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Solvent- and Ligand-Free Palladium-Catalyzed Amination of Aryl Halides
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Abstract: An environmentally friendly and economically favorable
approach to the formation of C—N bonds is presented. The method-
ology is particularly interesting in that the reaction is realized under
both solvent- and ligand-free conditions and involves the use of a
low loading of a palladium catalyst dispersed with the reactants on
a suitable solid support. The reaction proceeds rapidly under micro-
wave irradiation.
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The formation of C—N bonds is an important operation in
organic synthesis, and transition-metal-catalyzed reac-
tions are useful tools for preparing a wide range of nitro-
gen-containing compounds.! Despite the considerable
efforts that have been made to develop new procedures in
this field, only a small percentage of fine chemicals are
produced by using homogeneous catalysis, probably as a
result of several critical factors, such as the availability,
cost, activity, and stability of catalysts and compatibility
matching of starting materials.

Arylamines are building blocks that are widely used in the
synthesis of a variety of compounds, including pharma-
ceutical intermediates, agrochemicals, dyes, and poly-
mers.” Among palladium-catalyzed amination processes,
the Buchwald—Hartwig reaction represents a useful strat-
egy for preparing substituted arylamines.® Since the initial
reports on the reaction in 1995,* much attention has been
directed to clarifying how the outcome of the Buchwald—
Hartwig reaction is influenced by the choice of the palla-
dium precatalyst, the base, and, above all, the ligands,
which accelerate the oxidative addition and enhance the
reductive elimination.®> Also the ability of ligands to stabi-
lize palladium(0)-species, to prevent palladium agglomer-
ation, and to maintain catalytic properties ensures that
they play a major role in the reaction. The literature
reports the use of various combinations of a palladium
compound, such as palladium(Il) acetate, bis(dibenzyli-
deneacetone)palladium, or tris(dibenzylideneacetone)di-
palladium, with a range of phosphine ligands, such as 1,1'-
binaphthalene-2,2'-diylbis(diphenylphosphine) (BINAP)
or 1,1'-bis(diphenylphosphinyl)ferrocene (DPPF), tri-
tert-butylphosphine, or biaryl(dialkyl)phosphines.® How-
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ever, the use of ligands has some drawbacks resulting
from their sensitivity to water or air. Moreover, ligands
cannot normally be recovered after the reaction and their
presence frequently hampers the isolation and purification
of the desired product. Finally, ligands are often more ex-
pensive than catalysts and not easily available.

In attempts to overcome these drawbacks, several phos-
phine-free systems have been investigated; these show ex-
cellent activities in many typical palladium-catalyzed
procedures, such as Heck reactions and arylation
reactions’® or carbonylation processes.’ Recently, ligand-
free palladium-catalyzed C—S bond-formation reactions
have been reported in the literature,'” and, very recently,
studies on the Buchwald—Hartwig process have been re-
ported.!! Moreover, successful ligand-free approaches to
copper-catalyzed amination reactions have also been de-
scribed.'?

Our recent attempts to develop synthetic procedures in-
volving palladium-catalyzed amination reactions'? led us
to define conditions for palladium-catalyzed N-arylation
of indolines by using 2,8,9-triisobutyl-2,5,8,9-tetraaza-1-
phosphabicyclo[3.3.3Jundecane (IAPU) as a phosphine li-
gand under solvent-free conditions with microwave acti-
vation.'* Besides having the advantage of requiring no
solvents, thereby eliminating any problems associated
with their supply, purification, and disposal, this proce-
dure provides significantly reduced reaction times and en-
hanced conversions.

In an attempt to develop a more ecofriendly and econom-
ically favorable approach to C—N bond formation, we in-
vestigated the palladium-catalyzed arylation of anilines
under solvent-free and ligand-free conditions (Scheme 1).

Pdy(dba)s (0.5 mol%)
_R + ArBr _R
N K2COs, Al2O3 N
MW

H |
Ar

Scheme 1 Solvent-free, ligand-free, palladium-catalyzed aniline
arylation

To the best of our knowledge, this is the first example of
solvent- and ligand-free palladium-catalyzed amination of
aryl amines with aryl halides.

