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Abstract: A wide array of forms of palladium has
been utilized as precatalysts for Heck and Suzuki cou-
pling reactions over the last 15 years. Historically,
nearly every form of palladium used has been describ-
ed as the active catalytic species. However, recent re-
search has begun to shed light on the in situ transfor-
mations that many palladium precatalysts undergo
during and before the catalytic reaction, and there
are now many suggestions in the literature that nar-
row the scope of types of palladium that may be con-
sidered true “catalysts” in these coupling reactions. In
this work, for each type of precatalyst, the recent lit-
erature is summarized and the type(s) of palladium
that are proposed to be truly active are enumerated.
All forms of palladium, including discrete soluble pal-
ladium complexes, solid-supported metal ligand com-
plexes, supported palladium nano- and macroparti-
cles, soluble palladium nanoparticles, soluble ligand-
free palladium, and palladium-exchanged oxides are
considered and reviewed here. A considerable focus
is placed on solid precatalysts and on evidence for
and against catalysis by solid surfaces vs. soluble spe-
cies when starting with various precatalysts. The re-
view closes with a critical overview of various control
experiments or tests that have been used by authors
to assess the homogeneity or heterogeneity of catalyst
systems.
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1 Introduction

Aromatic carbon-carbon bond coupling reactions have
recently emerged as exceedingly important methodolo-
gies for the preparation of complex organic molecules
such as pharmaceuticals. Of the many commonly used
coupling reactions such as Heck,[1–4] Suzuki,[5,6] Sonoga-

shira[7] and Stille[8] reactions, perhaps the two most im-
portant are the Heck and Suzuki reactions.
The Heck and Suzuki couplings are fascinating reac-

tions from a catalysis science perspective. Virtually all
forms of palladium can be used as precatalysts for the
simpler reactions (e.g., activation of aryl iodides), yet
specifically designed catalysts are required for activa-
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tion of bulky or electronically unactivated substrates.
Additionally, in many cases, extremely small amounts
of palladium (ppm or ppb levels) are sufficient to give
very high turnover frequencies, whereas in others,
10% or higher precatalyst loadings are required to ob-
tain sufficient product yields.

Two critical questions have dominated modern re-
search on Heck and Suzuki couplings. The first is (1)
how can a catalyst be designed to activate aryl chlor-
ides,[9] as these are the cheapest andmost abundant class
of aryl halides available for use as substrates? While
many of the catalysts recently developed to activate
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aryl chlorides will be discussed in this review, the design
of new, molecular metal ligand complexes to achieve
these transformations is not our primary focus. This
has been the topic of several other recent reviews.[9,10]

The second key question researchers have focused on
is (2) how can minimization of catalyst cost and catalyst
contamination of the product be best achieved?[11] Re-
searchers have addressed this topic in several ways, in-
cluding development of high turnover number catalysts
and via the design and utilization of “heterogeneous”
Heck and Suzuki precatalysts. It has been in the pursuit
of this second question that the Heck and Suzuki cou-
pling literature has grown into a morass, with an endless
list of hypothesized or claimed “true catalytic species.”
In most research papers, the active form of palladium
is not discussed, while in others educated guesses are
proposed based on limited data. Only recently have re-
searchers focused on the question – what is the form of
the true, catalytic palladium species in these coupling re-
actions? Identifying the true catalyst is critically impor-
tant for future advances in the rational design of cou-
pling catalysts.While for some classes of catalysts thena-
ture of the active species is fairly well established by di-
rect or accumulated circumstantial evidence (e.g., bulky
monodentate phosphine complexes developed for aryl
chloride activation under low temperature conditions
–T<80 8C), in other cases, the nature of the true catalyst
is ambiguous. For example, claims exist in the literature
supporting both solublemolecular and nanoparticle cat-
alysts as well as truly heterogeneous insoluble Pd cata-
lysts.
In this work, we review the literature on catalyzed

Heck and Suzuki coupling reactions with a critical eye
aimed at identification of the true catalytic species.
While the primary focus is placed on the recent litera-
ture, important historic publications are also noted. In
most cases, only Heck and Suzuki couplings of aryl hal-
ides are discussed, although occasional examples of oth-
er coupling reactions are presented, those being the rare
cases where the nature of the true catalytic species is ad-
dressed. Both homogeneous and heterogeneous preca-
talysts are discussed, with the use of the traditional def-
initions of homogeneous and heterogeneous catalyst
employed (homogeneous¼ soluble catalyst; hetero-
geneous¼ solid catalyst) in lieu of the modern defini-
tions of Schwartz.[12] Soluble and insoluble nanoparticle
precatalysts are reviewed together. A particular empha-
sis is placed on the nature of the catalytic species and the
recovery/recycle of the catalyst when using heterogene-
ous precatalysts or “ligand-free” systems.

2 Mechanism

The standard catalytic cycle[13] described for both the
Heck and Suzuki reactions in most organic chemistry
textbooks involves a postulated molecular, homogene-

ous palladium catalyst that cycles between the Pd(0)
and Pd(II) oxidation states during the course of the cat-
alytic reaction.Usually, a precatalyst in thePd(II) oxida-
tion state is used, and this precatalyst is presumed to be
reduced to Pd(0) in situ, allowing it to then oxidatively
add the aryl halide forming a Pd(II) intermediate as
shown in Scheme 1 for the Heck reaction. The Pd(II)
complex can next bind to the olefin, inserting it into
the aryl�Pd bond, creating a new carbon-carbon bond.
b-Hydride elimination gives the product species, gener-
ating an L2PdHX species. It is often proposed that the
base then removes the boundHXfrom the palladium re-
generating the L2Pd(0) intermediate, although it has
been suggested that the equilibrium between XPdH
and Pd is fast and may not need base. The exact role of
the base is still being debated.[14] The Suzuki reaction
is conceptually quite similar to the Heck reaction, with
the nucleophile for transmetalation being derived
from an arylboronic acid rather than from an olefin
(Scheme 2).[15,16]

Recently, Amatore and Jutand have developed signif-
icant experimental evidence for the existence of an
anionic version of the proposed textbook cycle for
Heck and other palladium-catalyzed coupling reactions
(Scheme 3).[17] The overall cycle is similar to the stand-
ard cycle discussed above except that anionic, penta-
coordinated species are proposed to be the important
Pd(II) intermediates. In practice, it is highly likely that
most traditional, high temperature Heck reactions fol-
low this Amatore/Jutand mechanistic cycle, with the
widely recognized textbook cycle only important for tri-
flates or other arylating groups that have non-ligating
leaving groups (not halides). Unfortunately,most chem-
ists continue to think of the Heck reaction with the text-
book cycle (Scheme 1) in mind.

Scheme 1. The typical, textbook catalytic cycle of the Heck
reaction.
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The final proposed catalytic cycle that will be dis-
cussed in this review is the Pd(II)-Pd(IV) cycle outlined
by Shaw for Heck coupling reactions.[18,19] As a conse- quence of the purported stability of some palladacycle

complexes in Heck reactions, early on in the develop-
ment of these precatalysts, it was hypothesized that a
new catalytic cycle might operate. This cycle, a Pd(II)-
Pd(IV) cycle, was invoked relatively often in the mid
to late 1990s for Heck couplings involving palladacycle
precatalysts, and this cycle continues to be invoked to-
day.APd(II)-Pd(IV) cycle as outlined by Shaw is descri-
bed in Scheme 4.

3 Homogeneous Precatalysts

3.1 Homogeneous Precatalysts with N, O, P or S
Donor Ligands

3.1.1 Phosphorus Ligands

Many of the earliest precatalysts for Heck and Suzuki
couplings relied on the use of triphenylphosphine as a li-
gand.[20] Indeed, until the mid 1990s, most coupling pro-
tocols still relied on use of palladium-triphenylphos-
phine complexes as catalysts despite the fact that it
was demonstrated early on that other ligands, like tri-
(o-tolyl)phosphine, could give better results.[21,22] How-
ever, even after many years, these well-known precata-
lysts are still being studied and basic trends such as the
effect of solvent and Pd:P ratio are being probed.[23]

Herrmann showed that the conditions required for
many Heck reactions (such as elevated temperatures)
yielded significant ligand decomposition when
Pd(OAc)2-triarylphosphine complexes were used, with

Scheme 2. The typical, textbook catalytic cycle for the Suzuki
reaction.

Scheme 3. The catalytic cycle involving anionic intermediates
as proposed by Amatore and Jutand for the Heck reaction.

Scheme 4. The Pd(II)-Pd(IV) catalytic cycle outlined by
Shaw for the Heck reaction.
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significant P�C bond cleavage being observed.[24] Simi-
lar observations were reported for bidentate phos-
phines, and the authors pointed out that all phosphines
studied other than P(o-Tol)3 and P(Mes)3 underwent
such decomposition reactions under specific condi-
tions.[25]

In an effort to find catalysts that activate aryl chlor-
ides, a variety of different ligands has been screened
over the years. Milstein and co-workers studied the
use of bidentate phosphines such as 1,4-bis[(diisopro-
pyl)phosphino]butane (dippb) in combination with
Pd(OAc)2 in the Heck coupling of aryl chlorides with
various olefins.[26] Later they reported the use of Pd com-
plexes of 1,4-bis[(diisopropyl)phosphino]propane,
(dippp), for Heck couplings in the absence of a base
but with added zinc,[27] as well as mechanistic studies
of the oxidative addition of aryl chlorides to dippp-ligat-
ed Pd(0).[28] Later, in a more detailed study, the authors
outlined the role of the various bidentate vs. monoden-
tate ligands in Heck reactions.[29] Similar catalyst sys-
tems were used in carbonylation and formylation reac-
tions as well.[28,30,31]

Osborn reported in 1989 that chlorobenzene could be
carbonylated with the use of a palladium source with
phosphine ligands such as P(Cy)3.

[32] Subsequently, Alp-
er published an account of P(Cy)3 in combination with
palladium chloride salts in the carbonylation of aryl
chlorides.[33] Years later, Shen showed that aryl chlorides
could be activated in Suzuki couplings using P(Cy)3 or
(diphenylphosphino)butane (dppp).[34] Monteith veri-
fiedShenOs observationswhile developing amanufactur-
ing route for 2-cyano-4’-methylbiphenyl.[16] Interesting-
ly, tricyclopentylphosphine and triisopropylphosphine
were both found to be poorly active in Suzuki couplings
of alkyl chlorides despite that fact that they are sterically
and electronically similar to PCy3.

