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SBA-15-functionalized melamine-pyridine
group-supported palladium(0) as an efficient
heterogeneous and recyclable nanocatalyst for
N-arylation of indoles through Ulimann-type
coupling reactions

Hojat Veisi*, Mohammad Reza Poor Heravi and Mona Hamelian

SBA-15-functionalized melamine-pyridine group-supported palladium(0) was found to serve as a heterogeneous and recyclable
nanocatalyst for N-arylation of indoles with aryl iodides under a low catalyst loading (0.3 mol% of Pd) through Ullmann-type
C-N coupling reactions. A variety of aryl iodides could be aminated to provide the N-arylated products in good to excellent
yields without the need of an inert atmosphere. Also, this catalyst was found to be an efficient system for the N-arylation of
other nitrogen-containing heterocycles with aryl iodides. The heterogeneous palladium catalyst could be recovered by simple
filtration of the reaction solution and reused for six cycles without significant loss in its activity. Copyright © 2015 John Wiley &

Sons, Ltd.
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Introduction

The indole ring system is present in numerous natural products, phar-
maceuticals, agrochemicals and other compounds of importance.'®
Particularly, N-arylated indole motifs are very important as they
exhibit nanomolar affinity for a;-adrenoceptors in addition to
their affinities for dopamine D, and serotonin 5-HT,, receptors.””!
Also, N-arylated indoles are prevalent in compounds that are ma-
terials of interest.!"”

Of the many methods for the synthesis of N-arylindoles, the
Fisher indole synthesis is the best known and most widely used.'"
Ullmann-type coupling methodology, involving the combination
of an indole with an aryl halide in the presence of base and a
copper catalyst at high temperatures, is an important alternative.!?
Methods that operate under milder conditions and utilize aryl
bismuth!* and aryl lead"* reagents have been developed. Finally,
the synthesis of N-arylindoles may also be achieved by nucleophilic
aromatic substitution in instances in which the aryl halides are
activated by the presence of one or more electron-withdrawing
groups.">"” While each of these methods is useful in its own right,
each suffers from one or more limitations including a lack of
generality, the use stoichiometric quantities of toxic reagents or
the need to employ harsh reaction conditions.

The palladium-catalysed N-arylation of heterocycles is an
alternative method under mild reaction conditions."® However,
use of expensive palladium salts and high oxophilicity associated
with phosphine ligands limit the attractiveness of this method for
industrial applications. To overcome these problems, the develop-
ment of highly efficient and recyclable heterogeneous catalysts,
such as immobilization of catalytically active species, e.g.
organometallic complexes, onto a solid support to produce a

molecular heterogeneous catalyst, is essential.'” Heterogeneous
catalysis also helps to minimize wastes derived from reaction
workup, contributing to the development of green chemical
processes.*” So, encouraged by our previous works on C-C, C-N
and C-O coupling reactions,' 2% we designed and prepared an
SBA-15/CCPy/Pd nanocatalyst by grafting of melamine bearing
pyridine groups on SBA-15 and subsequent deposition of Pd
nanoparticles as a new and stable catalyst which is employed in
the coupling of phenylboronic acid with aryl halides (Suzuki
coupling).2" The wide scope of this catalyst led us to investigate
the N-arylation of indoles from the corresponding aryl iodides
and indoles under mild conditions (Scheme 1).

Experimental
General Procedure for Synthesis of N-arylindoles

In a typical reaction, 10 mg of the catalyst (10 mg =0.003 mmol Pd)
was placed in a 25 ml flask. Aryl iodide (1.1 mmol) in 5 ml of DMF
was added with T mmol of indole and 2 mmol of Et;N. The mixture
was then refluxed for 2 h at 110 °C. After completion of the reaction
monitored using TLC, the reaction mixture was cooled to room
temperature (the catalyst was recovered by centrifugation) and
was extracted with diethyl ether three times (3x10ml). The
combined organic layers were washed with brine solution and
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Scheme 1. SBA-15/CCPy/Pd(0)-catalysed N-arylation of indoles using
various aryl iodides.

dried over anhydrous Na,SO,4 and concentrated in vacuo. The crude
product was purified using column chromatography on silica gel
(60-120 mesh) to afford the N-arylindoles.

Results and Discussion

In our initial screening experiments, the N-arylation reaction of
indole with iodobenzene was investigated to optimize the reaction
conditions including Pd concentration, solvent, base and
temperature without the protection of an inert gas. The results
are summarized in Table 1.