We began our investigation by choosing the reaction of
indoline with 1-bromo-4-nitrobenzene in the presence of
tris(dibenzylideneacetone)dipalladium catalyst as a
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benchmark reaction (Table 1). Initially, we examined the
reaction in which the reagents were supported on pow-
dered potassium carbonate; this gave a good yield but an
unsatisfactory conversion (Table 1, entry 1). Similar pro-
cedures with other solid bases (sodium and cesium car-
bonates) gave poor or no conversions (entries 2 and 3).
The use of an inert material (alumina) as a support in the
presence of various bases gave interesting outcomes (en-
tries 4—6). The highest conversion and yield were
achieved with potassium carbonate as base. Other transi-
tion metal salts, such as palladium(II) diacetate, platinum
dichloride, or copper(Il) acetate, failed to give any amina-
tion product.

Having identified the optimal conditions (entry 6), we ap-
plied this method to various substituted indolines, and we
compared the results with those obtained under the previ-
ously reported solvent-free conditions in the presence of a
ligand (Table 2). The absence of a ligand had some effect
on the product conversions, but the yields were high and,
after the reaction, only product and unreacted starting ma-
terials were recovered; no byproducts or side reactions
were observed. The necessary conditions appear to be
very mild and the improved economic and environmental
aspects compensate for the lower conversion.

We then extended the procedure to various substituted an-
ilines and hetaryl amines (Table 3). Among the aryl ha-
lides, aryl bromides were more efficient than iodides, and
chlorides were found to be unsuitable for use in this meth-
od. Anilines reacted better than hetaryl amines, and N-
substituted anilines gave better results than anilines. The
use of a higher temperature improved the yield but, due to

Table 2 N-Arylation of Indolines with Aryl Halides

Table 1 Optimization of Ligand-Free Reaction Conditions

Br

N
@ Pd(dba)z (0.5 mol%)
+
N base, MW
H NO,
NO,
Base Solid support Conversion  Yield
(%) (%)
1 K,CO;, K,CO;, 50 82
2 Na,CO4 Na,CO4 15 86
3 Ca,CO, Ca,CO; - -
4 NaOH (4 equiv) AlO, 35 85
5 Et;N (4 equiv) Al,O4 26 80
6 K,CO; (4 equiv) AlO4 68 91

the absence of a solvent, heating to 160 °C was sometimes
difficult to achieve and, consequently, the increase in
yield was no more than 10%. Increasing the reaction time
did not improve the yield and, in some cases, byproducts
were formed. In our procedure, the critical step is fixing
the catalyst on the support during the removal of the sol-
vent in a manner that avoids aggregation of palladium par-
ticles and consequent inactivation of the catalyst (see the
experimental details).

@,w 2:2 Pdy(dba) (0.5 mol%) N
+
N W,
R < / 2

KoCOs, Al,O3
MW 7

)

Entry R! Z X R2 Product Yield with ligand (%) Ligand-free conversion® (%) Ligand-free yield® (%)
1 H N Br H 1a® 76 68 91
2 H N Br 3-Me 1b'® 24 38 76
3 H CH Br 4-NO, 1ct 75 68 87
4 H CH Br H 1d" 59 47 85
5 H CH I H 14" 71 39 79
6 H CH Br 4-OMe le!® 77 56 86
7 H CH I 4-OMe le!® 84 51 86
8 Me CH Br 4-NO, 114 65 50 88
9 CO,H CH Br 4-NO, 1g" 53 43 81
10 CO,Me CH Br 4-NO, 1h* 54 39 82

2 Conversion determined by "H NMR spectroscopy of the crude reaction mixture.

®Yield of reacted material after chromatography.
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Table 3 N-Arylation of (Het)aryl Amines with Aryl Bromides

sz(dba)g (05 mol%)

_R + ArBr
N KoCO3, Al05
H MW |
Ar
Entry (Het)aryl amine Aryl bromide Product Conversion (%) Yield® (%)
H N02
N<p
1 ©/ e OaN Br 2 52 7519
N
|
Me
CI\©\ cl NO,
2 " > O r 3 N ) 73
Me Me
MeO. MeOO\ NO,
3 [ l'}lH OZNOBr 4 N N/Kj 67 88
Me I\I/Ie
RGN .
| T
ON
4 " 2 @—Br 5 X ’ 50 82
Me Me
= | N NO,
DT
5 NN NH OzN—Q—Br 6 N\ 55 8920
| |
Me Me
= | = NO,
6 S N OzNOBr 7N | NJ@/ 35 742!
|
COOEt H
= e N02
7 ~ I OzNOBT 8 ~ l — —
N
N7 “NH, N
NH; Xy V02
] /©/ OQNOBr 9 | _ 44 79
N
H
g
X
= N
9 9 \ OzN‘®—Br 10 62 902
H
NO»
=
= ’ NF | NNy
10 N 11 47 83
C 0)
|
NS
N
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Table 3 N-Arylation of (Het)aryl Amines with Aryl Bromides (continued)
Pd(dba)z (0.5 mol%)
R + ArBr R
N~ KoCOg, Al,Og N
H MW '
Ar

Entry (Het)aryl amine Aryl bromide Product Conversion (%) Yield® (%)

11 @ ozN—OBr 12
N
H

33 762

27 92%

NO,

* Yields based on reacted material after chromatography.

