FIG. 10B shows UVNis spectra of Pd(OAc)/phenan
throline in DMSO (phen) (red), Cu(OAc)2/phen (blue), 
Pd(OAc)2 /phen/Cu(OAc)2 (purple) and Cu(OAc)2 (green). 
Conditions: [Pd(OAc)2]=16.5 mM, [Cu(OAc)2]=16.5 mM, 
[phen]=16.5 mM in DMSO at room temperature. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

I. In General 

This disclosure is not limited to the particular methodol
ogy, protocols, materials, and reagents described, as these 
may vary. Furthermore, the terminology used herein is for 
the purpose of describing particular embodiments only, and 

16 
mediator, such as benzoquinone (BQ), can also be included 
in the method to optimize the results. 

The bithiophene products are useful monomeric interme
diates for material synthesis, through reactions such as Stille 

5 couplings, stannylations, Suzuki couplings, and others. The 
resulting oligothiophene moieties are used to enhance con
ductivity, increase material solubility, and act as a spacer 
within a material. As a result, these materials have a number 
of potential uses in existing and emerging areas. 

10 
The disclosed methods provide a number of advantages 

over existing techniques. When compared to Pd-catalyzed 
oxidative reactions that utilize stoichiometric silver (I) salts, 
the aerobic conditions disclosed herein are environmentally 
friendly in that they do not result in stoichiometric amounts 
of toxic byproducts. Other methods, while catalyst-free, 

15 require stoichiometric addition of a strong base (e.g., n-bu
tyllithium) that is extremely flammable and moisture sensi
tive followed by the addition of a stoichiometric oxidant 
( e.g., copper(II) salt, an iron(III) salt, or a quinone) and 
generate stoichiometric byproducts. In contrast, this disclo-

20 sure provides a one-step catalytic method for producing high 
yields of a desirable product while minimizing unwanted 
byproducts. 

25 

30 

35 

As non-limiting examples, the method may be used to 
catalyze the following reactions: 

g y 

H}flli cat. Pd 

[Additives] 

1 atm02 

p g 

is not intended to limit the scope of the present invention 40 

which will be limited only by the pending claims. 
cat. Pd As used herein and in the appended claims, the singular 

forms "a", "an", and "the" include plural reference unless 
the context clearly dictates otherwise. As well, the terms "a" 
( or "an"), "one or more" and "at least one" can be used 45 

interchangeably herein. The terms "comprising", "includ
ing", and "having" can be used interchangeably. 

Unless defined otherwise, all technical and scientific 
terms used herein have the same meanings as commonly 
understood by one of ordinary skill in the art. Although any 
methods and materials similar or equivalent to those 
described herein can be used in the practice or testing of the 
present invention, the methods and materials of several 
embodiments will now be described. All publications and 
patents specifically mentioned herein are incorporated by 
reference in their entirety for all purposes. 

II. The Invention 

We disclose herein a new method for the aerobic oxidative 
covalent homocoupling of certain thiophenes and thiophene 
analogs to the corresponding 2,2'-bithiophenes or analogs 
thereof. The method uses oxygen as the terminal oxidant, 
and also uses a catalyst that includes palladium, catalytic 
amounts of an additional metal additive, such as copper(II) 
acetate monohydrate, and an assistive ligand, such as 1,10-
phenanthroline-5,6-dione (phd). A redox-active organic 

50 

55 

60 

65 

~ 

R3 

R2 

Rs 
R2 

R3 

~ 

Rs 

0 

R1 

[Additives] 

1 atm02 

cat. Pd 

[Additives] 
H 1 atm02 

0 

R2 

~ 

Rs 
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-continued 

cat. Pd 

[Additives] 

1 atmO2 

More specific non-limiting examples include the follow-
ing: 

hex 

0--B, [Pd(OAc)i/Cu(OAc)2•H2O] (3 mol %) 

[phd/BQ] (3 mol %) 

DMSO, 120° C., 0 2, 16 hr 

1.lM 
0.55 mmol 

"):)-<J(~ 
Br S S Br 

97% yield (HPLC) 
dodec 

0--R, [Pd(OAc)i/Cu(OAc)2•H2O] (5 mol %) 

[phd/BQ] (5 mol %) 

DMSO, 120° C., 0 2, 16 hr 

1.lM 
0.55 mmol 

''"'~X>--<X'"''"'' 
Br S S Br 

81 % yield (NMR) 

Me 

0--B, [Pd(OAc)i/Cu(OAc)2•H2O] (3 mol %) 

[phd/BQ] (3 mol %) 

DMSO, 120° C., 0 2, 16 hr 

1.lM 
0.55 mmol 

M•:o-{:( 
Br S S Br 

85% yield (NMR) 
Br 

0--lli [Pd(OAc)i/Cu(OAc)2•H2O] (3 mol %) 

[phd/BQ] (3 mol %) 

DMSO, 120° C., 0 2, 16 hr 

1.lM 
0.55 mmol 

"')0---0( 
Br S S Br 

67% yield (NMR) 

18 

5 
0-Br 

-continued 

[Pd(OAc)i/Mn(OAc)2•4H2O] (3 mol %) 

[phd/BQ] (3 mol %) 

DMSO, 100° C., 0 2, 16 hr 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

1.lM 
0.55 mmol 

0--( 
0 

1.lM 
0.55 mmol 

0--( 
0 

1.lM 
0.55 mmol 

Cb s 
1.lM 

0.55 mmol 

Qj"' 
s 

1.lM 
0.55 mmol 

J)--Q 
Br Br 

60% yield (HPLC) 

[Pd(OAc)i/Cu(OAc)2•H2O] (5 mol %) 

[phd/BQ] (5 mol %) 

DMSO, 120° C., 0 2, 48 hr 

H H 

0 0 

52% yield (NMR) 

[Pd(OAc)2/Cu(OAc)i•H2O] (3 mol %) 

[phd/BQ] (3 mol %) 

DMSO, 120° C., 02, 16 hr 

'Bu 'Bu 

0 0 

50% yield (NMR) 

[Pd(OAc)2/Cu(OAc)i•H2O] (3 mol %) 

[phd/BQ] (3 mol %) 

DMSO, 120° C., 0 2, 48 hr 

47% yield (NMR) 

[Pd(OAc)2/Cu(OAc)i•H2O] (5 mol %) 

[phd/BQ] (5 mol %) 

DMSO, 120° C., 02, 16 hr 

Br Br 

73% yield (NMR) 
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[Pd(OAc)2/Cu(OAc)i•H2O] (5 mol %) 

[phd/BQ] (5 mol %) 

DMSO, 120° C., 0 2, 16 hr 

Br Br 

o--0· s s 

41 % yield (NMR) 

Furthermore, this disclosure is the first reported use of 
1,10-phenanthroline-5,6-dione (phd) as an effective ligand 
in aerobic Pd catalysis: 

In addition, this disclosure is the first reported synthesis of 
the following 2,2'-bithiophene: 

'Bu 'Bu 

0 0 

50% (NMR) 

Further details regarding specific embodiments and syn
theses thereof are provided in the following examples. These 
specific embodiments do not in any way limit the scope of 
the disclosure. 

III. Examples 

Example 1 (Scheme 5): Aerobic Pd-Catalyzed Oxi
dative Homocoupling of 2-bromo-3-hexylthiophene 
to Give 5,5'-dibromo-4,4'-dihexyl-2,2'-bithiophene 

1.lM 
0.55 rnrnol 

[Pd(OAc)2/Cu(OAc)i•H2O] (3 mol %) 

[phd/BQ] (3 mol %) 

DMSO, 120° C., 02, 16 hr 

hex~hex 

Br)!-s/ "'-s~Br 

97% yield (HPLC) 

20 
To a 13x100 mm borosilicate glass heavy wall test tube 

was added benzoquinone (BQ) (1.8 mg, 0.017 mmol) and 
Cu(OAc)2 .H2 0 (3.3 mg, 0.017 mmol). A stock solution of 
Pd(OAc)2 (95.9 mg, 0.427 mmol, 85.4 mM) in 5.0 mL 

5 DMSO was created. A stock solution of 1,10-phenanthro
line-5,6-dione (phd) (89.7 mg, 0.427 mmol, 85.4 mM) in 5.0 
mL DMSO was created. To the test tube was added 195 µL 
(0.017 mmol) of each of the stock solutions. Then, 2-bromo-
3-hexylthiophene (112.5 µL, 0.555 mmol) was added to the 

10 test tube. The test tube with reaction mixture was placed on 
an orbital mixing block with heating element. The mixing 
block was sealed, purged with 0 2 for five minutes, cooling 
water was turned on, and then the block was heated to 120° 
C. under 1 atm 0 2 with shaking for 16 hours. 

15 After 16 hours, the shaking was stopped, the block was 
depressurized, and the reaction test tube was removed and 
allowed to cool. An aliquot of a stock solution of phenan
threne in THF was added to the reaction mixture, and the 
DMSO/THF mixture was filtered through Celite. The test 

20 tube was washed with more THF, which was filtered through 
the Celite, and then the Celite was washed once more with 
THF. The filtrate was diluted with additional THF, and then 
it was shaken so that everything was evenly mixed. 

The reaction mixture was assayed by high pressure liquid 
25 chromatography (HPLC) against a calibration curve of 5,5'

dibromo-4,4 '-dihexy 1-2,2'-bithiophene ( commercially avail
able from TCI America) and phenanthrene using a reverse 
phase colunm (elutent: 100% acetonitrile, 2 mL/minute). 
The HPLC yield of 5,5'-dibromo-4,4'-dihexyl-2,2'-bithio-

30 phene was determined to be 97%. 
This crude product displayed one singlet in the 1 H NMR 

spectrum in the aromatic region, consistent with the 
assigned product. Furthermore, a number of different crude 
product mixtures from different crude reactions were com-

35 bined and purified on reverse phase column chromatogra
phy, and the combined chromatography fractions which had 
the same HPLC retention time as 5,5'-dibromo-4,4'-dihexyl-
2,2'-bithiophene possessed a 1H NMR spectrum which 
matched that of 5,5'-dibromo-4,4'-dihexyl-2,2'-bithiophene. 