[35]

In the late 1990s, a number of authors including Fu,
van Leeuwen, Beller, Buchwald and others published
accounts of bulky, monodentate ligands as effective
components of palladium Suzuki coupling catalysts[36]

(it should be noted that N-heterocyclic carbenes also
represent important electron-donating monodentate li-
gands, vide infra). Bulky ligands had been previously
shown to facilitate other cross-coupling reactions (e.g.,
see the work of Nishiyama[37] and Hartwig[38–41]), al-
though their use in Suzuki couplings was not widespread
until later. In 1998, Fu and co-workers described the use
of the bulky trialkylphosphine P(t-Bu)3 as a ligand in
palladium-catalyzed Suzuki coupling reactions of a
broad array of aryl halides.[42] In mechanistic studies
published in 2000,[43] the authors found that the Pd :P ra-
tio played a large role in the catalytic performance of the
in-situ formed complexes. Whereas high activity was
achieved at a Pd :P ratio of 1 :1 or 1 :1.5, a ratio of 1 :2
only gave lethargic reactions. In NMR studies, the only
identifiable phosphine species observed at a Pd :P ratio
of 2 :1 to 1 : 1.5 was the complex containing two phos-

phines, Pd[P(t-Bu)3]2. In further NMR studies during
the reaction of an aryl chloride and a boronic acid at a
Pd :P ratio of 1 :1, the only species observed was also
Pd[P(t-Bu)3]2. Since the Pd :P ratiowas 1 :1, this suggest-
ed that about half of the Pd contained no phosphine li-
gands and half contained two ligands. As the complex
containing two ligands did not appear to be active under
the conditions they employed, the authors concluded
that small amounts of the palladium-monophosphine
adduct may represent the true catalytic species. Thus,
they attributed the excellent reactivity of the palladi-
um-P(t-Bu)3 system to both its bulky size and its
electron-rich character. Later studies by Hartwig
and co-workers showed that the dimer
{Pd2(m-Br)2[P(t-Bu)3]}2 could be used as a single-compo-
nent precatalyst for Suzuki couplings and amination re-
actions.[44] Again, the high reactivity of this compound
was attributed to the in-situ formation of monoligated
species. Low P :Pd ratios were also required to achieve
good catalytic properties when using palladacycles as
catalyst precursors, as these precursors have been found
to liberate ligand free palladium.[10] These catalysts are
discussed further in Section 3.3.
In 1999, van Leeuwen, de Vries and co-workers re-

ported a palladium-catalyzed Heck reaction using dif-
ferent bulky monodentate phosphorus ligands. Bulky
phosphoramidites were used as ligands in theHeck cou-
pling of iodobenzene and styrene. A variety of phos-
phines, phosphites and phosphoramidite ligands of dif-
ferent bulk were screened at a Pd :P ratio of 1 :2, where
all ligands gave reasonable results. However, upon addi-
tion of excess phosphine, only the bulky phosphorus
amidite, 1, gave similar rates. Indeed, with this ligand,
the reaction was quite fast and under optimized condi-
tions, no palladium black was formed. The steric bulk
of the ligandwas thought effective in keeping some frac-
tion of the palladium bound by a single monodentate li-
gand, a coordination environment that was proposed to
promote fast catalytic reactions.Whena less bulky phos-
phorus amidite ligand was used, NMR studies showed
that the palladium was bound by two ligands and reac-
tion rates decreased.[45] Figure 1 shows the structure of
ligand 1 as well as many other ligands discussed in this
review.
Buchwald reported a very important class of mono-

dentate, bulky phosphines in the late 1990s based on
functionalized biphenyls.[46–49] These ligands,when com-
bined with a palladium source, led to effective catalysts
for a variety of cross-coupling reactions including ami-
nations and Suzuki couplings. Beginning with the bulky
2, Buchwald and co-workers successively optimized the
system, moving to ligand 3 and finally to the simple li-
gands 4 and 5 in, for example, Suzuki coupling reactions
of aryl chlorides.[49] Ligands 4 and 5, which unlike P(t-
Bu)3 are air-stable [it should be noted that the air-stable
phosphonium salt of the P(t-Bu)3 ligand can be used

[50]],
are now commercially available.[48] The outstanding cat-
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alytic performance of these ligands in conjunctionwith a
palladium source has been attributed to a combination
of electronic and steric properties that favor both the ox-
idative addition and reductive elimination steps in the
catalytic cycle.[51] It was suggested that the electron-
rich phosphine facilitates the oxidative addition step
even when using normally sluggish aryl chlorides, and
the steric bulk of the ligand promotes reductive elimina-
tion. Additionally, the phosphine appears to bind
strongly enough to the Pd(0) intermediate to prevent
its significant aggregation and precipitation.[49] It was
suggested by others that the biphenyl-based phosphines
may contribute to stabilization of the Pd(0) intermedi-
ate by forming p interactions with the aryl ring.[36,52]

This was later probed in some detail in a study of the
SPhos ligand 6.[53] Likewith other bulkymonodentate li-
gands, the performance of these systems depends
strongly on the Pd :P ratio and the palladium source. Al-
though steric bulk alone was important, an electron-rich
phosphine was also valuable, as was evident upon com-
paring the use of 3 or 4 to the tris(2,4-di-t-butylphenyl)-
phosphite ligand,[54] which was bulky but not electron-

rich enough to activate aryl chlorides in Suzuki reactions
under the conditions employed.[48] Buchwald and co-
workers further described this class of ligands in a study
of the related SPhos ligand, 6, in Suzuki coupling reac-
tions.[53] Noting that the exceptional ability of some bul-
kymonodentate phosphine ligands to promote coupling
reactions was often attributed to the two factors dis-
cussed above, they sought to understand the relative im-
portance of these. On the one hand, the ligands were
deemed highly active due to their ability to donate elec-
tron density to the intermediate Pd(0) complex, facili-
tating oxidative addition. On the other hand, it was pro-
posed that these ligands allowed a reasonable amount of
PdL1 species to form under the reaction conditions,
which were hypothesized to be highly active. By study-
ing Sphos 6 and the ligand 7, which is roughly isostruc-
tural to SPhos but less electron-rich, they found that li-
gand 7 was also an excellent ligand for room tempera-
ture Suzuki reactions of aryl chlorides. Thus, the authors
concluded that perhaps the most important factor in the
ability of these types of ligands to promote coupling re-
actions was their ability to stabilize PdL1 intermedi-

Figure 1. A variety of monodentate, bidentate, tridentate and tetradentate ligands have been used in conjunction with palla-
dium in Heck and Suzuki coupling reactions.
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ates.[53] It should be noted that related ligands also pro-
mote the Suzuki coupling of aryl tosylates.[55] Water-
soluble analogues have also been recently reported.[56]

Beller and co-workers reported in 2000 the use of the
bulky monodentate phosphine, diadamantyl-n-butyl
phosphine 8, in the Suzuki coupling of aryl chlorides.[57]

Later they described monophosphine-Pd(0) complexes
based on other bulky ligands and used them as precata-
lysts in Suzuki coupling reactions.[58] At the same time,
Hartwig and co-workers developed similar ligands for
coupling reactions,[44,59–61] as did several other
groups.[46,62–69] BellerOs group also showed that diada-
mantylphosphonium salts were useful ligands in cou-
pling reactions.[70] Later, they described N-arylpyrroles
as effective ligands (PAP ligands, see, for example, 9)
for aryl chloride activation.[71,72] Bulky N-aryl-2-(di-
alkylphosphino)imidazoles (see, for example, ligand
10) were also effective ligands for activation of chlorides
in Suzuki couplings and Buchwald–Hartwig amina-
tions.[73] Again, an important component of their reac-
tivity was suggested to be the stabilization ofmonoligat-
ed palladium species.
Several groups have reported the use of ferrocene-

based ligands in coupling reactions. Fu reported a bulky,
ferrocene-based triarylphosphine ligand that was effec-
tive in Suzuki couplings of aryl chlorides.[74] Hartwig
studied ferrocene-based triarylphosphine ligands in
conjunction with palladium salts in Suzuki couplings
and amination reactions[75] and also in Heck cou-
plings.[61] The ligand 11 generated highly active palladi-
um catalysts that were stable towards air in solution
and in the solid state, with Pd(0) complexes even show-
ing some stability towards air. Richards also studied a
bulky triferrocenylphosphine, TomPhos 12, in Suzuki
couplings of aryl chlorides.[76,77] The ligand 12, when
complexed with Pd2(dba)3, produced a very active but
short-lived catalyst that decomposed to palladium black
after about 5 hours. Characterization of the system indi-
cated that the ferrocenylphosphine ligand was slightly
more electron-rich than its phenyl analogue but quite
electron-poor compared to trialkylphosphines. Johann-
sen and co-workers also studied ferrocene-based phos-
phine ligands in conjunction with palladium salts as cat-
alysts for Suzuki couplings of aryl chlorides and bro-
mides.[78] As in the cases discussed above with other bul-
ky monodentate phosphines, the authors attributed the
excellent reactivity of their system to the stabilization
of reactive palladium complexes containing a single
phosphine ligand. As in the other cases, Pd :P ratios
played a critical role, with ratios around 1 :1 optimum
in most cases. Ferrocenyl moieties containing two phos-
phines have also been used as bidentate ligands in cross-
coupling reactions, as reported by Hierso, Doucet and
co-workers.[79] Shaughnessy et al. showed that di-t-bu-
tyl(ferrocenylmethyl)phosphine was also a useful mon-
odentate ligand in coupling reactions.[80] As have others,
they noted that Pd :P ratios near 1 : 1 were useful in cre-

ating active catalysts, with additional phosphine ad-
versely affecting the catalysis. Hong studied mono/bi-
dentate ligands based on other transition metals such
as cobalt, using them in Suzuki couplings of aryl bro-
mides.[81,82] Mathey and Le Floch utilized ferrocenyl li-
gands containing bidentate phosphorus donors in Suzu-
ki couplings of aryl bromides.[83] Ferrocene-based li-
gands have also beenandused for asymmetric Suzuki re-
actions,[78,84] and they have been incorporated into poly-
meric structures.[85]

Avariety of ligands containing P�Obonds has proven
to be useful in Heck and Suzuki coupling reactions.
Pd(II)-phosphate complexes were found to be excellent
complexes for the activation of aryl chlorides in Suzuki
couplings,[86] and air-stable phosphine oxides have been
shown to be useful in the Suzuki coupling of aryl chlor-
ides byLi and co-workers.[87–89] Phosphites have been ef-
fectively used as ligands for Suzuki couplings of aryl
chlorides and bromides,[86,90,91] as well as in Heck cou-
plings of aryl bromides and chlorides.[92] Interestingly,
the hydrolysis of palladacycles based on phosphinite or
phosphate ligands has also been proposed to play a
role in their catalytic activity in Suzuki couplings, indi-
cating that the presence of P�OH groups in the ligand
may be beneficial in promoting coupling reactions in
the system as well.[93]

Many other complexes based on simple phosphines
are good precatalysts inHeck and Suzuki coupling reac-
tions. For example,Beller has shown that a simplePd(0)-
triphenylphosphine-diene complex is effective in Suzuki
couplings of aryl chlorides.[58] Additionally, a tetrapodal
phosphine, 13, has been shownbyDoucet andSantelli to
activate aryl bromides or chlorides in Suzuki cou-
plings.[94–102] The fact that this ligand and others that
do not have high s-basicity can activate aryl chlorides
provides evidence that high s-basicity is not a prerequi-
site for catalytic activity.[10]

Sémeril, Matt and co-workers have used calixarene-
supported diphosphines as ligands for palladium in
Heck, Suzuki and other coupling reactions.[103] The pres-
ence of a chelating ligand on the true catalyst was infer-
red, as triphenylphosphine ligated palladium was an in-
effective precatalyst in some coupling reactions under
identical conditions. Andersson also reported a biden-
tate phosphine ligand, 14, that seemed to give stable pal-
ladium catalysts for Suzuki couplings,[104] as they ob-
served no palladium black formation in reactions of io-
doarenes and bromoarenes. The bidentate ligand NU-
PHOS (see, for example, 15) was also shown to be useful
in Suzuki couplings of bromoarenes with phenylboronic
acid.[105]

