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Transition-metal-catalyzed coupling reactions have contrib-
uted greatly to the straightforward and facile construction of
carbon–carbon bonds.[1] Significant progress in this area has
been achieved with a variety of homogeneous palladium
catalysts.[2,3] However, homogeneous catalysis suffers from
the problematic separation of the expensive catalyst from the
product for re-use.[4] Moreover, the homogeneous palladium
catalysts tend to lose their catalytic activity because of
palladium metal aggregation and precipitation.[5] These
problems are of particular environmental and economic
concern in large-scale syntheses. Heterogenization of the
existing homogeneous palladium catalysts could be an
attractive solution to this problem.[6] There has been consid-
erable interest in the development of heterogeneous catalytic
systems that can be efficiently re-used whilst keeping the
inherent activity of the catalytic center.

Aryl iodides and bromides have been widely employed as
substrates in heterogeneous coupling reactions.[7–9] From a
practical point of view, the use of aryl chlorides is highly
desirable because they are readily available and inexpensive.
However, they are much more difficult to activate than aryl
iodides and bromides.[2a] The activation of aryl halides is
particularly challenging for heterogeneous catalysts, and
although there have been many reports
of heterogeneous reactions in the litera-
ture, successful examples using deacti-
vated aryl chlorides are quite rare.[10]

Therefore, the development of high-per-
formance catalysts for practical catalytic
coupling reactions is of ongoing interest.

Magnetite Fe3O4 nanoparticles have
recently emerged as promising supports
for immobilization because Fe3O4-sup-
ported catalysts can be separated from
the reaction medium by an external
permanent magnet.[11] This circumvents
time-consuming and laborious separation
steps, and allows for practical continuous
catalysis. In particular, Fe3O4 nanoparti-
cles coated with a thin layer of silica have

beneficial properties, such as invariant catalytic activity and
stability.[12]

We have previously reported the use of a (b-oxoimin-
ato)(phosphanyl)palladium complex as an efficient catalyst in
coupling reactions.[3f] In this context, we have prepared
triethoxysilyl-functionalized palladium complex 2, which can
be anchored easily onto the surface of the silica. Commer-
cially available Fe3O4 nanoparticles, with an average diameter
of 20 nm, were coated with a thin layer of silica using a sol-gel
process to give silica-coated Fe3O4 (3 ; SiO2@Fe3O4).[13] The
silica shell has plenty of hydroxyl groups for potential
derivatization with different functional groups, and also
protects the magnetite core from abrasion under harsh
shaking conditions.

The silylated palladium complex 2 was successfully
immobilized on the surface of robust SiO2@Fe3O4 (3)
(Scheme 1). Schiff-base condensation of 2,4-pentanedione
with (3-aminopropyl)triethoxysilane under microwave heat-
ing afforded 1 in only 3 min in quantitative yield. Deproto-
nation of 1 with EtOTl in tetrahydrofuran, followed by
treatment with [Pd2(m-Cl)2Me2(PPh3)2],[14] led to the forma-
tion of 2. Magnetic-nanoparticle-supported (b-oxoiminato)-
(phosphanyl)palladium complex 4 was obtained by reaction

of 2 with 3 in refluxing toluene (see the Supporting
Information). Palladium catalyst Pd�SiO2@Fe3O4 (4), with a
loading of 0.21 mmol of palladium per gram, was prepared for
this study, and the palladium content was confirmed by
inductively coupled plasma atomic emission spectrometry
(ICP-AES). TEM images of 4 show the core–shell structure of
the particles, and the silica coating, which has a uniform
thickness of 7 nm (Figure 1). Herein, we report the use of a
highly active and magnetically recyclable catalyst 4 in the

Scheme 1. Synthesis of magnetic nanoparticle-supported (b-oxoiminato)(phosphanyl) palla-
dium complex 4. a) NH2(CH2)3Si(OEt)3, microwave heating; b) EtOTl, [Pd2(m-Cl)2Me2(PPh3)2] ,
tetrahydrofuran, RT; c) tetraethyl orthosilicate; d) 2, toluene, 100 8C, 12 h.
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Suzuki, Sonogashira, and Stille reactions of unreactive aryl
chlorides in aqueous conditions.

First, the Suzuki coupling of various substituted aryl
chlorides with arylboronic acids was investigated in the
presence of catalyst 4 (Table 1). Suzuki couplings are typically
conducted in organic solvents or in aqueous–organic mixed-
solvent systems. Recently, the use of water as an environ-
mentally benign solvent has received considerable attention
from the viewpoint of green chemistry.[15]