40 

45 

Example 2 (Scheme 6): Aerobic Pd-Catalyzed Oxi
dative Homocoupling of 2-bromo-3-methylthio

phene to give 5,5'-dibromo-4,4'-dimethyl-2,2'-bith
iophene 

Me 

,0 0--lli [Pd(OAc)i/Cu(OAc)2•H2O] (3 mol %) 

[phd/BQ] (3 mol %) 

DMSO, 120° C., 02, 16 hr 

55 

60 

1.lM 
0.55 rnrnol 

Me~Me 

Br)!-s/\s~Br 

85% yield (NMR) 

To a 13x100 mm borosilicate glass heavy wall test tube 
was added 2-bromo-3-methylthiophene (97.4 mg, 0.55 
mmol). A stock solution of Pd(OAc )2 (84.2 mg, 0.375 mmol, 

65 75.0 mM) and BQ (40.5 mg, 0.375 mmol, 75.0 mM) in 5.0 
mL DMSO was created. A stock solution ofCu(OAc)2 .H20 
(57.1 mg, 0.286 mmol, 143 mM) and phd (60.1 mg, 0.286 
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mmol, 143 mM) in 2.0 mL DMSO was created. Then, 62 µL 
DMSO, followed by 220 µL (0.0165 mmol) of the Pd(OAc) 

2/BQ stock solution, and 115 µL (0.0164 mmol) ofCu(OAc) 

2 .H2 O/phd stock solution were added to the test tube. The 
test tube with reaction mixture was placed on an orbital 5 

mixing block with heating element. The mixing block was 
sealed, purged with 0 2 for five minutes, cooling water was 
turned on, and then the block was heated to 120° C. under 
1 atm 0 2 with shaking for 16 hours. After 16 hours, the 
shaking was stopped, the block was depressurized, and the 10 

reaction test tube was removed and allowed to cool. 
An aliquot of a stock solution of dibromomethane in THF 

was added to the reaction mixture, and the DMSO/THF 
mixture was filtered through the Celite, and then the Celite 
was washed once more with THF. The filtrate was diluted 15 

with additional THF, and then it was shaken so that every
thing was evenly mixed. The reaction mixture was assayed 
by 1 H NMR spectroscopy against the dibromomethane 
standard. The 1 H NMR yield of 5,5'-dibromo-4,4'-dimethyl-
2,2'-bithiophene was determined to be 85%. 

Example 3 (Scheme 7): Aerobic Pd-Catalyzed Oxi
dative Homocoupling of 2-(trimethylacetyl)thio

phene to give 5,5'-bis(trimethylacetyl)-2,2'-bithio
phene 

~% 

0 

1.lM 
0.55 rnrnol 

[Pd(OAc)ifCu(OAc)i•H2O] (3 mol %) 

[phd/BQ] (3 mol %) 

DMSO, 120° C., 0 2, 16 hr 

20 

25 

30 

22 
After 48 hours, the shaking was stopped, the block was 

depressurized, and the reaction test tube was removed and 
allowed to cool. An aliquot of a stock solution of 1,3,5-
trimethoxybenzene in THF was added to the reaction mix
ture, and the DMSO/THF mixture was filtered through the 
Celite, and then the Celite was washed once more with THF. 
The filtrate was diluted with additional THF, and then it was 
shaken so that everything was evenly mixed. 

The reaction mixture was assayed by 1 H NMR spectros
copy against the 1,3,5-trimethoxybenzene standard. The 1H 
NMR yield of 2,2'-bibenzothiophene was determined to be 
47%. 

Example 5 (Scheme 9): Aerobic Pd-Catalyzed Oxi
dative Homocoupling of 2-thiophenecarbaldehyde 

to Give 5,5'-bis( carbaldehyde )-2,2'-bithiophene 

~H 

0 

1.lM 
0.55 rnrnol 

[Pd(OAc)i/Cu(OAc)i•H2O] (5 mol %) 

[phd/BQ] (5 mol %) 

DMSO, 120° C., 02, 48 lu 

H 

0 

52% yield (NMR) 

0 

H 

To a 13x100 mm borosilicate glass heavy wall test tube 
was added thiophenecarbaldehyde (61.7 mg, 0.55 mmol). To 

'Bu s 'Bu 

35 this test tube were added Pd(OAc)2 (6.2 mg, 0.028 mmol), 
Cu(OAc)2 .H2 O (5.5 mg, 0.028 mmol), phd (5.8 mg, 0.028 
mmol), and BQ (3.0 mg, 0.028 mmol). Then, 450 µL DMSO 
was added to the test tube. The test tube with reaction 
mixture was placed on an orbital mixing block with heating 

0 0 

50% yield (NMR) 
40 

element. The mixing block was sealed, purged with 0 2 for 
five minutes, cooling water was turned on, and then the 
block was heated to 120° C. under 1 atm 0 2 with shaking for 
48 hours. After 48 hours, the shaking was stopped, the block 
was depressurized, and the reaction test tube was removed The same procedure as Example 2 was used, except that 

2-(trimethylacetyl)thiophene (92.5 mg, 0.55 mmol) was 
used instead of 2-bromo-3-methylthiophene. The 1 H NMR 45 

yield of 5,5'-bis(trimethylacetyl)-2,2'-bithiophene was deter
mined to be 50%. 

and allowed to cool. 
An aliquot of a stock solution of 1,3,5-trimethoxybenzene 

in THF was added to the reaction mixture, and the DMSO/ 
THF mixture was filtered through the Celite, and then the 
Celite was washed once more with THF. The filtrate was 
diluted with additional THF, and then it was shaken so that Example 4 (Scheme 8): Aerobic Pd-Catalyzed 

Oxidative Homocoupling of Benzothiophene to 
Give 2,2'-bibenzothiophene 

50 everything was evenly mixed. 

To a 13x100 mm borosilicate glass heavy wall test tube 
was added benzothiophene (73.8 mg, 0.55 mmol). A stock 
solution of Pd(OAc)2 (16.8 mg, 0.075 mmol, 75 mM) and 55 

BQ (8.1 mg, 0.075 mmol, 75 mM) in 1.0 mL DMSO was 
created. A stock solution ofCu(OAc)2 .H2O (57.1 mg, 0.286 
mmol, 143 mM) and phd (60.1 mg, 0.286 mmol, 143 mM) 
in 2.0 mL DMSO was created. Then, 100 µL DMSO, 
followed by 220 µL (0.0165 mmol) of the Pd(OAc)2/BQ 60 

stock solution, and 115 µL (0.0164 mmol) of the Cu(OAc) 

2 .H2 O/phd stock solution were added to the test tube. The 
test tube with reaction mixture was placed on an orbital 
mixing block with heating element. The mixing block was 
sealed, purged with 0 2 for five minutes, cooling water was 65 

turned on, and then the block was heated to 120° C. under 
1 atm 0 2 with shaking for 48 hours. 

The reaction mixture was assayed by 1 H NMR spectros
copy against the 1,3,5-trimethoxybenzene standard. The 1H 
NMR yield of 5,5'-bis(carbaldehyde)-2,2'-bithiophene was 
determined to be 52%. 

Example 6 (Scheme 10): Aerobic Pd-Catalyzed 
Oxidative Homocoupling of 2-bromothiophene to 

Give 5,5'-dibromo-2,2'-bithiophene 

0-Br 
1.lM 

0.55 rnrnol 

[Pd(OAc)2/Mn(OAc)2•4H2O] (3 mol %) 

[phd/BQ] (3 mol %) 

DMSO, 100° C., 02, 16 hr 
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24 
mixing block was sealed, purged with 0 2 for five minutes, 
cooling water was turned on, and then the block was heated 
to 120° C. under 1 atm 0 2 with shaking for 16 hours. After 
16 hours, the shaking was stopped, the block was depres-))---Qfu 

60% yield (HPLC) 
s surized, and the reaction test tube was removed and allowed 

to cool. 

To a 13x100 mm borosilicate glass heavy wall test tube 
was added phd (3.5 mg, 0.017 mmol) and Mn(OAc)2 .4H20 
( 4.0 mg, 0.017 mmol). A stock solution of Pd(OAc )2 (148 
mg, 0.660 mmol, 66.0 mM) in 10.0 mL DMSO was created. 
A stock solution ofBQ (44.6 mg, 0.413 mmol, 82.6 mM) in 
5.0 mL DMSO was created. To the test tube was added 250 

An aliquot of a stock solution of 1,3,5-trimethoxybenzene 
in THF was added to the reaction mixture, and the DMSO/ 
THF mixture was filtered through the Celite, and then the 

10 Celite was washed once more with THF. The filtrate was 
diluted with additional THF, and then it was shaken so that 
everything was evenly mixed. 

The reaction mixture was assayed by 1 H NMR spectros
copy against the 1,3,5-trimethoxybenzene standard. The 1H 

15 NMR yield of 4,4'-dibromo-2,2'-bithiazole was determined 
to be 41%. 

µL (0.017 mmol) of the Pd(OAc)2 stock solution and 200 µL 
(0.017 mmol) of the BQ stock solution. Then, 2-bromothio
phene (53 µL, 0.55 mmol) was added to the test tube. The 
test tube with reaction mixture was placed on an orbital 
mixing block with heating element. The mixing block was 
sealed, purged with 0 2 for five minutes, cooling water was 20 
turned on, and then the block was heated to 100° C. under 
1 atm 0 2 with shaking for 16 hours. After 16 hours, the 
shaking was stopped, the block was depressurized, and the 
reaction test tube was removed and allowed to cool. 

An aliquot of a stock solution of phenanthrene in THF 25 
was added to the reaction mixture, and the DMSO/THF 
mixture was filtered through Celite. The test tube was 
washed with more THF, which was filtered through the 
Celite, and then the Celite was washed once more with THF. 
The filtrate was diluted with additional THF, and then it was 30 
shaken so that everything was evenly mixed. 

The reaction mixture was assayed by HPLC against a 
calibration curve of 5,5'-dibromo-2,2'-bithiophene and 
phenanthrene using a reverse phase colunm ( elutent: 100% 
acetonitrile, 2 mL/minute). The HPLC yield of 5,5'-di- 35 
bromo-2,2'-bithiophene was determined to be 60%. 