Due to the large number of Suzuki and other coupling
reactions that are carried out in aqueous[106] or biphasic
systems, there has been an increased interest in the de-
velopment of water-soluble ligands for these reactions.
Shaughnessy and co-workers utilized both sterically de-
manding water-soluble alkylphosphines[107] and triaryl-
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phosphines[108] in Suzuki and Heck/Suzuki couplings of
aryl bromides, respectively. They have also demonstrat-
ed that bulky cationic and anionic phosphine ligands are
useful, with t-Bu-Amphos, 16, giving a system that could
be recycled several times using water/toluene mixtures,
although with notable losses in yield.[109] Beller reported
sugar-linked triarylphosphines as effective ligands in
aqueous coupling reactions.[110] Miyaura disclosed a glu-
conamide-substituted triphenylphosphine ligand for
coupling reactions as well.[111] A variety of more stand-
ard water-soluble phosphines have also been
used.[106,112–116] For instance, Genêt and coworkers de-
scribe the use of a Pd(0)/TPPTS precatalyst in water
that was effective in Suzuki couplings of aryl bromides
with areneboronic acids. It was claimed that the catalyst
could be recycled three times without a loss of activity,
although it is clear from the data presented that the ac-
tivity decreases upon recycle (although the yields do
not).[112] Arcadi and co-workers utilized traditional pre-
catalysts such as Pd[PPh3]4 or Pd/C in aqueous Suzuki
couplings using surfactants to facilitate contact between
the reagents and the catalysts in water.[117] Using the sol-
id precatalyst, the authors reported that the solid could
be recovered and reused, although the activity de-
creased upon recycle. Using Pd(OAc)2 in their system
also gave good results, which they concluded was due
to the formation of catalytically active Pd(0) nanoparti-
cles.
In some cases, biphasic systemswere used in combina-

tion with palladium salts and water-soluble phosphines
with the specific aimof aiding catalyst recovery as exem-
plified in the Heck coupling reactions studied by Arai
et al.[118] Oehme used biphasic systems with surfactants
to promote transfer between the phases in their studies
of Suzuki couplings.[119] Palladiumdepositionwas shown
to be affected by the Pd :P ratio and under optimized
conditions, deposition could be prevented with nometal
being found in the organic phase.
Enantioselective coupling reactions have also been

studied extensively. These will not be explicitly ad-
dressed here, although it should be stated that enantio-
selective Heck[120] and Suzuki[84,121–123] reactions are
well known.
Overall, recent studies of phosphorus-based ligands

suggest that a useful and increasingly explored way of
creating active coupling catalysts is through the use of
electron-rich ligands that are bulky, making them capa-
ble of stabilizing finite amounts of PdL1 complexes that
are hypothesized to be the true active species in these re-
actions. A variety of bidentate ligands has also been
used, and in these cases it seems often assumed that
the catalytically active palladium atom is ligated by
both donor atoms. A broader variety of ligands is avail-
able for the activation of bromides and iodides. It should
be noted that the beneficial use of phosphorus donor li-
gands in coupling reactions has generally been observed
under low temperature conditions (below 100 8C), with

higher temperatures potentially leading to decomposi-
tion of the well-defined complexes to give more ill-de-
fined palladium species (vide infra).

3.1.2 Non-Phosphorus and Mixed Phosphorus Ligands

Although phosphorus-based ligands have been themost
often studied, there has been an increased emphasis on
the use of ligandswith other donor atoms in recent years.
For example, simple palladium complexes with thioeth-
er donor ligands, such as PdCl2(SEt2)2 have been shown
to be good precursors for catalytically active Pd(0) in
Heck and Suzuki couplings by Dupont.[124,125] Interest-
ingly, tetrabutylammonium bromide (TBAB), which
has a beneficial effect on Suzuki couplings using
Pd(OAc)2 precatalysts (vide infra), had no significant ef-
fect when using the sulfur-containing precursor com-
plexes.[16,125]

Nolan described Pd(II) complexes of bidentate diaza-
butadiene (DAB) ligands as effective precatalysts for
Heck[126] and Suzuki[127] couplings. In Heck reactions,
the authors surmised that the DAB-bound Pd(II) spe-
cies was reduced to Pd(0) and the ligand-bound palladi-
um affected the catalytic reaction. This suggestion was
due to the observation that catalysis readily occurred
at low temperatures in the presence of the DAB ligand
(see, for example, 17) whereas in the absence of the li-
gand the reaction was sluggish. At higher temperatures,
the activity of the DAB system was similar to homeo-
pathic Pd(OAc)2.
Following BuchmeiserOs reports[128–133] of supported

bidentate di-2-pyridylmethylamine-based palladium
complexes (vide infra), Nájera and co-workers evaluat-
ed these complexes as homogeneous precatalysts for
Heck, Suzuki and other coupling reactions.[134,135]

Pd(II) precatalysts based on this ligand system allowed
activation of aryl iodides, bromides and chlorides in var-
ious coupling reactions.
Gade studied tridentateNNN ligandsbasedonbis(ox-

azolinyl)pyrrole to form palladium complexes for use in
Heck and Suzuki reactions, noting that under no circum-
stance was palladium black observed.[136] At tempera-
tures of interest for reaction Pd atoms that were bound
intramolecularly by the ligand were in equilibrium
with monomeric species and simple Pd-ligand com-
plexes were thought to be the active species. In a related
ligand system, Boykin reported the use of 2-aryl-2-oxa-
zoline ligands with Pd(OAc)2 in the Suzuki coupling of
aryl bromides with areneboronic acids.[137]

Liang studied bidentate NP ligand-Pd(II) complexes
in Suzuki reactions, and the complexes were described
as extremely stable complexes under a variety of condi-
tions. They reported no obvious formation of palladium
black during the catalytic reactions.[138] Aminophos-
phine complexes have also been successfully used in Su-
zuki coupling reactions. Avariety of aminophosphine li-

REVIEW Nam T. S. Phan et al.

616 asc.wiley-vch.de L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Adv. Synth. Catal. 2006, 348, 609 – 679



gands has been screened and, in some cases, aryl chlor-
ides were readily activated.[139–141]

Scrivanti et al. reported a Pd(0) complex of an imino-
phosphine ligand as an active precatalyst in the Heck
coupling of aryl bromides with styrene or butyl acryl-
ate.[142] They reported that polar solvents were necessary
to achieve high reaction rates and that an induction pe-
riodwas clearly present basedon the shapeof the kinetic
plots. In assessing the true nature of the catalyst, the au-
thors noted that Hg(0) addition quenched all activity,
whereas purported homogeneous catalyst poisons such
as PPh3 had no effect at low loading (a detailed discus-
sion of catalyst poisons is presented later in this review).
Although they did not assign a structure to the true ac-
tive species in the reaction, these data were consistent
with catalysis by either Pd nanoparticles or a “naked”
molecular palladium complex (vide infra) that spends
some time in a Pd(0) oxidation state.
Liang[143] and Ozerov[144] independently reported on

the use of structurally similar PNP ligand-Pd(II) pincer
complexes in Heck coupling reactions. Liang observed
no formation of palladiumblack under the reaction con-
ditions and suggested, based onHammett plots, that the
rate-limiting step in the cyclewas not oxidative addition.
Citing previous work that suggested a Pd(II)-Pd(IV)
catalytic cycle, it may be interpreted that the authors im-
ply that such a cycle might be operative, although it
should be noted that this was not explicitly stated.
Chelating PO ligands have also been reported for Su-

zuki couplings of aryl bromides and chlorides. The cata-
lytic properties of these complexes have been attributed
to the stabilization of electron-rich palladium species
with the bidentate, chelating PO ligand.[145,146]

HiiOs group reported the hemilabile ligand 18 that cy-
cles between PP and PNP coordination of palladium.
This ligand was used as a component of an aryl bromide
and iodide activating Heck catalyst system.[147] They re-
ported that the multiple coordination modes of the li-
gand could help to stabilize the system, leading to high
TONs.
Many phosphine-free systems behave similarly to the

“naked” ligand-free catalysts described below in Heck
reactions.[148] Even ligands that might be surmised to
be “dead,” like the tetradentate salen ligand, were found
to be reasonable ligands for palladium precatalysts.[149]

Ligands in this class could convert aryl iodides and acti-
vated bromides giving high TOFs, with some converting
unactivated aryl bromides and aryl chlorides in the pres-
ence of Pd(0) stabilizing species such as TBAB under
Jeffery conditions.[150,151] While the activity of phos-
phine-free systems was often better in Suzuki couplings,
longevity was better in Heck reactions, with the highest
achieved TOFs several orders of magnitude higher for
Heck than Suzuki reactions, perhaps due to the stabiliz-
ing nature of the olefin reagent.[148]

Welton reported the use of commercially available imi-
dazoles as ligands for Suzuki coupling reactions,[152] al-

though in many cases extensive catalyst decomposition
was noted. Sarkar et al. have utilized a triazole-function-
alized triarylphosphine ligand in Suzuki couplings and
suggested that palladium chelationmay play a role in sta-
bilizing catalysts derived from the ligand.[153]

Shi has reported binaphthyl-based PS bidentate li-
gands (see, for example, 19) in Suzuki couplings.[154] Kos-
tas has utilized tridentate ONS ligands with palladium
chloride salts as precatalysts for Suzuki couplings of
aryl bromides and chlorides.[155] Chen, Yang and co-
workers utilized a monodentate thiourea ligand with
PdI2 to generate an effective Suzuki coupling catalyst
system for conversion of aryl iodides and bromides.[156]

The authors claimed that an L:Pd ratio of 2 :1 was ideal,
and that their system behaved well because the Pd�S
bond in their complexes was stronger than most Pd�P
bonds in more traditional catalyst formulations.
Pringle and colleagues evaluated bulky triarylarsines

as ligands inHeck couplings of bromoarenes andn-butyl
acrylate,[157] noting that, although the ligands have toxic-
ity issues, the arsines often outperform comparable
phosphine ligands in the coupling reactions.
Overall, much less mechanistic detail has been uncov-

ered in the Heck and Suzuki coupling reactions using
non-phosphorus based systems. Indeed, the vast major-
ity of the ligands have simply been applied in reactions
under a limited scope of conditions, with many reports
representing simple reactivity screens. It is not clear at
this juncture how many of the ligands described in this
section remain ligated to palladium in the active catalyt-
ic form and howmany simply are lost in the initial stages
of the reaction.

3.1.3 Soluble Catalysts in Non-Traditional Media

In addition to being used in traditional organic and aque-
ous solvents, some of the ligands described above and
some new ligands have been used in a variety of non-tra-
ditional solvents. Sinou carried outHeck reactions of aryl
iodideswithmethyl acrylate in perfluorinated solvents us-
ing fluorine-tagged triarylphosphines (see, for example,
20 in Figure 2) in conjunction with Pd2(dba)3.