The heterogeneous reaction was initially carried out in
neat water at 80 8C, and resulted in satisfactory yields (5a and
5e). A phase transfer agent, tetrabutylammonium bromide
(TBAB), was added to enhance the reactivity of the reaction
in water. As a consequence, we were able to lower the
catalytic loading to 0.5 mol%, and the reaction temperature

to 60 8C. Outstanding catalytic activities were observed for the
coupling reactions of chlorobenzene and activated aryl
chlorides with phenylboronic acid, such as 1-chloro-4-nitro-
benzene, 4-chlorobenzonitrile, and 1-chloro-2-nitrobenzene
(5a–d). High levels of reactivity were also observed for the
coupling of deactivated aryl chlorides with phenylboronic
acid, including 4-chloroanisole, 4-chlorotoluene, 4-chlorophe-
nol, 2-chloroanisole, and 2-chlorotoluene (5e–i). Coupling
reactions in which one coupling partner contains a nitrogen
donor are typically difficult to accomplish.[16] It is therefore
noteworthy that catalyst 4 successfully promoted the coupling
reactions of 2- and 3-chloroaniline(5j and 5k, respectively),
both of which bear a free amino group. 1-Chloronaphthalene
(5 l) and 9-chloroanthracene (5m) were also efficiently
coupled with phenylboronic acid in excellent yields; similar
catalytic activities were observed in the coupling of deacti-
vated aryl chlorides with substituted phenylboronic acids
(5n–p). Sterically hindered substrate 2-chloro-1,3-dimethyl-
benzene also successfully coupled in good yield (5q and 5r),
although a higher temperature and longer reaction time were
required. All of the coupling reactions, regardless of the
substituent, proceeded cleanly and highly efficiently in water
under mild heating. To the best of our knowledge, catalyst 4
shows the highest catalytic activity reported to date for the
heterogeneous Suzuki coupling of deactivated aryl chlorides.

Next, we considered the Sonogashira coupling reaction of
various aryl chlorides with alkynes in the presence of catalyst
4 (Table 2). Typically, reactions with aryl chlorides require
high catalyst loadings, elevated reaction temperatures, pro-
longed reaction times, and either CuI as a co-catalyst or large

Figure 1. TEM images of a) aggregated Fe3O4; b) aggregated Pd�
SiO2@Fe3O4 (4); c) individual Pd�SiO2@Fe3O4 (4).

Table 1: Suzuki coupling of aryl chlorides with arylboronic acids.[a]

5a, 88% (10 h)[b,c]

93% (4 h)
5b, 95% (3 h) 5c, 92% (3 h)

5d, 91 % (3 h) 5e, 83 % (10 h)[b,c]

94% (5 h)
5 f, 93% (5 h)

5g, 87 % (5 h) 5h, 89% (6 h) 5 i, 87% (6 h)

5 j, 82% (6 h) 5k, 90 % (6 h) 5 l, 93% (5 h)

5m, 92% (5 h) 5n, 91% (5 h) 5o, 84% (5 h)

5p, 86% (8 h) 5q, 77% (15 h)[c] 5r, 71 % (15 h)[c]

[a] Aryl chloride (1.0 mmol), arylboronic acid (1.2 mmol), 4 (0.5 mol%),
K2CO3 (2.0 mmol), TBAB (0.5 mmol), H2O (2 mL), 60 8C; yield of
isolated product. [b] 4 (1.0 mol%), without TBAB. [c] 80 8C.

Table 2: Sonogashira coupling of aryl chlorides with alkynes.[a]

6a, 94% (5 h) 6b, 91% (6 h) 6c, 96% (4 h)

6d, 95 % (4 h) 6e, 93 % (4 h) 6 f, 93 % (6 h)

6g, 91 % (6 h) 6h, 86% (6 h) 6 i, 81% (6 h)

6 j, 83% (6 h) 6k, 88 % (6 h) 6 l, 94 % (6 h)

6m, 82% (6 h) 6n, 81% (15 h)[b] 6o, 74% (15 h)[b]

6p, 92% (5 h) 6q, 87 % (8 h) 6r, 90 % (8 h)

[a] Aryl chloride (1.0 mmol), alkyne (1.2 mmol), 4 (0.5 mol%), piperidine
(2.0 mmol), TBAB (0.5 mmol), H2O (2 mL), 60 8C; yield of isolated
product. [b] 80 8C.
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amounts of amine as a co-solvent.[6b,17] Gratifyingly, we were
able to perform efficient copper-free Sonogashira coupling
reactions of aryl chlorides in the presence of only 0.5 mol % of
4 at 60 8C. It was observed that the couplings of chloroben-
zene, 1-chloronaphthalene, and activated aryl chlorides with
phenylacetylene, all proceeded in excellent yields (6a–e).
This catalytic system was also effective for the couplings of
deactivated aryl chlorides (6 f–j), with the reactions proceed-
ing to completion in 6 h under mild conditions. Furthermore,
aryl chlorides were coupled with electron-rich 2- or 4-
ethynyltoluene with great success (6k–m). As expected, the
sterically hindered and deactivated 2-chloro-1,3-dimethyl-
benzene also smoothly underwent the coupling reaction (6n
and 6o). The scope of the alkyne was successfully extended to
include substrates such as propargyl alcohol, 1-octyne and
(triisopropylsilyl)acetylene (6p–r). It is noteworthy that this is
the first successful example of a heterogeneous Sonogashira
reaction of aryl chlorides in aqueous solvent.