Example 8 (Scheme 12): Aerobic Pd-Catalyzed 
Oxidative Homocoupling of 2-bromo-3-dodecylth
iophene to Give 5,5'-dibromo-4,4'-didodecyl-2,2'

bithiophene 

1.lM 
0.55 rnrnol 

[Pd(OAc)2/Cu(OAc)i•H2O] (5 mol %) 

[phd/BQ] (5 mol %) 

DMSO, 120° C., 0 2, 16 lu 

dodec~dodec 

Br/-s~s ~ Br 

81 % yield (NMR) 

The same procedure as Example 7 was used, except that 
Example 7 (Scheme 11): Aerobic Pd-Catalyzed 
Oxidative Homocoupling of 4-bromothiazole to 

Give 4,4'-dibromo-2,2'-bithiazole 
40 2-bromo-3-dodecylthiophene (182 mg, 0.55 mmol) was 

used instead of 4-bromothiazole, and 92.5 µL DMSO was 
added. The 1H NMR yield of 5,5'-dibromo-4,4'-didodecyl-
2,2'-bithiophene was determined to be 81%. 

fut) 
s 

1.lM 
0.55 rnrnol 

[Pd(OAc)i/Cu(OAc)i•H2O] (5 mol %) 

[phd/BQ] (5 mol %) 

DMSO, 120° C., 02, 16 lu 

Br Br 

0--0 s s 

45 

50 

Example 9 (Scheme 13): Aerobic Pd-Catalyzed 
Oxidative Homocoupling of 

3-bromobenzothiophene to Give 
3 ,3 '-dibromo-2,2'-bibenzothiophene 

[Pd(OAc)i/Cu(OAc)2•H2O] (5 mol %) 

[phd/BQ] (5 mol %) 

41 % yield (NMR) 

(bfu 
55 s DMSO, 120° C., 02, 16 lu 

To a 13x100 mm borosilicate glass heavy wall test tube 
was added 4-bromothiazole (90.2 mg, 0.55 mmol). 
Pd(OAc)2 (6.2 mg, 0.028 mmol) was added to the test tube. 60 

A stock solution of Cu(OAc)2 .H2 0 (32.8 mg, 0.164 mmol, 
82.1 mM), phd (34.5 mg, 0.164 mmol, 82.1 mM), and BQ 
(17.7 mg, 0.164 mmol, 82.1 mM) in 2.0 mL DMSO was 
created. Then, 335 µL (0.028 mmol) of the stock solution 
was added to the test tube. Finally, 115 µL DMSO was added 65 

to the test tube. The test tube with reaction mixture was 
placed on an orbital mixing block with heating element. The 

1.lM 
0.55 rnrnol 

Br Br 

73% yield (NMR) 

The same procedure as Example 7 was used, except that 
3-bromobenzothiophene (117 mg, 0.55 mmol) was used 
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instead of 4-bromothiazole, and 92.5 µL additional DMSO calibration curve of 2-bromo-3-hexylthiophene and phenan-
was added. The 1 H NMR yield of 3,3'-dibromo-2,2'-biben- threne standard. The results are shown in Table 1. 
zothiophene was determined to be 73%. 

TABLE 1 
Example 10 (Scheme 14): Aerobic Pd-Catalyzed 5 

Oxidative Homocoupling of Monodentate Ligand Screening at 110° C. 

3-bromobenzothiophene to Give Reco- 2,2'-
3,3'-dibromo-2,2'-bibenzothiophene Mass vered Bi-

Ba- Starting thiophene 

10 En- Ligand lance Mat. Yield 
try Chemdraw Ligand name (%) (%) (%) 

Br 

0 
4-dimethyl- 78 21 57 

0--fu 
amino-

[Pd(OAc)i/Cu(OAc)2•H2O] (3 mol %) pyridine 

[phd/BQ] (3 mol %) 15 
DMSO, 120° C., 02, 16 hr 

1.lM N 
0.55 mmol fu»-<Xfu 2 OMe 4-methoxy- 62 15 47 

0 
pyridine 

20 

Br S S Br 

67% yield (NMR) N 

25 3 'Bu 4-tert-butyl- 62 19 43 

The same procedure as Example 7 was used, except that 0 
pyridine 

2,3-dibromothiophene (133 mg, 0.55 mmol) was used 
instead of 4-bromothiazole, 3.7 mg Pd(OAc)2 (0.017 mmol) 
was added, 200 µL (0.016 mmol) of the Cu(OAc)2 .H20/ 
phd/BQ stock solution was added, and 237.5 µL additional 30 N 

DMSO was added. The 1H NMR yield of 4,4',5,5'-tetra- 4 

0 
Pyridine 54 8 46 

bromo-2,2'-bithiophene was determined to be 67%. 

Example 11: Monodentate Ligand Screening N 
35 

5 "U 3-fluoro- 34 5 29 

~ I 
pyridine 

hex 

0--B, 
Pd(OAc)i (5 mol %) 

Cu(OAc)i•H2O (5 mol %) N 
40 

Ligand (10 mol %) 6 Meu 3-methyl- 40 14 26 
DMSO, 110° C., 0 2, 16 hr 

~ I 
pyridine 

0.67M 
0.168mmol N 

·~)C)--(J(~ " 7 c,u 3-chloro- 35 7 28 

~ I 
pyridine 

Br S S Br 

N 
50 

8 

0 
4-acetyl- 70 37 33 

The individual ligands (10 mo!%) were added to 13x100 pyridine 

mm borosilicate glass heavy wall test tubes as listed in each 
Entry in Table 1 below. Stock solutions of Pd(OAc)2 (87.8 
mg, 0.391 mmol, 39.1 mM) in 10.0 mL DMSO and 55 

Cu(OAc)2 .H2 0 (78.0 mg, 0.391 mmol, 39.1 mM) in 10.0 
mL DMSO were created, and 0.215 mL of each stock 

N 

solution (0.0084 mmol) was added to each tube. Then, 9 o,Nu S-,,~ 36 12 24 

2-bromo-3-hexylthiophene (34.0 µL, 0.168 mmol) was 
1 

pyndme 

added to each tube. The reactions were then placed in an 60 

orbital mixing block with heating element and run in the ~ 
N 

same way as in Example 1, except at 110° C. instead of 120° 
C. After 16 hours, the reactions were stopped, and after 10 ,,()0-me,,~,- 35 10 25 

cooling, they were worked up in the same way as Example pyndme 

1 for HPLC analysis. 65 
~ 

The recovered starting material 2-bromo-3-hexylthio- MeO N 

phene was also quantified by HPLC analysis against a 



En-

try 

11 

12 

13 
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TABLE I-continued Example 12: Bidentate Ligand Screening 

Monodentate Ligand Screening at 110° C. 

Ligand 

Chemdraw Ligand name 

2-hydroxy
pyridine 

None None 

Entry 

2 

3 

4 

5 

Mass 

Ba-

lance 

(%) 

37 

65 

36 

'Bu 

Reco- 2,2'-

vered Bi-

Starting thiophene 

Mat. Yield 

(%) (%) 

16 21 

30 35 

13 23 

5 

10 

15 

0.67M 
0.168mmol 

Pd(OAc)i (5 mol %) 

Cu(OAc)i•H2O (5 mol %) 

Ligand (5 mol %) 

DMSO, 110° C., 02, 16 hr 

hex~hex 

Br)!-/ '\S~Br 

The individual ligands (5 mo!%) were added to 13x100 
mm borosilicate glass heavy wall test tubes as listed in each 
Entry in Table 2. Stock solutions of Pd(OAc)2 (87.8 mg, 

20 0.391 mmol, 39.1 mM) in 10.0 mL DMSO and Cu(OAc) 
2 .H20 (78.0 mg, 0.391 mmol, 39.1 mM) in 10.0 mL DMSO 
were created, and 0.215 mL of each stock solution (0.0084 
mmol) was added to each tube. Then, 2-bromo-3-hexylth
iophene (34.0 µL, 0.168 mmol) was added to each tube. The 

25 reactions were then placed in an orbital mixing block with 
heating element and run in the same way as in Example 1, 
except at 110° C. instead of 120° C. After 16 hours, the 
reactions were stopped, and after cooling, they were worked 
up in the same way as Examples 1 and 11 for HPLC analysis. 

TABLE 2 

Bidentate Ligand Screening at 110° C. 

Mass Recovered 2,2'-

Balance Starting Bithiophene 

Ligand Chemdraw Ligand name (%) Mat.(%) Yield(%) 

0 4,5-diazafluoren- 40 14 26 
9-one 

:::c--N 

'Bu 4,4'-di-tert- 82 38 44 

0-0 
butyl-2,2'-
bipyridine 

MeO OMe 4,4'-dimethoxy- 82 36 46 

0-0 
2,2'-bipyridine 

Me0--0--()---0Me 5,5'-dimethoxy- 88 41 47 
2,2'-bipyridine 

0-0 
2,2'-bipyridine 91 44 47 



Entry 

7 

8 

9 

10 

11 

12 

13 

14 
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TABLE 2-continued 

Bidentate Ligand Screening at 110° C. 

Ligand Chemdraw 

F3C CF3 

b--d 

6b 
'd-0" 

Ligand name 

4,4'-bis 
(trifluoromethyl)-
2,2'-bipyridine 

2,2'-biquinoline 

1,10-phenan-
throline 

4,7-diphenyl-
1,10-phenan-
throline 

2,9-dimethyl-
1,10-phenan-
throline 

4,7-diphenyl-
2,9-dimethyl-
1,10-phenan
throline 

~ ,onIB((OAC trimethylphenyl) 
1mmo) --cf N Ny _,,,,,,Me 

~ ,onIB((< methylphenyl) 
imino) 
acenaphthene 

--0-N NV 
p-Q 

6,6'-dimethoxy-
2,2'-bipyridine 

MeO OMe 

Mass 
Balance 

(%) 

71 

44 

82 

87 

57 

51 

65 

53 

34 

30 

Recovered 2,2'-
Starting Bithiophene 

Mat.(%) Yield(%) 

14 57 

NIA 44 

34 48 

44 43 

21 36 

16 35 

30 35 

18 35 

11 23 



Entry 

15 

16 

17 

18 

19 

20 
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TABLE 2-continued 

Bidentate Ligand Screening at 110° C. 