[158] The cat-
alyst system was not completely stable and lost activity
upon recycle. Gladysz studied the use of fluorous dialkyl
sulfides as ligands for Pd in fluorous-phase Suzuki cou-
plings of aryl bromides.[159] Theprecatalystswereeffective
and the palladium-containing phase was reused multiple
times. In primary uses, palladium black formation was
not observed, although when runs were allowed to linger
under heating after complete conversion, palladium dep-
osition was often noted. Average TOFs also diminished
upon recycle. The authors hypothesized that the metallic,
ligand-free palladiumbeing formedunder reaction condi-
tions may be the actual catalytic species.
Bannwarth studied Pd(II) phosphine complexes

based on fluoroalkyl-tagged triarylphosphines in the Su-
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zuki coupling of bromoarenes with arylboronic acids.[160]

Using a fluorous biphasic reaction system, the authors
demonstrated recycle up to six times without a decrease
in yield. Later, they studied a similar system in conjunc-
tion with fluorous silica as a catalyst sequestration
phase.[161] They reported effective recycle of the catalyst
without a significant loss in “activity” based on steady
yields in multiple reaction cycles and a Pd content in
the product phase of 5.4 ppm. The authors interpreted
this as only a limited washing off of palladium from
the fluorous support. Upon re-examining this system
in more detail,[162] the authors found that the per-
fluoro-tagged complex and fluorous silica behaved
very similarly to a traditional, fluorine-free catalyst
and bare silica. Additionally, they showed through a
three-phase test (this special test reaction is described
in detail further below) that significant palladium leach-
ing had occurred, as a solid-bound aryl iodide was con-
verted to a large extent. Thus, like traditional heteroge-
neous catalysts such as Pd/C, this catalyst operated by a
palladium release and recapture mechanism (vide in-
fra). Bannwarth also used fluorous tagged phosphines
coupled with fluorous hyperbranched polymers to ma-
nipulate Pd-phosphine complexes in Suzuki reac-
tions.[163] The fluorous complexes could be precipitated,
recovered and reusedmultiple times.However, upon re-
use, activities were noticeably decreased. The authors
found that the presence of the hyperbranched support
was important, as catalyst performance without this ad-
ditive was diminished.
Palladium complexes have also been used in conjunc-

tion with supercritical carbon dioxide (scCO2) as a sol-
vent. For instance, Tumas and co-workers[164] and
Holmes and Carroll[165] independently reported the ap-
plication of fluorinated phosphines coupledwith a palla-
dium source in Heck and Suzuki couplings in scCO2.
Arai and co-workers reported the use of water-soluble
palladium complexes bearing sulfonated phosphines in
supercritical carbon dioxide with an added polar cosol-
vent for Heck reactions.[166] An overview of their use
of non-traditional solvents in Heck coupling reactions
was recently published.[167] Heterogeneous catalysts
have also been used in supercritical media.[168]

3.2 “Naked” Homogeneous Precatalysts

Most of the original studies of the Heck reaction in-
volved “ligandless” palladium (free of h2 donor ligands
like phosphines), including the original studies by
Heck[1] and Mizoroki.[2] Jeffery later showed that cata-
lysts derived from ligand-free precursors could be stabi-
lized by quaternary ammonium compounds, with re-
searchers now commonly referring to couplings con-
ducted in the presence of TBAB as being “under Jeffery
conditions.”[151] Recently, catalyst systems based on
these simple Pd sources [Pd(OAc)2, PdCl2, etc.] have at-
tracted increased attention due to their low cost. In par-
ticular, they can be used at such low loadings that Belet-
skaya recently coined the term “homeopathic palladi-
um,” to describe these systems.[169] Ligand-free Pd cata-
lysts such as Pd(OAc)2 are among the most well-studied
systems for coupling reactions, and they are effective un-
der a variety of conditions including in water,[170] ionic
liquids,[171,172] and other solvents as well as in conjunction
with both conventional[173,174] and microwave heat-
ing.[175–177]

A wide variety of reactants has been employed in li-
gand-free Heck and Suzuki couplings. Rossi and co-
workers present a good overview of the variety of li-
gandless Suzuki couplings that has been carried out in
recent years in their review.[16] These range from No-
vákOs report of ligandless Suzuki couplings of aryl io-
dides and bromides under mild conditions in 1994,[178]

to Bumagin and BykovOs illustration that simple, li-
gand-free systems could activate aryl chlorides using so-
dium tetraphenylborate as a phenyl source,[179] to Bed-
fordOs report in 2003 that Pd(OAc)2 in conjunction
with TBAB converted deactivated aryl chlorides.[173]

In 1999, Herrmann and co-workers utilized catalytic
amounts of palladium salts and palladacycles in non-
aqueous ionic liquids (e.g., TBAB, imidazolium salts)
for activation of chloroarenes in Heck chemistry.[180,181]

Using such systems, they showed that even simple salts
such as PdCl2 could effectively activate deactivated
aryl bromides. The ionic liquid containing the palladium
catalysts could be effectively recycled, in some cases up
to 12 times. Because the products were recovered by dis-
tillation, the authors established that the ionic liquid sys-
tem represented the first recycling procedure for cata-
lytic Pd where no leaching of Pd into the products was
possible. The nature of the true catalyst was not directly
confirmed, although palladium colloids were consid-
ered, as palladium metal is clearly formed under the re-
action conditions.
In an interesting study of the nature of the actual cat-

alyst when “naked” Pd precatalysts [e.g., Pd(OAc)2]
were used, Reetz andWestermann showed conclusively
that Pd nanoparticles were either the true catalytic spe-
cies or important intermediates in Heck couplings with
aryl iodides or bromides.[182] In theHeck reaction of bro-
mobenzene and styrene using NMP as solvent, they ob-

Figure 2. Fluorine-tagged triarylphosphine ligands.
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served that the reaction went nearly to completion, but
that an induction periodwas observed.Only after the in-
duction period did they detect Pd nanoparticles via
TEM analysis. When preformed Pd colloids were used,
their data indicated that the induction period was
much shorter, signaling that the pronounced induction
period seen by many investigators may largely be due
to the formation of colloids. The colloids can be further
stabilized using Jeffery conditions, with quaternary am-
monium ions giving added stability. The authors were
able to definitively show that the nanoparticles can par-
ticipate in the reaction, as they showed that they can be
easily oxidized by addition of stoichiometric aryl iodide
to give either PdIAr or [PdArX3]

2� . Addition of styrene
and base then gave rapid conversion to the coupling
product. The analogous experiment with chlorobenzene
did not work, as chlorobenzene could not convert the
Pd(0) nanoparticles. Ultimately, the authors called the
Pd nanoparticles the true catalytic species, although
they could not rule out dissolution of the nanoparticles
tomolecular active species, such as thePd(II) complexes
described above.
In 2002, de Vries and co-workers at DSM studied the

useof homeopathic Pd(OAc)2 inHeck couplings andde-
veloped a simple and effective method for recycle of the
palladium.[183] After reaction, the residual palladium
(mostly palladium black) was removed from the organic
products via filtration over celite or silica and the Pd(0)
was subsequently reoxidized to Pd(II) using iodine
(Scheme 5). During mechanistic studies aimed at eluci-
dating the intermediate palladium species during the
Heck coupling reaction of iodobenzene and n-butyl
acrylate, they uncovered strong evidence via negative
ion electron spray mass spectroscopy in support of
anionic Pd(II) species as intermediates in the catalytic
cycle (Scheme 6).
In 2003, the same group from DSM provided strong

evidence that the active species derived from homeo-
pathic palladium [Pd(OAc)2] and from the well-known
palladacycle 21 (Figure 3) were most probably of the
same type, as both precatalysts gave similar kinetic pro-
files.[184] The homeopathic catalystswere able to catalyze
the conversion of a wide variety of aryl bromide sub-
strates with low catalyst loadings. Their observation

that the turnover frequency increased as the catalyst
loading decreased (also seen byBeletskaya andChepra-
kov[148]) is critically important and is most consistent
with a monomeric or dimeric, molecular Pd catalyst
that may be in equilibriumwith nanoparticulate species.
Indeed, they proposed a catalytic cycle that involved
monomeric Pd species in equilibrium with soluble Pd
clusters (Scheme 7). Similar results were also reported
by Schmidt[185] at about the same time as de VriesO first
suggestion of this phenomenon.[183] It should also be
pointed out that more recently Schmidt has offered an
alternate explanation for the observation of increased
TOFs at low Pd loadings.[186] Yao also reported the use
of ligand-free palladium for Heck couplings, invoking
palladacycle-like molecular Pd species in a catalytic cy-
cle that involved Pd(IV) species.[187]

More recently, de Vries has summarized the results of
many studies to propose a general catalytic cycle for the

Scheme 5. Palladium recycle strategy utilizing I2 to redissolve
Pd black in ligand-free Heck couplings.

Scheme 6. A catalytic Heck cycle illustrating the presence of
anionic palladium intermediates akin to those proposed by
Amatore/Jutand.

Scheme 7. The catalytic cycle that involved active molecular
Pd species in equilibrium with soluble Pd clusters as proposed
by de Vries in 2003.
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homeopathic Heck coupling reaction (Scheme 8).[188]

This mechanistic picture is essentially similar to that of
Schemes 6 and 7, with the exception that it is made clear
that the colloids and reaction intermediates both have
anionic characters resulting from the halide anions
that are ligated to them. These charges are in turn stabi-
lized by cations in the system, with some cations such as
the tetrabutylammonium cation (or acid salts of com-
mon bases like triethylamine) being very soluble and
therefore supporting substantial quantities of stabilized
palladium in solution. This hypothesis explains the com-
monly observed long-term stability under Jeffery condi-
tions. The halide-ligation of the nanoparticles and the
monomeric or dimeric palladium species are thought
to play a key role in stabilizing the palladium species
and preventing formation of palladium black.
The DSM group utilized ligand-free Pd as a precata-

lyst in Suzuki, Kumada and Negishi couplings as
well.[189] For the Suzuki reaction of aryl chlorides with
phenylboronic acid, it was demonstrated that the home-
opathic approach could also be effectively used so long
as small amounts of water were present in the system.
No discussion of the nature of the active species was in-
cluded, although itmight be assumed that the authors at-
tribute the chemistry to the same active molecular Pd
species as they advocated for the Heck reaction.
Zhang et al. utilized Pd(OAc)2 in a mixture of poly-

(ethylene glycol) (PEG) and water as a solvent for the
efficient Suzuki coupling of aryl iodides or bromides
with various areneboronic acids.[190] The PEG-stabilized
palladium could be recycled multiple times with consis-
tent yields in three cycles. Pd(OAc)2 has also been used

by Li et al. in conjunctionwithDABCOas a stabilizer in
Suzuki coupling reactions.[191] Very low palladium load-
ings were possible and in some cases it was claimed that
the polymer-stabilized palladium could be reused in sev-
eral recycles based on consistent reaction yields. In both
thework ofLi andZhang, the nature of the true catalytic
species was not identified. Recycle of ligand-free cata-
lysts was also explored in Heck reactions using low mo-
lecular weight PEG as a polar catalyst sequestration
phase.[192] The PEG phase was reused five times with
slight decreases in yield. Unfortunately, only 90% of
the palladium was retained.
Hagiwara and co-workers immobilized Pd(OAc)2 in

ionic liquids, which were in turn immobilized on a po-
rous silica support.[172] The catalysts were studied in
the Heck coupling of aryl halides and cyclohexyl acryl-
ate. The catalyst could be effectively usedmultiple times
and only traces of Pd leached into the organic phase
from the ionic liquid (0.24 ppm). The authors did not
evaluate the leached species as possible catalytic agents.
Zou and co-workers also used ionic liquids as media for
ligandless palladium (PdCl2) in conjunction with tol-
uene or water to make a biphasic system in Suzuki and
Heck couplings.[171] They saw formation of Pd black in
their system and attributed the reaction to catalysis by
solid Pd nanoparticles in the ionic liquid phase. In con-
trast, Welton et al. carried out Heck couplings in imida-
zolium ionic liquids and surmised that in-situ formedPd-
carbene complexes were the active species.[193] Subse-
quently, Shreeve et al. showed good recyclability using
catalysts based on PdCl2 in imidazolium ionic liquids,