Table 1. Optimization of reaction conditions for N-arylation of indole
with iodobenzene®

Entry  Pd (mol%) Base Solvent T(C) t(h) Yield (%)°
1 0.5 EtsN CH3CN 82 12 55

2 0.5 EtsN EtOH 78 12 45

3 0.5 EtsN Toluene 110 12 70

4 0.5 EtsN H,O 100 12 40

5 0.5 EtsN CH,Cl, 40 12 35

6 0.5 EtsN DMSO 110 12 85

7 0.5 EtsN DMF 110 3 95

8 0.2 EtsN DMF 110 12 70

9 0.3 EtsN DMF 110 2 98

10 0.3 —_ DMF 110 12 12

11 0.0 EtsN DMF 110 12 0

12 0.3 K,COs DMF 110 12 65

13 03 Na,CO;  DMF 110 12 45

14 03 K5PO, DMF 110 12 50

15 0.3 KOH DMF 110 12 73

16 03 NaHCO; DMF 110 12 60

17 03 EtsN DMF 25 12 0

18 0.3 Et;sN DMF 70 12 25
®Reaction conditions: indole (1.0 mmol), iodobenzene (1.1 mmol), Pd
catalyst, base (2.0 mmol), solvent (5.0 ml).

Plsolated yield.

Initially, various solvents, namely DMF, EtOH, CH5CN, toluene,
CH,Cl,, DMSO and H,0, were studied in the presence of 0.5 mol%
Pd catalyst and 2 equiv. of EtzN at 110°C (Table 1, entries 1-7). As
is evident from Table 1, the best result is obtained in DMF (Table 1,
entry 7). Next, bases, namely EtsN, KOH, K3PO,4, Na,COs, NaHCO;
and K,COs;, were explored. EtsN gives the best yields (Table 1,
entries 1, 12-16). However, a low yield is obtained without any base
(Table 1, entry 10).

It is also found that the reaction temperature has a great
influence on this transformation (Table 1, entries 9, 17, 18). An
obvious improvement in the conversion (98%) is achieved for the
reaction at 110°C (Table 1, entry 9).

In addition, when the loading of Pd is reduced from 0.5 to 0.3 mol
%, an excellent yield is also afforded. However, when 0.2 mol% of
Pd is employed, the reaction yield decreases to 70% (Table 1, en-
tries 7-9). It is important to mention that N-arylation of indole does
not take place in the absence of Pd catalyst (Table 1, entry 11). In
summary, the optimal condition for the N-arylation of indole with
iodobenzene involves the use of 0.3 mol% of Pd catalyst, 2 equiv.
of EtsN in DMF at 110°C for 2 h (Table 1, entry 9).

With these optimum reaction conditions in hand, the scope and
generality of the N-arylation method were investigated with various
aryl iodides and indoles with different substituents. The results are
summarized in Table 2.

We examined the reaction of indoles with substituted aryl
iodides (Table 2, entries 1-16). All the substituted aryl iodides
react with indoles to afford the coupling products in good to
high yield. We do not observe any limitation as for aryl iodide
derivatives. The reactivity of 2-methylindole is slightly lower than
that of indole and 3-methylindole due to the steric effect (Table 2,
entries 1, 11, 13).

Table 2. Synthesis of N-arylindoles catalysed by SBA-15/CCPy/Pd(0)®
R, R

®R1 + Anl _ SBA-15CCPY/Pd(0) \ g

Et;N, DMF, 110°C N 1

i Ar

Entry Aryl iodide Indole Yield (%)°  Ref.
1 lodobenzene Indole 98 [12d]
2 p-Methoxyiodobenzene  Indole 98 [12d]
3 p-Chloroiodobenzene Indole 98 [12d]
4 p-Nitroiodobenzene Indole 97 [12e]
5 p-Bromoiodobenzene Indole 96 [12d]
6 p-Acetyliodobenzene Indole 92 [12d]
7 p-Methyliodobenzene Indole 96 [12d]
8 o-Bromoiodobenzene Indole 20 [12f]
9 o-Methoxyiodobenzene Indole 95 [12d]
10 m-Nitroiodobenzene Indole 88 [12f]
11 lodobenzene 2-Methylindole 20 [12€e]
12 p-Methyliodobenzene 2-Methylindole 92 [18c]
13 lodobenzene 3-Methylindole 98 [12d]
14 p-Methoxyiodobenzene  3-Methylindole 92 [12d]
15 p-Nitroiodobenzene 3-Methylindole 92 [12d]
16 lodobenzene 1-Methylindole 0 —
@Reactions were carried out under aerobic conditions in 5ml of DMF,
1.1mmol aryl iodide, 1.0mmol indole and 2mmol Et;N in the
presence of Pd catalyst (0.010 g, 0.3 mol% Pd) and 110 °C for 2 h.
Plsolated yield.
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Table 3. SBA-15/CCPy/Pd(0)-catalysed N-arylation of various nitrogen-

