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’ INTRODUCTION

Since its discovery in 1983,1 the palladium-catalyzed aryl
amination reaction, most commonly known as the Buch-
wald�Hartwig reaction, has emerged as one of the most power-
ful methods for the formation of C�N bonds.2,3 During the past
decades, in order to increase the versatility and the potential of
amination reactions, most efforts have been devoted to the
development of new Pd-based precatalysts. The nature of the
ligand in these systems appears crucial since its ligation to the
metal center dictates the catalytic properties. In this context, a
wide range of ligands has been studied, including bulky electron-
rich trialkylphosphines,4 biaryldialkylphosphines,5 bidentate
diphosphines,6 and N-heterocyclic carbenes (NHCs).7 The
stability of palladium complexes bearing such ligands comes
from the strong σ-donating effect of the ligand. The high catalytic
activity of these Pd/L systems can be explained by the formation
of a highly reactive monoligated [Pd0L] species,8 and the facile
delivery of such a reactive species can be modulated by ancillary
ligand (non L ligands) selection. Most often, the active species is
generated in situ by mixing a palladium source (oxidation state 0
or +2) with an excess of the ligand L. Nevertheless, in order to
better understand the mechanism of the catalytic process and
most often increase catalytic performance, the use of a well-
defined precatalyst is preferred.

Among the large number of palladium precatalysts described
in the literature, [Pd(NHC)(cinnamyl)Cl]7d,e derivatives
(NHC: IPr = N,N0-bis(2,6-diisopropylphenyl)imidazol-2-yli-
dene, SIPr =N,N0-bis(2,6-diisopropylphenyl)-4,5-dihydroimida-
zol-2-ylidene) and [Pd(PR3)(X)(k

2-N,C-C6H4-CH2NMe2)]
palladacycles9 (X = TFA, OTf, Cl, Br, and I) have proven to
be excellent precatalysts in aryl amination reactions, allowing the
coupling of unactivated aryl chlorides with catalyst loadings as
low as 100 and 1000 ppm, respectively. These two architectures
were selected for the present study in view of the ease with which
the palladium sheds them to generate the putative [Pd0L]
species.10,11 Additionally, among the large number of possible

phosphine ligands, the 4-(di-tert-butylphosphino)-N,N-dimethy-
laniline (Amphos) has recently demonstrated good efficiency in
Suzuki�Miyaura12 coupling and moderate reactivity in amina-
tion reactions.13 We thus report here the preparation of two new
well-defined Pd-based precatalysts by combining the Amphos
ligand with a palladium cinnamyl and a palladacycle moiety
(Figure 1). The reactivity of these systems in amination reactions
was then examined.

’RESULTS AND DISCUSSION

The preparation of two new precatalysts, [Pd(Amphos)
(cinnamyl)Cl)] (1) and [Pd(Amphos)(TFA)(k2-N,C�C6H4-
CH2NMe2)] (2), is straightforward and makes use of a simple
fragmentation of the corresponding palladium dimer14,15using
the Amphos ligand (Scheme 1). In the case of 1, the process
requires a stoichiometric amount of phosphine and is complete
in 1.5 h in THF at room temperature. This synthesis affords the
desired complex with an excellent 95% isolated yield after
recrystallization. In the case of 2, a slight excess of phosphine
was used (2.1 equiv), and the complex is obtained at room
temperature in CH2Cl2 with a very good 82% yield in 1 h. Finally,
it is noteworthy that both Pd complexes are air- and moisture-
stable.

For 1 and 2, crystals suitable for X-ray diffraction were grown
by slow diffusion of hexane into a saturated CDCl3 solution of
the complex.16 In both cases, the bond lengths between palla-
dium and the phosphine are similar (2.3291(15) and 2.3110(13)
Å for 1 and 2, respectively). These values are also comparable to
those found for complexes described in the literature.17 We can
note that in the case of 1 the distance between the palladium and
the cinnamyl group is comparable to [Pd(NHC)(cinnamyl)Cl]
complexes.7d The structure of 2 adopts a slightly distorted
square-planar geometry, and the bond lengths are similar to
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literature values (within 0.05 Å).14b Finally, the percent buried
volume of Amphos in both systems was calculated using the web

application SambVca.18 Similar results were obtained for both
complexes (1: %Vbur = 34.7; 2: %Vbur = 34.3), showing that the
Amphos ligand is quite bulky in comparison to reported tertiary
phosphine congeners.19