Encouraged by these results, we performed the Stille
coupling of a variety of aryl chlorides with organostannanes in
the presence of 0.5 mol% of 4 at 50 8C (Table 3). The Stille
coupling of aryl chlorides in water under mild heating has not
been reported to date. The coupling reactions of chloroben-
zene, activated 1-chloro-4-nitrobenzene, and 4-chlorobenzo-
nitrile, with tributylphenylstannane took place in 3 h, with
complete conversion and in high yields (7a–c). In the coupling
of 1-chloro-4-nitrobenzene, the catalyst was found to main-
tain high activity, even at 25 8C (7b). Deactivated aryl

chlorides bearing electron-donating substituents were found
to furnish the biaryl products in high yields (7d–f). 1-
Chloronaphthalene and 9-chloroanthracene both coupled
well with tributylphenylstannane (7 g and 7 h). Importantly,
the catalyst was found to be active for the coupling reactions
of unprotected 4-chlorophenol and 2-chloroaniline (7 i and
7j). Furthermore, the catalyst system worked efficiently for
the coupling reactions of aryl chlorides with electron-rich
arylstannanes (7k–n). Satisfyingly, sterically hindered 2-
chloro-1,3-dimethylbenzene was successfully coupled, albeit
over more-prolonged reaction times (7o and 7p). One of the
most useful applications of the Stille reaction is the ability to
couple vinyl- and allylstannanes.[2a] We obtained similar
success in the reaction of chlorobenzene with tributylvinyl-
stannane or allyltributylstannane at 50 8C (7q and 7r). To our
knowledge, this is also the first reported heterogeneous Stille
coupling of aryl chlorides.

A structural feature of catalyst 4 is the monodentate
electron-rich phosphine and bulky imine ligands on the
palladium atom. Mechanistically, oxidative activation of the
substrate to the catalytically active palladium(0) species is a
key step for less reactive aryl chlorides. The superior activity
observed for this catalyst suggests that these two independent
ligands cooperatively facilitate the oxidative addition, as well
as the reductive elimination step.

A long catalyst lifetime and the ability to easily recycle the
catalyst are highly desirable for industrial applications. The
separation of heterogeneous catalysts, commonly performed
by filtration, results in reduced catalyst retention. An
attractive advantage of catalyst 4 is its easy separation using
external magnets, which minimizes the loss of catalyst during
separation (Figure 2a). The recycle efficiency of 4 was
investigated in the coupling reactions of 4-chloroanisole
with phenylboronic acid and phenylacetylene, respectively
(see the Supporting Information). After each run, the catalyst
was recovered by simple decantation, and then re-used in the
following run. The catalytic activity of 4 remained unchanged
over ten reaction cycles. After the reaction, the solution was
analyzed for palladium metal using ICP-AES. The results
indicated that less than 0.06% of the stating palladium
catalyst had leached out from the catalyst surface. Further-
more, the filtered solution did not exhibit any further
reactivity. No obvious agglomeration of palladium(0) to
form visible nanoparticles was observed on the support
surface after the tenth reaction (Figure 2b). The facile
recycling of 4 in these coupling reactions is probably due to

Table 3: Stille coupling of aryl chlorides with organostannanes.[a]

7a, 95% (3 h) 7b, 92% (5 h)[b]

96% (2 h)
7c, 94% (2 h)

7d, 92 % (3 h) 7e, 94 % (3 h) 7 f, 92% (4 h)

7g, 91 % (4 h) 7h, 92% (4 h) 7 i, 89% (3 h)

7 j, 86% (4 h) 7k, 91 % (4 h) 7 l, 89 % (5 h)

7m, 92% (5 h) 7n, 86% (6 h) 7o, 81% (12 h)[c]

7p, 72% (12 h)[c] 7q, 87 % (5 h) 7r, 90 % (5 h)

[a] Aryl chloride (1.0 mmol), organostannane (1.2 mmol), 4 (0.5 mol%),
CsF (2.0 mmol), EtOH/H2O (2 mL, 1:1), 50 8C; yield of isolated product.
[b] 25 8C. [c] 70 8C.

Figure 2. a) Photographs showing the magnetic separation of catalyst
4 ; b) TEM image of catalyst 4 after the 10th reaction cycle.
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the high durability of the silica-coated Fe3O4 support, along
with the robust nature of the free palladium complex. As well
as the high activity and broad substrate scope of 4, the
successful recycling of this catalyst allows for a more
economic and environmentally friendly process.

In conclusion, we have developed a highly active, easily
recoverable, and practical heterogeneous catalyst for the
Suzuki, Sonogashira and Stille coupling reactions. A wide
range of unreactive aryl chlorides were coupled successfully
under mild conditions. In particular, the performance of the
catalyst was fully retained during the re-use process. These
represent the first widely applicable coupling reactions of aryl
chlorides using a heterogeneous catalyst.
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