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Recent developments in the palladium-catalyzed ami-
nation of aryl halides1-7 offer considerable advantages
over the classical methods, which require either activated
substrates or severe reaction conditions.8 While these
new methods, based on the use of the monophosphine
ligand P(o-tolyl)3 or bis-phosphine ligands BINAP and
DPPF, lead to efficient coupling of primary amines and
secondary cyclic amines, the arylation of secondary
acyclic amines remains problematic; the corresponding
tertiary aromatic amines are generally formed in low
yields. This was especially true when electron-rich
arenes were used as coupling partners.9 These reactions
are usually plagued by the reduction of the starting aryl
bromide, leading to the formation of the byproduct arene
via a â-hydride elimination pathway from amidopalla-
dium intermediate 1 (Scheme 1).
Since tri(o-tolyl)phosphine was first employed for the

tin-free palladium-catalyzed aryl amination reaction,1
none of the reported catalyst systems has proven to be
generally satisfactory for the coupling of secondary
amines. Toward this goal, we decided to explore the
reactivity of different ligands and to study the effect of
their structure on the outcome of the amine-coupling
reaction. For this purpose, we chose to examine Hayashi-
type10 ferrocenyl-derived ligands due to their ease of
preparation and the availability of known procedures for
further structural modification.11 The ligands surveyed
are shown in Figure 1.
Herein, we report that palladium complexes derived

from ligands (rac)-PPFA (4)10 and (rac)-PPF-OMe (5)10,12
are highly effective for the aryl amination reaction of
acyclic secondary amines (eq 1).

We first compared the reaction between tert-butylbro-
mobenzene and di-n-butylamine using Pd2(dba)3 in the
presence of the different ligands that have been used in

relevant carbon-nitrogen bond forming procedures; the
reactions conditions and results are described in Table
1. Whereas P(o-tolyl)3 gave 77% of the desired 4-tert-
butyl-N,N-di-n-butylaniline after 48 h (entry 1), the use
of BINAP and DPPF led to the formation of tert-
butylbenzene as the major product of the reaction (entries
2 and 3). Employing a reaction protocol based on the
reported conditions5 using DPPF, while providing a
moderate yield of the desired product, still resulted in
the formation of a large quantity of arene side product
(entry 4). We then tried ferrocenyl ligands BPPFA (2)10
and FcPPh2 (3).13 Relative to DPPF (under our standard
conditions for comparison), both 2, which has an added
dimethylamino substituent, and 3, which lacks a second
diphenylphosphino substituent, gave slightly improved
yields (entries 5 and 6). This prompted us to investigate
the use of 4,10 which combined the two previous struc-
tural modifications; its use caused the yield to increase
to 89% (entry 7). Employing the related phosphino ether
ligand 510,12 significantly enhanced the rate of the reac-
tion while raising the yield to 93% (entry 8). The amine-
coupling procedure with 5 minimized the undesired
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Figure 1.

Scheme 1

Table 1. Ligand Effect for the Arylamination of
4-tert-Butylbromobenzene with N,N-di-n-butylamine

entry ligand
time
(h)

conversn
(%)

ratio of
product/

reduced S.M.

GC
yielda
(%)

isolated
yield
(%)

1 P(o-tolyl)3 48 90 12.6:1 83 77
2 BINAP 48 98 1:5.2 8
3 DPPF 48 100 1:4.9 9
4 DPPFb 3 100 1.4:1 43
5 2 48 100 1.7:1 18
6 3 48 100 3.0:1 54
7 4 24 100 12.5:1 92 89
8 5 5 100 39:1 97 93
a GC yields were calculated using dodecane as an internal

standard. b Reaction run under the reported conditions5 but using
commercially available DPPF‚PdCl2‚CH2Cl2 (5 mol %) and DPPF
(15 mol %) in THF at 100 °C.
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â-hydride elimination pathway; less than 3% of arene
side product was formed. Quantities as low as 0.75 mol
% of ligands 4 and 5 (L:Pd ) 1.5:1) also proved to be
highly effective for the aryl amination of N-ethylaniline
with tert-butylbromobenzene (Table 2, entry 1).
A brief study of the reaction conditions with PPF-OMe

