
Tetrahedron Letters 49 (2008) 5620–5621
Contents lists available at ScienceDirect

Tetrahedron Letters

journal homepage: www.elsevier .com/ locate / tet let
Palladium-free Suzuki–Miyaura cross-coupling at elevated pressures

Yanhe Guo a, David J. Young b,*, T. S. Andy Hor a

a Department of Chemistry, National University of Singapore, 3 Science Drive 3, S117543 Singapore, Singapore
b Eskitis Institute of Cell and Molecular Therapies, Gold Coast Campus, Griffith University, Queensland 4222, Australia

a r t i c l e i n f o a b s t r a c t
Article history:
Received 4 June 2008
Revised 25 June 2008
Accepted 9 July 2008
Available online 12 July 2008
0040-4039/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.tetlet.2008.07.060

* Corresponding author. Tel.: +61 7 55527264 (D.J.
E-mail addresses: d.young@griffith.edu.au (D. J.

(T. S. Andy Hor).
Elevated pressure (15 kbar) in the liquid phase improves yields and permits the use of cheaper Fe(III),
Co(II), and Ni(II) metal salts as catalysts for the Suzuki-Miyaura cross-coupling of aryl halides and aryl
boronic acids.

� 2008 Elsevier Ltd. All rights reserved.
A number of papers have appeared recently analyzing the
mechanism of palladium1–5- and nickel6,7-catalyzed cross-coupling
reactions of aryl halides and aryl boronic acids or other nucleo-
philes.8 Spectroscopic, kinetic, and modeling studies have provided
strong evidence for most steps in this complex catalytic cycle
(abbreviated in the figure), and it is likely that further elucidation
of intermediates, transition states, and isomerization steps will
emerge in the very near future. With this level of detail, it is possi-
ble to tune reaction conditions by choice of ligand, solvent, mode of
activation, and reaction conditions. Rigorously excluding oxygen
and adding a mild reducing agent, for example, predictably mini-
mized aryl boronic acid homocoupling and allowed this reaction
to be applied to large-scale synthesis of a pharmaceutical
ingredient.9

Oxidative addition of an aryl halide to a low-valent metal (step
B) is usually the turnover-limiting step for palladium-mediated
reactions,10 while there is evidence of rate-limiting transmetala-
tion (step C) for nickel-mediated reactions7 of particular sub-
strates. Elevated pressures in the liquid phase are known to
accelerate the oxidative addition of alkyl and aryl halides to square
planar Ir(I),11 Rh(I),12 and Pt(II)13 complexes which have relatively
large, negative activation volumes (DV * = �10 to �31 cm3 mol�1).
The palladium-catalyzed cross-coupling of aryl halides and acti-
vated alkenes (Heck reaction) is accelerated by pressure (e.g.,
DV * = �5 to �37 cm3 mol�1).14–17 However, oxidative addition is
not the rate-limiting step for this reaction.

The influence of pressure on the Suzuki–Miyaura reaction has
not hitherto been investigated. Apart from promoting rate-limiting
oxidative addition, it could also suppress undesirable ligand disso-
ciation,17 which is a common source of catalyst decomposition,
particularly at higher temperatures. In this Letter, we report the
ll rights reserved.

Y.).
Young), andyhor@nus.edu.sg
promoting influence of high-pressure on transition metal-cata-
lyzed cross-coupling of aryl halides and phenylboronic acid, and
we highlight unique FeCl3/dppy and CoCl2/dppy catalyzed
reactions.