[194]

recycling the ionic liquid phase 14 times and still main-
taining some finite activity.[195] Dyson and co-workers
stabilized palladium species in nitrile-functionalized
ionic liquids and utilized them in Suzuki and Stille cou-
plings.[196] In the ionic liquid (IL) containing nitriles, the
ionic liquid phase could be effectively reused 9 times giv-
ing similar yields, whereas in the absence of the additive
all activity was lost after five cycles. Palladium losses
from the ionic liquid phase ranged from <5 ppm to
~30 ppm. Although the nature of the active species
was not identified in Suzuki couplings, the authors hy-
pothesized that palladium nanoparticles were active in
Stille couplings. TEM and visual observation supported
their existence, although it is not clear how the authors
concluded that they were the active species. Hardacre
and co-workers evaluated a variety of ligand-free cata-
lysts including Pd(OAc)2, PdCl2 and Pd/C in both ionic
liquid media and NMP.[197] The authors noted a better
catalytic performance in the ionic liquid media and de-
creased palladiumblack formation using palladium salts
as precatalysts. Significant palladium leachingwasnoted
using the heterogeneous catalyst, making its utility lim-
ited in regard to catalyst recovery. The authors indicated
that leached palladium from the solid catalyst or the li-
gand-free salts formnanoparticles in the ionic liquidme-
dia and they attributed the catalytic activity observed to

Scheme 8. The general catalytic cycle for the homeopathic
Heck reaction as proposed by de Vries in 2006.
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these nanoparticles. The authors stated that the data
were consistent with the reagents causing palladium dis-
solution and leaching and that the leaching was not in-
herent to the use of the ionic liquids. Other studies of
ionic liquid stabilized catalysts did not identify an active
species in Suzuki couplings.[198] It is noteworthy that
many of these systems may not involve ligandless palla-
dium, as the ionic liquid can sometimes act as a li-
gand.[193] Solid-supported Pd(II) precatalysts have also
been used with ionic liquid solvents.[199]

In an alternate approach to recycle ligand-free cata-
lysts, Livingston and co-workers utilized continuous re-
actors with nanofiltrationmembranes for sustained pro-
duction of coupling products via the Heck reac-
tion.[200,201] Reaction rates were modest but both the
Pd(OAc)2 and Pd(II)-N-heterocyclic carbene (NHC)
precatalyst systems could be effectively used for many
hours. Decent sequestration of palladium was achieved,
with up to 96% of the palladium retained within the re-
actor system in the cases studied.
The collected data on ligand-free, homeopathic palla-

dium studies are consistent with the view that catalysis is
achieved by molecular (or dimeric), Pd(0) species that
are in equilibrium with Pd(0) nanoparticles. Recently,
de Vries nicely summarized the collected data on these
systems in a paper that describes a unified catalytic cycle
for homeopathic Pd-catalyzed Heck couplings at high
temperatures.[188] The collected data including (i) in-
creased TOFs with decreased palladium loading,[184]

(ii) mass spectrometry[183] and EXAFS[202] results show-
ing the presence of anionic palladium intermediates
(Amatore cycle), (iii) observations that the nanoparti-
cles represent a reservoir of Pd(0) that can be released
via oxidative addition of the aryl halide to generate solu-
ble, free Pd(II) species in solution,[184,203,204] all support
this unified mechanism. The occurrence of some com-
plete catalytic turnovers on the nanoparticle surface
cannot be ruled out at this point, although no definitive
evidence exists to support the hypothesis that it occurs.

3.3 Palladacycle-Based Homogeneous Precatalysts

3.3.1 PC, NC, and SC Palladacycles

Palladacycles were introduced as new Heck and Suzuki
coupling precatalysts by Herrmann and Beller in
1995.[205,206] In those first publications, a hypothesis was
put forth that these catalysts may operate via a
Pd(II)–Pd(IV) catalytic cycle.[205–207] The precatalysts
were amajor departure from precatalysts that were pre-
viously known, as phosphine stability was not an issue,
limited or no palladiumblack deposited after use in cou-
pling reactions, and the catalysts could activate aryl
chlorides that reacted only sluggishly with other palladi-
um sources. Beller studied the PC palladacycle 21 (Fig-
ure 3) inHeck coupling reactions of olefins with various

aryl bromides.[208,209] A detailed account of the develop-
ment of these palladacycle precatalysts has been pub-
lished.[22] Kinetic studies led the authors to conclude
that the Pd(II) precatalyst was reduced under the reac-
tion conditions to give a monophosphine-Pd(0) species
as the true catalyst. Nonetheless, as noted above, a
hypothesis was put forth that these catalysts may oper-
ate via a Pd(II)–Pd(IV) catalytic cycle,[207] and the con-
cept of a new catalytic cycle propagated through the lit-
erature rapidly (although from the early publications, it
should be noted that this new idea was put forward with
caution). In 1998, the idea gained a more solid footing
with the publication by Shaw that described the hy-
pothesized cycle in some detail.[18] In 2000, a publication
describing the isolation of a Pd(IV) species from a cou-
pling reaction that utilized a chiral aminophosphine li-
gand with a palladium source as a precatalyst (where it
was inferred that a palladacycle formed in situ) seemed
to put the idea of a Pd(II)–Pd(IV) cycle on solid
ground.[210] However, in 2002, this publication was with-
drawn. Indeed, it has now been established that these
precatalysts are effective due to their ability to release
active palladium species (that might be ligated by a sin-
gle monodentate phosphine or a “naked” species, vide
infra) that resist ligand degradation due to aryl-aryl
scrambling.[22,25] Herrmann evaluated the use of pallada-
cycle 21 in the Heck reaction of bromo- and chloroar-
enes in ionic liquid solvents (e.g., molten TBAB), show-
ing that use of such a solvent system could facilitate cat-
alyst recycle.[181] Although the palladacycle gave good
conversions of substrate anddidnot formvisible palladi-
um black, the authors found that use of Pd(OAc)2 gave
lower TONs and noticeable palladium black formation.
Palladium catalysts in the ionic liquid could be reused
multiple times by distillation of the volatile products,
with only slightly decreasing yields in each run. Palladi-
um black had visibly formed by the fourth run, although
the system could still be recycled.
In 1999, Herrmann reviewed the use of palladacycles

in coupling reactions, pointing out that most evidence
pointed towards decomposition of these catalyst precur-
sors to form Pd(0) species in coupling reactions such as
Stille, Grignard, Negishi, and perhaps Suzuki cou-
plings.[211] In particular, earlyworkbyHartwig highlights
the reduction of these Pd(II) precatalysts to form
Pd(0).[212] At that time, speculation about a possible
Pd(II)-Pd(IV) pathway in coupling reactions with such
complexes was still widespread and the fact that no ob-
served decomposition of the palladacycle during reac-
tion was obvious supported this possibility indirectly.
Nonetheless, the authors at this time indicated that un-
known reduction pathways to small amounts of Pd(0)
could not be ruled out. The summary of the evidence
available at that point caused the authors to conclude
that coupling chemistries using palladacycle 21 proceed-
ed via aPd(0)–Pd(II) route, although the possibility of a
small amount of chemistry occurring by a Pd(II)–
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Pd(IV) pathway could not be excluded. Later, the same
group revisited the issue of a classical Pd(0)–Pd(II) cy-
cle vs. the hypothetical Pd(II) –Pd(IV) cycle using phos-
phapalladacycle 21 in Heck chemistry. They studied
three different precatalysts, palladacycle 21 and two pal-
ladium-phosphine complexes. They found that the be-
havior of the palladacycle 21 was different enough
from the complexes that did not contain a Pd�C bond
to speculate that the precatalysts had different active
species, although all catalysts were believed to involve
a Pd(0)–Pd(II) cycle. Ultimately, a unique, dimeric
Pd(0) anionic species that still contained an intact
Pd�C bond was hypothesized to be involved in Heck
couplings using palladacycle 21 as a precatalyst. In ki-
netic studies of palladacycle 21 and the related NC pal-
ladacycle 22, Blackmond and co-workers found that
both these precatalysts likely operated by the same
mechanism.[213] In this study, the authors proposed that
the dimeric palladacycle was reduced to a Pd(0) species
that was the active catalyst. This active species was sug-
gested to be in equilibrium with a halide-bridged dimer,
which was the major species present under the reaction
conditions. The authors argued that the stability of these
systems was due to the influx of active monomeric spe-
cies from a reservoir of dimer, although it is unclear if
they were referring to the activated dimer (without a
Pd�C bond) or the precatalyst dimer (with Pd�C
bonds). Interestingly, the equilibrium between dimer
and monomer with the palladacycle 21 in NMP solution
has been confirmed by EXAFS.[214] The presence of
most of the palladium in the form of a halide-bridged
species is consistent with the EXAFS studies of homeo-
pathic Pd(OAc)2 as a catalyst aswell, where themajority
species in solution was likely [Pd2I6]

2� .[202] Later, de
Vries and co-workers showed that homeopathic
Pd(OAc)2 and palladacycle 21 kinetically behave identi-
cally, indicating that the same catalytic species may be
produced from both systems.[184]

Milstein reported imino-NC palladacycle complexes
such as 23 as precatalysts for Heck coupling reactions
of aryl iodides and bromobenzene with various ole-
fins.[215] They reported that the complexes could be re-
covered after reaction unchanged, and that additional
aliquots of reagents could be readily converted at the
end of the first reaction. NC palladacycles were also
used in Suzuki couplings, with the authors indicating
that the complex could be recovered after reaction and
that the reaction likely occurred via aPd(II)–Pd(IV) cy-
cle.[216] Similarly, Dupont et al. studied SC palladacycles
in Heck and Suzuki couplings and mused about Pd(II) –
Pd(IV) catalytic cycles.[217,218]

In 2000, Nowotny et al. studied poly(styrene)-bound
imine-based NC palladacycle complexes (24) in the
Heck reaction of iodobenzene and styrene.[219] They
showed that all catalysts displayed an induction period
and it was demonstrated that a large amount of soluble,
active palladium species was produced. Nanoparticles

were proposed to be the catalytically active spe-
cies.[219,220] In 2001,Beletskaya and co-workers published
similar findingswith a variety of SC, PC andNCpallada-
cycles, suggesting that the accumulated evidence strong-
ly supported a Pd(0)–Pd(II) catalytic cycle.[221] As such,
they cite complexes of this type as highly effective Heck
precatalysts due to their ability to slowly release[222] ac-
tive catalytic species. Additives that bind to the pallada-
cycle and might inhibit the reduction of Pd by other re-
agents (such as triphenylphosphine or 2,2’-dipyridyl),
were shown to decrease the reaction rates. Interestingly,
they hypothesized that all palladacycles were precata-
lysts that decompose to form Pd(0) active species, ex-
cept possibly the “truly robust” PCP pincer palladacy-
cles that they reported later as Heck catalysts.[223]

Bedford et al. have studied a variety ofNC, SCandPC
palladacycle precatalysts, primarily in Suzuki couplings,
for a number of years. Early on, they indicated that cou-
pling reactions using these palladacycles likely occurred
via loss of ligand and operation of a Pd(0)–Pd(II) cycle,
as palladium black[224] sometimes formed in reactions
and silica-supported complexes were not recyclable[225]

