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Abstract: The completely C3-selective arylation of thiophenes
and benzo[b]thiophenes was achieved by using Pd/C as
a heterogeneous catalyst without ligands or additives under
mild reaction conditions. The practicability of this trans-
formation is demonstrated by notable functional group
tolerance and the insensitivity of the reaction to H2O and air.
This method is also applicable to nitrogen- and oxygen-
containing heterocycles, yielding the corresponding C2-ary-
lated products. Three-phase tests along with Hg-poisoning and
hot-filtration tests suggest that the catalytically active species is
heterogeneous in nature.

In view of the energy and commodity challenges facing
society today, the development of mild, efficient, and
sustainable chemical processes is required. In synthetic
chemistry, the direct functionalization of C�H bonds in
catalytic coupling reactions is considered to be a significant
step towards achieving this goal and fantastic progress has
already been made.[1] Of particular interest is the regio- and
chemoselective transformation of heteroaromatic building
blocks, which are prevalent in natural products,[2] biologically
active molecules,[3] and organic materials.[4] Furthermore,
environmentally benign, operationally simple, and robust
reactions, particularly those employing heterogeneous cata-
lysts are of significant interest to the chemical industry.[5–9]

Arylated thiophenes and benzo[b]thiophenes are prom-
inent scaffolds in biologically active molecules[10] and in the
field of organic materials.[4] Due to the inherent reactivity of
(benzo[b]-)thiophenes, catalytic methods for the direct C2-
arylation of unfunctionalized substrates have been widely
explored.[1c,11] In contrast, only recently has notable success
been achieved in mediating direct C3-selective arylation[12]

without recourse to directing groups or employing substrates
in which the C2-position is already substituted.[13]

In 2010, Itami and co-workers published the first method
for the selective arylation of substituted thiophenes using
a Pd–ligand system and an aryl iodide as a coupling part-
ner.[12a] Following this seminal work, notable contributions
were made by the groups led by Studer,[12b,c] Itami,[12a–c,g] and
Doucet.[12h] These reports stand out due to either the mild
reaction conditions[12b] or the broad substrate scope.[12h]

However, despite the remarkable progress made, all methods
to date are limited by either harsh reaction conditions, narrow
substrate scope, incomplete selectivity, or the required large
excess of coupling partners and/or reagents.[12]

Our group has recently presented the first completely C3-
selective arylation of benzo[b]thiophenes, employing aryl
chlorides and using a ligand-free catalyst system of Pd/C and
CuCl (Scheme 1).[14] Despite the narrow scope and harsh

reaction conditions, this reaction proved particularly intrigu-
ing: Studies identified the active catalyst as very likely to be
heterogeneous in nature,[15] even though Pd/C is often
considered to be a source of catalytically active, solution-
phase Pd species,[16] especially under such forcing conditions.

Herein, we describe the completely C3-selective arylation
of thiophenes and benzo[b]thiophenes using aryliodonium
salts mediated by Pd/C under mild conditions. Furthermore,
our investigation suggests that the active catalyst is surpris-
ingly heterogeneous in nature, despite the strongly oxidative
reaction conditions.[16] In addition, a “robustness screen” as
reported by Collins and Glorius[17] was undertaken, and for

Scheme 1. Heterogeneously catalyzed functionalization of heterocycles.
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the first time the data obtained was used to rationally design
a more complex molecule that predictably underwent a highly
chemo- and regioselective reaction under the reported
conditions.