containing heterocycles with iodobenzene®

Q' + HotNH __0:3mol% SBA-15/CCPY/Pd(0) QN_Het
EtzN, DMF, 110 C

Entry Het-NH Yield (%)° Ref.
1 1H-benzol[d]imidazole 96 [25]
2 1H-imidazole 98 [25]
3 1H-pyrrole 92 [25]
4 1H-pyrazole 96 [25]
5 1H-pyrrolo[2-29]pyridine 96 [26]

?Reactions were carried out under aerobic conditions in 3 ml of DMF,
1.1mmol aryl iodide, 1.0mmol Het-NH and 2mmol Et;N in the
presence of Pd catalyst (0.010 g, 0.3 mol% Pd) and 110 °C for 3 h.

Plsolated yield.

The coupling with p-haloiodobenzenes exhibits interesting selec-
tivities between halogens. The reactions with p-chloroiodobenzene
and p-bromoiodobenzene afford the corresponding products,
N-p-chlorophenyl and N-p-bromophenylindoles, with good
yields of 96 and 98%, respectively, without touching the bromine
and chlorine atoms (Table 2, entries 3, 5). It is very important to
mention that the reaction is very selective to give only N-arylated
product and in none of these cases is C-arylation of indole
observed.

To ensure that there is no C-arylation taking place in the reaction,
the reaction was carried out with 1-methylindole and no product is
formed (Table 2, entry 16). This shows the high selectivity of
SBA-15/CCPy/Pd(0) as catalyst in the N-arylation of indole using
aryl iodides.
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Scheme 2. Plausible mechanism for N-arylation.
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Figure 1. Recycling of the SBA-15/CCPy/Pd(0) for the N-arylation of indole
under similar conditions.

Interestingly, less reactive aryl halides such as bromobenzene
and chlorobenzene also couple with indole furnishing C-arylindole
in good to appreciable yields in longer reaction times.

We were pleased to find that the arylation reactions also proceed
with other nitrogen-containing heterocycles such as benzimid-
azoles, imidazole, pyrrole, pyrazole and 7-azaindole in good yields
under the same conditions (Table 3, entries 1-5).

In order to determine whether the catalysis is due to the SBA-15/
CCPy/Pd(0) complex or to a homogeneous Pd complex that comes
off the support during the reaction and then returns to the support
at the end, we performed the hot filtration test.””! We focused on
the N-arylation reaction of indole with iodobenzene. We filtered
off the SBA-15/CCPy/Pd(0) complex after 30 min reaction time
and the filtered phase of the reaction mixture was kept under
reaction conditions for another 2h. The catalyst filtration was
performed at the reaction temperature (110°C) in order to avoid
possible re-coordination or precipitation of soluble palladium upon
cooling. The reaction of indole with iodobenzene at 110°C for
30 min before the hot filtration affords N-phenylindole in 60% yield.
We find that, after this hot filtration, no further reaction is observed.
This result suggests that the Pd catalyst remains on the SBA-15
support at elevated temperatures during the reaction and points to
a process of a heterogeneous nature. Based on these results we pro-
pose a reaction mechanism for Ullmann-type C-N coupling reaction
with the prepared nanocatalyst (Scheme 2).28! According to the
general mechanism depicted in Scheme 2, the reaction of in-
dole NH with the oxidative addition product A in the presence
of base leads to a novel B complex. When the latter complex un-
dergoes a reductive elimination, the coupled product N-
arylindole is produced, and the catalyst is released to complete
the catalytic cycle.

