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Generation of a library using parallel syntheses of multi-substituted benzo[b]thiophenes is described. The
requisite 3-iodobenzo[b]thiophenes are readily prepared in excellent yields from various alkynes bearing
electron-rich aromatic rings by electrophilic cyclization using I2 in CH2Cl2. The heteroaromatic carbon-iodine
bonds allow further diversification by palladium-catalyzed Suzuki-Miyaura, Sonogashira, Heck, and
carboalkoxylation chemistry to give multi-substituted benzo[b]thiophene derivatives.

Introduction

Solution-phase parallel synthesis and related multiple
synthesis technologies are well established in modern drug
discovery, especially in medicinal chemistry, for the
preparation of low molecular weight compound libraries.1-3

Thus, parallel synthesis to generate structural diversity has
enabled high through-put screening of larger and more
diverse pools of compounds as starting points for opti-
mization efforts.4-7

The benzo[b]thiophene ring system and its derivatives are
present in several drug candidates, which exhibit some
interesting biological properties, for example, as antitumor,8-10

antibacterial,11antibiotic,12antipsychotic,13anti-inflammatory,14-16

antiallergic,17 antimicrobial,18 antithrombotic-fibrilonitic19

and antifungal20 agents. Indeed, raloxifene (1) and arzoxifene
(2) have well-recognized pharmacological properties, serving
as potent selective estrogen receptor modulators (SERMs),21-30

as well as tubulin-binding agents,21,31-34 to name just a few.
The natural product combretastatin A-4 (CA-4, 3) is one of
the most potent inhibitors of tubulin polymerization, binding
at the colchicine site on the protein.35-37 3-Aroyl-2-aryl-6-
methoxybenzo[b]thiophene analogues 4 have also been
identified as a core structure present in a series of inhibitors
of tubulin polymerization.31,33 The 3-aroyl-2-arylbenzo-
[b]thiophene ring system and the methoxy-aryl substitution
pattern are particularly important for the potent activity of
combretastatin A-4 (3) (Figure 1). Recently, numerous multi-
substituted benzo[b]thiophene analogues have emerged as
molecules possessing real synthetic utility and a wide array
of biological activities.38-42

We have previously developed an efficient synthesis of
2,3-disubstituted benzo[b]thiophenes by the palladium/cop-
per-catalyzed cross-coupling of various o-iodothioanisoles

and terminal alkynes, followed by electrophilic cyclization
by I2, Br2, NBS, PhSeCl, or p-O2NC6H4SCl under mild
conditions (Scheme 1).43,44 In continuation of our library
work, the multi-substituted benzo[b]thiophene template 13
has been evaluated computationally for its drug-like proper-
ties on the basis of Lipinski’s “rule of five”.45,46 Lipinski
calculations have been performed based on the commercial
availability of boronic acids 9, terminal alkynes 10, styrenes
11, and alcohols 12, and this data has been used to populate
a virtual library of all theoretically possible products, giving
roughly 5500 (11 × 8 × 36, 7 × 16 × 19, 5 × 4 × 11)
unique potential compounds. A small subset of this virtual
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Figure 1. Chemical structures of raloxifene (1), arzoxifene (2),
combretastatin A-4 (3), and 3-aroyl-2-aryl-6-methoxybenzo-
[b]thiophene analogues 4.

Scheme 1
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library, namely 171 compounds, follows Lipinski’s rules with
no violations. Many of these compounds have now been
prepared for possible biological screening.

Results and Discussion

To study a wide variety of benzo[b]thiophene derivatives
13, we decided to explore strategies using cross-coupling
and iodocyclization methodologies that would allow us many
degrees of flexibility in introducing a large diversity of
functionalities for medicinally interesting drug-like benzo-
[b]thiophene derivatives. Retrosynthetically, the key com-
pounds in our overall synthetic route were identified as the
3-iodobenzo[b]thiophenes 8. A diverse library of benzo-
[b]thiophene derivatives 13 could be readily elaborated
through various palladium-catalyzed cross-coupling reactions
at the C-3 carbon-iodine position in such iodoben-
zothiophenes (Scheme 2).

In the first-generation diversification step, the dihaloben-
zene starting materials 5{1,3,4} were easily prepared in
virtually quantitative yields as single isomers through regi-

Scheme 2

Scheme 3

Table 1. Library Data for Compounds 6{1-17}

a Isolated yields after column chromatography. All compounds 6 were
characterized by 1H and 13C NMR spectroscopy. b This reaction used
DMF as the solvent. c An inseparable mixture was obtained.

Table 2. Library Data for Compounds 7{1-12}

a Isolated yields after column chromatography. All compounds 7 have
been characterized by 1H and 13C NMR spectroscopy. b An inseparable
mixture was obtained.

