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The transition-metal-catalyzed oxidative cross-coupling between two coupling partners with similar
structure and electronic characteristics remains a challenge owing to difficulty in suppressing undesired

homo-couplings. We herein report a Pd-catalyzed oxidative cross-coupling between two thiophenes

under mild reaction conditions. This approach can also be extended to furans. Some notable
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advantages of this reaction lie in its synthetic simplicity with the omission of the toxic stannanes

coupling partner and excellent functional-group compatibility. The features of this protocol make it an
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www.rsc.org/chemicalscience optoelectronic materials.

Because bithiophenes can alternate -conjugated oligomers or
polymers with unique electrical and optical properties, such an
important structural motif is a popular choice for the prepara-
tion of advanced materials in various electronic and optoelec-
tronic devices, such as organic light-emitting diodes (OLEDs),"
organic field-effect transistors (OFETs),? organic electrochromic
devices (ECDs),® and organic solar cells (OSCs).* A common
synthetic method toward bithiophenes is palladium-catalyzed
cross-coupling of stannyl thiophenes with thienyl halides (Stille
cross-coupling).” Despite its great reliability and versatility, this
method involves drawbacks such as the use of toxic stannanes
that are difficult to handle or require extra steps to prepare, and
often generate stoichiometric amount of toxic and environ-
mentally risky by-products. Moreover, the important functional
groups such as halides are incompatible in these reactions.
From the point of view of synthetic simplicity as well as a new
practical and environmentally benign process, the construction
of a thiophene-thiophene linkage structural motif via a tran-
sition-metal-catalyzed oxidative cross-coupling between two
simple thiophenes would be an ideal strategy, since the use of
the C-H bond as the functional group® avoids the pre-
functionalization steps of both thiophenes. However, the
formation of the bithiophene-structure via this strategy is still a
great challenge, and has not been reported to date.” The reason
is that thiophenes are m-electron rich heteroarenes, and are
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ideal strategy for the construction of a 2,2'-thiophene-thiophene linkage of interest in electronic and

susceptible to homocoupling in the existing catalytic systems.®
Furthermore, although important progress has been made in
the transition-metal-catalyzed oxidative cross coupling between
two (hetero)arenes during the past few years,”'® realizing such a
strategy between two coupling partners with similar structure
and electronic characteristics remains a hindrance owing to the
difficulty in suppressing undesired homo-couplings."* Hence, it
is highly desirable to develop a new catalytic system to overcome
these limitations for widespread applications. Herein, we report
a Pd-catalyzed oxidative cross-coupling between two thiophenes
(m-electron rich vs. m-electron rich). The reaction proceeds
smoothly under mild reaction conditions. The high reaction
efficiency as well as the excellent functional group compatibility
of this approach represent an ideal strategy for the construction
of well-defined bithiophenes. Furthermore, this approach can
also be extended to furans. To demonstrate the synthetic
importance of the approach, the application of the reaction in
functional materials has also been described in a highly effi-
cient manner.

Considering that 3-hexylthiophene is an important unit in
the development of high performance electronic and optoelec-
tronic materials,"” and bromide and amide could be further
functionalized in the preparation of a thiophene-based struc-
ture, 2-bromo-3-hexylthiophene 2a and N,N-dimethylthiophene-
2-carboxamide 1a were chosen as model substrates (Table 1).
Initially, no desired product 3a was observed when the reaction
was carried out in DMF at 80 °C by using Pd(OAc), (10 mol%) as
a catalyst and AgOAc (3.0 equiv.) as an oxidant (Table 1, entry 1).
After a survey of the reaction parameters, such as solvents,
oxidants, and the additives, carboxylic acids previously
demonstrated to have a beneficial effect on the C-H bond
activation of simple arenes* (for details see ESIT), it turned
out that DMSO,* Ag,0 and benzoic acid are critical to the
reaction efficiency, providing 3a in 67% yield (Table 1, entry 7).
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Table 1 Representative results for optimization of Pd-catalyzed oxidative cross-
coupling of N,N-dimethylthiophene-2-carboxamide 1a with 2-bromo-3-hexylth-
iophene 2a”

o o]

s S._gr PAOAS, (xmol%) o N, nHex
+ S NN
Me,oN \ / \ / oxidant, additive I Y s ! 5
Hex  solvent, 80 °C, 8 h )
1a 2a 3a