For a heterogeneous transition metal catalyst, it is important to ex-
amine its ease of separation, recoverability and reusability. The
recycling performance of SBA-15/CCPy/Pd(0) was investigated in the
reaction of iodobenzene and indole. SBA-15/CCPy/Pd(0) was centri-
fuged from the reaction, washed with hot ethanol and water, and
reused in a next reaction. The data presented in Fig. 1 show that
SBA-15/CCPy/Pd(0) can be reused six times without significant
loss of catalytic activity. The high stability and excellent
reusability of the catalyst should result from the chelating action
of bidentate pyridine groups on palladium and the mesoporous
structure of the SBA-15 support. The result is important from a
practical point of view. The high catalytic activity, excellent reus-
ability and easy accessibility of the SBA-15/CCPy/Pd(0) make it a
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highly attractive heterogeneous palladium catalyst for the parallel
solution-phase synthesis of diverse libraries of compounds.

Conclusions

We have demonstrated a simple and efficient procedure for the
synthesis of N-arylindoles through the reaction of indoles with aryl
iodides using SBA-15-immobilized bidentate pyridine palladium
nanoparticles as catalyst under mild reaction conditions. The
reactions generated the corresponding N-arylindoles in good to
excellent yields and were applicable to various indoles and a variety
of aryl iodides. In addition, this methodology offers the competi-
tiveness of recyclability of the catalyst without significant loss of
catalytic activity, and the catalyst could be easily recovered
and reused for at least six cycles, thus making this procedure
environmentally more acceptable.

Acknowledgments

We are grateful to Payame Noor University (PNU) for partial support
of this work.

References

[11 R.J.Sundberg, The Chemistry of Indoles, Academic Press, New York, 1970.

[2] B.Holmstedst, J. E. Lindgren, T. Plowman, L. Rivier, R. E. Schultes, O. Tovar,
Indole Alkaloids in Amazonian Myristicaceae: Field and Laboratory
Research, Harvard Botanical Museum Leaflets, Cambridge, 1980.

[3] J. E. Saxton, Chemistry of Heterocyclic Compounds: Indoles, Vol. 25, Wiley,
New York, 1983.

[4] R.J.Sundberg, Indoles, Academic Press, San Diego, CA, 1996.

[5] G.W. Gribble, J. Chem. Soc. Perkin Trans. 1 2000, 1045.

[6] G.R.Humphrey, J. T. Kuethe, Chem. Rev. 2006, 106, 2875.

[71 A. R. Katritzky, C. A. Ramsden, E. F. V. Scriven, R. J. K. Taylor (Eds),
Comprehensive Heterocyclic Chemistry Ill, Vol. 3, Elsevier Science &
Technology, Amsterdam, 2008.

[8] J. A. Joule, in Science of Synthesis, Vol. 10 (Ed.: E. J. Thomas), Georg
Thieme Verlag, Stuttgart, 2000, pp. 361-652.

[9] a) T. Balle, J. Perregaard, T. M. Ramirez, K. A. Larsen, K. K. Soby,

T. Liljefors, K. Andersen, J. Med. Chem. 2003, 46, 265; b) J. Arnt,

T. Skarsfeldt, Neuro Psychopharmacol. 1998, 18, 63.

M. T. McCormick, Q. Liu, S. Wang, Org. Lett. 2007, 9, 4087.

S.Wagaw, B. H. Yang, S. L. Buchwald, J. Am. Chem. Soc. 1999, 121, 10251.

[10]
[11]

[12]

[13]
[14]

[15]
[1e]
[17]

(18]

[19]

[20]

[21]
[22]

[23]

[24]

a) F. Ullmann, Ber. Dtsch. Chem. Ges. 1903, 36, 2382; b) F. Ullmann, Ber.
Dtsch. Chem. Ges. 1904, 37, 853; c) A. F. Pozharskii, B. K. Martsokha,
A. M. Simonov, J. Gen. Chem. USSR 1963, 33, 994; d) R. Xiao, H. Zhao,
M. Cai, Tetrahedron 2013, 69, 5444; e) H. Chen, M. Lei, L. Hu,
Tetrahedron 2014, 70, 5626; f) S. Haneda, Y. Adachi, M. Hayashi,
Tetrahedron 2009, 65, 10459; g) R. K. Rao, A. B. Naidu, E. A. Jaseer,
G. Sekar, Tetrahedron 2009, 65, 4619; h) D. K. T. Yadav, S. S. Rajak,
B. M. Bhanage, Tetrahedron Lett. 2014, 55, 931; i) N. V. Suramwara,
S. R. Thakareb, N. N. Karadec, N. T. Khaty, J. Mol. Catal. A 2012, 359,
28; j) A. K. Verma, J. Singh, R. C. Larock, Tetrahedron 2009, 65, 8434.