Table 3. Library Data for Compounds 7{13-15}

a Isolated yields after column chromatography. All compounds 7
have been characterized by 1H and 13C NMR spectroscopy. b 5 mol
% Pd(PPh3)4, K2CO3 (3.0 equiv), and ArB(OH)2 9{3,5} (1.5 equiv) in
toluene/EtOH/H2O (20/5/1), 80 °C. c 5 mol % Pd2(dba)3, DavePhos
(0.1 equiv), NaOtBu (1.4 equiv), and morpholine (1.5 equiv) in
toluene, 60 °C.

Scheme 4
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oselective bromination47 of commercially available substi-
tuted iodobenzenes, for example, 1-iodo-3-methoxybenzene,
1-iodo-3,4-dimethoxybenzene, and 1-iodo-3,4-(methylene-
dioxy)benzene using bromine. The iodination of 3-bromoani-
sole was attempted using I2 and 1-(tosyloxy)benziodoxolone
(an arenesulfonyl hypoiodite)48 as an iodonium salt in
CH3CN for 3 h at room temperature. This resulted in a 43%
yield of a mixture of two inseparable iodinated products
5{2}.49 4-Bromo-2-iodothioanisole [5{5}] was prepared
according to a literature procedure.50 2-Iodothioanisole
[5{6}] was obtained commercially. The previously men-
tioned chemistry allows us to efficiently synthesize 3-iodo-
benzo[b]thiophenes 8 with a large variety of substituents at
the C-2, C-5, and C-6 positions. In general, the requisite
precursors bearing multiple substituents and an alkyne moiety

(6) can be easily prepared by the palladium/copper-catalyzed
Sonogashira coupling51 of the corresponding aryl dihalides
5 (1.0 equiv of 5, 1.05 equiv of terminal alkyne 10, 2 mol
% of PdCl2(PPh3)2, 2 mol % of CuI, and Et3N at 50 °C for
5-8 h) (Scheme 3). This procedure readily accommodates
additional halogens on the aromatic ring, that is, substitution
of the iodine functionality is chemoselective over the bromine
functionality for Sonogashira reactions. The results were
summarized in Table 1.

As can be seen from the results reported in Table 2, a
sequence of reactions involving Sonogashira coupling of the
bromo-iodoarenes 5 and subsequent lithiation of compounds
6{1-12} with n-BuLi, followed by methylthiolation with
dimethyl disulfide afforded the corresponding sulfide prod-

Figure 2. 3-Iodobenzo[b]thiophene library 8{1-18}
.

Scheme 5a

a Method A (Suzuki-Miyaura coupling): 10 mol % Pd(PPh3)4, K2CO3 (2.5 equiv), (Het)ArB(OH)2 (9, 1.5 equiv), toluene/EtOH/H2O (20/5/1), reflux.
Method B (Sonogashira coupling): 3 mol % PdCl2(PPh3)2, 3 mol % CuI, Et2NH, R5C≡CH (10, 1.2 equiv), DMF, 100 °C, 20 min, using microwave irradiation.
Method C (Heck coupling): 5 mol % Pd(OAc)2, n-Bu4NI (1.0 equiv), Na2CO3 (2.5 equiv), R5CHdCH2 (11, 1.2 equiv), DMF, 80 °C. Method D
(carboalkoxylation): CO (1 atm), 3 mol % Pd(OAc)2, 5 mol % dppf, TEA (2.0 equiv), R5OH (12, 1.5 equiv), DMF, 70 °C.
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ucts 7. The crude reaction mixtures were purified by column
chromatography, affording good to excellent yields of the
sulfides.

Having achieved efficient access to 6{13} and 6{14},
we then turned to substitution of the bromo group at the
C-4 position. Both 6{13} and 6{14} reacted readily with
two different boronic acids under standard Suzuki-Miyaura
conditions52,53 in the presence of Pd(PPh3)4 and K2CO3

at 80 °C in aqueous toluene/ethanol. Under these condi-
tions, the reactions were complete within 6 h, providing
the corresponding cross-coupled products 7{13-14} in
modest yields. Moreover, the corresponding alkyne amine

7{15}wassynthesizedingoodyieldbytheBuchwald-Hartwig
amination of bromoalkyne 6{13} with morpholine (Table
3).54

The key step in our methodology involves the formation
of various substituted 3-iodobenzo[b]thiophenes 8 by elec-
trophilic cyclization of the corresponding methylthio-contain-
ing alkynes 6{15-17} and 7{1-15} using I2 for 10 min at
room temperature (Scheme 4). According to the 1H NMR
spectra for the reaction mixtures obtained before purification,
the methylthio-containing alkynes 6{15-17} and 7{1-15}
are converted cleanly into their respective 3-iodobenzo[b]
thiophenes 8. All of the products are easily isolated by
column chromatography in high yields (see the Supporting
Information for the experimental details). The results are
summarized in Figure 2.