Using our previously reported reaction conditions as
a starting point,[14] we were delighted to discover that 2-n-
butylthiophene (1a) and [Ph2I]BF4 (2a) gave 2-n-butyl-4-
phenylthiophene (4a). Control experiments indicated that
neither CuCl nor base were necessary and that reactivity was
observed at room temperature. Of the heterogeneous cata-
lysts screened, only Pd catalysts were reactive. Some homo-
geneous Pd catalysts also gave 4a, though with much lower
conversion. Standard screening of solvents, catalyst loading,
temperature, and ratio of reagents established the optimized
conditions to be 5 mol% Pd/C in EtOH at 60 8C and 1a and
2a in a ratio of 1:1.4. No product formed in a control reaction
conducted without Pd/C. Additional experiments showed that
reaction with 2 mol% Pd/C gave similar conversion, though
an elevated temperature of 80 8C was required to avoid
extended reaction time. Triflate counterions (2b) were
tolerated, and the use of the unsymmetrical iodonium salt
[PhI(TRIP)]OTf (3a) (TRIP = 2,4,6-triisopropylphenyl) gave
4a in comparable yield without transfer of the TRIP group.
Consequently, TRIP can be used as a cheap nontransferable
dummy group instead of a potentially expensive second
equivalent of arene as is the case with symmetrical aryliodo-
nium salts. The yield did not change when absolute EtOH or
an argon atmosphere were used. The addition of 50 equiv of
water resulted in only a minor decrease in yield to 72 %,
which is likely due to poor dispersion of the catalyst.[18] We
employed commercial Pd/C from Heraeus for our study,
though Pd/C from other common suppliers was also reactive.
See the Supporting Information for all optimization data.

Having established the reaction conditions, we explored
the scope of unsymmetrical iodonium salts 3 (Table 1).[19] A
broad range of functionalized arenes could be coupled with
1a giving the expected products in good to excellent yields.
Electron-poor, electron-rich, and sterically encumbered
arenes were well tolerated. The coupling of heterocyclic
iodonium salts (thiophene derivative) should be highlighted
(4j, 4 k), and enabled the preparation of the all-C3-connected
terthiophene 4k.

We subsequently explored the scope of the thiophenes.[20]

In general, alkyl-substituted thiophenes reacted irrespective
of their substitution pattern to give the expected products in
typically excellent yields (Table 2, 4a, 4 l–4n). Notably,
tetrasubstituted thiophenes (4o) can be prepared. The
completely selective C3-arylation of unsubstituted thiophene
is particularly noteworthy (4p), and when an excess of 2a was
used, only the 3,4-diarylated product was observed (4 q).
Substrates with aryl and halide substituents (no proto-
dehalogenation observed) in the C2- or C3-position gave
the desired products. Strongly electron-donating or electron-
withdrawing groups (OMe, C(O)NMe2, CO2H) were toler-
ated only in the C3-position. A catalyst loading of 10 mol%
Pd/C and a reaction temperature of 80 8C were employed with
non-alkyl C3-substituted thiophenes to maintain a reaction
time of 22 h. Significantly, for the first time, unprotected
alcohols, amides, and carboxylic acids (esterified in situ), were

tolerated; these results extend the scope of our reaction
beyond that of all other methods.[12]

Our method also proved applicable to benzo[b]thio-
phenes, giving the desired products with complete selectivity
(Table 3).[20] The reactivity of other heterocycles was also
explored. The reactions of benzofuran and 1H-indole with 2a
gave the corresponding C2-arylated products in 77% and
40% yield, respectively (6 d and 6e). 2-n-Butylfuran was also
found to be a suitable substrate when an electron-deficient
aryliodonium salt was employed (6 f). Reaction of 2-n-
butylfuran with 2a resulted in decomposition of the starting
materials. To demonstrate the scalability of the reaction, the
standard reaction was performed on a 5 mmol scale yielding
4a in an excellent 89 % yield. The recycling of Pd/C was also
investigated, though a decrease in yield was observed for the
second (64%) and third (48 %) cycle. We used the surfactant
Brij 35 so that reactions in both EtOH/H2O mixtures and pure
H2O proceeded with synthetically useful yields of up to 61%
(see the Supporting Information).

Prior to exploring the substrate scope we applied the
optimized reaction conditions in a robustness screen (see the
Supporting Information).[17] The screen predicted the toler-
ance of the reaction to aryl and alkyl halides, aromatic esters,
tertiary amides, and primary alcohols. Primary and aromatic
amines, as well as alkenes and alkynes that are likely oxidized
under the reaction conditions, were predicted to be unsuitable
substrates. These results were validated when we explored the
scope.