D. H. R. Barton, J.-P. Finet, J. Khamsi, Tetrahedron Lett. 1988, 29, 1115.
P. Lépez-Alvarado, C. Avendaio, J. C. Menéndez, J. Org. Chem. 1995,
60, 5678.

W. J. Smith, J. S. Sawyer, Tetrahedron Lett. 1996, 37, 299.

W. J. Smith, J. S. Sawyer, Heterocycles 1999, 51, 157.

S. Maiorana, C. Baldoli, P. D. Buttero, M. D. Ciolo, A. Papagni, Synthesis
1998, 5, 735.

a) G. Mann, J. F. Hartwig, M. S. Driver, C. Fernandez-Rivas, J. Am. Chem.
Soc. 1998, 120, 827; b) J. F. Hartwig, M. Kawatsura, S. |. Hauck,
K. H. Shaughnessy, L. M. Alcazar-Roman, J. Org. Chem. 1999, 64, 5575;
¢) D. W. Old, M. C. Harris, S. L. Buchwald, Org. Lett. 2000, 2, 1403; d)
M. Watanabe, M. Nishiyama, T. Yamamoto, Y. Koie, Tetrahedron Lett.
2000, 41, 481; e) G. A. Grasa, M. S. Viciu, J. Huang, S. P. Nolan, J. Org.
Chem. 2001, 66, 7729.

a) Y. lwasawa, Tailored Metal Catalysis, D. Reidel, Dordrecht, 1986; b)
Y. Yang, R. M. Rioux, Chem. Commun. 2011, 47, 6557.

a) M. Poliakoff, J. M. Fitzpatrick, T. R. Farren, P. T. Anastas, Science 2002,
297,807; b) A. Kirschnig, H. Monenschein, R. Wittenberg, Angew. Chem.
Int. Ed. 2001, 40, 650; ) B. Clapham, T. S. Reger, K. D. Janda, Tetrahedron
2001, 57, 4637; d) N. E. Leadbeater, M. Marco, Chem. Rev. 2002, 102,
3217; e) L. Yin, J. Liebscher, Chem. Rev. 2007, 107, 133.

H. Veisi, M. Hamelian, S. Hemmati, J. Mol. Catal. A 2014, 395, 25.

H. Veisi, P. Mohammadi, J. Gholami, Appl. Organometal. Chem. 2014,
28, 868.

H. Veisi, J. Gholami, H. Ueda, P. Mohammadi, M. Noroozi, J. Mol. Catal. A
2015, 396, 216.

a) H. Veisi, B. Maleki, F. Hosseini Eshbala, H. Veisi, R. Masti,
S. Sedigh Ashrafi, M. Baghayeri, RSC Adv. 2014, 4, 30683; b)
R. Ghorbani-Vaghei, M. Chegini, H. Veisi, M. Karimi-Tabar, Tetrahedron
Lett. 2009, 50, 1861; c) B. Maleki, D. Azarifar, H. Veisi, S. F. Hojati,
H. Salehabadi, R. Nejat Yami, Chin. Chem. Lett. 2010, 21, 1346; d)
R. Ghorbani-Vaghei, H. Veisi, Synthesis 2009, 6, 945; e) H. Veisi,
Synthesis 2009, 945; f) H. Veisi, Synthesis 2010, 2631; g) H. Veisi,
S. Hemmati, H. Veisi, J. Chin. Chem. Soc. 2009, 56, 240; h) H. Veisi,
Tetrahedron Lett. 2010, 57, 2109.

Y.-Z.Huang, J. Gao, H. Ma, H. Miao, J. Xu, Tetrahedron Lett. 2008, 49, 948.
C.S. Hong, J. Y. Seo, E. K. Yum, Tetrahedron Lett. 2007, 48, 4831.

H. E. B. Lempers, R. A. Sheldon, J. Catal. 1998, 175, 62.

D. Prim, J.-M. Campagne, D. Joseph, B. Andrioletti, Tetrahedron 2002,
58, 2041.

Appl. Organometal. Chem. 2015, 29, 334-337

Copyright © 2015 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/aoc