Some details of the experimental procedure are critical.
The alumina and potassium carbonate must be finely pow-
dered, because the total exposed area increases markedly
on reducing the particle size. The potassium carbonate
must be correctly hydrated; if it is absolutely dry, the re-
action does not work, and if it is too hydrated, the yield is
halved. It is necessary to pack the powder tightly into the
reactor. The initial power of the microwave oven must be
high to overcome the inertial barrier of the solid reaction
mixture.

The electronic properties of dibenzylideneacetone had no
effect on the catalytic activity of the palladium(0) in the
Buchwald-Hartwig reaction.?¢ In fact, the amination reac-
tion could also be performed with palladium diacetate as
a catalyst, although better results were obtained with
tris(dibenzylideneacetone)dipalladium

It is likely that the rapid heating induced by microwave ir-
radiation restricts the formation of oxidized byproducts,
Ullmann-type biaryl byproducts, or dehalogenated sub-
strates. Whereas most of the amination reactions de-
scribed in the literature were conducted under inert
conditions with exclusion of oxygen and moisture in a
glove box, the stability and convenience of our catalytic
system allowed the reactions to be run under less stringent
conditions.

In summary, the combination of solvent- and ligand-free
conditions under microwave heating provides a new
methodology for performing palladium-catalyzed aryl
amination reactions with short reaction times. In our opin-
ion, if a low catalyst loading is used, the key point is opti-
mization of the catalyst dispersion in a suitable solid
support to increase the exposed surface area and to im-
prove the conversion. The solvent- and ligand-free condi-

Synthesis 2013, 45,3151-3156

tions will be helpful in the search for green laboratory-
scale syntheses, and this method is a good starting point in
providing a cost-effective and environmentally benign
procedure for the preparation of substituted aromatic
amines.

Melting points were determined on a Biichi B-540 heating appara-
tus and are uncorrected. 'H NMR and '*C NMR spectra were re-
corded on a Varian 200 spectrometer. Chemical shifts are reported
in ppm downfield from TMS. '3C NMR spectra were 'H-decoupled
and the multiplicities were determined by using the APT pulse se-
quence. The reactions under microwave activation were performed
with a CEM Discover SP instrument. K,CO; (99%) was obtained
from Sigma-Aldrich. Activated basic aluminum oxide 90 (0.063—
0.200 mm) was obtained from Merck.

Amination Reaction; General Procedure

A round-bottomed flask was charged with the aryl halide (1 mmol),
the indoline or (het)aryl amine (1 mmol), and Pd,(dba); (0.005
mmol, 5 mg). At this point, CH,Cl, (10 mL) was used to dissolve
the reactants and to suspend K,CO; (4 mmol, 552 mg) and Al,O; (2
g). The CH,Cl, was then removed under reduced pressure and sub-
sequently recovered. The residual powder was ground with a mortar
and pestle for 5 min. A microwave oven reactor was charged with
the reactant powder which was compacted as much as possible. The
powder was heated at 140 °C for 20 min at medium power (350 W),
then charged into a flash silica gel column which was eluted with
hexane-EtOAc (4:1) to give the purified product. The solid prod-
ucts were further purified by crystallization from hexane—Et,0.

(4-Chlorophenyl)methyl(4-nitrophenyl)amine (3)
Dark-yellow solid; conversion: 42%; yield: 80.5 mg (73%); mp 86—
88 °C (hexane—Et,0).

'H NMR (200 MHz, CDCL,): §=3.39 (s, 3 H, N-Me), 6.68 (d,
J=9.4Hz, 2 H, Ar p-NO,), 7.17 (d, J = 8.6 Hz, 2 H, Ar p-Cl), 7.42
(d,J=8.6 Hz, 2 H, Ar p-Cl), 8.07 (d, J = 9.4 Hz, 2 H, Ar p-NO,).
13C NMR (50 MHz, CDCL,): & =40.7, 113.1, 126.0, 128.1, 130.6,
132.3, 138.9, 145.2, 153.7.
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Anal. Caled for C;;H;;CIN,O,: C, 59.44; H, 4.22; N, 10.66. Found:
C,59.21; H,4.39; N, 10.44.

