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a b s t r a c t

Palladium nanoparticles, generated in situ efficiently catalyzes direct 2-C–H arylation of benzothiazole
without requirement of any ligand. A wide range of substituted aryl and heteroaryl iodides participate
in this reaction producing a series of 2-aryl/heteroaryl-benzothiazoles in high yields.
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Pd(OAc) , TBAB
The heteroaromatics are of much importance in organic synthe-
sis as they constitute the core unit of many natural bioactive prod-
ucts1 and are extensively utilized in pharmaceutical and material
industries.2 A typical approach to connect one heteroarene and
arene nuclei via cross-coupling reaction of metalated arene/hetero-
arene and halogenated heteroarene/arene is widely utilized.3

However, the direct arylation of heteroarenes by catalytic C–H acti-
vation is a more convenient process and has received considerable
attention in recent times as an effective means for the synthesis of
functionalized heteroarenes.4 Several procedures using a variety
of catalysts such as Ni(OAc)2/bipy,4a [RhCl(coe)2]/phosphepine
ligand,4b Pd(TMHD)2,4c Pd(OAc)2/1-(benzhydryl)-3-(alkyl)benzima-
dazolium salts,4d [Pd(dppf)Cl2]�CH2Cl2/PPh3,4e Pd(OAc)2/P(biphe-
nyl-2-yl)(t-Bu)2,4f PdCl2(PPh3)2/CuCl/polymethylhydrosiloxane,4g

Pd(OAc)2/PPh3,4h CuI/PPh3,4i and CuI/LiOtBu4j have been developed.
All these procedures except one4j use a metal salt and a ligand for
an effective reaction and most of these ligands are expensive, air
sensitive and toxic and their preparation also involved tedious
processes.

The use of metal nanoparticles as catalysts in organic reactions
has attracted considerable attention in recent times in the context
of green chemistry because of their benign character and ease of
preparation.5 Moreover, they show enhanced catalytic efficiency
because of their better ability to transfer electrons and large sur-
face area to volume ratio.6 As a part of our continuing program
ll rights reserved.

: +91 24732805.
to explore the novel applications of metal nanoparticles7 we report
herein C–H functionalization of benzothiazole by aryl iodides cat-
alyzed by in situ generated palladium nanoparticles without the
use of any ligand (Scheme 1).

To standardize the reaction conditions, a series of experiments
were carried out using different solvents and varied reaction
parameters for a representative reaction of 4-iodoanisole and ben-
zothiazole. The uses of base and additive have much effect on this
reaction. After trying combinations of several bases, solvents and
additives, it was found that assembly of K2CO3/AgOAc/molecular
sieves (4 ÅA

0

) in DMF (18 h) produced the best results (Table 1, entry
9). In the absence of molecular sieves, the yield of product is
reduced substantially (Table 1, entry 10). The use of Ag2CO3 in
place of K2CO3 and AgOAc also reduced the yield of product
appreciably (Table 1, entry 12). The absence of TBAB (tetrabutyl-
ammonium bromide) has a profound effect on this reaction
(Table 1, entry 14). It is believed that TBAB acts as a stabilizer for
Pd nanoparticles formed in situ, preventing them from fast agglo-
merization and thus helps in the progress of the reaction.5d The
preformed Pd nanoparticles are not equally active in this reaction
(Table 1, entry 16) possibly due to their inherent tendency for
agglomerization. The amount of Pd(OAc)2 generating Pd nanoparti-
cles7g,8 was optimized to 6.6 mol % for an effective reaction. Very
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Table 1
Standardization of reaction conditions

S

N
I+

S

N
Pd catalyst

MS (4 Å)
Solvent

OMe OMe
Base, Additive

Pd catalyst Base Additive Solvent Temp (�C) Time (h) Yield (%)

1 Pd(OAc)2, TBAB K2CO3 — THF 75 9 0
2 Pd(OAc)2, TBAB K2CO3 — THF 75 18 10
3 Pd(OAc)2, TBAB K2CO3 — NMP 120 18 0
4 Pd(OAc)2, TBAB K2CO3 — DMF 120 9 20
5 Pd(OAc)2, TBAB K2CO3 — DMF 120 18 30
6 Pd(OAc)2, TBAB Cs2CO3 — DMF 120 18 0
7 Pd(OAc)2, TBAB KOtBu — DMF 120 18 10
8 Pd(OAc)2, TBAB K3PO4 — DMF 120 18 0
9 Pd(OAc)2, TBAB K2CO3 AgOAc DMF 120 18 78

10a Pd(OAc)2, TBAB K2CO3 AgOAc DMF 120 18 50
11 Pd(OAc)2, TBAB K2CO3 AgOAc THF 75 18 35
12 Pd(OAc)2, TBAB Ag2CO3 — DMF 120 18 45
13 Pd(OAc)2, TBAB AgOAc — DMF 120 18 40
14 Pd(OAc)2 K2CO3 AgOAc DMF 120 18 45
15 Pd(PPh3)4 K2CO3 AgOAc DMF 120 18 15
16 Preformed Pd nps K2CO3 AgOAc DMF 120 18 35

The bold signifies that the entry 9 provides the best result.
a The reaction was carried out in the absence of 4 Å molecular sieves.