Ligand Chemdraw 

C)-{) 
0 0 

°" ; PPh2 
Fe 

' 

Ph2P~ 

None 

Ligand name 

2,2'-bipyrimi
dine 

1,10-phenan
throline-5,6-
dione 

1,2-bis 
(diphenylphos
phino )ethane 

(±)-2,2'-bis 
(diphenyl
phosphino)-1,1'
binaphthalene 

1,1 '-ferrocene
diyl-bis(diphenyl
phosphine) 

None 

Mass 
Balance 

(%) 

58 

88 

42 

31 

41 

36 

Recovered 
Starting 

Mat.(%) 

17 

7 

27 

13 

32 

2,2'
Bithiophene 
Yield(%) 

57 

80 

25 

24 

14 

23 

Example 13: Ligand Screening at 111 ° C. 50 The individual ligands (5 or 10 mo! %) were added to 

0.53M 
0.148mmol 

Pd(OAc)i (5 mol %) 

Cu(OAc)i•H2O (5 mol %) 

Ligand (5 or 10 mol %) 

DMSO, 111 ° C., 0 2, 16 hr 

hex~hex 

Br)!-s/ "'-s~Br 

13x 100 mm borosilicate glass heavy wall test tubes as listed 
in each Entry in Table 3. For Entries 1-12, a stock solution 
of Pd(OAc)2 (21.9 mg, 0.0976 mmol, 30.0 mM) and 
Cu(OAc)2 .H2 0 (19.5 mg, 0.0977 mmol, 30.0 mM) in 3.25 

55 
mL DMSO was created, and 0.250 mL of the stock solution 
(0.0075 mmol) was added to each tube. For Entries 13-16, 
a stock solution of Pd(OAc)2 (8.5 mg, 0.0379 mmol, 30.3 
mM) and Cu(OTf)2 (13.6 mg, 0.0376 mmol, 30.1 mM) in 
1.25 mL DMSO was created, and 0.250 mL of the stock 
solution (0.0075 mmol) was added to each tube. Then, 

60 2-bromo-3-hexylthiophene (30.0 µL, 0.148 mmol) was 
added to each tube. The reactions were then placed in an 
orbital mixing block with heating element and run in the 
same way as in Example 1, except at 111 ° C. instead of 120° 
C. After 16 hours, the reactions were stopped, and after 

65 cooling, they were worked up in the same way as Examples 
1 and 11 for HPLC analysis. Results are shown in Table 3 
below. 



US 10,858,334 B2 
33 34 

TABLE 3 

Ligand Screening at 111 ° C. 

Mass Recovered 2,2'-
Ligand name Balance Starting Bithiophene 

Entry Ligand Chemdraw (mo!%) (%) Mat.(%) Yield(%) 

0-0 
2,2'-dipyridine (5) 78 32 46 

2 

6b 
1,10-phenanthroline 80 36 44 
(5) 

3 0 0 1,10-phenanthroline- 79 5 74 
5,6-dione (5) 

4 

C)----() 
2,2'-dipyrimidine (5) 61 60 

5 

o-Q 
6-methyl-2,2'- 60 17 43 
bipyridine (5) 

Me 

6 

9-Q 
6,6'-dimethyl-2,2'- 57 34 23 
bipyridine (5) 

Me Me 

7 MeO OMe4,4'-dimethoxy-2,2'- 74 33 41 b--d "'"''''"'" ,,, 
8 'Bu 'Bu 4,4' -di-tert-butyl- 75 32 43 

b--d 
2,2'-bipyridine (5) 

9 

0 
4-dimethylamino- 65 19 46 
pyridine (10) 

N 

10 OMe 4-methoxypyridine 56 11 45 

0 
(10) 

N 
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Entry Ligand Chemdraw 

11 o,Nu 
~ I 

N 

12 

,0 
F N 

13a 0 0 

14a 

,0 
F N 

15a 

0 
N 

35 
TABLE 3-continued 

Li and Screenin at 111 ° C. 

Ligand name 
(mo!%) 

3-nitropyridine (10) 

2-fluoropyridine 
(10) 

1,10-phenanthroline-
5,6-dione (5) 

2-fluoropyridine 
(10) 

4-dimethylamino
pyridine (10) 

16a 

0--0 
2,2'-bipyridine (5) 

a:Cu(OTf)2 was used instead of Cu(OAc)2•H2O. 

Example 14: Component Analysis Results 

0.67M 
0.168mmol 

Pd(OAc)i (5 mol %) 

Cu(OAc)i•H2O (5 mol %) 

phd (5 mol %) 

DMSO, 125° C., 0 2, 16 hr 

Mass 
Balance 

(%) 

33 

31 

90 

47 

58 

77 

36 

Recovered 2,2'-
Starting Bithiophene 

Mat.(%) Yield(%) 

9 24 

10 21 

74 16 

39 

18 40 

31 46 

(20.0 mg, 0.100 mmol, 38.5 mM) and phd (21.0 mg, 0.100 
45 

mmol, 38.5 mM) in 2.6 mL DMSO was created. 
Entry 1: Solid Cu(OAc)2 .H20 was added to a 13x100 mm 

borosilicate glass heavy wall test tube. Then, 0.215 mL 
(0.0083 mmol) of the Pd(OAc)iphd stock solution was 

50 added to the test tube. 
Entry 2: 0.215 mL (0.0083 mmol) of the Pd(OAc)2/phd 

stock solution was added to a 13x100 mm borosilicate glass 
heavy wall test tube. 

hex hex 55 

)O--OC 
Entry 3: 0.215 mL (0.0083 mmol) of the Cu(OAc)2 .H20/ 

phd stock solution was added to a 13x100 mm borosilicate 
glass heavy wall test tube. 

In this example, we demonstrate that all three of Pd(OAc) 

2 , Cu(OAc)2 , and phd are needed for efficient catalysis. 

A stock solution of Pd(OAc)2 (74.9 mg, 0.334 mmol, 38.8 
mM) and phd (70.1 mg, 0.334 mmol, 38.8 mM) in 8.60 mL 
DMSO was created (after heating with stirring at 65° C. to 
dissolve the mixture). A stock solution of Cu(OAc)2 .H20 

60 

Entries 4-7: The individual catalyst components (5 mo!% 
unless otherwise indicated) were added to 13x100 mm 
borosilicate glass heavy wall test tubes. 

Then, 2-bromo-3-hexylthiophene (34.0 µL, 0.168 mmol) 
was added to each tube. The reactions were then placed in 
an orbital mixing block with heating element and run in the 
same way as in Example 1, except at 125° C. instead of 120° 
C. After 16 hours, the reactions were stopped, and after 

65 cooling, they were worked up in the same way as Examples 
1 and 11 for HPLC analysis. Results are shown in Table 4 
below. 
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TABLE 4 

Component Analysis Results 

Mass Recovered 
Balance Starting 

Entry Components (%) Mat.(%) 

Pd(OAc)i, 90 3 
Cu(OAch•Hp, 
phd 

2 Pd(OAch, phd 99 88 
3 Cu(OAch•H2O, 96 96 

phd 
4 Pd(OAch, phda 99 92 
5 Cu(OAch•H2O, 97 97 

phda 
6 Pd(OAch 76 71 
7 Cu(OAch•H2O 95 95 

a= 2.5 mol % phd instead of 5 mol % phd 

2,2'-
Bithiophene 
Yield(%) 

87 

11 
0 

7 
0 

5 
0 

Example 15: Effect of Adding Benzoquinone or 
tert-Buty lbenzoquinone 

hex 

0--fu 
Pd(OAc)i (3 mol %) 

M(OAc)i (3 mol %) 

[phd/±BQ] (3 mol %) 

DMSO, 120° C., 02, 16 hr 

1.lM 
0.55 mmol 

·~X>--(J(~ 
Br S S Br 

Stock solutions of Pd(OAc)2 (95.9 mg, 0.427 mmol, 85.4 
mM) in 5.0 mL DMSO and phd (89.8 mg, 0.427 mmol, 85.4 
mM) in 5.0 mL DMSO were created. The individual Com-
ponents listed in Table 5 were added to the respective test 
tube. Then, 195 µL of each of the stock solutions was added 
to each test tube. Then, 2-bromo-3-hexylthiophene (112.5 
µL, 0.555 mmol) was added to each test tube. The reactions 
were then placed in an orbital mixing block with heating 
element and run in the same way as in Example 1. After 16 
hours, the reactions were stopped, and after cooling, they 
were worked up in the same way as Examples 1 and 11 for 
HPLC analysis. Results are shown in Table 5 below. 

TABLE 5 

Effect of Adding Benzoguinone or tert-Butylbenzoguinone 

Mass Recovered 2,2'-
Balance Starting Bithiophene 

Entry Components (%) Mat.(%) Yield(%) 

Cu(OAch•H2O 93 11 82 
2 Cu(OAch•H2O, 99 2 97 

BQ 
3 Cu(OAch•Hp, 96 95 

'BuBQ 
4 Ni(OAch•H2O 105 29 76 
5 Ni(OAch•H2O, 105 58 47 

BQ 
6 Ni(OAch•H2O, 105 25 82 

'BuBQ 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

38 
Example 16: Assessment of Copper Cocatalysts 

hex 

0--R, 
Pd(OAc)i (5 mol %) 

Cu (5mol %) 

phd (5 mol %) 

DMSO, 125° C., 02, 16 hr 

0.67M 
0.168mmol 

'")=>-(JC 
Br S S Br 

The copper cocatalysts (5 mo!%) were added to 13x100 
mm borosilicate glass heavy wall test tubes as listed in each 
Entry in Table 6. Then, 0.215 mL (0.0083 mmol) of the 
Pd(OAc)2/phd stock solution from Example 14 was added to 
each test tube. Then, 2-bromo-3-hexylthiophene (34.0 µL, 
0.168 mmol) was added to each test tube. The reactions were 
then placed in an orbital mixing block with heating element 
and run in the same way as in Example 1, except at 125° C. 
instead of 120° C. After 16 hours, the reactions were 
stopped, and after cooling, they were worked up in the same 
way as Examples 1 and 11 for HPLC analysis. Results are 
shown in Table 6 below. 