Entry x Oxidant (equiv.) Solvent Additive (equiv.)  Yield (%)”
1° 10  AgOAc (3) DMF  — NR
2° 10  AgOAc (3) Dioxane — NR
3¢ 10  AgOAc (3) DCE — NR
4° 10  AgOAc (3) DMSO — 28
5¢ 10 Ag,CO; (3) DMSO — 24
6 10 Ag,0 (1.5) DMSO — 29
7 10 Ag,0 (3) DMSO  PhCO,H (3) 67
8 5  Ag,0 (3) DMSO  PhCO,H (3) 72
9 2.5 Ag,0 (3) DMSO  PhCO,H (3) 65
10 2.5 Ag,0 (3) DMSO  oMe-PhCO,H (3) 70
11 2.5 Ag,0 (3) DMSO  pMe-PhCO,H (3) 64
12 2.5 Ag,0 (3) DMSO  oNO,-PhCO,H (3) 52
13 2.5 Ag,0 (3) DMSO  0oPh-PhCO,H (3) 71
14 2.5 Ag,0 (3) DMSO  0Ph-PhCO,H (2) 71¢
15 2.5 Ag,0 (3) DMSO  HOAc (2) 61
16 2.5 Ag,0 (3) DMSO  CF;CO,H (2) 26
17 2.5 Ag,0 (3) DMSO — 28
18 2.5 — DMSO oPh-PhCO,H (2) NR
19 —  AgO0(3) DMSO  0Ph-PhCO,H (2) NR

“ Reaction conditions (unless otherwise specified): 1a (0.9 mmol), 2a
(0.3 mmol), solvent (2 mL). ” Isolated yield. © 1a/2a = 1 : 1.5, 0.3 mmol
scale. ¢ 25% homocoupling of 2a was isolated.

Decreasing the loading amount of Pd(OAc), from 10 mol% to
5 mol% further improved the yield to 72% (Table 1, entry 8).
However, when 2.5 mol% of Pd(OAc), was used, a lower yield
(65%) was observed (Table 1, entry 9). Considering that the
steric and electronic effect of benzoic acid could be tuned by the
substituents, which may influence the activity of the carboxylic
acid and benefit formation of cross-coupling product 3a,
different substituted benzoic acids were then investigated to
further optimize the catalytic system (Table 1, entries 10-13).
Finally, the desired cross-coupling product 3a was improved to
71% yield albeit with the formation of homocoupling by-prod-
ucts (25% yield of homocoupling of 2a was obtained'®) when
2.0 equiv. of ortho-phenyl benzoic acid (oPh-PhCO,H) and 2.5
mol% of Pd(OAc), were used (Table 1, entry 14). It is worth
noting that benzoic acid with a bulky substituent at its ortho
position benefits the reaction efficiency, while an electron-
deficient substituent diminishes the yield. A control experiment
using AcOH was also performed under the optimized reaction
conditions (Table 1, entry 14), providing a slightly lower yield
than oPh-PhCO,H (Table 1, entry 15), while a dramatically
decreased yield was observed when more acidic TFA or no acid
was used (Table 1, entries 16-17). Thus, these findings
demonstrate that the nature of carboxylic acids is critical for the
reaction efficiency. We supposed that the oPh-PhCO,™ gener-
ated by the reaction of oPh-PhCO,H with Ag,O may serve as a
suitable base to assist the C-H cleavage for thiophenes as
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previously reported.” In addition, no reaction was observed in
the absence of Ag,0 or Pd(OAc),, thus demonstrating that a
palladium redox catalytic cycle is involved in the reaction
(Table 1, entries 18-19).