The reagents were mixed in THF and subjected to atmospheric
pressure of 15 kbar and a temperature of 100 �C for 36 or 48 h
(Scheme 1).18 The percent conversion was determined by GC/MS
analysis. The mixed base KF/KOH proved optimal. We avoided
DMF and alcohols as solvent which, while they assist Suzuki–Miya-
ura coupling, can react competitively with the aryl halide via high-
pressure promoted SNAr reaction of alkoxide or trace dimethyl-
amine.19 No pressure was required for the Pd-catalyzed coupling
of electrophilic aryl chloride 1b (Table 1, entry 1), although conver-
sion improved at elevated pressure (entry 2) and was quantitative
for this substrate (entry 3) and bromide 2e (entry 14) with pres-
sure and a change of ligand from monodentate triphenylphosphine
to bidentate, potentially hemilabile 2-(diphenylphosphino)pyr-
idine (dppy).20 Good conversion could also be achieved using these
conditions and the less reactive aryl bromide 2d (entry 13). No
product was observed for Ni(II), Co(II), or Fe(III)-catalyzed reaction
at 1 bar (entries 4, 6, and 12), but cross-coupling was observed at
15 kbar (entries 5, 7–11, 13, and 14), together with small amounts
of biphenyl from boronic acid homocoupling.
Scheme 1.
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Table 1
Suzuki–Miyaura cross-coupling at elevated pressure

Entry Aryl halidea Metal saltb Ligandc Pressure (bar) Conv.d (%)

1 1b Pd(OAc)2 PPh3 1 66
2 1b Pd(OAc)2 PPh3 15,000 83
3 1b Pd(OAc)2 dppy 15,000 P99
4 1b NiCl2(10%) PPh3 1 61
5 1b NiCl2 PPh3 15,000 54
6 1b CoCl2 PPh3 1 61
7 2a NiCl2 dppy 15,000 P99
8 2a CoCl2 dppy 15,000 P99
9 2a FeCl3 dppy 15,000 97

10 2c CoCl2 dppy 15,000 60
11 2c FeCl3 dppy 15,000 67
12 2c FeCl3 dppy 1 61
13 2d PdCl2 dppy 15,000 84
14 2e PdCl2 dppy 15,000 P99

a Reactions with 1b were performed for 36 h while reactions of other substrates
were performed for 48 h.

b Catalyst loadings; 2% Pd(OAc)2, 5% CoCl2, 5% FeCl3.
c Ligand/metal salt = 2:1.
d Conversion determined by GC. Most runs also contained some biphenyl and

oxidized ligand.

Figure 1. Abbreviated cross-coupling mechanism. Step A could also be achieved by
a redox reaction involving ligand oxidation.
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It is likely that the influence of pressure on the Pd-catalyzed
Suzuki–Miyaura reaction is to accelerate turnover-limiting oxida-
tive addition of the aryl halide (Fig. 1, step B). While it is also likely
to inhibit reductive elimination (step D), this step appears not to be
rate determining. We suggest that the primary influence of pres-
sure on the corresponding nickel, cobalt, and iron catalyzed reac-
tions may be accelerated reduction of the metal to a catalytically
active oxidation state (step A). It is not easy to reduce cobalt21

and iron22 to their low-valent states, and a reducing agent such
as a Grignard reagent is usually required. All of these pressure
assisted reactions were accompanied by the formation of some
biphenyl, which is consistent with homocoupling of phenyl boro-
nic acid and concomitant reduction of the metal salt.23 Biphenyl
could also arise, however, from pressure assisted, oxidative homo-
coupling of phenylboronic acid in the presence of adventitious
molecular oxygen.5,9 Alternatively, reduction of the metal could
be achieved by intramolecular oxidation of the ligand,24 and some
oxidized ligand was also observed in the GC/MS of each reaction.
This redox reaction is reportedly accelerated by pressure.14 Cata-
lyst decomposition arising from ligand dissociation, which is espe-
cially serious under thermal conditions, is another common
problem that could be suppressed at elevated pressure.17

In summary, we have demonstrated for the first time, the influ-
ence of high pressure on the Suzuki–Miyaura cross-coupling reac-
tion. Improved yields are observed and expensive palladium salts
can be replaced with cheaper nickel, cobalt, and iron salts. Some
groups have reported Suzuki coupling with ligand free, ‘homeo-
pathic’ concentrations of Pd(II) salts.25 Our higher loading of
2 mol % Pd at 15 kbar highlights one disadvantage of current, com-
mercial high-pressure reactors—the inability to stir reactions
which presumably decreases the concentration of highly active
Pd. Nevertheless, high-pressure does permit non-palladium cata-
lyst systems and lower concentrations should be possible with a
simple increment of the technology to include sonication.
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