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ABSTRACT

A combination of palladium and an imidazolium chloride has been used as catalyst precursor in the amination of aryl chlorides. The imidazolium
salt IPrHCl (4, IPr ) 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) was found to provide the most efficient transformation rates in this
catalytic system. This new system proves general and efficient for aryl chlorides as well as aryl bromides and iodides.

Palladium-catalyzed cross-coupling reactions of aryl halides
or halide equivalents with various nucleophiles have been
shown to be highly effective and practical methods for the
formation of C-C bonds.1 In a closely related area, pal-
ladium- or nickel-mediated coupling of aryl halides with
amines has attracted significant interest because of the use
of this methodology in organic synthesis and material
science.2 The pioneering studies of Hartwig and Bulchwald
on catalytic amination have shown that the supporting ligands
on the metal center play a crucial role in dictating the
efficiency of the catalytic system.2 To this end, bulky
monodentate phosphine or bidentate PX (X) P, N, O)
ligands are usually employed.3,4 Most recent examples deal
with Suzuki3a and Stille4a coupling reactions.

NucleophilicN-heterocyclic carbenes,5 or so-called “phos-
phine mimics”, have attracted considerable attention as
possible alternatives for the widely used phosphine6 ligands

in homogeneous catalysis.7,8 The primary advantage of these
ligands appears to be that they do not easily dissociate from
the metal center, and as a result an excess of the ligand is
not required in order to prevent aggregation of the catalyst
usually affording the bulk metal.9 The use of some of these
ligands in palladium-catalyzed Heck and Suzuki reac-
tions,10,11rhodium-assisted hydrosilylation,12 and ruthenium-
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mediated olefin metathesis7,8 has opened new opportunities
in catalysis.

Recently, we examined the thermochemistry of transition
metal-centered ligand substitution involving nucleophilic
N-heterocyclic carbenes.8 This allowed us to quantify the
considerable stabilizing effect brought by this class of ligands
to organometallic systems. An understanding of ligand
stereoelectronic effects provided by the thermochemical
investigations has led to the use of this ligand class in a ring-
opening/closing metathesis system.8a

We have most recently focused our efforts on palladium-
mediated processes which appear to benefit from the use of
sterically demanding, electron-donating ligands. We have
recently reported on the Suzuki and Kumada cross-coupling
reactions of aryl chlorides employing Pd2(dba)3 or Pd(OAc)2
and an imidazolium salt as catalyst systems.13,14 The use of
aryl chlorides in coupling chemistry has proven difficult but
would economically benefit a number of industrial pro-
cesses.15,16

Considering the major effect of the use of bulky carbene
ligands in the related C-C bond formation processes
discussed above, we wondered if catalytic amination could
be performed with the help of a judiciously selected bulky
imidazolium salt. We now wish to report the palladium-
mediated C-N bond coupling of normally less reactive aryl
chlorides with various amines using a bulky nucleophilic
carbene as supporting ligand.17

On the basis of our recent success with IMesHCl18 (3, IMes
) 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene) and IP-
rHCl19 (4, IPr ) 1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene) as ancillary ligand precursors in Suzuki13 and Kumada14 couplings involving aryl chlorides, a similar

protocol was used to perform the amination of aryl chlorides.
In an effort to select the most effective imidazolium salt, a
number of 1,3-aryl-substituted imidazolium chlorides (Scheme
1, 1-4) were used in a model reaction (Table 1).

The bulky (vide infra) IPrHCl (4) was found to be the
most effective imidazolium salt examined, leading to isola-
tion of the coupled product in a 98% isolated yield (Table
1, entry 5).

A survey of catalytic cross-coupling of aryl halides with
primary and secondary cyclic or acyclic amines using IPrHCl
(4) as the supporting ligand is provided in Table 2. The role
of the added base KOtBu is 2-fold: it initially deprotonates
the imidazolium chloride to form the free carbene ligand in
situ which then coordinates to Pd(0). It also serves as a strong
base to neutralize the HX formed in the course of the
coupling reaction. This catalytic system proved to be general
and efficient as shown by results presented in Table 2.