TABLE 6 

Assessment of Copper Cocatalysts 

Mass Recovered 2,2'-

Copper Balance Starting Mat Bithiophene 

Entry Cocatalyst (%) (%) Yield(%) 

Cu(OAch•H2 O 90 3 87 

2 CuSCN 95 91 4 

3 Cu 92 5 87 

4 CuCN 83 10 73 

5 Cul 59 27 32 

6 Cu2 O 88 5 83 

7 CuSPh 95 28 67 

8 Cu(3- 92 5 84 

ethylhexanoate) 

9 Cu(OTf)2 91 71 20 

10 Cu(acac)2 87 38 49 

11 CuBr2 89 80 9 

12 CuC12 96 75 21 

13 CuF2 85 5 80 

14 Cu(TFAh•xH2O 66 38 78 

15 Cu(3- 98 15 83 

methylsalicylate) 

16 CuCl 95 32 63 

17 CuBr•SMe2 92 47 45 

18 Cu(NO3h•2H2O 86 64 22 

19 Cu(OAc) 86 4 82 

20 CuO 93 67 26 

21 CuCO3 •Cu(OHh 94 47 47 
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Example 17: Assessment of Other Metal 
Cocatalysts 

0.67M 
0.168mmol 

Pd(OAc)i (5 mol %) 

M (5 mol %) 

phd (5mol %) 

DMSO, 125° C., 02, 16 hr 

hex)O--O(' f 
I 

hex 

Br S S Br 

40 
Entry in Table 8. Then, 0.215 mL (0.0083 mmol) of the 
Cu(OAc)2 .H2 O/phd stock solution from Example 14 was 
added to each test tube. Then, 2-bromo-3-hexylthiophene 
(34.0 µL, 0.168 mmol) was added to each test tube. The 

5 reactions were then placed in an orbital mixing block with 
heating element and run in the same way as in Example 1, 
except at 125° C. instead of 120° C. After 16 hours, the 
reactions were stopped, and after cooling, they were worked 
up in the same way as Examples 1 and 11 for HPLC analysis. 

10 Results are shown in Table 8 below. 

TABLE 8 

Assessment of Palladium Catalysts 
15 

Mass Recovered 2,2'-
Palladium Balance Starting Mat. Bithiophene 

Entry Source (%) (%) Yield(%) 

The metal cocatalysts (5 mo!%) were added to 13x100 
mm borosilicate glass heavy wall test tubes as listed in each 

20 
Entry in Table 7. Then, 0.215 mL (0.0083 mmol) of the 
Pd(OAc )2/phd stock solution from Example 14 was added to 
each test tube. Then, 2-bromo-3-hexylthiophene (34.0 µL, 
0.168 mmol) was added to each test tube. The reactions were 
then placed in an orbital mixing block with heating element 25 
and run in the same way as in Example 1, except at 125° C. 
instead of 120° C. After 16 hours, the reactions were 
stopped, and after cooling, they were worked up in the same 
way as Examples 1 and 11 for HPLC analysis. Results are 

2 
3 
4 
5 
6 
7 
8 
9 

10 

Pd(OAc)2 90 3 87 
Pd(TFA)2 90 32 58 
Pd(O2CC2H5h 86 85 
Pd(OPiv)2 87 4 83 
Pdl2 63 48 15 
Pd(acach 86 40 46 
Pd(OBzh 86 85 
PdO 96 96 0 
Pd(NO3h•2H2O 77 58 19 
Pd2(dbah•CHC13 56 3 53 

Example 19: Assessment of Literature Reaction 
Conditions: 50° C. shown in Table 7 below. 30 

TABLE 7 

Assessment of Other Metal Cocatalysts 

Mass Recovered 2,2'-
Balance Starting Mat. Bithiophene 

Entry Metal Cocatalyst (%) (%) Yield(%) 

Fe(NO3)3 •9H2O 81 77 4 
2 Fe(OTf)3 90 80 10 
3 Fe(OAc)i 94 70 24 
4 Mn(OAc)2•4H,0 92 8 84 
5 Ni(OAc)i•4H2O 93 3 90 
6 Co(OAc)i 81 28 53 
7 AgNO3 94 52 42 
8 AgOAc 100 82 18 
9 Al(NO3)3 •9H2O 79 77 2 

10 Al(OTf)3 97 88 9 
11 Ca(OAch 94 47 47 
12 Mg(OAc)2•4H2O 98 54 44 

Example 18: Assessment of Palladium Catalysts 

0.67M 
0.168mmol 

Pd(5 mol %) 

Cu(OAc)i•H2O (5 mol %) 

phd (5mol %) 

DMSO, 125° C., 0 2, 16 hr 

hex~hex 

Br)!-S/ \~Br 

The palladium catalysts (5 mo!%) were added to 13x100 
mm borosilicate glass heavy wall test tubes as listed in each 

hex 

35 0--R, [Pd] (10 mol %) 

Additives 

Solvent 

0.67M 50° C., 0 2, 47 hr 

0.33 mmol 

40 hex~hex 

Br)!-s/ \s~Br 

45 The individual catalyst components were added to 
13x 100 mm borosilicate glass heavy wall test tubes as listed 
in Table 9 and the conditions listed above. Then, 2-bromo-
3-hexylthiophene (67.5 µL, 0.33 mmol) was added to the test 
tubes. Finally, solvent was added to each test tube. The 
reactions were then placed in an orbital mixing block with 

50 heating element and run in the same way as in Example 1, 
except at 50° C. instead of 120° C. After 47 hours, the 
reactions were stopped, and after cooling, dibromomethane 
(50 µL, 0.71 mmol) was added to each tube along with 
additional solvent. After filtering through Celite, the reac-

55 tions were analyzed by 1 H NMR spectroscopy against the 
dibromomethane standard. Results are in Table 9 below. 

60 

65 

TABLE 9 

Assessment of Literature Reaction Conditions: 50° C. 

Entry Reaction Condition 

Wang 2014 Org. Lett. 
(Aerobic Thiophene 
Homocoupling) 

Mass 
Balance 

(%) 

55 

Recovered 
Starting 

Mat.(%) 

55 

2,2'
Bithiophene 
Yield(%) 

Trace 
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TABLE 9-continued 

Assessment of Literature Reaction Conditions: 50° C. 

Entry Reaction Condition 

2 Stahl Unpublished 

Condition 1 (C2 indole 

arylation) 

3 Stahl Unpublished 

Condition 2 (C3 indole 

arylation) 

4 Stahl/Campbell C2 

Indole Arylation 

5 Stahl/Izawa a-xylene 

homocoupling 

Note: 

Mass 

Balance 

(%) 

<56 

56 

81 

68 

Recovered 

Starting 

Mat.(%) 

51 

51 

68 

68 

the reactions were quantified by 1H NMR spectroscopy 

aassignment of product (from 1H NMR) is uncertain 

2,2'

Bithiophene 

Yield(%) 

<5 

5 

13a 

Qb 

bThe peaks in the 1H NMR spectrum are broad, so ruling out the presence of the 
desiredproduct cannot be definitively done. 

Wang 2014 Org. Lett. (Aerobic Thiophene Homocoupling): 10 mol % Pd(OAch, 1.0 equiv 
trifluoroacetic acid, DMSO 

10 

15 

20 

Stahl Unpublished Condition 1 (C2 indole arylation): 10 mol % Pd(OAch, 10 mol % 25 
Fe(NO3h•9H2O, 20 mo! % HOTs, DCE 
Stahl Unpublished Condition 2 (C3 indole arylation): 10 mol % Pd(OAch, 10 mol % 
Cu(OAc)2•H2O, 10 mol % BQ, 10 mol % 2,2-bipyrimidine, 20 mol % HOTs, 1:1 
AcOH:TFE 

Stahl/Campbell C2 indole arylation: 10 mol % Pd(OPivh, 10 mol % 4,5-diazafluoren-9-
one, propionic acid 

42 
TABLE 10 

Assessment of Literature Conditions 

Entry Reaction Condition 

Wang 2014 Org. Lett. 
(Aerobic Thiophene 
Homocoupling) 

2 Stahl Unpublished 
Condition 1 (C2 indole 

arylation) 
3 Stahl Unpublished 

Condition 2 (C3 indole 

arylation) 
4 Stahl/Campbell C2 

Indole Arylation 
5 Stahl/Izawa a-xylene 

homocoupling 

6 10 mol % [Catalyst 1] 
7 10 mol % [Catalyst 2] 

8 5 mol % [Catalyst 1] 
9 5 mol % [Catalyst 2] 

10 2.5 mol % [Catalyst 1] 
11 2.5 mol % [Catalyst 2] 

Mass 
Balance 

(%) 

61 

40 

56 

65 

35 

57 
88 

71 
103 

94 
100 

Recovered 
Starting 

Mat.(%) 

59 

38 

56 

63 

35 

Trace 
Trace 

12 

57 
56 

2,2'
Bithiophene 
Yield(%) 

2 

2 

Trace 

2 

0 

57 
88 

70 
91 

37 
44 

Wang 2014 Org. Lett. (Aerobic Thiophene Homocoupling): 10 mol % Pd(OAch, 1.0 equiv 
trifluoroacetic acid, DMSO 
Stahl Unpublished Condition 1 (C2 indole arylation): 10 mol % Pd(OAch, 10 mol % 
Fe(NO3h•9H2O, 20 mol % HOTs, propionic acid 
Stahl Unpublished Condition 2 (C3 indole arylation): 10 mol % Pd(OAch, 10 mol % 
Cu(OAc)2•H2O, 10 mol %BQ, 5 mol % 2,2-bipyrimidine, 20 mol %HOTs, propionic acid 

Stahl/Izawa a-xylene homocoupling: 10 mol % Pd(OAch, 10 mol % Cu(OTf)2, 20 mol % 
2-fluoropyridine, 13 mol % trifluoroacetic acid, AcOH 

JO ~~:~l~~i;;~~la~i~ indole arylation: 10 mol % Pd(OPivh, 10 mol % 4,5-diazafluoren-9-

Example 20: Assessment of Literature Conditions: 
110° C. 

0.67M 
0.50mmol 

[Pd] (10 mol %) 

Additives 

Solvent 

110° C., 0 2, 16 hr 

hex~hex 

Br)!-s/ '\_s~Br 

In this example, we assessed Literature Conditions at 110° 
C., after completion, and after all reactions sat at room temp. 
for four days before HPLC analysis. 

35 

40 

50 

Stahl/Izawa a-xylene homocoupling: 10 mol % Pd(OAch, 10 mol % Cu(OTf)2, 20 mol 
% 2-fluoropyridine, 13 mol % trifluoroacetic acid, propionic acid 
Catalyst 1: Pd(OAc)2, Cu(OAc),•H2O, 2,2'-bipyrimidine 

Catalyst 2: Pd(OAch, Cu(OAc)2•H2O, 1,10-phenanthroline-5,6-dione 

Example 21: Assessment of Literature Conditions: 
120° C. 