Under the optimum reaction conditions (Table 1, entry 14), a
wide range of 2,2’-bithiophenes were generated in moderate to
good yields (Table 2).** Thiophenes bearing important func-
tional groups, such as methyl ketone, ester, aldehyde, and
nitrile, underwent the cross-coupling smoothly with 2-bromo-3-
hexylthiophene 2a (3a-f), thus providing a good opportunity for
further transformation by using these functional groups.
Importantly, compound 3e, a useful building block in the
development of organic solar cells,'”” can be easily prepared
from simple thiophene in good yield (72%) via only one step,
thus featuring the advantages of present strategy. Interestingly,
thiophenes with bromide and chloride at C2-position showed
similar reactivity (3h and 3j), while providing slightly lower
yields than their corresponding 2-halo-3-methylthiophenes (3g
and 3i). However, when 2-methyl-thiophene was investigated,
only a moderate yield (53%) of 3k was afforded. These results
indicated that the efficient cross-coupling of thiophenes
depends on their electronic-profiles. Benzothiophene and 2-
phenylthiophene are also suitable substrates with good yields
obtained (3l-n). It is worth noting that an alkyne can also
tolerate the reaction conditions (30), and as a result some
alkyne containing thiophene-based functional materials can be
efficiently prepared via this strategy'® or an additional thio-
phene ring can be introduced from the alkyne.*

Table 2  Pd-catalyzed oxidative cross-coupling between two thiophenes®

Pd(OAc), (2.5 mol %)
S Ag,0 (3.0 equiv) (S J
i _ AeOBOequy) R1—H\)—<1R
RK\_; (_// "Rz oPh-PhCOOH (2.0 equiv) / g 2
1

DMSO, 80°C, 8 h 3

Me,

Me;N Meo_ J/ N\ s
2 M )/Q\Q/Br MeO, /S\ \S/ B
nHex o

nHex
3b, 70% (28%) nHex

T

3e, 72% (23%)°

e

3, 71% (25%) “1© 3h, 62% (31%) 3i, 70% (28%) Me

eOY@\(SJ/CI eo)/@\(}Me O, /S\ \S
& S \ / d S \ / o

3j, 61% (31%) 3K, 53%° 31, 60%¢

\/

3m, 64% (33%) 3n, 65% (30%)

O.

3a, 71% (25%)

e

3d, 76% (20%)°

“r

3c, 64% (32%)

D

3f, 53% ( 14%

“r

30, 52% (22%)

“ Reaction conditions (unless otherwise specified): 1 (3 equiv.), 2
(0.3 mmol) DMSO (2 mL) All reported yields are isolated yields. The
number in parentheses is the homocouphng yield of compound 2.

b 5 mol% of Pd(OAc), was used. © No homocoupling of 2 was observed.
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The construction of 2,2'-bithiophenes via the present
strategy is not limited to the cross-coupling of two thiophenes
bearing substituents with different electronic characteristics.
Thiophenes with similar electron-deficient groups, such as ester
and amide, also furnished the corresponding bithiophene 3p in
high efficiency (Table 3, 3p). Importantly, the introduction of a
highly electron-deficient pentafluorophenyl group at C2 posi-
tion of thiophene did not affect the cross-coupling with 1a, thus
providing a new strategy for the preparation of a polyfluoroaryl-
thiophene based structural motif of interest in functional
materials®* (3q). Furthermore, thiophenes bearing electron-
donating groups are also suitable substrates, providing 3r, 3t,
and 3u in moderate to good yields. A reasonable yield of 3s was
obtained due to significant formation of homocoupling by-
products. Extension to furans could also afford synthetically
useful yields by using Pd(TFA),, AgOAc, and 1,10-phen catalytic
systems (3v and 3w). However, the cross-coupling between
furans led to a low yield due to formation of some uncertain by-

Table 3 Pd-catalyzed oxidative cross-coupling between two electron-rich
heteroarenes®

Pd(OAc); (2.5 mol %)
Ag,0 (3.0 equiv)

0oPh-PhCOOH (2.0 equiv)
DMSO, 80°C, 8 h

X
L/RQ \\/)_(\’/Y/l

112 21
X=8,0;Y=8,0

F
1) F.
&) S
o} & \_/ ¥
3p, 69% (27%) 3q, 60%°
I\ s
Br /\ S
MeO S \ /Q\@/OMe
nHex

3r, 56% (18%)

7\ S Br NPh,
s\ 7/

3s, 44% (37%)

nHex
3t, 66% (27%) 3u, 53% (27%)
0 /S\ O Et 0 /S\ W\g
\ / MeO
3v, 50%P¢ 3w, 49%P° 25%C

0 TgHyy CeHia

3y, 41%% ¢

% Reaction conditions (unless otherwise specified): 1/2 (3 equiv.), 2/1
(0.3 mmol) DMSO (2 mL) All reported yields are isolated yields. The
number in parentheses is the homocoupling yield of compound 2/1.