Figure 2. SAED pattern of Pd nps.
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interestingly, Pd(0) [Pd(PPh3)4] under identical reaction conditions
virtually failed to catalyze the reaction (Table 1, entry 15).

Thus, in a typical experimental procedure a mixture of iodoa-
rene, benzothiazole, Pd(OAc)2, tetrabutylammonium bromide
(TBAB), potassium carbonate, silver acetate, 4 ÅA

0

molecular sieves
in DMF was heated with stirring at 125 �C under argon for 18 h
(TLC). The standard work-up and purification by column chroma-
tography provided the pure product.

To determine the active catalytic species in this reaction, an ex-
tract from the reaction mixture of iodoarene and benzothiazole
after 4 h from the start of the reaction was found to indicate the
formation of nanoparticles of 2–3 nm size by TEM (Transmission
Electron Microscope) image (Fig. 1). The identity of these particles
as Pd was confirmed by the selected area electron diffraction
(SAED) pattern (Fig. 2) which exhibited four diffused rings due to
(1, 1, 1), (2, 0, 0), (2, 2, 0), and (3, 1, 1) reflections of fcc Pd and indi-
cated the crystalline nature of nanoparticles.

A wide range of diversely substituted aryl iodides underwent
reactions with benzothiazole by this procedure9 to produce the
corresponding 2-substituted benzothiazoles. The results are sum-
marized in Table 2. The electron-donating as well as electron-with-
drawing substituents on the aryl iodides are uniformly compatible
Figure 1. TEM image of Pd nps.
in this reaction. The F, Cl, Br groups remained inactive in the reac-
tion with benzothiazole (Table 2, entries 2, 3, 8, and 9). The phar-
maceutically important trifluoromethyl and trifluoromethoxy
moieties-substituted aryl iodides participated in this reaction
without any difficulty. The pyridyl iodides (Table 2, entries 18
and 19) also underwent reactions with benzothiazole to provide
bis-heteroaryl systems which are also of much potential in phar-
maceutical industries.

In general, the reactions are clean and high yielding. Several sen-
sitive functionalities such as F, Cl, Br, OMe, OCF3, CF3, CN, NO2, COMe,
CO2Et, and heterocyclic system, pyridinyl unit are compatible in this
reaction. Very significantly, as mentioned earlier, when this reaction
was performed under identical conditions in the presence of tetra-
kis(triphenylphosphine)palladium, no appreciable reaction was ob-
served (Table 1, entry 15). This demonstrates the importance of
Pd(0) nanoparticles for this C–H functionalization.

It is suggested that Pd(0) nanoparticles generated in situ undergo
oxidative addition with the aryl iodide in the usual way to provide an
intermediate Ar–Pd–I which on reaction with benzothiazole in pres-
ence of K2CO3 and AgOAc leads to r-adduct of arylpalladium(II)
(A)4h,10 with insertion of Ar moiety. This complex A via deprotona-
tion produces an intermediate B which on reductive elimination
provides the product regenerating Pd(0) (Fig. 3).



Table 2
Arylation of benzothiazole

S

N
ArI+

S

N
Ar

Pd(OAc)2, TBAB
K2CO3, AgOAc
MS (4 Å), DMF
120 oC, 18 h

Entry Ar Yielda (%) Ref.

1 C6H5 81 4a
2 3-Cl–C6H4 72 11
3 4-Cl–C6H4 83 4a
4 3-Me–C6H4 80 4a
5 4-Me–C6H4 85 4a
6 3-MeO–C6H4 75 12
7 4-MeO–C6H4 78 4a
8 3-F–C6H4 81 13
9 4-Br–C6H4 70 14

10 3-F3C–C6H4 84 4a
11 4-F3CO–C6H4 82 —
12 3,5-Me2–C6H3 72 —
13 4-NC–C6H4 79 4a
14 4-O2N–C6H4 73 14
15 4-MeOC–C6H4 70 4d
16 4-EtO2C–C6H4 84 —
17 1-Naphthyl 81 4a
18 2-Pyridyl 75 14
19 3-Pyridyl 78 4a

a Yields refer to those of purified isolated products charac-
terized by spectroscopic data (IR, 1H NMR and 13C NMR).
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Figure 3. Plausible mechanism.
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The role of AgOAc in this reaction is also very significant. Possibly,
Ag(I) abstracts the I� from the Pd(II) complex thereby generating an
electrophilic-cationic-Pd intermediate15 and thus accelerates the
reaction. Moreover, I�might have an inhibitory effect and Ag+ min-
imizes this effect by removing I� from the system.4e

In conclusion, we have developed a simple and efficient palla-
dium(0) nanoparticles-catalyzed direct arylation and heteroaryla-
tion of benzothiazole based on C–H activation under ligand-free
condition. This protocol provides an easy access to a wide range
of 2-substituted benzothiazoles.

To the best of our knowledge, this is the first report of benzothi-
azole arylation using palladium(0) nanoparticles. Significantly,
Pd(0) is not effective for this reaction and this demonstrates the
potential and distinction of Pd(0) nanoparticles over Pd(0).
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