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ABSTRACT

The palladium/ligand-catalyzed activation of chlorobenzene provides a general, efficient, and functional group friendly method for the selective
oxidation of alcohols to carbonyl compounds.

The oxidation of alcohols to carbonyl compounds is one of
the most significant and widely used methods in organic
syntheses.1 Consequently, many oxidation reaction methods
have been developed. Oxidation methods based on [O]-
containing oxidants, e.g., air, O2, H2O2, metal oxides, NaOCl,
and DMSO, are common and widely developed. But,
oxidation methods based on non-[O]-containing oxidants are
comparatively less common and underdeveloped. The de-
velopment of economical and efficient oxidation methods
based on non-[O]-containing oxidants are of potential
academic and industrial significance, particularly for the
oxidation of substrates with oxygen sensitive functionalities.
Herein, we describe a general palladium/ligand-catalyzed
chlorobenzene activation reaction that provides an economi-
cal, efficient, and functional group friendly method for the
selective oxidation of alcohols to carbonyl compounds.

Chloroarenes are readily available and inexpensive and,
therefore, represent attractive feedstock for commercial
applications. Historically, chloroarenes have been found to

be comparatively inert and hence of limited value.2 Recently,
the productive utilization of chloroarenes has been the subject
of intense investigations.3 These pioneering studies have
contributed enormously to the understanding of general
principles for the activation and functionalization of chloro-
arenes. In particular, the cross-coupling reactions of chloro-
arenes have been significantly advanced.3

High-throughput methods at Symyx Technologies were
previously employed for the development of efficient cross-
coupling reactions of chloroarenes.4 These reactions required
precise combinations of catalysts and reaction conditions.
Dramatic inefficiencies resulted from less than optimum
reaction conditions. Hydrodechlorination of the chloroarenes
was one of the common inefficiencies observed particularly
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in the C-N and C-O cross-coupling reactions of chloro-
arenes with primary/secondary amines and alcohols, respec-
tively. Mechanistically, this inefficiency most likely resulted
from â-hydrogen elimination from a LnPd(Ar)(XR) (R )
CHR1R2; X ) NR3, O) intermediate, followed by reductive
elimination of ArH from a LnPd(Ar)(H) intermediate
(Scheme 1). The formation of imine and aldehyde/ketone
byproducts in C-N and C-O cross-coupling reactions,
respectively, is also supported by this mechanistic hypothesis
(Scheme 1).

High-throughput methods were now employed to exploit
the hydrodechlorination inefficiency of C-O cross-coupling
reactions for the development of an economical and efficient
palladium/ligand-catalyzed method for the selective oxidation
of alcohols to aldehydes and ketones.5,6 Chlorobenzene was
chosen as an inexpensive and industrially viable oxidant for
this study. The palladium/ligand-catalyzed reactions of
chlorobenzene with alcohols were investigated using our
computer-controlled automated manipulations of reaction
components.7 It was observed that the reactions were
particularly influenced by the nature of the phosphine ligands
and bases. The recently described Buchwald ligand, 2-(di-
cyclohexylphosphino)biphenyl (1),8 and bases such as
K3PO4, K2CO3, and NaOtBu were found to be the most
efficient.

The Pd(dba)2/ligand 1 catalyst efficiently catalyzed the
chlorobenzene-based selective oxidation reaction of a wide
variety of alcohols (Tables 1 and 2).9 The bases, K2CO3 and

K3PO4, were found to be most suitable for the oxidation of
primary and secondary benzylic alcohols. Primary and
secondary benzylic alcohols containing both electron-
withdrawing and electron-donating substituents reacted ef-
ficiently to afford the desired carbonyl compounds in high
isolated yields. Notably, oxygen-sensitive functionalities such
as -CdC, -SR, and -NR2 were compatible and not
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Scheme 1. Reductive andâ-Hydrogen Elimination Pathways

Table 1. Pd(dba)2/Ligand 1-Catalyzed Selective Oxidations of
Benzylic Alcoholsa

a Unless otherwise indicated, the reactions were performed in toluene at
105 °C. Molar equivalents of the reagents and catalyst were as follows:
ROH (1.0 mmol), C6H5Cl (1.5 mmol), base (2.0 mmol), Pd(dba)2 (1.0 mol
%), and ligand1 (3.0 mol %). Reaction times were not optimized and ranged
from 4 to 48 h. Yields correspond to isolated product of>95% purity by
GCMS and1H NMR. Additional general experimental details including
reaction times are provided in the Supporting Information.b Reaction
performed at 80°C. c Reaction performed in xylene at 130°C. d Reaction
performed at 100°C. e Reaction performed at 110°C.
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affected under these oxygen-free oxidation reaction condi-
tions (entries 7, 9, and 10; Table 1). The oxidation of 2,2′-
hydroxymethylbiphenyl resulted in the formation of the
lactone product in high isolated yield (entry 11; Table 1).
The formation of the lactone product most likely proceeded
in sequential steps, which presumably included palladium/
ligand-catalyzed oxidation of one of the alcohol functionality
to an aldehyde functionality, intramolecular reaction of the
newly formed aldehyde functionality with the remaining
alcohol functionality to form a hemiacetal intermediate, and
palladium/ligand-catalyzed oxidation of the hemiacetal in-
termediate to the lactone product.

The Pd(dba)2/ligand 1 catalyst was also found to be
efficient in catalyzing the oxidation of sterically hindered
aliphatic alcohols. The base, NaOtBu, was found to be most
suitable for these reactions. Thus, the sterically hindered
bicyclic alcohols reacted efficiently to afford the desired
industrially significant ketones10 in high yields (Table 2).11

High catalyst turnover frequencies were observed in these

reactions. It is remarkable that these sterically crowded
substrates favor theâ-hydrogen elimination process over the
C-O reductive elimination process.12

In summary, we have developed a general palladium/
ligand-catalyzed chlorobenzene activation reaction that pro-
vides an economical, efficient, and functional group friendly
method for the selective oxidation of primary and secondary
alcohols. The chlorobenzene-based oxidation is economically
comparable to the popular DMSO, NaOCl, H2O2, and CrO3

oxidant based oxidations, but precludes functional group
tolerance, selectivity, and hazard issues related to the DMSO,
H2O2, O2, NaOCl, and CrO3 based oxidations.1 The utility
of this reaction in the oxidation of other commercially
significant alcohols, general oxidation of aliphatic alcohols,
kinetic resolution of racemic alcohols, and the desymmetri-
zation ofmeso-diols is currently being investigated.
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Table 2. Pd(dba)2/Ligand 1-Catalyzed Oxidations of Sterically
Hindered Aliphatic Alcoholsa

a The reactions were performed in toluene at 105°C using molar
equivalents of reagents and catalyst as follows: ROH (1.0 mmol), C6H5Cl
(1.5 mmol), base (2.0 mmol), Pd(dba)2 (0.2 mol %), and ligand1 (0.6 mol
%). Yields correspond to GC yields at a reaction time of 2 h.
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