P PA(TFA), (10 mol%), AgOAc (3.0 equiv.), 1,10-phen (0.2 equiv.),
DMSO/DMA (3:1, 2 mL) at 100 °C. ‘ No homocoupling of 2 was
observed. ¢ 0.1 mmol scale, Pd(OAc), (5% mmol), 2a (6 equiv.), Ag,O
(6 equiv.), DMSO (3 mL), 14 h. ¢ The homocoupling of 2/1 was not
determined.
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products (3x). It should be mentioned that an important
monomer 3y used for organic solar cell and other useful elec-
tronic devices® was easily prepared in only one step without the
prerequirement of the preparation of thienyl bromides or
organotin reagents.

The importance of the protocol can also be featured by the
rapid access of w-conjugated oligomer 7 for dye-sensitized solar
cell in only three steps’® (Scheme 1). Application of the present
method, the key intermediate oligothiophene 5 was obtained in
an efficient way, followed by the direct introduction of another
thiophene ring with the use of the Pd(OAc),/PPh; catalytic
system,*® providing compound 6 in good yield. Finally,
condensation of 6 with 2-cyanoacetic acid afforded 7 in 98%
yield. Thus, compared with the traditional method,"”* the
present method features the following advantages: (1) high
efficiency and synthetic simplicity without extra prefunctional-
ization steps, such as the preparation of stannyl thiophene and
bromination of thiophene (3 steps vs. 6 steps); (2) environ-
mental friendliness without the generation of toxic and envi-
ronmentally risky by-products (H vs. Sn). To further
demonstrate the usefulness of this protocol, bithiophene 9, a
key intermediate in the preparation of the in vivo optical
imaging agent 11 for diagnosing Alzheimer's disease,*
synthesized in high efficiency. Deprotection of a methyl group
on compound 9 with BBr;followed by condensation with
malononitrile afforded 11 with even higher overall yield than
the traditional method did using an organotin intermediate
(45% overall yield, 3 steps vs. 37% overall yield, 5 steps).?®

To gain some mechanistic insight into the present reaction,
kinetic isotope effect (KIE) experiments for both coupling part-
ners were conducted (Scheme 2). Initial rate measurements
revealed KIEs of 2.6 and 4.1 for 1e and 2h, respectively (for details
see ESIT). These findings imply that (1) the turnover-limiting

was also

Pd(OAc), (5 mol %) nHex
H /S\ \S/ . - Ag,0 (3.0 equiv) A SYA
o \ 4 0Ph-PhCOOH (2.0 equiv) 3 s \ / s Br
nHex of
4(1.0 equiv) 2 DMS0, 807G 5,71% (0.3 mmol scale)
68% (1.8 mmol scale)
nHex
Pd(OAC); (5 mol%)
K,CO; (2.0 equiv) o I\ s. [\ s NPhs
_febUsieTequy)
PPhs(10 mol%) , 2 Y A Y ;
DMF 80 °C :
s
H 3 4
nHex i
CNCH,COH goaH — / NPh,
NH,OAC, HOAC NCTN S Vs
—_— s N/ ¢\
Reflux, 3 h
7, 98%, used for dye-sensitized solar cell
Pd(OAc); (2.5 mol %)
Q/O/ _ AgO@BOequy) W
0oPh-PhCOOH (2.0 equiv)
o
8 (1.0 equiv) DMS0;80°C 9,72%
BBr3, CH,Cl, )//%/@/ malononitrile W
e R,
0°C-RT plpendme
CH,Cly, RT

10, 84% 11, 75%

45% overall yield, 3 steps

Scheme 1 Synthesis of functional materials 7-conjugated oligomer 7 and
optical imaging agent 11.
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H Pd(OAG), (2.6 mol%) "
Ag,0 (3.0 equiv;
S._HD ) 920 ( quiv) o s s
0"\ \ 7 0Ph-PhCOCH (2.0 equiv) S |
DMSO, 80 °C
1 2h
° Kifko=26
Pd(OAC), (2.5 mol%) H
DIH s Ag,0 (3.0 equiv) o ] ]
\ 0Ph-PhCOOH (2.0 equiv) VAR
DMSO, 80 °C,
2n Kifko= 4.1

