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ABSTRACT

Optimized conditions are described that effect the carbonylation of diverse heterocyclic chlorides to yield the desired alkyl esters. In addition,
bromoanilines and bromoanisoles, which normally are poor substrates under standard carbonylation protocols, were efficiently converted to
the desired products under these new conditions. The nature of the metal bidentate ligand complex was found to be critical. Specifically, a
correlation between ligand bite angle and catalytic efficiency is documented.

The quest to activate aryl chloride bonds catalytically has
resulted in notable advances over the past decade.1 The metal-
catalyzed carbonylation of aryl chlorides is of particular
interest, as it provides synthetically useful carbonyl deriva-
tives.2 In addition, the aromatic chlorides are typically less

expensive and often more readily available compared to the
corresponding aromatic bromo, iodo, and triflate derivatives.

Metal catalysts employing bidentate ligands as part of their
coordination complex have been used successfully by both
the Milstein and Beller groups in the carbonylation of
chlorobenzene.3 Milstein et al.3a utilized a bis(diisopropyl
phosphino)propane (dippp) palladium complex, whereas
Beller et al. employed a palladium catalyst generated from
one of the commercially available Josiphos ligands.3b-e

Although these findings represent a significant advance in
the field and effect excellent carbonylation reactions of
simple aryl chlorides, they both have drawbacks. The dippp
ligand is currently not commercially available and can be
difficult to prepare, whereas the Josiphos ligands must be
used in large excess relative to the metal in order to keep
the palladium in solution. We recently required an efficient
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carbonylation of a halo-pyridine that would be practical and
amenable for large-scale synthesis. In this manuscript, we
disclose our findings in this regard and specifically document
a correlation between catalyst activity and bidentate ligand
bite angle.

We initiated a catalyst screening for the carbonylation of
halo-pyridines and noted an exceptional rate enhancement
with the use of the catalyst (rac-BINAP)PdCl2 in comparison
to palladium catalysts containing monodentate ligands. For
example, 2,5-dibromopyridine was dicarbonylated with (rac-
BINAP)PdCl2 to produce dimethyl-2,5-dicarboxypyridine in
99% yield and in only 1 h (Scheme 1).

Further screening of catalyst systems containing bidentate
ligands revealed an interesting trend (Table 1). The rate of

conversion was markedly dependent upon the bite angle of
the ligand. The most active catalysts were those containing
bidentate phosphine ligands with a natural bite angle near
90°, with the one exception of Xantphos (110°).4 The optimal
ligands for carbonylation of 2-chloropyridine in methanol
under relatively low CO pressure conditions wererac-
BINAP, tol-BINAP, dppp, and Xantphos.

(rac)-BINAP is readily available, air-stable, and one of
the least expensive bidentate ligands. We decided to explore
the capabilities of (BINAP)PdCl2 as a carbonylation catalyst
for more challenging substrates: aromatic chlorides and
electron-rich aromatic bromides.

Carbonylation of 2,5-dichloropyridine with 1 mol %
(BINAP)PdCl2 at 50 psig of CO pressure and 100°C with
triethylamine (2 equiv) in methanol resulted in smooth
transformation to the dimethyl 2,5-dicarboxypyridine in 8 h
(Table 2, entry 2). There was no evidence of palladium black

deposition during the course of the reaction, which indicates
the excellent stability of this catalyst system, and no reduced
pyridine products were noted.

Methanol was an adequate solvent; it was not necessary
to use the more CO-solubilizing solventn-butanol.6 Attempts
to extend the scope of these conditions to chlorobenzene with
(BINAP)PdCl2 failed; however, other heterocyclic substrates
underwent good conversion to provide the desired ester
products. The carbonylation of 2,3-dichloropyridine (entry
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Scheme 1

Table 1. Effect of Bite Angle on Conversion of
2-Chloropyridine5

Table 2. Carbonylation of Heterocyclic Chlorides

a 3 mol% catalyst used.
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3) was notably slower than that of 2,5-dichloropyridine (entry
2). 3-Chloropyridine is an exception (entry 4), as it was inert
under our conditions. Reaction of 2-fluoro-3-chloro-5-tri-
fluoromethylpyridine (entry 5) returned two products. The
major product was the expected 3-carboxypyridine com-
pound. The minor product, surprisingly, was the 2,3-dicar-
boxypyridine compound. The minor product is not formed
from the major, as resubjecting the major product to the
carbonylation conditions did not generate the minor product.
It is likely that a chloride ion in the reaction solution dis-
placed the fluoride at the 2-position of the pyridine ring,
followed by carbonylation at that position.

