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Palladium-catalyzed C-N bond-forming reactions have evolved
into a versatile and efficient synthetic transformation.1 However,
the lack of a general palladium-based catalyst for aryl chloride
substitution reactions,2,3 as well as the elevated reaction temper-
atures often required, prompted us to search for new, more active
ligands.

1H NMR studies in our laboratories of the amination reactions
of aryl bromides catalyzed by BINAP/Pd(OAc)2 suggested that
oxidative addition was rate limiting.4 For aryl chlorides, oxidative
addition can be anticipated to be even more sluggish. To facilitate
this slow step, we began to explore the use of electron-rich
phosphine ligands.2,3c,5a After some experimentation, we focused
our efforts on the preparation of electron-rich bidentate phos-
phines.4 We first prepared the known 2,2′-bis(dicyclohexylphos-
phino)-1,1′-binaphthyl (1)6 and found that1/Pd(0) constituted a
reasonably effective catalyst for the coupling of pyrrolidine with
4-chlorotoluene. This important result, taken together with our
experience with bidentate monophosphines PPF-OMe and
PPFA1b prompted us to prepare aminophosphine ligand2 (Table
1).7 In comparison to1, use of ligand2 is generally superior
and significantly expands the scope of palladium-catalyzed aryl
chloride transformations. Herein, we demonstrate that the
2/Pd(0) catalyst system is highly active and allows for the room-
temperature amination of aryl bromides and the first example of
a room-temperature amination of an aryl chloride. Moreover,
this system functions as the first general catalyst for room-
temperature Suzuki coupling reactions of aryl chlorides.

To demonstrate the efficacy of the2/Pd(0) catalyst system, we
have prepared several aniline derivatives from aryl chlorides
(Table 1, entries 1, 2, 4-6, 8, 9, 13, and 16). Secondary amines
give excellent results in the coupling procedure (Table 1, entries
1, 2, 4-6, 8, and 9), and the arylation of a primary aniline can
also be accomplished (Table 1, entry 16). Primary alkylamines
are efficient coupling partners provided the aryl chloride is
substituted at the ortho position (Table 1, entry 13), or through
the use of ligand1 (Table 1, entries 14 and 17). Catalyst levels
as low as 0.05 mol % Pd have been achieved in the reaction of
chlorotoluene with di-n-butylamine (Table 1, entry 1).

Given the high reactivity of this catalyst, we explored the
possibility of carrying out room-temperature aminations. We
found that both aryl iodides and aryl bromides (Table 1, entries
3, 7, 10, and 15) reacted readily at room temperature when DME
was employed as the solvent. The experimentally simple
procedure did not require crown ether or other additives.1c,4

Broadly speaking, the room-temperature amination of aryl
bromides displays the same scope as the reactions of aryl chlorides
at 80°C. Aryl bromides containing functional groups sensitive
to NaOt-Bu could be converted to the corresponding aniline
derivative by using K3PO4 as the base. In these reactions (Table
1, entries 11 and 12), heating at 80°C was required due to the
decreased basicity and/or solubility of K3PO4.

Using 2/Pd(0), the amination of an aryl chloride (albeit an
activated one) at room temperature could also be achieved for
the first time.8 Thus, the coupling ofp-chlorobenzonitrile and
morpholine was catalyzed by 2.5 mol % Pd2(dba)3, 7.5 mol %2,
and NaOt-Bu in DME at room temperature to provide the
corresponding aniline derivative in 96% yield (Table 1, entry 9).

In light of the high reactivity of this new catalyst system in
amination reactions, we proceeded to examine its utility in several
different Pd-catalyzed C-C bond-forming reactions. Pd-catalyzed
Suzuki coupling reactions9 of aryl chlorides are usually inefficient
if the aryl halide does not contain electron-withdrawing
substituents.5a-f While nickel catalysts are more effective at
promoting Suzuki coupling reactions of unactivated aryl chlorides,
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Table 1. Catalytic Aminationa of Aryl Chlorides and Bromides