The screen indicated that heterocycles including pyrroles,
indoles, furans, and benzofurans are reactive under the
standard conditions. As the screen determines the yield of

Table 1: Substrate scope: variation of iodonium salts.

General conditions: 1a (0.300 mmol), 3b–j (1.4 equiv), Pd/C (5 mol%),
EtOH (1.5 mL), 22 h. Yields refer to isolated products. C3/C2 ratios
determined by GC–MS analysis of the crude reaction mixture.
[a] 1a/3 j = 3:1; 4 j and 4k are products of the same reaction.
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product, and the additive and starting material remaining
after the reaction, it provided significant data relating to the
relative rate of reaction of different substrates under the
reaction conditions. Consequently, for the first time, we have
utilized data generated by the robustness screen to design
substrates that should demonstrate high chemoselectivity in
sequential reactions under our standard conditions. This
shows the utility of the screen beyond predicting simple
functional group tolerance and stability.

To demonstrate the potential application of our trans-
formation to more complex molecules we prepared substrates
7 and 10. Both comprise two heteroaromatic systems that are
pervasive in biologically active molecules and reactive under
our conditions. We present the consecutive arylation of the
two heterocycles within one molecule in a highly chemo- and
regioselective manner. In the first example we demonstrate
the complete orthogonality of our previous reaction con-
ditions with those reported herein (Scheme 2a). The reaction
of 7 using our previously reported catalyst system of Pd/C and
CuCl[14] enables the completely chemo- and regioselective
arylation of the benzo[b]thiophene moiety with phenyl
chloride to give 8.[20] Subsequent arylation of the thiophene
moiety of 8 with Pd/C and aryliodonium salt 3 f again
proceeded with complete selectivity to give 9. Intermediate
8 proved to be sparingly soluble in EtOH, and consequently
a longer reaction time and increased amounts of 3 f were
necessary for good conversion.[20] With knowledge of the
relative rates of the reactions of benzofuran and thiophene
obtained from the robustness screen, we demonstrated that it
is possible to undertake sequential arylations of first the
benzofuran of 10 to give 11, and then the thiophene moiety of
11 under identical reaction conditions to give 12 (Sche-

Table 3: Substrate scope: reaction of different heterocycles.[20]

[a] General conditions: benzo[b]thiophene 5a–c (0.300 mmol), 2a
(2.2 equiv), Pd/C (10 mol%), EtOH (1.5 mL), 80 8C, 36 h. Yields refer to
isolated products. C3/C2 ratios determined by GC–MS analysis of the
crude reaction mixture. [b] General conditions: heterocycle 5d–f
(0.300 mmol), 2 or 3 (1.4 equiv), Pd/C (5 mol%), EtOH (1.5 mL), 60 8C,
22 h. Yields refer to isolated products. C3/C2 ratios determined by GC–
MS analysis of the crude reaction mixture. [c] 2,3-Diphenylbenzofuran
was also isolated in 10% yield.

Scheme 2. Consecutive chemo- and regioselective arylation of different
fused heterocycles.

Table 2: Substrate scope: variation of thiophenes.[20, 21]

General conditions: 1 (0.300 mmol), 2a (1.4 equiv), Pd/C (5 mol%),
EtOH (1.5 mL), 22 h. Yields refer to isolated products. C3/C2 ratios
determined by GC–MS analysis of the crude reaction mixture. [a] 5 mmol
scale, reaction time 46 h, yield determined by GC analysis. [b] 1/2a = 3:1.
[c] 3 equiv of 2a. [d] Reaction time 46 h. [e] 3,4-diarylated product.
[f ] Thiophene as starting material. [g] 10 mol% Pd/C, 80 8C. [h] Yield
determined by NMR analysis. [i] MeOH as solvent. [j] Carboxylic acid as
starting material; esterification with solvent under reaction conditions.
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me 2b).[20] These two examples highlight the powerful selec-
tivity of our method. Further functionalizations of the aryl
bromide to give more sophisticated molecules can be
envisaged.