0.67M 
0.50mmol 

[Pd] (10 mol %) 

Additives 

Solvent 

120° C., 0 2, 16 hr 

hex~hex 

Br)!-s/ '\_s~Br 

The individual catalyst components were added to 
13x100 mm borosilicate glass heavy wall test tubes as listed 

In this example, we assessed literature conditions as 120° 
55 C., where the reactions were worked up for HPLC analysis 

promptly after completion. in Table 10 and the conditions listed above. Then, 2-bromo-
3-hexylthiophene (67.5 µL, 0.33 mmol) was added to the test 
tubes. Finally, solvent was added to each test tube. The 
reactions were then placed in an orbital mixing block with 

60 
heating element and run in the same way as in Example 1, 
except at 110° C. instead of 120° C. After 16 hours, the 
reactions were stopped. The test tubes were sealed with 
parafilm and rubber bands, they stood at room temperature 
for four days, and then they were worked up in the same way 65 

as Examples 1 and 11 for HPLC analysis. Results are shown 
in Table 10 below. 

The individual catalyst components were added to 
13x100 mm borosilicate glass heavy wall test tubes. Then, 
2-bromo-3-hexylthiophene (67.5 µL, 0.33 mmol) was added 
to the test tubes. Finally, solvent was added to each test tube. 
The reactions were then placed in an orbital mixing block 
with heating element and run in the same way as in Example 
1. After 16 hours, the reactions were stopped, and after 
cooling, they were worked up in the same way as Examples 
1 and 11 for HPLC analysis. Results are shown in Table 11 
below. 
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TABLE 11 

Assessment of Literature Conditions: 120° C. 

Entry Reaction Condition 

Wang 2014 Org. Lett. 
(Aerobic Thiophene 

Homocoupling) 

Mass 
Balance 

(%) 

67 

Recovered 
Starting 

Mat.(%) 

67 

2,2'
Bithiophene 
Yield(%) 

0 

10 

Entry 

4 
5 
6 

44 
TABLE 12-continued 

Solvent Screen of Stahl Unpublished Condition 2: 120° C. 

Mass Recovered 2,2'-
Balance Starting Bithiophene 

Solvent (%) Mat.(%) Yield(%) 

NMP 72 69 3 
Propylene carbonate 51 51 Trace 
Propionic acid 0 0 0 

2 Stahl Unpublished 
Condition 1 (C2 indole 

32 32 Trace Stahl Unpublished Condition 2 (C3 indole arylation): 10 mol % Pd(OAch, 10 mol % 
Cu(OAc)2•H2O, 10 mol % BQ, 5 mol % 2,2-bipyrimidine, 20 mol % HOTs, solvent 

arylation) 
3 Stahl/Campbell C2 74 72 2 

Indole Arylation 
4 Stahl/Izawa a-xylene 70 70 Trace 

homocoupling 
5 10 mol % [Catalysy] 85 84 

Wang 2014 Org. Lett. (Aerobic Thiophene Homocoupling): 10 mol % Pd(OAch, 1.0 equiv 
trifluoroacetic acid, DMSO 

15 

Example 23: Discovery of 
1,10-Phenanthroline-5,6-Dione as an Effective 

Ancillary Ligand for Aerobic Oxidative 
Pd-Catalyzed Thiophene C-H Homocoupling with 

Relevance to Organic Materials Synthesis 

Stahl Unpublished Condition 1 (C2 indole arylation): 10 mol % Pd(OAch, 10 mol % 20 
Fe(NO3h•9H2O, 20 mol % HOTs, propionic acid 

In this example, we extend the results reported in 
Examples 1-22, and provide additional supporting details. Stahl/Campbell C2 indole arylation: 10 mol % Pd(OPivh, 10 mol % 4,5-diazafluoren-9-

one, propionic acid 
Stahl/Izawa a-xylene homocoupling: 10 mol % Pd(OAch, 10 mol % Cu(OTf)2, 20 mol % 
2-fluoropyridine, 13 mol % trifluoroacetic acid, propionic acid 
Catalyst 2: Pd(OAch, Cu(OAc)2•H2O, 1,10-phenanthroline-5,6-dione 

Example 22: Solvent Screen of Stahl Unpublished 
Condition 2: 120° C. 

0.67M 
0.33 mmol 

Pd(OAc)2 (10 mol %) 

Cu(OAc)2•H2O (10 mol %) 

bpym (5 mol %) 

BQ(10mol%) 

HOTs (20 mol %) 

Solvent 

120° C., 02, 16 hr 

hex~hex 

Br)l-s/ \s~Br 

The individual catalyst components were added to 
13x100 mm borosilicate glass heavy wall test tubes as listed 
above. Then, 2-bromo-3-hexylthiophene (67.5 µL, 0.33 
mmol) was added to the test tubes. Finally, solvent (0.43 
mL) was added to each test tube as listed in Table 12. The 
reactions were then placed in an orbital mixing block with 
heating element and run in the same way as in Example 1. 
After 16 hours, the reactions were stopped, and after cool
ing, they were worked up in the same way as Examples 1 
and 11 for HPLC analysis. Results are shown in Table 12 
below. 

TABLE 12 

Solvent Screen of Stahl Unpublished Condition 2: 120° C. 

Mass Recovered 2,2'-
Balance Starting Bithiophene 

Entry Solvent (%) Mat.(%) Yield(%) 

DMSO 69 58 11 
2 DMF 61 42 19 
3 DMA 25 18 7 

Specifically, we report the Pd/Cu-cocatalyzed aerobic oxi
dative C-H homocoupling of a variety of thiophenes and 
other heterocycles relevant to organic materials synthesis. 

25 1,10-phenanthroline-5,6-dione (phd) has been discovered to 
be an effective ligand in aerobic Pd catalysis. 

Given our longstanding interest in aerobic C-H/C-H 
biaryl coupling, a method for the homocoupling of 2-bromo-
3-hexylthiophene la (FIG. 5) was targeted. A variety of 

30 conditions for aerobic C-H/C-H biaryl coupling devel
oped in our lab and elsewhere were screened but were found 
to be ineffective. Conditions inspired by the aerobic Pd
catalyzed C-H homocoupling of o-dimethylphthalate
including an ancillary ligand-supported Pd catalyst with a 

35 Cu cocatalyst-were screened and found to be more effec
tive for the formation of bithiophene 2a. 

It was found that use of electron-rich pyridines L3 offered 
significant increases in yields of 2a over electron-poor 
pyridines like L1. Bidentate nitrogen-donor ligands like 

40 1,10-phenanthroline LIO generally afforded yields of 
approximately 45-50%, although introducing steric bulk in 
the ortho position (Ll 1) provided diminished yields. A boost 
to 58% yield was enabled through use of 2,2'-bipyrimidine 
(bpym) L9, although this ligand gave low selectivity for 

45 desired product 2a, with almost complete starting material 
consumption. The optimal ligand was discovered to be 
1,10-phenanthroline-5,6-dione (phd), which gave 80% yield 
of the desired product (FIG. 5). 

Pd salts with anions more weakly coordinating than 
50 acetate were ineffective. Likewise, Cu salts with weakly 

coordinating anions were less effective compared to their 
more strongly coordinating counterparts. The addition of 
organic acids, which have been shown to promote other 
aerobic C-H/C-H biaryl couplings, greatly diminished 

55 product formation. 
Metal additives other than CuII salts have been shown to 

be effective for Pd-catalyzed C-H oxidation reactions. 
Notably, a number of co-catalytic additives not traditionally 
employed in aerobic Pd-catalyzed oxidation reactions were 

60 found to be effective at promoting the homocoupling relative 
to no additive, including Bi(OAc)3 , Zn(OAc)2 , and 
Mg(OAc)2 . In general, however, transition metal additives 
were found to be more effective, with Mn(OAc )2 and 
Cu(OAc)2 being the most effective, followed by Ni(OAc)2 . 

Iron(II) acetate and Co(OAc )2 were less effective, although 
still promoted the homocoupling relative to no additive. 
Metal additives with anions less coordinating than acetate 

65 
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were less effective, consistent with observations regarding 
the anion on Pd and Cu. Ultimately, Cu(OAc)2 was selected 
as the final cocatalyst, proving to be the most effective 
additive across a range of thiophene substrates tested (see 
Table 13 below). 

TABLE 13 

46 
may undergo this undesired overoxidation process, although 
no effort was made to isolate these putative overoxidation 
products. 

An 85% yield of 2d was obtained with use of the 
5 cosolvent cyclohexyl acetate, which likely helps solubilize 

ld. Substrates le and lf, which benefited from a lowered 
reaction temperature of 100° C., gave somewhat lower 
yields. Dihalogenated substrates gave moderate to good 

Metal Additive Effects in Pd/Cu-Cocatalyzed Aerobic yields of products 2g-2i. Product 2i is noteworthy, as it has 
___ c_-_H_H_o_m_o_c_ou-"p_li--'ng"--of_2_-B_r_o_m_o_-3_H_e_x-'--yl_tb_io-"p-h_en_e ___ 

10 
been found that fluorination in the 3 and 3' positions of the 
2,2'-bithiophene moiety of an organic copolymer leads to 
improved solar cell power conversion efficiency. Benzo[b] 
thiophenes required higher catalyst loadings, with substrate 
lj yielding 2j in 50% yield, while the 3-brominated ana
logue, lk, coupled in 91 % yield. The ester substrate 11 also 

n-hex)O\ 

Br S 

la 

3 mol % Pd(OAc)i 

3mol %phd 

3 mol % M(OAc)n 

DMSO, 120° C., 

1.1 atm p02, 16 hr 15 required a higher catalyst loading to afford 21, an interme
diate towards an OSC, in 59% yield, while ketone lm 
yielded product 2m in 69% yield. 

n-hex)O---O(~ // 

1 

n-hex Substrates ln and lo, possessing electron-donating 
~ 7 groups in the 2 position, gave 48% and 68% spectroscopic 

20 yields of 2n and 2o, respectively. Substrate ln required a 
Br s s Br lowered temperature of 100° C. for a synthetically useful 

2a yield. The acetal substrate 1 p resulted in combined 71 % 

M(OAc)n Yield 2a (%) 

6 
CsOAc 17 

Bi(OAch 24 
Mg(OAc)o 35 
Ca(OAc)o 12 
Sr(OAc)o 10 

Mn(OAc)o 74 
Fe(OAc)2 12 
Co(OAc)o 40 
Ni(OAc)2 66 
Cu(OAc)o 73 
Zn(OAc)o 30 

Conditions: la (0.275 mmol, 55.0 µL), Pd(OAc), (0.00825 mmol), phd (0.00825 mmol), 
M(OAc)n (0.00825 mmol), total volume of0.25 mL in DMSO. 1.1 atm pO,_ 120° C., 16 
hr. Reaction yield determined by 1H NMR against methyl-3,5-dinitrobenzoate internal 
standard. 