Finally, the 3-iodobenzo[b]thiophenes 8 can be further
elaborated using a variety of palladium-mediated processes, such
as Suzuki-Miyaura coupling,52,53 Sonogashira coupling,51

Heck coupling,55 and carboalkoxylation56 (Scheme 5).

The 3-iodobenzo[b]thiophenes 8 bearing a carbon-iodine
bond at the C-3 position generally survive the use of high
temperatures and basic conditions. The Suzuki-Miyaura
coupling of the 3-iodobenzo[b]thiophenes 8 with various
arylboronic acids 9 proceeded smoothly to give the desired
products 13{1-68} in refluxing aqueous toluene/ethanol
as a co-solvent within 6 h (Method A, Table 4). Depro-
tection of the tetrahydropyranyl (THP) ether group in such
derivatives was carried out using 10% aq HCl in THF at
room temperature to give quantitative yields of the desired
products 13{1,11,17,20,25,31,37,42,47,51,55,59}.57 The
commercially available boronic acids 9 were chosen
because they contain heterocycles and polar functionality
that would incorporate drug-like moieties in the resulting
coupling products (Figure 3). Fluorine atom-containing
arylboronic acids 9{10}, 9{11}, 9{12}, and 9{19} were
chosen because the resulting organofluorine Suzuki-
Miyaura coupling products should be of considerable
interest for various applications in industry and medicine.58,59

Sonogashira coupling of the 3-iodobenzo[b]thiophenes 8
with various terminal alkynes 10 nicely provides the
corresponding alkyne products 13{69-142} under mi-
crowave irradiation (Method B, Table 4).51 The terminal
alkynes 10 were chosen because they are commercially
available heteroatom-containing acetylenes (Figure 4).
Under our reaction conditions, microwave irradiation has
been shown not only to reduce the reaction times, but often
provides higher yields of the desired alkyne products
13{69-142} when compared to conventional heating
methods. In addition, we have been able to perform Heck
coupling on the 3-iodobenzo[b]thiophenes 8. By allowing
the compound to react under Heck reaction conditions in
the presence of the commercially available heteroatom-
containing styrenes 11 (Figure 5), we have obtained the
corresponding substituted olefin-containing benzo[b-
]thiophene products 13{143-155} (Method C, Table 4).55

Finally, carboalkoxylation of the 3-iodobenzo[b-
]thiophenes 8 using one atmosphere of carbon monoxide
and two different primary alcohols 12 in the presence of
catalytic amounts of Pd(OAc)2 and dppf ligand afforded

Figure 3. Boronic acid 9{1-20} sublibrary.

Figure 4. Terminal alkyne 10{1-14} sublibrary.

Figure 5. Styrene 11{1-5} and alcohol 12{1-2} sublibrary.
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Table 4. Library Data for Compounds 13{1-68}

904 Journal of Combinatorial Chemistry, 2009 Vol. 11, No. 5 Cho et al.
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the ester-containing benzo[b]thiophenes 13{156-173}
(Method D, Table 4).56

The process as a whole is quite functional group tolerant
and efficient. These reactions have been performed in parallel
on approximately a 35-45 mg scale, starting from the
3-iodobenzo[b]thiophenes 8. All of the crude products 13
were isolated by either column chromatography or prepara-
tive HPLC. The purity of the reaction mixtures has been
analyzed by TLC, LC-MS, and HPLC. The results of this
parallel library synthesis are summarized in Table 4. We have
used Lipinski’s rule of five45,46 as a general guide for
bioavailability, because compounds with poor bioavailability
face more of a challenge in becoming successful clinical
candidates. The molecular weight (less than 500), clogP (less
than 5), number of hydrogen bond donors (less than 5 H)
and acceptors (less than 10 H), and the number of rotatable
bonds (less than 10) were calculated for each of the library
members using the SYBYL60 program. The majority of the
selected 171 benzo[b]thiophene library members are Lipinski
compliant.

In summary, a simple and efficient method for the parallel
synthesis of multi-substituted benzo[b]thiophenes 13 has been
developed via palladium-catalyzed couplings, such as
Suzuki-Miyaura, Sonogashira, Heck, and carboalkoxylation
chemistry, using a diverse set of building blocks and starting
from the 3-iodobenzo[b]thiophenes 8. This chemistry has
provided pure 20+ mg samples of each library compound.
The elaborated multi-substituted benzo[b]thiophene 13 library
members have been added to the Kansas University NIH
Center for Chemical Methodologies and Library Develop-
ment (KU CMLD) collection and will be submitted to the
National Institutes of Health Molecular Library Screening
Center Network (MLSCN) for evaluation by a broad range
of assays.
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