a Reaction conditions: 1.0 equiv of aryl halide, 1,2 equiv of amine,
1.4 equiv of NaOtBu, 0.5 mol % Pd2(dba)3, 1.5 mol % ligand (1.5
L/Pd), toluene (2 mL/mmol halide), 80°C. Reactions were complete
in 11-27 h; reaction times have not been minimized.b Reaction run
with 0.025 mol % Pd2(dba)3. c Reaction run at 100°C. d Reaction run
at room temperature in DME solvent.e Reaction run with 1.5 mol %
Pd2(dba)3. f Reaction run with 2.5 mol % Pd2(dba)3. g Reaction run using
K3PO4, DME solvent.h Reaction run using Pd(OAc)2, K3PO4, DME
solvent.i One of the two runs only proceeded to 98% conversion.
j Reaction run with Pd(OAc)2, ligand 1, Cs2CO3 as catalyst, ligand,
and base.k Using 1 as ligand.l [ArBr] ) 1 M. m [ArBr] ) 2 M. n 1.5
equiv of benzylamine used.
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sterically hindered substrates are often problematic.5g,h Further-
more, examples of Suzuki coupling reactions that proceed at room
temperature are rare10 and often require stoichiometric amounts
of highly toxic thallium hydroxide.10b,c To the best of our
knowledge, no examples of room-temperature Suzuki couplings
of an aryl chloride have been reported.

Suzuki coupling reactions of both aryl bromides and aryl
chlorides proceed in high yield at room temperature using the
2/Pd(0) catalyst system and CsF11 in dioxane solvent (Table 2,
entries 2, 5, and 7-10).7b,12 These conditions allow for the
coupling of both electron-rich and electron-deficient aryl chlorides
and tolerate the presence of base-sensitive functional groups. An
aryl-alkyl coupling reaction of an aryl chloride using an
alkylboron reagent generated in situ from 1-hexene and 9-BBN13

was achieved at 50°C. Suzuki coupling reactions of electron-
rich aryl chlorides could also be carried out using inexpensive
K3PO4 with only 0.5 mol % palladium catalyst, although
temperatures of 100°C were required.

The 2/Pd(0) catalyst system was also effective for the Pd-
catalyzedR-arylation of ketones14 at room temperature using
NaHMDS as base (Table 2, entry 12). Interestingly, while the
BINAP catalyst system was selective at promoting the mono-
arylation of methyl ketones,2/Pd was selective for the diarylation
of methyl ketones (Table 2, entry 11). This may be due to the
decreased steric bulk of2 relative to BINAP.15

While the precise mechanistic details of the reactions promoted
by the2/Pd(0) catalyst system remain unknown, we believe that
the overall catalytic cycle for the amination reaction is similar to
that postulated for the BINAP/Pd-catalyzed amination of aryl
bromides.1a However, in reactions catalyzed by2/Pd, there may
be different pathways available for the amine coordination/
deprotonation step. Our current view of the course of the reaction
involves binding of the amine to four-coordinate complexI ,
followed by deprotonation of the resulting five-coordinate com-
plex II to giveIII (Figure 1, path A). Alternatively, coordination
of the amine substrate may occur after initial dissociation of the
dimethylamino moiety of the ligand, followed by nucleophilic
attack of the amine substrate on three-coordinate16b complexIV
to giveV. Deprotonation ofV is followed by rapid recomplex-
ation of the ligand amine group to giveIII (Figure 1, path B).16

If path B is operative, the recomplexation of the amine is
presumably fast relative toâ-hydride elimination since little or
no reduced side product is observed. This notion is supported
by the fact that Cy2PPh was not an effective ligand for any of
these Pd-catalyzed processes;7b,12 amination reactions conducted
with electron-rich monodentate phosphines as ligands such as
Cy3P or Cy2PPh demonstrated that reduction viaâ-hydride
elimination can be a significant problem without a chelating group
on the ligand. The relatively small size of the amine group in2
allows for the efficient coupling of both cyclic and acyclic
secondary amines.1b That 2/Pd(0) can be employed in an
amination procedure at the 0.05 mol % level (Table 1, entry 1)
suggests that the dimethylamino group also contributes to the
stability of the catalyst.

Of special importance is that the results presented herein
indicate that the reactions of aryl chlorides in Pd-catalyzed
processes need not be limited by the rate of the oxidative addition
step.2 Efforts to design catalysts that maintain this high activity
for oxidative addition, but in which the rates of other processes
(e.g., transmetalation, reductive elimination, migratory insertion)
are enhanced, are currently underway in our laboratories.
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Table 2. Suzuki Couplinga and Ketone Arylation

a Reaction conditions: 1.0 equiv of aryl halide, 1.5 equiv of boron
reagent, 3.0 equiv of CsF, 0.5-2.0 mol % Pd(OAc)2, 0.75-3.0 mol %
2 (1.5 L/Pd), dioxane (3 mL/mmol halide). Reactions were complete
in 19-30 h; reaction times have not been minimized.b 2.0 equiv of
K3PO4 used in place of CsF.c One of two runs only proceeded to 98%
conversion.d Pd2(dba)3, NaOtBu used as catalyst, base.e Pd2(dba)3,
NaHMDS used as catalyst, base.

Figure 1.
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