The yield of 2a was improved to 90% when the loading 
of Pd(OAc)2 , phd, and Cu(OAc)2 were lowered to 3 mo!% 
with concomitant addition of 3 mo! % of 1,4-benzoquinone 
(BQ). 

In order to determine which components of the catalyst 
system were necessary for effective catalysis, a catalyst 
component screen was conducted (see FIG. 6). Pd(OAc)2 , 

Pd(OAc)2/phd, and Pd(OAc)2/Cu(OAc)2 alone are ineffec
tive at producing bithiophene in synthetically useful yields. 
High conversion of thiophene starting material is observed 
with Pd(OAc )2 /Cu(OAc )2 but little product is obtained, 
suggesting phd promotes not only reactivity but also selec
tivity for product 2a. It is only the ternary mixture of 
Pd(OAc )2 /Cu(OAc )2 /phd that produces synthetically useful 
amounts of bithiophene, and addition of a catalytic amount 
of BQ further improves the yield by increasing catalyst 
lifetime. 

yield of 2p and mono-deprotected 3p at 100° C.; a hydrolytic 
deprotection of these products would lead to 5,5'-bis( carb-

25 aldehyde)-2,2'-bithiophene, a commonly used intermediate 
in reactions such as Knoevenagel condensations, Horner
Wadsworth-Emmons (HWE) olefinations, Wittig reactions, 
and other transformations. 2,2'-bithiophene substrate, lq, 
was coupled in good spectroscopic yield of 85% at 100° C. 

30 to yield quaterthiophene 2q, suggesting that the catalyst 
shows promise for the synthesis of oligothiophene interme
diates towards organic materials. 4-bromothiazole lr 
showed only 34% spectroscopic yield ofbithiazole 2r, which 
has been utilized as an intermediate for the synthesis of 

35 OFETs. 
In order to gain mechanistic insight into the reaction (FIG. 

SA), the dependence of the initial rate on the catalyst 
components was determined (see FIGS. SB, SC, SD and SE). 
Modulating the Pd(OAc)2 :phd ratio, the reaction rate 

40 increased in a 1st order fashion before maximizing at a 
Pd(OAc)2 :phd ratio of approximately 1:1. Pd(OAc)2 :phd 
ratios beyond 1: 1 saw diminished rates, and catalysis was 
completely inhibited at a Pd(OAc )2 :phd ratio of 1 :3. The rate 
maximum at a Pd(OAc)2 :phd ratio of 1:1 held at a 

45 Pd(OAc)2 :Cu(OAc)2 ratio of 1:4, indicating phd preferen
tially binds Pd(OAc)2 over Cu(OAc)2 during the reaction, 
and that the active catalytic species is a 1: 1 Pd(OAc )2/phd 
complex. 

The reaction was found to be 1st order in substrate (FIG. 
50 SD) and zeroth order in [BQ] and pO2 , strongly suggesting 

the rate determining step is not oxidation of the catalyst. 
Saturation kinetics for [Pd(OAc2 )/phd] (FIG. SB) and 
Cu(OAc)2 .H2 O was observed (FIG. SC), and the onset of 
[Pd(OAc )2/phd] saturation is delayed at elevated 

55 [Cu(OAc)2 ] relative to [Pd(OAc)2 ]. Such behavior indicates 
a preequilibrium association of Pd(OAc)/phd and 
Cu(OAc )2 prior to the rate-limiting step. Given the extensive 
precedent of phd-supported multimetallic species (CITA
TION), such association seems even more credible. The 

The Pd(OAc )/phd/Cu(OAc )2/BQ catalyst was then 
tested for the oxidative homocoupling of a series of thio
phenes and related heterocycles (see FIG. 7). A variety of 
2-halo-3-alkylthiophenes la-le reacted smoothly to afford 
2,2'-bithiophenes that are useful as intermediates or precur
sors to intermediates in materials synthesis in very good to 
excellent yields. In the course of isolating 2c, several 
milligrams of a purified byproduct 3c were obtained, which 
was found to be terthiophene 3c derived from the oxidative 
coupling of le and 2c. Similar 1H NMR spectroscopic 65 

signatures were observed in the crude reaction mixtures of 
other 2-halo-3-alkylthiophenes, suggesting other thiophenes 

60 exact nature of the rate-limiting step is unclear; however, 
based on literature precedent possible rate-limiting steps 
could include either C-H activation or transmetalation 
between two Pd-aryls. In either case, given that catalyst 
oxidation is not likely to be the rate-limiting step, Cu(OAc)2 

is likely serving to promote one of those steps. 
C-H activation is a kinetically relevant step in the 

homocoupling reaction. Independent rates were measured 
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for the homocoupling of la and la-D5 under standard 
conditions were measured, and k~n was found to be 2.9, 
indicating at least partially rate-limiting C-H activation 
and consistent with KIEs of kJ!kn 2-5 observed in previ
ously reported Pd-based oxidative biaryl coupling reactions. 5 

The ME was measured to be 2.4 and 2.5 at high and low 
[Cu(OAc)2], respectively, suggesting that altering the 
Cu(OAc )2 concentration does not affect the identity of the 
rate-limiting step. 

48 
mately 480 nm. Cu(OAc)2/phen (FIG. lOB, blue) has a 
broad absorption feature centered at 490 nm, while 
Cu(OAc)2 (FIG. lOB, green) has a broad absorbance at 710 
nm. An equimolar mixture of Pd(OAc)2 , phenanthroline, 
and Cu(OAc )2 (FIG. lOB, purple) contains a broad feature at 
710 nm, and the onset of a strong absorbance at 480 nm. 
That is, the mixture of Pd(OAc)2 , phenanthroline, and 
Cu(OAc )2 shows spectroscopic features consistent with 
phenanthroline-bound Pd(OAc)2 and Cu(OAc)2 , indicating 
phenanthroline binds preferentially to Pd(OAc )2 in the pres
ence of Cu(OAc )2 and that there is no association of 
Cu(OAc )2 with Pd(OAc )2 /phen. 

In sum, we have disclosed a method for the aerobic Pd and 

To gain insight into the C-H activation step, 10 equiv 10 

DO Ac (relative to substrate) were added to the reaction 
mixtures and allowed to react for 30 minutes (see FIG. 9). 
One or more components of the optimized catalyst system 
was systematically excluded, and the amount of deuterium 
incorporated into the starting material was measured. 15 

Cu cocatalyzed C-H/C-H homocoupling of thiophenes 
relevant to organic materials, using 1, 1 0-phenanthroline-4, 
5-dione as an ancillary ligand, with phd being used as an 
effective ligand for an aerobic Pd-catalyzed oxidation reac-

FIG. 9 shows the yields of la-D5 and 2a, which forms in 
only small quantities under acidic conditions. No deuterium 
is incorporated into la when only Cu(OAc)2 or Cu(OAc)2 / 

phd are used, while Pd(OAc)2 alone and Pd(OAc)iCu 
(OAc)2 facilitated modest (;;,;5%) deuterium incorporation. 20 

However, substantial deuterium incorporation values of 
28% and 42% are observed by 1H and 2 H NMR when 
Pd(OAc )2 /phd and Pd(OAc )2 /phd/Cu(OAc )2 are used, 
respectively. While rates of deuterium incorporation by 
Pd(OAc)2/phd and Pd(OAc)2/phd/Cu(OAc)2 are compa- 25 

rable, rates of product formation under standard conditions 
between the catalyst systems differ by nearly a factor of 10 
in favor of the latter. 

tion. A number of thiophenes relevant to organic materials 
are coupled in good to moderate yields under conditions that 
forego the need for a stoichiometric oxidant such as Ag1 

salts. Kinetic and mechanistic studies indicate that the 
Cu(OAc)2 cocatalyst serves not to simply mediate the oxi
dation of Pd0 to Pd 1, as it is traditionally assumed to do in 
aerobic Pd and Cu cocatalyzed oxidation reactions, but also 
serves to promote another step in the reaction. Several other 
metal additives not traditionally employed in aerobic Pd
catalyzed oxidation reactions were demonstrated to be com
petent for promoting the thiophene homocoupling. Spectro-The discrepancy in rates of C-H activation vs. homo

coupling suggests could be interpreted in several ways. If a 
sequential C-H activation mechanism on a single Pd center 
is operative, these data indicate that Cu is playing crucial 
role in one of the C-H activation steps but is largely 
inconsequential for the other C-H activation. If a trans
metalation mechanism is operative, these data would be 
consistent with Cu promoting a transmetalation step 
between two Pd-aryls to form a Pd-biaryl that undergoes 
product-forming reductive elimination. Alternatively, 
Cu(OAc )2 could serve to promote reductive elimination 
from a Pd-biaryl. 

30 scopic evidence indicates the formation of multimetallic 
Pd(OAc)2/phd/M(OAc)2 species; however, the catalytic rel
evance of the species is unclear. The exact nature of pro
motional effect of Cu and other metal additives is the subject 
of ongoing study, but has important implications for the 

35 development of aerobic Pd-catalyzed C-H oxidation reac
tions. 

1,10-phenanthroline-4,5-dione is known to support the 
formation of multimetallic species wherein the phenanthro
line moiety binds one metal and the o-quinone moiety binds 
another metal. This behavior prompted investigation into the 
speciation of the catalyst. 