(vide infra). With aryl chloride substrates, additives
such as ammonium or phosphonium salts were needed
to effectHeck and Suzuki couplings usingmanypallada-
cycle precatalysts. Bedford argued that the main role of
the additive was to stabilize “catalytically active” colloi-
dal species that were derived from most palladacy-
cles.[10,173] This was partly because TEM studies of reac-
tion media sometimes showed the presence of nanopar-
ticles.[10,134]However, it is possible that thenanoparticles,
while important, were not the true catalytic species, as
theymay simply serve as a reservoir for soluble “naked”
molecular Pd(0) species that were truly active[204] (vide
supra). In extensive studies of aryl chloride activation
in the Suzuki reaction, the authors hypothesized that

Figure 3. Palladacycle complexes 21–26.
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the excellent reactivity associated with complexes such
as PC phosphinite palladacycles was associated with
the significant long-term stability of reduced, Pd(0) spe-
cies.[226] Assuming that oxidative addition was the slow
step, they theorized that Pd(0) species were the likely
resting state in the cycle, and ligands that stabilize these
species led to long catalyst lifetimes. Interestingly, in
Heck couplings of iodoarenes, the primary species in sol-
ution were found to be Pd(II)-iodo complexes,[202] indi-
cating that in this chemistry the relative rates of oxida-
tive addition and olefin insertion were quite different.
Bedford et al. also showed that phosphinite palladacy-
cles exhibited better activity than structurally similar
phosphite and phosphine complexes, and when com-
bined with small amounts of tricyclohexylphosphine,
could effectively activate aryl chlorides.[227] Again, im-
proved reactivity was attributed to catalyst longevity.
Activation of the Pd(II) complex by reductionwith phe-
nylboronic acid was thought to result in a free 2-arylated
ligand. The authors showed that use of ligands of this
type have markedly higher activity compared to their
parent ligands.[227] Similar PC palladacycle phosphite
catalysts also can be stabilized by added phosphine, al-
though toomuch deactivated the systemby over-coordi-
nation (poisoning).[228,229] NC[230–232] and SC[233] pallada-
cycles were stabilized in the same way. The catalysts of
this type could also be effectively used undermicrowave
conditions.[234]

Indolese, Studer and co-workers showed that a variety
of different, bulky secondary phosphines could effec-
tively facilitate Heck and Suzuki reactions when cou-
pledwithNCpalladacycles.[63] BulkyNHC ligands could
also be combined with palladacycles to facilitate forma-
tion of active catalysts. Nolan and co-workers added an
NHC ligand to an NC palladacycle and showed that the
resulting catalyst was more effective in room tempera-
ture Suzuki couplings of aryl chlorides than the corre-
sponding NC palladacycle catalysts with added phos-
phine.[235] The organic fragment liberated upon activa-
tion of the palladacycle, an aromatic secondary amine
arising from reductive elimination of the palladacycle li-
gand from a presumed Pd(II) hydride, was isolated and
purified.
Chiral non-racemic SC palladacycles were prepared

and evaluated in Heck couplings by Dupont, with a fo-
cus placed on potential asymmetric inductionwith these
catalysts. Unfortunately, racemic products were ob-
tained, giving further evidence to the notion that these
complexes were simply precursors for Pd(0) species,
moieties that in this case were not chiral.[236]

Nájera[237] reported thermally stable NC oxime carba-
palladacycles (e.g., 25) as precatalysts for various cou-
pling reactions including Heck,[237,238] Suzuki,[237,239–241]

Stille[237] and Sonogashira[237,242] reactions. As in the
case of the other bidentate palladacycles, there was sig-
nificant evidence that the metal complex was simply a
precursor for free Pd(0). For example, in the Heck cou-

plings, the authors reported that the metal complex ex-
hibited an induction period in its first use, attributable
to reduction to Pd(0), and then in subsequent uses there
was not an induction period. The authors hypothesized
that Pd(0) nanoparticles could be the active catalysts, al-
though they could not rule out catalysis by soluble mo-
lecular species. They reported that the systems could
be reused four times with equal activity, although it
should be noted that progressively longer times were
needed to achieve comparable yields, indicating that ac-
tivities dropped upon recycle. In some cases Pd black
was observed, although XPS experiments only showed
thepresenceofPd(II) in the system. InSuzuki couplings,
again recyclewith a constant yield in each cycle (not rate
of conversion) was reported, and it was noted that some
homocoupling product derived from the aryl iodides
was found.[241] This may be attributable to heterogene-
ous palladium that formed in the reaction, as Djako-
vitch[243] suggested that soluble Pd(0) species catalyze
Heck couplings whereas heterogeneous Pd(0) particles
catalyze homocoupling via a radical reaction. Interest-
ingly, Nájera et al. only observed homocoupling in the
absence of hydroquinone, an effective radical trap. Sim-
ilar homocouplingwas observed byLuo,[244] who studied
other palladacycle systems and offered a mechanism
based on homogeneous Pd complexes. Immobilized ox-
ime palladacycle complexes are discussed further below.
Following their study of fluorous-tagged Pd(II) thio-

ether complexes,[159] Gladysz and co-workers evaluated
similarly-tagged NC palladacycles under fluorous and
non-fluorous Heck reaction conditions.[245] In recycling
studies under two-phase conditions, decreases in aver-
age TOF were observed in each cycle and colloidal pal-
ladium was found to be formed. Kinetic studies showed
that repeated use of the catalyst system resulted in de-
pressed initial rates. All catalysts showed an induction
period, including during recycle, indicating that the pal-
ladacycle was a precursor for non-recyclable catalysts.
The authors assert that the new nanoparticles were gen-
erated in each cycle and that they were likely the true
catalysts.[245,246] Similar conclusions were drawn for Su-
zuki couplings.[246]

Dupont studiedNCpalladacycles based on chloropal-
ladated propargylamine[247] (e.g., 26). Noting previous
studies[182] that cited the decomposition of palladacycles
to liberate catalytic Pd(0) species and a positive Hg(0)
test (which was assigned as probable evidence for catal-
ysis by Pd nanoparticles), the authors speculated that
the active componentswere palladiumnanoparticles, al-
though the presence of these could not be characterized
in this system byTEMor othermeans. Interestingly, this
catalyst system proved to be effective for Heck coupling
even at room temperature. In a later, very detailed study,
DuPont and co-workers provided a thorough descrip-
tion of the activation of NC palladacycles yielding first
colloidal Pd(0) that was transformed into active mo-
lecular palladium species that use a catalytic Pd(0)–
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Pd(II) cycle.[248] Building off from previously published
studies of pincer[249–252] or half-pincer palladacy-
cles,[208,219,221,225,245,246] that utilized a combination of ki-
netic, poisoning and/or leaching studies to elucidate
the nature of the true catalytic species,DuPont goes per-
haps the furthest in establishing a detailed view of the
molecular events that lead to active palladium species
when exposed to Heck reaction conditions. Spectro-
scopic and kinetic studies under conditions with excess
iodoarene or olefin indicated that different dominant
solution species were formed in each case, giving soluble
Pd(II) species when excess iodoarene was used and
Pd(0) species that can aggregate when excess olefin
was present (Scheme 9).[248] Their work also brings to
light the difficulties that can be associated with kinetic
studies of precatalysts, as initial rate measurements
can be highly distorted due to different decomposition
paths of the various intermediates under different reac-
tion conditions.
Richards et al. described a ferrocene-containing PC

palladacycle precatalyst that was effective for Suzuki
coupling reactions of aryl chlorides.[253] Moyano later
studiedNC ferrocenyl-based palladacycles inHeck cou-
plings of iodo- and bromoarenes with various olefins.[254]

In this work, the authors were able to verify the release
of palladium from the original complex to liberate li-
gand-free palladium species, as postulated in previous
works discussed above. They showed that the free ligand
was recovered as a Heck coupling product of the ligand
plus the olefin that was added to the reaction.
A variety of additional reports of palladacycle preca-

talysts for coupling reactions has recently appeared.
Liu studied structurally different NC palladacycles in
Suzuki couplings.[255] Palladium nanoparticles were
found to form in solutions containing the NC palladacy-

cle complex, and it was implied that these species might
be the true active catalysts. Other palladacycles report-
ed recently include CNN tridentate palladacycles for
Heck reactions,[256] furancarbothioamide SC complexes
for Heck and Suzuki reactions,[257] aminophosphine PC
palladacycles in hydroarylations[258] and NC complexes
inHeck reactions.[259] For informationon these, the read-
er is referred to several excellent reviews on palladacy-
cles including Beletskaya and CheprakovOs review of
their use in catalysis[148] and DuPontOs initial[220] and re-
cent comprehensive review with Spencer.[260]

Today, the collected data for theNC, SC and PC palla-
dacycle precatalysts are consistent with the hypothesis
that these species represent sources of low-ligated, ho-
meopathic palladium. Indeed, kinetic studies comparing
palladacycles to homeopathic palladium showed that
their behavior was quite similar.[184] It is now widely
accepted that these precatalysts operate via a traditional
Pd(0)–Pd(II) catalytic cycle.

3.3.2 Pincer Palladacycle Precatalysts

In 1997,Milstein and coworkers reported the use of pin-
cer palladacycles, PCP Pd(II) complexes (e.g., 27) in this
case, in Heck coupling reactions of aryl iodides and bro-
mides.[261,262] They reportednonoticeable degradation of
the catalysts under the reaction conditions and that the
system continued to convert the reagents when addi-
tional aliquots were added at the end of the reaction.
They interpreted these observations as evidence that
the catalyst was stable for long periods of time, although
an alternate interpretation in light of all the new data
presented above is that the system could continuously
generate new catalytic species (vide supra). Based on re-
action tests with Pd�Ph and Pd�H pincers, they hy-
pothesized that the suggested pathways for the decom-
position of the complexes toPd(0) specieswere unlikely.
Shibasaki described bulky phosphite Pd(II) PCP pin-

cer complexes and their use as highly active catalysts in
the Heck coupling reaction.[263] Studying iodoarenes,
they noted that the rates of reaction of two similar are-
nes were different, which they argued was inconsistent
with the rate-limiting step being oxidative addition of
the halide to Pd(0). They found that several different
palladacycle precatalysts gave different reaction rates,
which they interpreted as inconsistent with the genera-
tion of active Pd(0). Thus, they assigned the activity to
a Pd(II)–Pd(IV) catalytic cycle.
DuPont and co-workers reported both SCS (e.g. 28)

and SC palladacycle precatalysts for the Heck coupling
of iodoarenes and olefins.[217] It was speculated that these
highly active precatalysts may have utilized a Pd(II)-
Pd(IV) cycle, as they could be recovered unchanged after
catalysis and there were marked differences in activity
depending on the nature of the thioether ligand. Similar
precatalysts were also studied in the Suzuki couplings

Scheme 9. In situ transformation of palladium proposed to
occur during Heck coupling based on DuPontOs detailed stud-
ies of NC palladacycle precatalysts.
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of aryl bromides and chlorides with phenylboronic acids,
giving high rates at room temperature.[218]