One of the current challenges in amination reactions is to
achieve the coupling of unactivated chlorides at low catalyst
loadings. In order to perform a rapid optimization of reaction
conditions using a challenging aryl halide, the reactivity of
4-chloroanisole with morpholine was examined. At first, 0.1 mol
% of the palladacycle 2 was used, using conditions previously
described by Bedford and Cazin,9 using sodium tert-butoxide
(NaOtBu) as the base in toluene for 17 h at 110 �C (Table 1,
entry 1). Under these conditions, the desired product 3 is
obtained in 50% conversion of the starting 4-chloroanisole. In
order to favor the formation of 3, several bases and solvents
were next screened. It was found that weaker bases such as
NaOH, KOH, K3PO4, or carbonate bases (Table 1, entries
3�8) did not prove as efficient as the stronger NaOtBu.
Surprisingly, under these conditions, it was shown that KOtBu
as base led to poor conversion (10%, Table 1, entry 2) in
comparison to reactions conducted using NaOtBu. Several

Figure 1. Design of the new palladium/Amphos precatalysts.

Scheme 1. Synthesis of the Two New Well-Defined Palladium
Precatalysts 1 and 2a,b

aReagents and conditions: (i) [Pd(cinnamyl)(μ-Cl)]2 (1 equiv),
Amphos (2 equiv), THF, rt, 1.5 h; (ii) [{Pd(μ-TFA)-(k2-N,C-C6H4-
CH2NMe2)}2] (1 equiv), Amphos (2.1 equiv), CH2Cl2, rt, 1 h.
b Isolated yields.

Figure 2. Graphical representation of 1. Hydrogens have been omitted for clarity. Selected bond lengths (Å) and angles (deg): Pd1�C17, 2.115(6);
Pd1�C18, 2.154(6); Pd1�C19, 2.273(6); Pd1�P1, 2.3291(15); Pd1�Cl1, 2.3672(15); C17�Pd1�C19, 67.0(2); C17�Pd1�P1, 97.29(18);
C19�Pd1�Cl1, 93.56(16); P1�Pd1�Cl1, 102.68(5).

Figure 3. Graphical representation of 2. Hydrogens have been omitted
for clarity. Selected bond lengths (Å) and angles (deg): Pd1�C17,
2.015(5); Pd1�O27, 2.141(3); Pd1�N24, 2.181(4); Pd1�P1,
2.3110(13); C17�Pd1�N24 81.32(18), O27�Pd1�N24 87.56(15),
C17�Pd1�P1 95.36(15), O27�Pd1�P1 96.16(10).
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solvents were next screened. While 1,2-dimethoxyethane
(DME) and tetrahydrofuran (THF) gave poor conversions
(Table 1, entries 10 and 11), 1,4-dioxane gave the best result,
affording the desired product with conversions up to 90%
(Table 1, entry 9). This result can probably be explained by
the stabilization of the [Pd0-L] active species by the high-
boiling and donating 1,4-dioxane.

The activity of the second palladium cinnamyl precatalyst 1
was next studied under similar conditions to those optimized for 2.
The reaction proved very efficient when using the NaOtBu/1,
4-dioxane combination, permitting a 95% conversion of the
starting 4-chloroanisole (Table 1, entry 12). Other bases gave
no or poor conversions (Table 1, entries 14�18). Finally,
complete conversion can be obtained by using 1.4 equivalents
of NaOtBu, refluxing the 1,4-dioxane during 17 hwith 0.15mol %
1 (99%, Table 1, entry 13). To compare the efficiency of both 1
and 2, the catalyst loading was further decreased. The reaction
was then performed using 0.05 mol % Pd, showing that 1
provided an improved conversion over that obtained with 2
(82% vs 65%, Table 1, entry 19 vs entry 20). For this reason, the
scope of the reaction was next explored using 1 as precatalyst in
the presence of 1,4-dioxane and NaOtBu.

The results are summarized in Table 2. The system displays
good efficiency for the coupling of nonactivated (Table 2, entries
1 and 2) and deactivated chlorides (Table 2, entry 3) with cyclic
dialkylamines, yielding the expected compounds in excellent
isolated yields (82�93%). If steric hindrance is increased about