UVNis spectra of 16.5 mM solutions of Pd(OAc)iphd, 
Cu(OAc)2/phd, and Pd(OAc)2/phd/Cu(OAc)2 in DMSO are 
shown in FIG. lOA. Pd(OAc)iphd (FIG. lOA, red) contains 

40 

45 

a broad absorbance feature with an onset that begins at 
approximately 500 nm. Cu(OAc)iphd (FIG. lOA, blue) 50 

contains a broad feature centered at approximately 620 nm 
and a narrower feature at 460 nm. When Pd(OAc )2 , phd, and 
Cu(OAc)2 are combined in equal ratios (FIG. lOA, green), 
the resulting spectrum contains a broad feature centered at 
approximately 730 nm and shoulder at approximately 450 55 

nm. That is, a mixture of the three components results in a 
spectroscopically unique species that is neither Pd(OAc )2 / 

phd nor Cu(OAc )2/phd. The precise nature of the interaction 
between Pd(OAc )2 , phd, and Cu(OAc )2 is unclear, but 
potential modes of interaction include the binding of 60 

Cu(OAc)2 to Pd(OAc)iphd via the o-quinone moiety or by 
bridging acetates. 

In order to gain insight into the mode of ligand binding, 
similar experiments were conducted in which the structur
ally analogous phenanthroline ligand was used in lieu of 65 

phd. A 1:1 mixture of Pd(OAc )2 and phen in DMSO (FIG. 
lOB, red) contains a strong absorbance onset at approxi-

The disclosure is not limited to the specific embodiments 
demonstrated in these examples. Instead, the scope of the 
invention is defined by the appended claims. 
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We claim: 
1. A method for synthesizing a 2,2'-bithiophene from two 

thiophenes, the method comprising: 
contacting the two thiophenes with oxygen gas and a 

catalyst comprising palladium and a ligand selected 45 

from the group consisting of a pyridine; a 1,10-phenan
throline; a 2,2'-bipyridine, a 2,2'-bipyrimidine; a 4,5-
diazafluoren-9-one; a quinoline; a 1, 1 0-phenanthroline-
5,6-dione; a bis(arylimino )acenaphthene; and a 2,2'-
biquinoline; 50 

whereby the two thiophenes are covalently coupled by 
aerobic oxidation to form the 2,2'-bithiophene; 

wherein the two thiophenes are not substituted exclu
sively with alkyl groups, alkoxy groups, alkanoate 
groups, alkanamide groups, alkoxyalkyl groups, and 55 

benzoalkyl groups. 
2. The method of claim 1, wherein the 2,2'-bithiophene 

that is synthesized has the chemical structure: 

60 

65 

52 
and 

the two thiophenes have the chemical structure: 

wherein X is a halogen, an alkyl, a trimethylsilyl (TMS), 
a thiophenyl, or a dioxolanyl: 

and wherein R1 and R2 are each independently selected 
from the group consisting of hydrogen, bromine, chlo
rine, fluorine, an alkoxycarbonyl group, an oxoalkyl 
group, and an alkyl group. 

3. The method of claim 2, wherein the two thiophenes are 
2,3-dibromothiophene, 2,4-dibromothiophene, 2-bromo-4-
fluorothiophene 2-bromo-3-dodecylthiophene, 2-bromo
thiophene, 2-chlorothiophene, 2-bromo-3-methylthiophene, 
2-bromo-3-hexylthiophene, 2-chloro-3-hexylthiophene, 

0~ 

Br S 

and wherein the corresponding 2,2'-bithiophene is 4,4',5, 
5'-tetrabromo-2,2'-bithiophene (X is bromine, R1 is 
bromine, and R2 is hydrogen), 3,3',5,5'-tetrabromo-2, 
2'-bithiophene (Xis bromine, R1 is hydrogen, and R2 is 
bromine), 5 ,5'-dibromo-3,3'-difluoro-2,2'-bithiophene 
(X is bromine, R1 is hydrogen, and R2 is fluorine), 
5,5'-dibromo-4,4'-didocecyl-2,2'-bithiophene (Xis bro
mine, R1 is n-dodecyl, and R2 is hydrogen), 5,5'
dibromo-2,2'-bithiophene (X is bromine, R1 is hydro
gen, and R2 is hydrogen), 5,5'-dichloro-2,2'
bithiophene (X is chlorine, R1 is hydrogen, and R2 is 
hydrogen), 5,5'-dibromo-4,4'-dimethyl-2,2'-bithio
phene (X is bromine, R1 is methyl, and R2 is hydrogen), 
5,5'-dibromo-4,4'-dihexyl-2,2'-bithiophene (X is bro
mine, R1 is n-hexyl, and R2 is hydrogen) 5,5'-dichloro-
4,4'-dihexyl-2,2'-bithiophene (X is chlorine, R1 is 
n-hexyl, and R2 is hydrogen), 
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oMS~TMS, 

0 0 

0 0 

Br 

20 

4. The method of claim 1, wherein the 2,2'-bithiophene 
that is synthesized is a 2,2'-bibenzo[b ]thiophene, and 
wherein the two thiophenes are benzo[b ]thiophenes. 

5. The method of claim 4, wherein the 2,2'-bibenzo[b] 25 

thiophene has the chemical structure: 

30 

Rs Rs 
35 

and 

the two benzo[b ]thiophenes have the chemical structure: 40 

45 

H 

Rs 

54 

2p 

0 0 

Co oJ or 

21 

0 0 

and 
the two 2-(1-oxoalkyl)thiophenes have the chemical 

structure: 

wherein R1 is selected from the group consisting of an 
alkyl group and hydrogen. 

9. The method of claim 8, wherein the 5,5'-bis-(l-ox
oalkyl)-2,2'-bithiophene that is synthesized is 5,5'-bis(trim
ethylacetyl)-2,2'-bithiophene or 5,5'-bis( carbaldehyde )-2,2'
bithiophene, and wherein the two 2-(1-oxoalkyl)thiophenes 

wherein R1 , R2 , R3 , R4 and Rs are independently selected 
from the group consisting of hydrogen and bromine. 

50 are 2-trimethylacetylthiophene (R1 is tert-butyl; R2 and R3 

are hydrogen) or thiophene-2-carbaldehyde (R1 , R2 , and R3 

are all hydrogen). 

6. The method of claim 5, wherein the 2,2'-bibenzo[b] 
thiophene that is synthesized is 3,3'-dibromo-2,2'-bibenzo 55 

[b]thiphene or 2,2'-bibenzo[b]thiophene, and wherein the 
two benzo[b]thiophenes are 3-bromobenzo[b]thiophene (R1 

is bromine; R2 , R3 , R4 and Rs are all hydrogen) or unsub
stituted benzo[b]thiophene R2 , R3 , R4 and Rs are all hydro
gen). 

7. The method of claim 1, wherein the 2,2'-bithiophene 
that is synthesized is a 5,5'-bis-(l-oxoalkyl)-2,2'-bithio
phene, and wherein the two thiophenes are 2-(1-oxoalkyl) 
thiophenes. 

8. The method of claim 7, wherein the 5,5'-bis-(l-ox
oalkyl)-2,2'-bithiophene has the chemical structure: 

60 

65 

10. The method of claim 1, wherein the 2,2'-bithiophene 
analog that is synthesized is a 5,5'-bithiazole, and wherein 
the two thiophene analogs are thiazoles. 

11. The method of claim 10, wherein the 5,5'-bithiazole 
has the chemical structure: 



US 10,858,334 B2 
55 

and 

the two thiazoles have the chemical structure: 

10 

wherein R1 is hydrogen and R2 is bromine. 

12. The method of claim 1, wherein the ligand is selected 
from the group consisting of a 1,10-phenanthroline-5,6-
dione; a 2,2'-bipyridine, a 2,2'-bipyrimidine; a 4,5-diazaf- 15 
luoren-9-one; a quinoline; a 1,10-phenanthroline; a bis 
(arylimino )acenaphthene; and a 2,2'-biquinoline. 

13. The method of claim 12, wherein the ligand is selected 
from the group consisting of: 

(a) a 1,10-phenanthroline-5,6-dione having the chemical 20 

formula: 

0 0 

25 

Rs, 

30 

wherein 

(i) 1, 2, 3, 4, or 5 of Ri, R2 , R3 , R4 , Rs and R6 are 35 

hydrogen, or 

(ii) all six ofR1 , R2 , R3 , R4 , Rs and R6 are hydrogen (the 
ligand is 1,10-phenanthroline-5,6-dione (phd)); 

(b) a 2,2'-bipyridine having the chemical formula: 
40 

45 

wherein one or more of Ri, R2 , R3 , R4 , Rs, R6 , R7 and Rs 
50 

are independently selected from the group consisting of 
hydrogen, tert-butyl, methoxy, methyl, phenyl, and trifluo
romethyl; 

(c) a 2,2'-bipyrimidine having the chemical formula: 55 

60 

56 
( d) a 4,5-diazafluoren-9-one having the chemical formula: 

0 

wherein one or more of R1 , R2 , R3 , R4 , Rs, and R6 1s 
hydrogen; 

( e) a quinoline having the chemical formula: 

Rs 

wherein one or more of Ri, R2 , R3 , R4 , Rs, R6 and R7 is 
hydrogen; 

f) a 1,10-phenanthroline having the chemical formula: 

wherein one or more of R1 , R2 , R3 , R4 , Rs, R6 R7 , and R8 

is independently selected form the group consisting of 
hydrogen, methyl, and phenyl; 

(g) a bis(arylimino)acenaphthene having the chemical 
formula: 

wherein one or more of R1 , R2 , R3 , R4 , Rs, and R6 1s 
hydrogen; 

wherein one or more of R1 , R2 , R3 , R4 , Rs, and R6 is 
65 hydrogen, and wherein one or both of Ar1 and Ar2 are 

selected from the group consisting of 4-methylphenyl and 
1,3,5-trimethylphenyl; and 
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(h) a 2,2'-biquinoline having the chemical formula: 

Rs Rs 

R10, 

wherein one or more ofR1 , R2 , R3 , R4 , R5 , R6 , R7 , R8 , R9 , 

R10, Ru and R12 is hydrogen. 

10 

14. The method of claim 1, wherein the catalyst further 15 

comprises a transition metal. 
15. The method of claim 14, wherein the transition metal 

is selected from the group consisting of zinc, copper, man
ganese, nickel, iron, cobalt and silver. 

16. The method of claim 1, wherein the catalyst further 20 

comprises a redox-active organic mediator, wherein the 
redox-active organic mediator is a substituted or unsubsti
tuted benzoquinone, or a substituted or unsubstituted hyd
roquinone. 

25 

* * * * * 

58 




