
This journal is c The Royal Society of Chemistry 2013 Catal. Sci. Technol.

Cite this: DOI: 10.1039/c3cy00404j

Nanocrystalline magnesium oxide-stabilized
palladium(0): the Heck reaction of heteroaryl bromides
in the absence of additional ligands and base†
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An efficient and user-friendly protocol has been realized for the

Heck reaction of heteroaryl bromides by using a reusable nano-

crystalline magnesium oxide-stabilized palladium(0) catalyst with-

out the aid of additional ligands and base. Dimethylamine

generated under in situ conditions by the decomposition of DMF

serves as the base in this reaction. The catalyst was reused with

consistent activity up to four cycles.

The palladium-catalyzed Heck reaction has become one of the
most important C–C bond forming reactions due to its func-
tional group tolerance and its application to a broad range of
endeavors, ranging from synthetic organic chemistry to materials
science.1 In particular, the Heck reaction of heteroaryl halides
has received considerable attention as heteroaryl derivatives are
present in a variety of biologically active compounds and
pharmaceuticals.2 In recent years, palladium catalysts, in
conjunction with tertiary aryl or alkyl phosphine ligands,3

N-heterocyclic,4 and carbocyclic carbenes,5 have been used
for the Heck reaction of aryl and heteroaryl halides in the
presence of a base. Further progress has been made by per-
forming the reactions under ligand-free conditions6 or using
reusable catalysts.7 There are few examples3f,g of palladium-
catalyzed Heck reactions in the presence of a ligand and base
for the synthesis of heteroaryl derivatives. Very recently, an
economical method for the Heck reaction of heteroaryl bro-
mides was developed by us under both ligand- and base-free
conditions using a homogeneous palladium catalyst.8 It is
highly desirable to develop a recoverable and reusable
palladium catalytic system from an industrial and environ-
mental point of view.

Nanocrystalline metal oxides have recently received much
attention in view of their potential usefulness as materials9 and
more importantly as catalysts.10 Nanocrystalline magnesium
oxide (NAP-MgO) possesses a high concentration of reactive
sites on the surface, such as Lewis acid Mg2+ and Lewis base
O2�, lattice bound and isolated hydroxyl groups and anionic
and cationic vacancies. Earlier, we reported the effective C–C
bond forming reactions using Mg–Al layered hydroxide and
NAP-MgO-supported palladium catalysts.11 Moreover, the
enhanced activity of NAP-MgO-stabilized osmate, palladate
and tungstate systems over their homogeneous counterparts
has also been reported.12 Herein, we report a convenient and
reusable NAP-MgO–Pd(0) catalyst for the Heck coupling of
heteroaryl bromides with olefins in the absence of additional
ligands and base (Scheme 1).

For optimization of the reaction conditions, a simple repre-
sentative model system consisting of 3-bromopyridine and
styrene was chosen and the results of this optimization study
are summarized in Table 1. For this study, based on our
previous results,8 DMF was chosen as the solvent. This reaction
was carried out using NAP-Mg–Pd(0) (0.020 g, 9 wt%) as the
catalyst at 130 1C for 8 hours to give an 86% yield of the desired
C–C coupled product (Table 1, entry 1). As it is always advisable
to compare the activity with commercially available and reusable
Pd-catalysts,6,7 the reaction was repeated under the same
conditions using Pd/C, LDH–Pd(0) and Mg–La–Pd(0) catalysts,
however there was no evidence for the formation of the desired
C–C coupled product (Table 1, entries 2 and 3), but in the case
of Mg–La–Pd(0) 20% yield of the C–C coupled product was
obtained (Table 1, entry 4). Although DMF was initially chosen
as the solvent, the reaction was also performed in a variety of

Scheme 1 The Heck reaction of styrene with 3-bromopyridine.

a I & PC Division, CSIR-Indian Institute of Chemical Technology, Hyderabad – 500 607,

India. E-mail: mlakshmi@iict.res.in; Fax: +91-40-27193510; Tel: +91-40-27193510
b Advanced Materials & Industrial Chemistry Group, School of Applied Sciences,

RMIT University, Melbourne, Australia
c Research Core for Interdisciplinary Sciences, Okayama University, Tsushima,

Kita-ku, Okayama 700-8530, Japan

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c3cy00404j

Received 12th June 2013,
Accepted 3rd July 2013

DOI: 10.1039/c3cy00404j

www.rsc.org/catalysis

Catalysis
Science & Technology

COMMUNICATION

Pu
bl

is
he

d 
on

 0
4 

Ju
ly

 2
01

3.
 D

ow
nl

oa
de

d 
on

 2
5/

07
/2

01
3 

14
:2

2:
23

. 