the coupling partner reaction site, such as in the case of
2-chlorotoluene, the amount of palladium necessary to reach
completion had to be slightly increased (0.3 mol %). The case of
the more challenging N-methylaniline (Table 2, entries 4 and 5)
was next explored, and using 0.3 mol % of 1, the expected aniline
derivatives were obtained in very good yields (84�89%). The
reactivity of some primary amines with some sterically hindered
aryl chlorides was next studied. Excellent results were obtained in
these instances, and the corresponding secondary amines were
isolated in high yields (Table 2, entries 6�9, 86�98%). It is
noteworthy here that the necessary amount of palladium to reach
completion appears dependent on the bulkiness of the amine.
However, the reaction requires only 0.2 mol % of 1 to allow the
coupling of 2,6-dimethylchlorobenzene with the bulkiest 2,
6-diisopropylaniline (Table 2, entry 9). 1-Chloronaphthalene
could be successfully coupled to piperidine (Table 2, entry 10).
Despite the fact that a significant amount of the dehydrohaloge-
nated product (naphthalene) was detected by GC (<10%), the
formation of the desired product was obtained with a good, 71%
isolated yield. Finally, the compatibility of the catalytic system
with heterocycles was demonstrated, and very good results
were obtained for the coupling of 2-chloropyridine, but also
for the more challenging deactivated 3-chloropyridine (Table 2,
entries 11�13, 77�85%).

’CONCLUSION

In summary, we have disclosed a facile and efficient access to
two new, well-defined palladium precatalysts containing the
Amphos ligand. These complexes have shown excellent catalytic
activities in the Buchwald�Hartwig reaction, allowing for cou-
pling of various (hetero)aryl chlorides with a wide range of
amines in very good yields (71�98%) and using low catalyst
loadings (0.1�0.3 mol %). The use of these systems in flow
chemistry is presently being examined in our laboratories.

’EXPERIMENTAL SECTION

Synthesis of [Pd(Amphos)(cinnamyl)Cl)], 1. In a glovebox, in
a 100 mL round-bottom flask equipped with a magnetic bar,
[Pd(cinnamyl)(μ-Cl)]2 (1.04 g, 2 mmol) and Amphos (1.06 g, 4 mmol)
were added to THF (30 mL). The reaction mixture was stirred at room
temperature during 1.5 h. After this time, outside the glovebox, THFwas
concentrated, and the complex was precipitated with pentane and
collected by filtration. The complex was recrystallized from DCM and
pentane, yielding the title compound as a yellow powder, 2.0 g (95%).
1H NMR (400 MHz, CDCl3): δ 7.56�7.51 (m, 4H, HAr), 7.37�7.27
(m, 3H, HAr), 6.67 (dd, JHH = 9.0 Hz, J0HH = 1.1 Hz, 2H, HAr),
5.90�5.82 (m, 1H,HCin), 5.21�5.15 (m, 1H,HCin), 3.30 (dd, JHH = 6.5
Hz, J0HH = 1.5 Hz, 1H, HCin), 3.01 (s, 6H, NCH3), 2.71 (d, JHH = 11.6
Hz, 1H,HCin), 1.47 (d, JHP = 14 Hz, 9H, CCH3), 1.38 (d, JHP = 13.9 Hz,
9H, CCH3).

13C{1H} NMR (100 MHz, CDCl3): δ 151.0 (d, JCP = 1.5
Hz, CAr), 137.0 (d, JCP = 5.9 Hz, CAr), 136.7 (d, JCP = 12.5 Hz, CAr),
128.8 (d, JCP = 1.0 Hz, CAr), 128.1 (d, JCP = 2.9 Hz, CAr), 127.9 (d, JCP =
2.2 Hz,CAr), 117.1 (d, JCP = 36.0 Hz,CAr), 110.5 (d, JCP = 10.3 Hz,CAr),
108.9 (d, JCP = 5.9 Hz, CCin), 99.7 (d, JCP = 26.4 Hz, CCin), 55.2 (CCin),
40.1 (NCH3), 36.3 (d, JCP = 13.9 Hz, CMe3), 36.2 (d, JCP = 13.2 Hz,
CMe3), 30.7 (d, JCP = 5.9 Hz, C(CH3)3), 30.2 (d, JCP = 5.1 Hz,
C(CH3)3).

31P{1H} NMR (162 MHz, CDCl3): δ 67.0 (s) Anal. Calcd
for C25H37ClNPPd: C, 57.26; H, 7.11; N, 2.67. Found: C, 57.36; H,
6.93; N, 2.79.
Synthesis of [Pd(Amphos)(TFA)(j2N,C-C6H4-CH2NMe2)], 2.