The less reactive unactivated aryl chlorides reacted with
various amines including primary (Table 2, entries 6, 7, and
9) and secondary cyclic (Table 2, entries 1-3 and 10) or
acyclic (Table 2, entries 4, 5, and 11) amines in high yields.
Ortho-substitued aryl chlorides reacted with amine without
difficulty. The reaction of 4-chlorotoluene with highly
hindered amines (Table 2, entry 7) leads to lower yields.
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Scheme 1. Imidazolium Salts

Table 1. Amination of 4-Chlorotoluene Using Different
Imidazolium Chlorides

entry ligand L time (h) yields (%)a

1 none 3 0
2 ITol 3 <5
3 IXy 3 11
4 IMes 3 22
5 IPr 3 98

a Isolated yields represent the average of two runs.
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The generality of the method is illustrated by the efficient
coupling of unhindered aryl chlorides with both acyclic
primary and secondary alkylamines. To the best of our
knowledge, no reported catalyst allows this transformation.

Generally, aminations involving aryl bromides and iodides
proceed under milder conditions than those involving aryl
chlorides. To examine the halide substituent effect, the
efficiency and selectivity of the present catalytic system for
amination of aryl bromides and iodides was examined. Both
aryl bromides and iodides (Table 3) reacted with amines
smoothly at room temperature. Most interesting in these
studies involving an aryl bearing both chloro and iodo (or
bromo) substituents is the observation that bromo and iodo
functionalities can be converted at room temperature (Table
3, entries 3 and 4) and the remaining chloro functionality
can subsequently be converted at more elevated temperatures.
This could prove to be a significant advantage in process
chemistry.

While the detailed mechanism remains to be elucidated,
it seems apparent that arylamidopalladium intermediates are
involved in this reaction as previously observed.2,3 It appears
to us that both steric and electronic effects combine to
mediate the coupling process. Initially, the electron donor
properties of the carbene facilitate the activation of aryl
chlorides. A secondary effect may be provided by the bulk
located at the ortho positions of the carbene aryl group.

Results of structural studies in related platinum complexes
of general formulation L2PtMe2 (L) nucleophilic carbene)
indicate that these ortho positions are oriented directly toward
the groups involved in the reductive elimination step. Steric
hindrance imparted by the ligands may therefore favor this
reductive elimination step. We believe a combination of
effects are at play: once the electron donor carbene imparts
enough electron density to the metal to enable it to perform
the oxidative addition, the ligand sterics may subsequently
facilitate the reductive elimination. The steric effects provided
by ortho substituents on the carbene aryl groups influence
the efficiency of the catalytic transformation in a dramatic
fashion (Table 1). Our thermochemistry studies on ruthenium
systems involving these carbenes8b,19 show that ITol is the
best electron donor (ITol> IMes≈ IXy > IPr) while IPr is
the most bulky ligand (IPr> IMes ≈ IXy > ITol). Up to
now the catalytic activity of systems involving these various
imidazolium salts follows the steric trend.

In summary, a general and efficient methodology for the
amination of aryl chlorides (and bromides and iodides) has
been developed. The simple methodology makes use of a
combination of a palladium(0) complex and an imidazolium
chloride forming the catalytic precursor which proves ef-
fective for unactivated aryl chlorides as well as aryl bromides
and iodides in high isolated yields. This methodology
provides the first report of aryl amination involving aryl
chlorides with both acyclic primary and secondary alkyl-
amines. Application of similar and improved protocols20 to
related coupling reactions using nucleophilic carbene as
supporting ligand is ongoing.
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(20) We have recently determined that 1 equiv of the IPr‚HCl salt could
be used instead of two, leading to similar isolated yields in approximately
half the time. A full report of this improvement is forthcoming.

Table 2. Amination of Aryl Chlorides with Various Aminesa

a Reaction conditions: 1.0 mmol of aryl chloride, 1.2 mmol of amine,
1.5 mmol of KOtBu. 1.0 mol % of Pd2(dba)3, 4.0% IPrHCl (2 L/Pd), 3 mL
of dioxane, 100°C. Reactions were complete in 3-30 h, and reaction times
were not minimized.b Average isolated yields of two runs.c Dialkylaniline
was isolated as a byproduct in 5% yield.

Table 3. Amination of Aryl Bromides and Iodides

a Reaction conditions: 1.0 mmol of aryl halides, 1.2 mmol of amine,
1.5 mmol of KOtBu. 1.0 mol % of Pd2(dba)3, 4.0% IPrHCl (2 L/Pd), 3 mL
of dioxane, room temperature. Reactions were complete in 3-30 h, and
reaction times were not minimized.b Average isolated yields of two runs.
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