View Article Online
View Journal

http://dx.doi.org/10.1039/c3cy00404j
http://pubs.rsc.org/en/journals/journal/CY


Catal. Sci. Technol. This journal is c The Royal Society of Chemistry 2013

solvents; however only poor yields of the C–C coupled products
were obtained when DMA, DMSO and toluene were employed
(Table 1, entries 5–7). The reaction was also carried out at low
temperature (Table 1, entry 8) and with low catalyst loadings
(Table 1, entries 9 and 10), but in these cases only moderate
yields of the C–C coupled products were obtained. From the
above results, the following optimized reaction conditions were
established with respect to the heteroaryl halide: 20 mg of
NAP-Mg–Pd(0) as the catalyst in 2.5 mL of DMF as the solvent at
130 1C for 8 h.

A variety of heteroaryl bromides were reacted using the
above optimized reaction conditions and the results are pre-
sented in Table 2. The Heck reaction of p-electron deficient
heteroaryl bromides, such as 3-bromopyridine, 2-bromo-
pyridine, 3-bromoquinoline and 4-bromoisoquinoline, with
styrene afforded high yields of the C–C coupled products
(Table 2, entries 1–4). As shown in our previous report,8 the
position of the bromo-substituent on pyridine can influence
the yield of the product (entries 1 vs. 2). In the case of
p-electron-rich heteroaryl halides, such as 2-and 3-bromothio-
phenes and 3-bromofuran, the yield of the products under the
optimized conditions are nearly the same as in the cases of
p-electron-deficient heteroaryl halides (Table 2, entries 5–7).
Similarly, comparable yields were obtained from the reaction of
styrene with 5-methoxy-3-bromopyridine and 2-nitro-5-bromo-
pyridine (Table 2, entries 8 and 9). The reaction of electron-rich
6-methyl-2-bromopyridine gave the Heck coupled product in
60% yield under the same reaction conditions (Table 2,
entry 10); this was one of the first compounds to be developed
that acts as a selective antagonist for the metabotropic glutamate
receptor.13

Next, we investigated the use of NAP-Mg–Pd(0) to catalyze
the reaction between various heteroaryl bromides and substi-
tuted styrenes, n-butylacrylates and phenylacrylates, and the
results are presented in Table 3. The reaction of 4-methylstyrene,

4-chlorostyrene and 2-naphthylstyrene with the p-electron-
deficient heterocycles such as 3-bromopyridine and 3-bromo-
quinoline afforded good yields (85–91%) of the coupled
products (Table 3, entries 1–3 and 7). Only 65% of the desired
product was obtained from the reaction of the activated olefin
n-butylacrylate and phenylacrylate with 3-bromopyridine
(Table 3, entries 4 and 5). Slightly lower yields were observed in
the case of p-electron-rich 3-bromothiophene with 4-methylstyrene

Table 1 Optimization of reaction conditions

Entrya Catalyst Solvent Yieldb (%)

1 NAP-Mg–Pd(0) DMF 86
2 Pd–C DMF 0
3 LDH–Pd(0) DMF 0c

4 Mg-La–Pd(0) DMF 20d

5 NAP-Mg–Pd(0) DMA 20
6 NAP-Mg–Pd(0) DMSO 0
7 NAP-Mg–Pd(0) Toluene o5
8 NAP-Mg–Pd(0) DMF 55e

9 NAP-Mg–Pd(0) DMF 40f

10 NAP-Mg–Pd(0) DMF 20g

a The reactions were carried out with 3-bromopyridine (1 mmol),
styrene (2 mmol) and catalyst (0.020 g) in 2.5 mL of solvent at
130 1C for 8 h. b Isolated yields. c Reaction with the catalyst (0.030 g).
d Reaction with the catalyst (0.030 g). e Reaction at 110 1C. f Reaction
with the catalyst (0.015 g). g Reaction with the catalyst (0.010 g).