established that, as in our previous protocols, sodium tert-
butoxide is the most effective base; we also investigated
the use of potassium tert-butoxide, triethylamine, sodium
carbonate, and sodium hydride. In certain cases, the
reaction can be performed at lower temperature (60 °C),
albeit at a significantly slower rate. Whereas the reac-
tion could be carried out in toluene and to some extent
in THF, attempts to employ other solvents such as DMF,
Et2O, or hexane led to poor conversion to product.
As shown in Table 2, the procedure employing the

5/Pd2(dba)3 catalyst system is extremely effective in
coupling secondary anilines and acyclic secondary amines
with both electron-poor and electron-rich aryl bromides.
It is also complementary to our previously reported
protocol for the combination of bromopyridines with
amines using DPPP or BINAP in which acyclic secondary
amines were not efficiently coupled.7 In general, use of
this catalyst system is not effective with primary amines
including unhindered primary anilines. In contrast,
sterically hindered 2,4,6-trimethylaniline could be trans-
formed to the desired product in close to quantitative
yield (entry 9). We also note that only poor yields are

obtained when ortho-substituted aryl bromides are re-
acted with secondary amines, although moderate yields
were obtained when these were coupled with primary
amines.
Ferrocenyl phosphines 4 and 5 represent the first

examples in which a (presumably) chelating ligand other
than a bis-phosphine has been employed for the pal-
ladium-catalyzed aryl amination. That the reaction with
3 as supporting ligand resulted in significantly lower
yields supports the notion that the PPF-OMe-catalyzed
reactions proceed via intermediates in which the oxygen-
palladium interaction is important. The existence of such
an interaction has been confirmed by an X-ray structure
determination of the product of the oxidative addition
step of the 5/Pd2(dba)3 catalyst mixture with p-tert-
butylbromobenzene.14 The key feature of this structure
is the short Pd-O bond distance of 2.215(7) Å. This can
be compared to the Pd-O covalent bond distances
reported for square planar complexes (2.0-2.16 Å).15,16
On the basis of the results presented above, we believe

that 5 functions as a chelating ligand in which both the
phosphorus and oxygen groups are bound to the pal-
ladium center.17 As we have previously noted,4 tetraco-
ordinate palladium complexes are less subject to â-hy-
dride elimination than the corresponding tricoordinate
species, and hence, we would expect that procedures
using 4 or 5 would give better results than those
employing nonchelating ligands.18 Since a methoxy
group is a poor σ-donor relative to PAr2, aryl(amido)-
palladium complexes 1 (Scheme 1) with 5 should be less
electron-rich than in the analogous intermediates when
BINAP or DPPF are used. This diminished electron
density at the palladium center enhances the rate of the
reductive elimination relative to â-hydride elimination.19
In summary, we have shown that PPFA and PPF-OMe

are ligands of choice for the palladium-catalyzed aryl
amination of acyclic secondary amines.
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Table 2. Palladium-Catalyzed Arylamination in the
Presence of PPF-OMe

a All the reactions were conducted in toluene at 80 °C in the
presence of 1.4 equiv of NaO-t-Bu and L:Pd ) 1.5:1. Conditions:
(A) 0.25 mol % of Pd2(dba)3 (0.5 mol % of Pd); (B) 0.50 mol % of
Pd2(dba)3 (1.0 mol % of Pd); (C) 2.5 mol % of Pd2(dba)3 (5.0 mol %
of Pd); (D) 1.5 mol % of Pd2(dba)3 (3.0 mol % of Pd); (E) 2.5 mol %
of Pd(OAc)2. b Yields refer to the average of at least two isolated
yields of >95% purity as determined by GC, 1H NMR, and
elemental analysis. c PPFA was used as the ligand. d GC yields
were consistently higher than 70%. Problems with isolation
account for the fluctuation in isolated yields.
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