Phosphine-based PCP palladacycles were evaluated
by Jensen et al. in the Heck coupling of aryl bromides
and iodides.[264] In that work, they proposed that pincer
complexes operated by a different mechanism than the
half-palladacycles of Hermann and Beller, which had
been proposed by that time to operate by a Pd(0)–
Pd(II) cycle.[208] Citing previous work by Milstein,[262] a
Pd(II)–Pd(IV) catalytic cycle was considered. Indeed,
subsequently, Jensen et al. reported the Heck coupling
of aryl chlorides using phosphinito PCP�Pd(II) com-
plexes as the precatalyst,[265] and in that work, they pro-
posed a Pd(II)–Pd(IV) catalytic cycle whereby the ole-
fin oxidatively adds to the Pd(II) species in the first step,
creating a 6-coordinate Pd(IV) complex. In that same
year, Beletskaya and van Koten reported on acety-
lene-linked PCP pincer complexes, describing them as
catalyst precursors for Heck couplings, although no fur-
ther data about the activity or stability of the complexes
were provided. Later, although they noted that theHeck
reaction is generally catalyzed by Pd(0) complexes, the
authors reported on the use ofmonomeric and dendritic
PCP Pd(II) complexes as Heck catalysts.[223] They found
intriguing results, where the TON depended on the na-
ture of the pincer (one molecule containing a single Pd
complex 29 vs. three 30). Perhaps the steric bulk of the
complexes affected that ability to generate free Pd(0)
from the systems, influencing the observed TOFs.
PCP pincer complexes based on an sp3 carbon as the

central carbon atom in the PCP ligand were reported
by Andersson and evaluated in the Heck coupling of
iodo- andbromoarenes.[266] Theyobservednonoticeable
formation of elemental palladium and hypothesized
that a Pd(II)–Pd(IV) catalytic cycle could be operation-
al, citing the work of Milstein[262] and Jensen,[265] al-
though they could not rule out formation of Pd(0) and
catalysis via a classic Heck cycle.
As late as 2004, it was suggested that pincer palladacy-

cles offered the best “hope” that a Pd(II)–Pd(IV) cata-
lyticHeck cyclemight be operational, asmost of the cat-
alysts for which such a cycle was originally proposed had
been shown to decompose to Pd(0) at that point.[10,148]

However, many researchers still clung to the idea that
the stability imparted by the tridentate pincer ligands
was so significant that indeed the metal-ligand complex
remained intact during the catalytic Heck coupling with
these systems, although it should be noted that Belet-
skaya suggested that, while they appeared stable, they
likely just released palladium species more slowly than
their related PC, NC and SC palladacycle systems.[148]

Early on with Heck couplings using pincers such as
SCS Pd(II) complexes, there were indications that
some complex decomposition to liberate Pd(0) may oc-
cur.[267] However, via clever use of ligand design, it
seemed that this decomposition could be eliminated.
Bergbreiter et al. uncovered signs that polymer-sup-

ported SCS pincers that were seemingly stable under
the reaction conditionsmight liberate soluble Pd(0) spe-
cies that were active catalysts.[252,268] However, the
amount of leached Pd was exceedingly small and catal-
ysis by polymer-bound, intact palladium could not be
ruled out.[252] In 2004,Weck and Jones presented the first
conclusive evidence that intact SCS pincer species were
wholly inactive inHeck couplings of iodobenzene and n-
butyl acrylate.[250] By designing solid-supported and
soluble polymer-supported analogues of known SCS-
Pd(II) complexes, they were able to demonstrate that
no activity was associated with intact pincer species
and that all catalysis was due to leached Pd(0) species
operating in a classic Pd(0)–Pd(II) cycle. At about the
same time, Eberhard showed that phosphite PCP-
Pd(II) pincers also decomposed to form Pd(0) spe-
cies.[269] Based on poisoning studies, they concluded
that the likely active moieties were Pd(0) nanoparticles.
However, theywere unable to rule out catalysis by intact
pincers potentially occurring in parallel with the cataly-

Figure 4. Pincer palladacycle complexes 27–34.
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sis by leached Pd(0). After their early studies on the rel-
atively unstable SCS-O Pd(II) complexes, Weck and
Jones communicated two additional studies of SCS[249]

and PCP[270] Pd(II) pincer complexes (31 and 32, respec-
tively) in Heck catalysis and conclusively showed that
these also showed no activity in their native form, al-
though they liberate soluble Pd(0) species that were cat-
alysts. Although catalysis by palladium nanoparticles
could not be ruled out, they hypothesized thatmolecular
Pd(0)was the active species, based on poisoning tests us-
ing poly(4-vinylpyridine) as a poison for soluble palladi-
um species. Subsequently, Wendt and co-workers
showed that PCP-Pd(II) complexes also decomposed
to form active Pd(0) in Stille couplings.[271] Poisoning
studies were used to elucidate the nature of the active
species, and it was concluded that Pd(0) nanoparticles
were the likely heterogeneous catalysts, although they
were not observed by TEM. More discussion of these
studies is presented below in the heterogeneous section
of this review.
Dupont and colleagues prepared non-symmetric pin-

cer palladacycles based on NCP and NCS ligands and
studied them in the Heck reaction of aryl halides and
n-butyl acrylate.[272] The authors noted that palladacy-
cles with different ligand structures offer different reac-
tion rates, and they indicated that the rates may corre-
late with the release of catalytically active Pd(0) species,
as they noted most palladacycles are reservoirs of active
Pd(0) species. In a different twist on non-symmetric pin-
cer ligands, Jensen et al. prepared PCP pincer com-
plexes with different alkyl or aryl components on each
phosphorus atom.[273] These precatalysts were used in
the Heck coupling of iodobenzene and styrene.
Uozumi reported the synthesis of a bulky NCNPd(II)

pincer (33) and utilized it in the Heck coupling of iodo-
benzene andmethyl acrylate.[274] They noted that the re-
action profile was similar to that reported by Eber-
hard,[251] where catalyst decomposition was important.
Interestingly, UozumiOs pincer was active at concentra-
tions as low as 10�6 mol Pd per mol substrate. In a later
study of the use of NCN palladacycles in the Heck cou-
pling of iodobenzene and methyl acrylate,[275] the au-
thors reported good catalytic performance in the pres-
ence of water and TBAB. The authors asserted that
the catalysis likely followed the established paths descri-
bed for SCS[249,250,252] and PCP pincers,[251,270] involving a
Pd(0)–Pd(II) cycle.
DXez-Barra et al. reported CNC imidazole-carbene

palladacycles (e.g., 34 in Figure 4) as precatalysts for the
Heck coupling of aryl halides and n-butyl acrylate.[276]

Aryl iodides, bromides, and chlorides were readily con-
verted. Unfortunately, there was no discussion of the na-
ture of the active site presented. At about the same time,
Chung and co-workers reported the use of a fluxional
NCN Pd(II) palladacycle as a precatalyst for Heck cou-
plings of aryl bromides and iodides.[277] Also, the authors
studied the use of a simpler, previously reported NCN

Pd(II) complex in Heck coupling reactions of iodoben-
zene and observed that it decomposed quite readily to
palladiumblack under the reaction conditions employed.
In contrast, the authorsO new, fluxional NCN pincer did
not visibly decompose and was capable of activating
both aryl iodides andbromides. Thenature of the true ac-
tive species and the catalytic mechanismwere not explic-
itly addressed in the work, although the authors argued
that the fluxional behavior of the complex (e.g., 35 in
Scheme 10) may contribute to its enhanced catalytic ac-
tivity, whatever mechanism it might follow.
Finally, although not a true pincer complex due to the

different length armsoneach side,[148]Monteiro,DuPont
and co-workers developed tridentate PCN palladacy-
cles as precatalysts in Suzuki reactions of aryl chlorides
at high temperatures.[278]

Derivatives of Pd(II) pincers that are claimed to be
true, active catalysts in coupling reactions continue to
be reported. For example, Yao et al. reported SeCSe li-
gated pincers in the Heck coupling of bromobenzene
and n-butyl acrylate.[279] A ditopic double pincer palla-
dacycle that was active even in the presence of Hg(0)
was reported by Bowman-James in the Heck coupling
of 4-iodotoluene and styrene.[280]

Thus, in the years since the first application of triden-
tate pincer palladacycles in Heck and Suzuki reactions,
the nature of the true catalytic species has been debated
vigorously. Now, when looking at the non-NHCpallada-
cycle and pincer palladacycle work reported to date as a
whole, it is clear that the overwhelming evidence sup-
ports catalysis by a traditional Pd(0)–Pd(II) cyclemedi-
ated by palladium species expelled from the original
Pd�C-containing ligand. A few complexes, such as the
CNC-based pincer of DXez-Barra[276] still have not
been conclusively shown to decompose to expel active,
ligand-free palladium species, and hence there remain

Scheme 10. Proposed fluxional behavior of the NCN palladi-
um complex 35.
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some open questions in this area.However, for the PCP-,
SCS-, and NCN-based palladacycles discussed above, all
thedataare consistentwith catalysis bypotentiallyhome-
opathic palladium.[188]

3.4 N-Heterocyclic Carbene Containing Precatalysts

Herrmann et al. reported the use chelating N-heterocy-
clic carbene (NHC) complexes of Pd(II) salts (37) as ef-
fective precatalysts in Heck and Suzuki couplings, dem-
onstrating that they can activate chloro- and bromoar-
enes.[281] Monodentate NHCs (e.g., 36 in Scheme 11)
were also used in conjunction with phosphine ligands,
and it was shown that use of NHCs suppressed the for-
mation of palladium black relative to the bis-triaryl-
phosphine complex.[282] For long reaction times, palladi-
um black often still formed, indicating some breakdown
of the Pd�C bonds under the reaction conditions.[283]

Whereas HerrmannOs related phosphapalladacycles
were hypothesized to operate by a Pd(II)–Pd(IV)
mechanism for a short while, the NHC complexes
were always associated with a standard Pd(0)–Pd(II)
cycle,[284] with the observed induction periods assigned
to reduction of the Pd(II) precursor complexes to
Pd(0).[211] For most NHC complexes, reduction does
not require rupture of the Pd�C bond, as the NHC li-
gand is a two-electron sigma donor like a phosphine.
As such, the NHC ligand appeared to be an excellent
handle for catalyst immobilization onto solid supports.
Herrmann et al. investigated NHC Pd(II) complexes
immobilized on Wang resins and showed that they
were reusable palladium sources for Heck couplings
(vide infra – 83 in Scheme 24).[285] Unfortunately, palla-
dium leaching was observed in most cases, indicating
that although Pd�C bond rupture appeared not to be a
requirement for catalytic activity, the bond can still
break under typical reaction conditions. In addition to
use of Pd(II) precatalysts, Herrmann, Beller and others
showed that NHC complexes of Pd(0) (38, 39, 40, Fig-
ure 5) could also be prepared and used in coupling reac-
tions.[286,287] Interestingly, Beller showed that in-situ pro-
duced catalysts behaved better than purified, well-de-
fined Pd(0) complexes of monodentate NHC ligands
in various coupling reactions.[288] In-situ produced cata-

lysts have also been used for intramolecular Heck reac-
tions.[289]

Nolan and co-workers have also extensively studied
NHC ligated Pd(0) and Pd(II) species in coupling reac-
tions, including Heck and Suzuki couplings.[290,291] Phos-
phine-free Pd(II) complexes bound by monodentate
NHCs (41–45, Figure 6) were excellent precatalysts in
Suzuki couplings of aryl chlorides.[292–297] Furthermore,
bidentate NHC-phosphine complexes prepared in situ
were effective in Heck couplings of aryl bromides.[298]

The steric conditions associated with the NHC ligand
seemed to play an important role in the varying catalytic
activities seen with different ligands.[291,294] For mono-
dentate NHCs, the authors indicated that mechanistic
studies were most consistent with an active species
bound by a single NHC,[293] although, in some cases, it
was shown that a second NHC can take on an unusual
binding mode.[299] When running reactions in isopropyl
alcohol as solvent, a mechanism for generation of
NHC-Pd(0) species was proposed based on nucleophilic
attack of the palladium by deprotonated isopropyl alco-

Figure 5. NHC complexes of Pd(II) 37, and Pd(0) 38–40.