Table 2 The Heck reaction of different heteroaryl bromides catalyzed by
NAP-Mg–Pd(0)

Entrya Het-ArBr Product Yieldb (%)

1 74

2 86

3 85

4 82

5 87

6 75

7 83

8 81

9 90

10 60

a The reactions (entries 1–10) were carried out with heteroaryl bromides
(1 mmol), styrene (2 mmol) and catalyst (0.020 g) in 2.5 mL of solvent at
130 1C for 8 h. b Isolated yields.
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and 4-chlorostyrene when compared to p-electron-deficient
3-bromopyridine (Table 3, entries 5 and 6). It is clear from
these results that regardless of the electron-withdrawing or
donating groups on the aromatic ring of the substituted
styrenes, both p-electron-rich and p-electron-deficient hetero-
cycles showed similar activity in the Heck reaction (Table 3,
entries 1 vs. 2 and 5 vs. 6). However, the reaction of aryl halides
that lack a heteroatom, for example, 4-bromoanisole and
4-chloronitrobenzene failed under the standard conditions.

Therefore, it is assumed that presence of heteroatoms in aryl
halides is essential for the success of the reaction.

The C–C coupled products were isolated from the catalyst by
simple filtration after completion of the reaction. The catalyst
was washed first with water and then with diethyl ether to
remove any organic material. It was dried at room temperature
and used for reusability studies. It was observed that the
catalyst shows almost consistent activity up to four cycles
(Table 4). The TEM image of the used catalyst did not show
any change in the shape and size of the support or active Pd(0)
centers. The slight decrease in the observed activity in the
subsequent cycles may be attributed to a decrease in the surface
area due to hydration of the catalyst by water formed in the
reaction.14 No quantifiable amount of leached palladium was
detected in the filtrate by AAS.

The TEM images of the fresh and used NAP-Mg–Pd(0)
catalysts are shown in Fig. 1. It appears that there is not much
change in the shape and size of the Pd particles in both fresh
and used catalysts. TEM analysis indicated that the nano Pd
particles had a mean diameter of 10 and 12 nm for fresh and
used catalysts. The morphology of the catalyst remains the
same even after 4 recycles.

The proposed mechanism involves the initial oxidative
addition of heteroaryl halides to the palladium(0) catalyst
(Scheme 2). In the second step, the palladium(II) catalyst forms
a p complex with olefin followed by insertion of alkene into the

Table 3 The NAP-Mg–Pd(0) catalyzed Heck reaction of heteroaryl bromides and
olefins

Entrya Het-ArBr R Product Yieldb (%)

1 4-Me-C6H4 91

2 4-Cl-C6H4 88

3 C10H7 89

4 nBu-CO2 65

5 Ph-CO2 75

6 4-Me-C6H4 75

7 4-Cl-C6H4 76

8 C10H7 85

a The reactions (entries 1–10) were carried out with heteroaryl bromides
(1 mmol), styrene (2 mmol) and catalyst (0.020 g) in 2.5 mL of solvent at
130 1C for 8 h. b Isolated yields.

Table 4 Recyclability test of the catalyst with different substrates

Substratea

Yieldb

Fresh Run 1 Run 2 Run 3 Run 4

3-Bromopyridine 86 85 83 80 80
3-Bromothiophene 84 84 84 83 80
3-Bromoquinoline 87 85 84 83 83

a The reactions were carried out with heteroaryl bromides (1 mmol),
styrene (2 mmol) and catalyst (0.020 g) in 2.5 mL of solvent at 130 1C for
8 h. b Isolated yields.

Fig. 1 Transmission electron micrographs of fresh (a) and used (b) NAP-Mg–Pd(0),
and the catalyst after the 5th cycle (c).

Scheme 2 A plausible mechanism for the Nap-MgO–Pd(0) catalyzed Heck
reaction of heteroaryl bromides (for the sake of convenience only one palladium
nano particle is shown on the support).
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Pd–R bond. This is ensued by the formation of the required
product by a beta elimination step. Subsequently, palladium(0)
is regenerated by a reductive elimination step. It is important to
note that for the reductive elimination step to proceed, the
presence of base is essential. On the other hand, the reaction
described here is performed without the addition of base.
Notably, it is documented in the literature that DMF can serve
as a precursor of dimethylamine.15 Therefore, it is conceived
that dimethylamine generated from the decomposition of DMF
serves as the base in the reaction. Moreover, the presence of
dimethylamine was detected in the reaction solution by GCMS
headspace analysis (see ESI†).

Conclusions

The Heck reaction of heteroaryl bromides with olefins had been
accomplished by using a reusable heterogeneous NAP-Mg–Pd(0)
catalyst. The catalyst was recovered and reused up to four cycles
with almost consistent activity. The simple procedure, easy
recovery, reusability, and catalytic activity are expected to be
cost effective for industrial use.