Scheme 2 Kinetic isotope effect studies.

step* of the catalytic cycle is the C-H cleavage of relatively elec-
tron-rich thiophene, and (2) the cleavage of the C-H bonds in
both thiophenes depends on their electronic-profiles, and the
C-H bond cleavage for thiophenes bearing electron-deficient
substituents is relatively easier than that of electron-rich ones.
Thus, the possibility of C-H bond cleavage for thiophenes under
present reaction conditions via a typical electrophilic aromatic
substitution (SgAr) pathway can be ruled out, as the observed
reactivity of substituted thiophenes 1e and 2h is not in agree-
ment with SgAr reactivity.

Additionally, when the reaction of d-1e with 2h was con-
ducted within 10 min, no homocoupling of 1e was formed
(Scheme 3a). A similar result was also observed in the treatment
of 1e with d-2h, in which the homocoupling of 2h was not
detected until the reaction lasted 20 min (Scheme 3b). However,
both of these reactions provided the cross-coupling product 3n
and homocoupling by-products of non-deuterated coupling
partners. Thus, these results implied that the present reaction
could be initiated from both thiophenes.

On the basis of above results, we proposed that the present
reaction could be initiated from both thiophenes to give a pal-
ladated thienyl complex, which then reacts with the other
thiophene to form a dithienyl palladium complex. Finally,
reductive elimination provides the final product, and the
released Pd(0) species is reoxidized by silver salt to regenerate
Pd(n). Among these two pathways, the reaction begins with
relatively electron-deficient thiophene might be the major
pathway. However, the formation of a dithienyl palladium
complex through metal-exchange between two palladated
thienyl complexes could not be ruled out. Previous studies

" Pd(OAC); (2.5 mol%) H
o s, b . @/@ Ag,0 (3.0 equiv) : o s s
0"\ \_/ oPh-PhCOOH (2.0 equiv) PV

DMSO, 80 °C, 10 min
1e 2h 3n, < 0.5% (determined by GC)

H
S, /\ o] s /o \
O)\Q/Q\ﬁ PhU/QPh

12, Not observed 13, < 0.5% (determined by GC)

H
N
Ve

3n, 0.8% (determined by GC)

S /\ O s /\
o)\@/Q\ﬁ Ph\@/QPh

12, 1% (determined by GC) 13, Not observed

Pd(OAc); (2.5 mol%)

Aggo (3.0 equiv)
)\Q \ / "PI-PhCOCH (2.0 equiv)

DMSO, 80 °C, 20 min

Scheme 3 Pd-catalyzed oxidative cross-coupling between H/d-1e and H/d-2h.
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showed that a concerted metalation-deprotonation (CMD)*
pathway could be involved for a Pd(u)-acetate complex catalyzed
C-H bond cleavage for thiophenes.>® Since the typical SgAr
pathway was ruled out, on the basis of previous studies as well
as the fact that the C-H bond cleavage of present reaction
depends on the C-H bond acidity and the nature of carboxylate,
we proposed that the present reaction may proceed via a CMD
pathway. However, the detailed mechanism remains a point of
discussion.

In conclusion, a Pd-catalyzed oxidative cross-coupling of
thiophenes has been developed. The solvent effect and additive
benzoic acid play critical roles in the reaction efficiency. Thio-
phenes bearing electron-withdrawing or electron-donating
groups all furnished the cross-coupling products efficiently.
Application of the method led to important and useful oligo-
thiophene building blocks, which can be further applied in
photovoltaics. Because of the high reaction efficiency under
mild reaction conditions, operational simplicity with the
omission of organotin reagents and prefunctionalization
process, as well as excellent functional group compatibility, this
protocol provides a straightforward and efficient access to 2,2'-
bithiophenes. Furthermore, this approach can also be extended
to furans. We believe that this protocol should be useful for the
atom/step-economical synthesis of new thiophene-based elec-
tronic and optoelectronic materials. Mechanistic studies
revealed that the cleavage of C-H bonds for both thiophenes
depends on their electronic-profiles. Further studies to uncover
the detailed mechanism and expand the substrate scope and
their applications are now in progress.
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