Carbonylation of bromoaniline substrates is difficult and
is usually accomplished by amine protection to modulate the
electron density of the aniline ring.7 Employing the mild
(BINAP)PdCl2 conditions, botho-bromoaniline andm-bro-
moaniline were smoothly transformed to the corresponding
esters in excellent yields overnight (Table 3). The conversion

of p-bromoaniline was more sluggish and only 50% complete
at 48 h. Bromoanisoles were also cleanly carbonylated to
produce methoxybenzoic esters in excellent yields.o-Bro-
moanisole andp-bromoanisole both performed equally well
under these mild conditions.

The mechanism of palladium-catalyzed carbonylation reac-
tions employing monodentate ligands has been investigated
by several groups.8 The mechanism often invoked requires
a dissociation of one of the phosphine ligands to provide
the coordinatively unsaturated metal complex followed by
ligation to carbon monoxide, followed by migration of the

aryl group and subsequent generation of the acyl palladium
complex. The acyl complex then reacts with a nucleophile
such as an alcohol or amine to give ester or amide products.9

Although the mechanism involving a palladium catalyst
containing a rigid bisphosphine bidentate ligand could occur
similarly, it would be less entropically favored for one of
the phosphines to dissociate completely.10 This suggests that
the carbonylation involving the bisphosphine ligands may
proceed via an alternate mechanism. A few possible path-
ways are outlined below and summarized in Scheme 2.

As in the standard mechanism, the process is initiated with
reduction ofI to produce a reactive Pd(0) complexII, which
oxidatively adds to the Ar-X bond to generate complexIII
(Scheme 2). At this point, CO may interact withIII either
axially or equatorially. The axial approach toIII leads to a
five-coordinate complexIV, reminiscent of the interaction
between CO and Vaska’s complex.11 The∼90° ligand bite
angle is optimized for the square pyramidal geometry ofIV .
Aryl migration to CO restores the square planar geometry
as the acyl complex.

The equatorial approach requires some reorganization of
ligands around the metal center, resulting in complexes of
the general typeV, VI, and VII.
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Table 3. Carbonylation of Bromoanilines and Bromoanisoles

Scheme 2
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Trigonal bipyramidal complexes of Pd and Pt have been
described and have been postulated as intermediates in
reaction pathways.12 The coordinatively saturated intermedi-
ate V offers several advantages. For d8 metals, electron
density is greater in thexy plane than along thez axis in the
trigonal pyramidal geometry, and so bond formation should
be favored in the equatorial plane with back-bonding ligands
such as CO. To accommodate the incoming equatorial CO
ligand, theσ-donating Ar and X groups are both pushed out
of the plane. The axialσ-donating Ar and X ligands may
exert a stabilizing influence on the trigonal pyramidal
Pd(II) complex. The lability of the axial Ar group makes
migration facile. The preference for equatorial ligation of
good back-bonding ethylene ligands and the stabilizing
influence of the axial Ar group is precedented for trigonal
bipyramidal complexes (analogous toV) arising from the
analogous square planar Pd(II) and Pt(II) complexes contain-
ing chelating ligands with small bite angles.13

Complex VI arises from one of the phosphines of the
bidentate ligand moving into the axial position as CO
approaches. Here clearly, a∼90° bite angle could stabilize
the intermediate. However, in complexes of typeVI , the CO

group may not necessarily come incis to the Ar group as
drawn in Scheme 2. Atrans arrangement would require
reorganization to enable migration and acyl complex forma-
tion. ComplexesIV, V, and VII enforce the requisitecis
geometry. ComplexVI may not be a productive intermediate
for the carbonylation reaction with bidentate ligands.

The cationic complexVII maintains the preferred square
planar geometry. PresumablyVII is formed through a five-
coordinate intermediate where CO replaces the X group.
Although cationic Pd(II) complexes have been shown to be
very active catalysts for polymerization reactions of CO with
ethylene, preliminary experiments show minimal effects due
to changes of the counterion. After migration, an open
coordination site is filled by the returning X, which recon-
stitutes the square planar geometry. Studies are underway
to determine which pathway(s) is operative for our system.

In conclusion, we have developed the use of (BINAP)-
PdCl2 as an air-stable and robust carbonylation catalyst for
various heteroaromatic chlorides, as well as for electronically
challenging bromides. (BINAP)PdCl2 is simple to prepare,
relatively inexpensive, and stable to air. The conditions for
carbonylation are relatively mild (50 psig CO, 100°C, and
a slight excess of tertiary amine base) and provide products
in good to excellent yields. (BINAP)PdCl2 is a practical and
economical alternative for the carbonylation of several
heterocyclic chlorides and aromatic bromides. We are
currently engaged in studies to elucidate the mechanism of
the carbonylation and identity of the active intermediates.

Supporting Information Available: Experimental details
and characterization data details. This material is available
free of charge via the Internet at http://pubs.acs.org.
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