Notes and references

1 (a) K. C. Nicolaou and E. J. Sorensen, Classics in Total Synth-
esis, VCH, New York, 1996, ch. 31; (b) R. A. DeVries,
P. C. Vosejpka and M. L. Ash, in, Catalysis of Organic Reactions,
ed. F. E. Herkes, Marcel Dekker, New York, 1998, ch. 37;
(c) L. F. Tietze, G. Kettschau, U. Heuschert and G. Nordmann,
Chem.–Eur. J., 2001, 7, 368; (d) I. P. Beletskaya and A. V.
Cheprakov, Chem. Rev., 2000, 100, 3009; (e) L. F. Overman,
D. J. Ricca and V. D. Tran, J. Am. Chem. Soc., 1993, 115, 2042.

2 (a) J. J. Li and G. W. Gribble, Palladium in Heterocyclic
Chemistry, Pergamon, Amsterdam, 2000; (b) T. L. Gilchrist,
J. Chem. Soc., Perkin Trans. 1, 2001, 2491; (c) I. Collins,
J. Chem. Soc., Perkin Trans. 1, 2002, 1921; (d) T. J. Kwok and
J. A. Virgilio, Org. Process Res. Dev., 2005, 9, 694.

3 (a) M. Portnoy, Y. Ben-David and D. Milstein, Organo-
metallics, 1993, 12, 4734; (b) A. F. Littke and G. C. Fu,
J. Org. Chem., 1999, 64, 10; (c) K. H. Shaughnessy, P. Kim
and J. F. Hartwig, J. Am. Chem. Soc., 1999, 121, 2123;
(d) V. P. W. Bohm and W. A. Herrmann, Chem.–Eur. J.,
2000, 6, 1017; (e) A. F. Littke and G. C. Fu, J. Am. Chem. Soc.,
2001, 123, 6989; ( f ) F. Berthiol, M. Feuerstein, H. Doucet
and M. Santelli, Tetrahedron Lett., 2002, 43, 5625; (g) W. Pei,
J. Mo and J. Xiao, J. Organomet. Chem., 2005, 690, 3546;
(h) M. Aydemir, A. Baysal, E. Sahin, B. Gumguma and
S. Ozkar, Inorg. Chim. Acta, 2011, 378, 10–18.

4 (a) E. A. B. Kantchev, G.-R. Peh, C. Zhang and J. Y. Ying, Org.
Lett., 2008, 10, 3949; (b) D. Bourissou, O. Guerret,
F. P. Gabbai and G. Bertrand, Chem. Rev., 2000, 100, 39;
(c) M. A. Taige, A. Zeller, S. Ahrens, S. Goutal, E. Herdtweck
and T. Strassner, J. Organomet. Chem., 2007, 692, 1519;
(d) J. Ye, W. Chen and D. Wang, Dalton Trans., 2008, 4015;
(e) N. Marion and S. P. Nolan, Acc. Chem. Res., 2008,
41, 1440; ( f ) D. Meyer, M. A. Taige, A. Zeller, K. Hohlfeld,

S. Ahrens and T. Strassner, Organometallics, 2009, 28, 2142;
(g) E. A. B. Kantchev, G.-R. Peh, C. Zhang and J. Y. Ying, Org.
Lett., 2008, 10, 3949; (h) A. Fihri, D. Luart, C. Len, A. Solhy,
C. Chevrin and V. Polshettiwar, Dalton Trans., 2011,
40, 3116; (i) Y.-Q. Tang, C.-Y. Chu, L. Zhu, B. Qian and
L.-X. Shao, Tetrahedron, 2011, 67, 9497; ( j ) J.-Y. Lee,
P.-Y. Cheng, Y.-H. Tsai, G.-R. Lin, S.-P. Liu, M.-H. Sie and
H. M. Lee, Organometallics, 2010, 29, 3901.

5 (a) W. A. Herrmann, K. Ofele, S. K. Schneider, E. Herdtweck and
S. D. Hoffmann, Angew. Chem., Int. Ed., 2006, 45, 3859; (b) D. F.
Wass, M. F. Haddow, T. W. Hey, A. Guy Orpen, C. A. Russell,
R. L. Wingad and M. Green, Chem. Commun., 2007, 2704;
(c) Q. Yao, M. Zabawa, J. Woo and C. Zheng, J. Am. Chem.
Soc., 2007, 129, 3088; (d) R. Chotima, T. Dale, M. Green, T. W.
Hey, C. L. McMullin, A. Nunns, A. G. Orpen, I. V. Shishkov,
D. F. Wass and R. L. Wingad, Dalton Trans., 2011, 40, 5316.