(4-Methoxyphenyl)methyl(4-nitrophenyl)amine (4)
Yellow solid; conversion: 67%; yield: 152.1 mg (88%); mp 122—
123 °C (hexane-Et,0).

"H NMR (200 MHz, CDCl,): § =3.35 (s, 3 H, N-Me), 3.84 (s, 3 H,
O-Me), 6.58 (d, J=9.4 Hz, 2 H, Ar p-NO,), 6.97 (d, J = 9.0 Hz, 2
H, Arp-OMe), 7.13 (d,J = 9.0 Hz, 2 H, Ar p-OMe), 8.04 (d,J = 9.4
Hz, 2 H, Ar p-NO,).

3C NMR (50 MHz, CDCly): & =40.7, 55.3, 114.8, 127.3, 128.5,
132.3,138.9, 145.2, 152.8, 154.4.

Anal. Calcd for C,,H,,N,0;: C, 65.11; H, 5.46; N, 10.85. Found: C,
65.01; H, 5.60; N, 10.72.

N,4-Dimethyl-N-(4-nitrophenyl)aniline (5)
Yellow solid; conversion: 50%; yield: 99.2 mg (82%); mp 77—
79 °C (hexane-Et,0).

'H NMR (200 MHz, CDCly): § = 2.39 (s, 3 H, Me), 3.37 (s, 3 H, N-
Me), 6.63 (d, J=9.4 Hz, 2 H, Ar p-NO,), 7.10 (d, J = 8.4 Hz, 2 H,
Ar p-Me), 7.26 (d, J = 8.4 Hz, 2 H, Ar p-Me), 8.04 (d, J = 9.4 Hz,
2 H, Ar p-NO,).

13C NMR (50 MHz, CDCly): §=21.3, 40.8, 112.4, 126.0, 126.8,
131.0, 137.0, 138.2, 144.0, 154.2.

Anal. Calcd for C,H4,N,0,: C, 69.41; H, 5.82; N, 11.56. Found: C,
69.33; H, 5.94; N, 11.38.

N-Methyl-N-(4-nitrophenyl)pyridin-2-amine (6)>

Dark-yellow solid; conversion: 55%; yield: 112.1 mg (89%); mp
107-109 °C (hexane—Et,0).

'"H NMR (200 MHz, CDCly): § =3.54 (s, 3 H, N-Me), 6.94 (dd,
J=13,5.0Hz 1H, py), 7.06 (d, J=8.4 Hz, |1 H, py), 7.15 (d,
J=9.2Hz,2H, Arp-NO,), 7.59 (ddd, J = 8.4, 7.3, 1.8 Hz, 1 H, py),
8.11 (d,J=9.2 Hz, 2 H, Ar p-NO,), 8.35 (dd, /= 5.0, 1.8 Hz, | H,
py)-

13C NMR (50 MHz, CDCl;): § =38.3, 115.0, 118.5, 119.1, 125.5,
138.1, 141.5, 149.0, 152.7, 157.7.

Anal. Calcd for C,H,;;N;0,: C, 62.87; H, 4.84; N, 13.96. Found: C,
62.63; H, 4.95; N, 13.83.

1-Pyridin-4-yl-1,2,3,4-tetrahydroquinoline (11)

Yellow oil; conversion: 47%; yield: 81.8 mg (83%).

"H NMR (200 MHz, CDCl,): 8 = 2.03 (m, 2 H, CH,), 2.74 (m, 2 H,
CH,-Ar), 3.66 (t, J = 6.2 Hz, 2 H, CH,-N), 7.00 (m, 2 H, Ar), 7.04
(m, 2 H, py), 7.29 (d,J =7.3 Hz, 2 H, Ar), 8.31 (d,J =5.5Hz,2 H,
py)-

3C NMR (50 MHz, CDCly): § =24.1, 27.2, 47.7, 111.8, 121.0,
123.2,126.4, 129.1, 131.6, 139.9, 148.7, 154.0.

Anal. Calcd for C,,H;,N,: C, 79.97; H, 6.71; N, 13.32. Found: C,
79.78; H, 6.90; N, 13.13.
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