In a glovebox, a 50 mL Schlenk flask equipped with a magnetic bar

Table 1. Optimization of the Reaction Conditionsa

entry precatalyst (mol %) solvent base GC conversion (%)b

1 2 (0.1) toluene NaOtBu 50

2 2 (0.1) toluene KOtBu 10

3 2 (0.1) toluene NaOH 2

4 2 (0.1) toluene KOH 4

5 2 (0.1) toluene K3PO4 6

6 2 (0.1) toluene Na2CO3 0

7 2 (0.1) toluene K2CO3 0

8 2 (0.1) toluene Cs2CO3 4

9 2 (0.1) 1,4-dioxane NaOtBu 90

10 2 (0.1) DME NaOtBu 12

11 2 (0.1) THF NaOtBu 2

12 1 (0.1) 1,4-dioxane NaOtBu 95

13 1 (0.15) 1,4-dioxane NaOtBu 99 (85)c

14 1 (0.1) 1,4-dioxane KOtBu 16d

15 1 (0.1) 1,4-dioxane NaOH 0

16 1 (0.1) 1,4-dioxane KOH 2

17 1 (0.1) 1,4-dioxane K3PO4 0

18 1 (0.1) 1,4-dioxane Cs2CO3 0

19 1 (0.05) 1,4-dioxane NaOtBu 82

20 2 (0.05) 1,4-dioxane NaOtBu 65
aReagents and conditions: 4-chloroanisole (1 equiv), morpholine (1.26
equiv), Pd precatalyst 1 or 2 (mol %), solvent, base (1.40 equiv),
reflux, 17 h. bConversion to coupling product based on 4-chloroanisole
determined by GC. c Isolated yield after chromatography on silica gel,
average of two runs. dThe formation of 3 and another unidentified
product is observed by GC.
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was charged with [Pd(TFA)(k2-N,C-C6H4-CH2NMe2)]2 (0.283 mmol,
0.200 g), Amphos (0.595 mmol, 0.157 g), and 1,2-dichloromethane
(DCM) (11 mL). The reaction mixture was stirred at room temperature
during 1 h. After this time, outside the glovebox, the solvent was concentrated
to ca. 1 mL in vacuo, and ethanol (10 mL) was added. The solution was
concentrated, leading to the precipitation of a yellow solid. The supernatant
was removed, and the solvents were evaporated in vacuo, yielding the title
compound as a yellow powder, 0.286 g (82%). 1H NMR (400 MHz,
CD2Cl2): δ 7.47�7.41 (m, 2H, HAr), 6.87 (dd, JHH = 7.3 Hz, J0HH =
1.4 Hz, 1H, HAr), 6.74 (td, JHH = 7.3 Hz, J0HH = 1.4 Hz, 1H, HAr), 6.47
(dd, JHH = 9.0 Hz, J0HH = 1.4 Hz, 2H, HAr), 6.40�6.29 (m, 2H, HAr), 3.94
(s, 2H, CH2), 2.93 (s, 6H, NCH3), 2.62 (s, 6H, NCH3), 1.47 (d, JCP = 13.8
Hz, 18H, CCH3).

13C {1H} NMR (100 MHz, CDCl3): δ 151.1 (d, JCP =
2.1Hz,CdO), 147.5 (d, JCP=2.1Hz,CAr), 146.0 (d, JCP=2.1Hz,CAr), 139.3
(d, JCP=6.9Hz,CAr), 137.1 (d, JCP=9.7Hz,CAr), 124.5 (d, JCP=4.2Hz,CAr),
123.5 (CAr), 122.2 (CAr), 113.9 (CAr), 113.4 (CAr), 110.4 (d, JCP = 10.4 Hz,
CAr), 72.4 (d, JCP=2.8Hz,CH2), 49.7 (d, JCP=2.1Hz,NCH3), 40.1 (NCH3),
37.4 (CMe3), 37.1 (CMe3), 30.8 (d, JCP= 4.2Hz, C(CH3)3).

31P{1H}NMR
(162 MHz, CD2Cl2): δ 67.2 (s). Anal. Calcd for C27H40F3N2O2PPd: C,
52.39; H, 6.51; N, 4.53. Found: C, 52.51; H, 6.60; N, 4.47.
Buchwald�Hartwig Cross-Coupling of Aryl Halides with

Primary and Secondary Amines: General Procedure. In a
glovebox, a vial equipped with a stirring bar and sealed with a screw
cap fitted with a septum was charged with NaOtBu (0.136 g, 1.4 mmol)
and the necessary amount of 1,4-dioxane to bring the total solvent
volume to 3 mL. Outside the glovebox, the aryl chloride (1.0 mmol), the

amine (1.2�1.3 mmol), and finally the precatalyst solution were added. The
reaction mixture was stirred at reflux during 17 h. The reaction mixture was
cooled, quenchedwithHCl(aq) (5mL,2.3M), andneutralizedwithNaOH(aq)

(5 mL, 5 M), and the aqueous layer was extracted with DCM (3� 10 mL).
The combined organic layers were dried over MgSO4, and the solvents were
evaporated in vacuo. The crude product was finally purified by flash chroma-
tography on silica gel. The reported yields are the average of two reactions.
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