The active catalyst for our reaction is of significant
interest as Pd/C is widely reported to act as a reservoir for Pd
species in solution,[16] though our previous studies using this
reagent system surprisingly indicated a heterogeneous cata-
lyst.[14] Consequently we have conducted a number of
established studies[15] which strongly suggest the heteroge-
neous nature of our active catalyst species (see the Supporting
Information):
1) Three-phase tests: Substrate 1a was replaced by polymer-

bound thiophene and no reactivity was observed, suggest-
ing that active solution-phase Pd species are not formed.
To exclude a synergistic effect of thiophenes and iodonium
salts in the leaching of Pd from the support, we ran
a second test in which the polymer-bound thiophene was
added to the standard reaction containing non-polymer-
bound 1a. Despite reaction in solution, which indicates
the formation of the active catalytic species, no reaction on
the polymer-bound thiophene was observed. During our
studies we demonstrated that the reaction could be
mediated by Pd(OAc)2, though with less efficiency than
Pd/C. Consequently, we sought to employ this source of
formally soluble Pd species in a three-phase test. The lack
of product formation strongly suggests that Pd(OAc)2 acts
as a source of heterogeneous Pd species that mediate the
reaction.

2) Hg-poisoning test: The introduction of mercury to the
reaction mixture immediately inhibited the reaction,
suggesting a heterogeneous catalytic species.

3) Hot-filtration test: The hot reaction mixture was filtered
to remove all heterogenous components, and the reaction
progress was subsequently monitored. No further reaction
was observed, suggesting all active catalytic species were
removed by filtration.

It is highly intriguing that these experiments suggest an
active heterogeneous catalytic species, especially considering
that the strongly oxidizing reaction conditions are likely to
generate soluble Pd species.[16]

To evaluate possible reaction pathways, preliminary
mechanistic experiments were undertaken (see the Support-
ing Information). 2-n-Butyl-4-deuterothiophene (13) and 2-n-
butyl-5-deuterothiophene (14) showed negligible kinetic iso-
tope effects (KIEs) in both kinetic (1.2, 1.5, respectively) and
competition experiments (both 1.0), suggesting that cleavage
of the C�H bond at either the C2- or C3-position is not rate
determining.[22] To explore a potential radical pathway, the
reaction was performed with an equimolar amount of 1,4-
benzoquinone or 2,2,6,6-tetramethylpiperidine-N-oxyl radi-
cal (TEMPO) as radical scavengers. Both reactions pro-
ceeded with no notable decrease in yield, suggesting that
a radical mechanism is unlikely. Considering these results, and
that exclusive transfer of the less hindered aryl group in
reactions with unsymmetrical iodonium salts 3b–j is observed
(Table 1), we tentatively propose an electrophilic reaction
pathway which includes activation of the iodonium salt

through oxidative addition of Pd to the C�I bond . Activation
of the iodonium salt in this manner has extensive prece-
dent.[23]

In summary, we have presented a mild, operationally
simple, and completely C3-selective arylation of thiophenes
and benzo[b]thiophenes. The reaction demonstrates high
functional group tolerance, and represents a significant step
forward for this challenging transformation. Other notable
features are the absence of base and ligands, the employment
of a widely available and comparatively cheap Pd source, the
use of EtOH as the solvent, and the insensitivity of the
reaction to the presence of air and water. The required
iodonium salts limit the application of the method, though the
use of the TRIP group as a cheap nontransferable surrogate is
important. For the first time, relative reaction rate data
generated from a robustness screen has been exploited to
develop the highly chemoselective reaction of multifunctional
substrates. Excellent orthogonality with existing methods is
also demonstrated. Although strongly oxidizing conditions
are in operation, experimental data suggests a heterogeneous
active catalyst.
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