6 (a) V. Farina, Adv. Synth. Catal., 2004, 346, 1553;
(b) M. T. Reetz and J. G. de Vries, Chem. Commun., 2004,
1559; (c) Q. Yao, E. P. Kinney and Z. Yang, J. Org. Chem.,
2003, 68, 7528; (d) A. H. M. de Vries, J. M. C. A. Mulders,
J. H. M. Mommers, H. J. W. Henderickx and J. G. de Vries,
Org. Lett., 2003, 5, 3285.

7 (a) A. Molnar, Chem. Rev., 2011, 111, 2251, and references
therein; (b) L. Yin and J. Liebscher, Chem. Rev., 2007,
107, 133; (c) V. Polshettiwar, R. Luque, A. Fihri, H. Zhu,
M. Bouhrara and J.-M. Basset, Chem. Rev., 2011, 111, 3036;
(d) H. Firouzabadi, N. Iranpoor and M. Gholinejad, Tetra-
hedron, 2009, 65, 7079; (e) D. E. Bergbreiter, J. Tian and
C. Hongfa, Chem. Rev., 2009, 109, 530; ( f ) A. Zamboulis,
N. Moitra, J. J. E. Moreau, X. Cattoen and M. W. C. Man,
J. Mater. Chem., 2010, 20, 9322–9338; (g) Y.-W. Zhu, W.-B. Yi
and C. Cai, Catal. Commun., 2011, 15, 118.

8 M. L. Kantam, P. V. Reddy, P. Srinivas and S. Bhargava,
Tetrahedron Lett., 2011, 52, 4490.

9 (a) E. Lucas, S. Decker, A. Khaleel, A. Seitz, S. Fultz, A. Ponce,
W. Li, C. Carnes and K. J. Klabunde, Chem.–Eur. J., 2001,
7, 2505; (b) R. Schlogl and S. B. Abd Hamid, Angew. Chem.,
Int. Ed., 2004, 43, 1628; (c) A. T. Bell, Science, 2003,
299, 1688; (d) B. M. Choudary, K. V. S. Ranganath,
J. Yadav and M. L. Kantam, Tetrahedron Lett., 2005,
46, 1369; (e) C. L. Carnes and K. J. Klabunde, Langmuir,
2000, 16, 3764; ( f ) Y. Jiang, S. Decker, C. Mohs and
K. J. Klabunde, J. Catal., 1998, 180, 24; (g) L. Vayssieres,
K. Keis, A. Hagfeldt and S. E. Lindquist, Chem. Mater., 2001,
13, 4395; (h) Z. W. Pan, Z. R. Dai and Z. L. Wang, Science,
2001, 291, 1947; (i) C. X. Xu, X. W. Sub, B. J. Chen, P. Shum,
S. Lu and X. Hu, J. Appl. Phys., 2004, 95, 661.

10 (a) A. T. Bell, Science, 2003, 299, 1688; (b) R. Schlogl and
S. B. Abd Hamid, Angew. Chem., Int. Ed., 2004, 43, 1628;
(c) B. M. Choudary, M. L. Kantam, K. V. S. Ranganath,
K. Mahendar and B. Sreedhar, J. Am. Chem. Soc., 2004,
126, 3396; (d) M. L. Kantam, K. B. ShivaKumar and
Ch. Sridhar, Adv. Synth. Catal., 2005, 347, 1212;
(e) B. M. Choudary, K. V. S. Ranganath, U. Pal, M. L. Kantam
and B. Sreedhar, J. Am. Chem. Soc., 2005, 127, 13167;
( f ) M. L. Kantam, S. Laha, J. Yadav, B. M. Choudary and

Communication Catalysis Science & Technology

Pu
bl

is
he

d 
on

 0
4 

Ju
ly

 2
01

3.
 D

ow
nl

oa
de

d 
on

 2
5/

07
/2

01
3 

14
:2

2:
23

. 
View Article Online

http://dx.doi.org/10.1039/c3cy00404j


This journal is c The Royal Society of Chemistry 2013 Catal. Sci. Technol.

B. Sreedhar, Adv. Synth. Catal., 2006, 348, 867; (g) M. L.
Kantam, S. Laha, J. Yadav and B. Sreedhar, Tetrahedron Lett.,
2006, 47, 6213; (h) B. M. Choudary, K. Mahendar, M. L.
Kantam, K. V. S. Ranganath and T. Athar, Adv. Synth. Catal.,
2006, 348, 1977; (i) A. Monopoli, A. Nacci, V. Calò, F. Ciminale,
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