Figure 6.Monodentate NHC ligands 41–45 used in conjunc-
tion with palladium in coupling reactions.

Scheme 11. Generation of a Pd(II) complex containing one
monodentate NHC and one triarylphosphine 36.
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hol.[294,300] Nolan et al. also have reported the use of bi-
dentate NC palladacycles (46) with an additional NHC
ligand in the Suzuki coupling of aryl chlorides and other
coupling reactions. They proposed that the palladacycle
was lost following nucleophilic attack of isopropoxide
anion, generating an active NHC-ligated Pd(0) spe-
cies[235,297,301] (Scheme 12). Herrmann and co-workers
have also studied palladacycle complexes (in this case
PC palladacycles) in combination with NHC ligands,
showing that they activate aryl chlorides effectively in
Heck couplings.[302] Interestingly, the authors reported
that, while nitrogen-containing palladacycles gave pal-
ladium black after reaction, phosphapalladacycles did
not. They suggested that leaching from the phosphapal-
ladacycles was non-existent, although no definitive evi-
dence was presented.
Cavell and co-workers evaluated various Pd com-

plexes containing one or twomonodentateNHC ligands
(47–49, Figure 7) in Heck and Suzuki couplings.[303,304]

The authors studied the reduction and decomposition
pathways associatedwith the complexes and established
that Pd�NHC�Me complexes were capable of all the
steps associatedwith the standardHeck reaction follow-
ing a Pd(0)–Pd(II) cycle.[304] Reduction of the Pd(II)
complexes in situ was rapid when starting with methyl
complexes, in contrast to what was observed previously
for iodo-Pd�NHC complexes.[305] Initial reaction rates
were comparable for complexes substituted with one
vs. two NHC ligands, although the complex with two
of the bulky ligands remained active longer, leading to
higher TONs.[304] Studying the mechanism of olefin in-
sertion in the Heck reaction using these complexes,
they found that the migratory insertion and elimination
steps were quite fast following halide abstraction, in
agreement with AlbertOs theoretical results.[306] In the
Suzuki coupling, they found that Pd�NHC dihalide
complexes required long reduction times, resulting in in-
duction periods, whereas monohalide complexes were
easily reduced. In a follow-up study using non-symmet-
rical NHC ligands,[307] Cavell showed that complexes de-
rived from these NHC ligands were effective precata-
lysts in a wide variety of coupling reactions. Although
they appeared stable during reaction, the authors point-
ed out that palladium black formed after the substrate
was consumed inHeck couplings if the reactionmixture
was kept at high temperatures. Subsequently, awider va-
riety of monodentate, bidentate and tridentate pincer
NCNcarbene complexes (50)was prepared and evaluat-
ed in various coupling reactions.[308] Cavell and other au-
thors have alsodiscussed the importanceof the ligandon
the palladium precursor species when working with
NHC palladium complexes, with Cavell[303,307,308] report-
ing the ease of activation of Pd�Me complexes, andFair-
lamb[309] showing that substituents onDBA influence ac-
tivity, as examples.
Cavell, Biffis and co-workers recently reported on the

use of Pd(II) complexes with N-benzyloxazolin-2-yli-

dene ligands (51) as precursors for Heck couplings of
bromoarenes.[310] They showed that these complexes ap-
peared more active than the related, well-known NHC
complexes andwere of similar activity toCalòOs bis-ben-
zothiazolin-2-ylidene complexes[311] that were used in
molten TBAB. Chugaev-type carbene ligands were
also effective ligands for palladium complexes in cou-
pling reactions, with Slaughter demonstrating their use
in Suzuki couplings of aryl bromides.[312]

Roland and Jutand carried out a detailed study of
Pd(II) and Pd(0) bis-diaminocarbene complexes (52)

Scheme 12. Proposal for the generation of an active NHC-li-
gated Pd(0) species, following the nucleophilic attack of iso-
propoxide anion.

Figure 7. Pd complexes containing one or two monodentate
NHC ligands 47–49, pincer NCN carbene, 50, N-benzyloxa-
xolin-2-ylidene 51, and bis-diaminocarbene 52.
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in Heck coupling reactions.[313] Pd(II) complexes con-
taining two monodentate carbene ligands proved quite
stable in the coupling reaction, with no sign of palladium
metal deposition and recovery of 90% or more of the
starting complex after reaction at 120 8C. In most cases,
the complex could be recovered by recrystallization and
reused in subsequent reactions. At lower temperatures
such as 80 8C, the system was not as effective, as reduc-
tion of the Pd(II) precursor was not as facile. In contrast,
the mixed complex containing one carbene ligand and
one phosphine ligand could not be recovered after reac-
tion, although still no palladium black deposition was
noticed. Although the “quantitative” recovery and re-
use of thePd(II) complex after oxidation and lack of pal-
ladium black formation argues for the stability of the
complex, it should be noted that only small amounts of
decomposition products could account for some or all
of the catalytic reactivity.
Multidentate NHC-containing ligands have been re-

ported by several groups, including Herrmann (e.g.,
37).[281] Trudell evaluated several bidentateNHC ligands
(53–56, Figure 8) in the Suzuki coupling of aryl chlor-
ides with arylboronic acids.[314] Later, Peris andCrabtree
reported the use ofCNCpincerPd(II) complexes,where
each Pd�C bond is to an NHCmoiety, in the Heck cou-
pling of chlorides, bromide and iodides.[315,316] The activ-
ity was maintained in the presence of Hg(0) and there
was no observable induction period, and hence, the au-
thors hypothesized that the active species still contained
the CNC ligand, as it could fit the generic formula for an
active species as described by the Amatore–Jutand cy-
cle,[17] [Pd(0)XL2]

�. Suzuki and Sonogashira couplings
were also reported, again with a Pd(0) catalyst pro-
posed.[317] Further studies of this complex immobilized
on a clay support are described below.
Recently, Glorius and co-workers introduced another

variation of the carbene ligand, reporting the use of
NHCs derived from bisoxazolines (IBiox) (57, 58, Fig-
ure 9) in Suzuki couplings of aryl chlorides.[318,319] They
pointed out that, in some cases, the steric bulk of the li-
gand could bemodulatedwithout changing the electron-
ics, a rare observation for monodentate ligands.
Gade and Bellemin-Laponnaz[320] reported the design

of chiral oxazolinyl-imidazolyl bidentate CN ligands
(59) that, when complexed with Pd(II), gave effective
precatalysts for Heck and Suzuki coupling reactions.
Both bromoarenes and chloroarenes couldbe converted
by this system. Palencia, Takacs and co-workers report-
ed a different variation of the NHC ligand, showing that
N-acyl-NHCs (60) could be used to create effective Su-
zuki coupling catalysts that operated at extremely low
catalyst concentrations approaching 1 ppm.[321]

Pd-carbene complexes are natural fits for use in ionic
liquids, especially imidazolium-based systems. Ionic liq-
uids havebeen shown tobeusefulmedia for carryingour
Heck reactions using Pd(II) salts in combination with
various phosphine ligands.[322] Srinivasan proposed that

the combination of imidazolium ionic liquids with
PdCl2 or Pd(OAc)2 in conjunction with ultrasound cre-
ates Pd�NHC2 complexes.[323] The ionic liquid contain-
ing palladium could be easily separated from the reac-
tion products and the liquid phase could be reused in
subsequent reactions. TEM analysis showed that the
ionic liquid contained palladium nanoparticles and the
authors argued that these were derived from the
Pd�NHC2 precursor, forming during sonication. Later
they studied a similar precatalyst system in the Suzuki
coupling of aryl halides, including aryl chlorides, again
under sonication.[324] They provided evidence that palla-
dium nanoparticles do not form in this system via TEM
images and argued that the Pd�NHC2 complex was sta-
ble under the reaction conditions, being quantitatively
recovered after acting as the catalytic species. Welton
et al. presented evidence that Pd(OAc)2 or Pd(PPh3)4
complexes in imidazoylidene ionic liquids form in-situ
Pd�NHC complexes at room temperature.[325] Later,
they showed that ionic liquid solutions containing added
Pd(PPh3)4 that were active for Suzuki coupling were all
found to contain mixed phosphine-imidazoylidene-pal-
ladium complexes, whereas those that were inactive
did not contain such complexes.[326] Welton also showed
that Pd(II) complexes with added imidazole gave effec-
tive catalysts for Suzuki reactions in butylmethylimid-

Figure 8. Bidentate NHC ligands evaluated by Trudell.

Figure 9. NHC ligands derived from bisoxazolines (IBiox) 57
and 58.
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azolium (BMIM) ionic liquids.[327] The catalyst could be
reused with stable TOFs over five consecutive cycles us-
ing bromobenzene and tolylboronic acid as substrates.
Ryu et al.[328] also reported on the use of Pd(II) com-
plexes with monodentate NHC and phosphine ligands
inBMIM ionic liquids forHeck and Suzuki reactions, in-
dicating that the IL phase containing palladium species
could be effectively reused. Shreeve et al. have incorpo-
rated palladium species into an ionic liquid based on 2,2-
biimidazole and utilized the system for Heck couplings
too.[194]

Fluorous-tagged Pd�NHC complexes (61) have also
been recycled using fluorous solvents (see, for example,
62) inHeck coupling reactions.[329] The recycled fluorous
phase was reused for five runs with similar yields in each
run, although similar activities were claimed.
Overall, NHC ligands have proven to be versatile

components of active catalyst systems for both Heck
and Suzuki coupling reactions. The majority of the evi-
dence gathered to date supports catalysis by traditional
Pd(0)–Pd(II) cycles.However, it is less clear how robust
the Pd�Cbond inNHC systems is, with some authors re-
porting rupture of the bonds and others suggesting that
they remain intact during catalysis. Likemanyof thebul-
ky, monodentate phosphines described above, the steric
bulk of NHC ligands can be important in stabilizing ac-
tive species under the reaction conditions.

4 Heterogeneous Precatalysts

Solid catalysts for C�C coupling reactions have been
primarily developed as a means to separate the reaction
products from the catalyst, potentially facilitating de-
creased catalyst cost due to reduced catalyst loss and
simplified product purification.[330,331]

4.1 Pd(0) Particles on Oxide or Carbon Supports

In the early development of the Heck reaction, it was
widely regarded that both homogeneous and heteroge-

neous Pd species could catalyze the reaction. Indeed,
very early on, it was surmised that Pd black, formed in
situ via reduction of Pd(II) precatalysts, was a crucial in-
termediate in Heck couplings.[2,3] However, Mizoroki
noted that the catalytic activity was independent of the
amount of palladiumblack thatwas added and therefore
concluded that the reaction was not taking place on the
surface of the metal particles. At about the same time,
Julia and co-workers studied Pd/C as precatalysts in
theHeck reaction, showing that this systemwas capable
of activating aryl chlorides and achievingmoderate cou-
pling yields.[332,333] After these early reports, only few pa-
pers detailing Heck couplings with solid catalysts of this
typewere reported until the 1990s.[331,334–339] In 1995,Au-
gustine and co-workers, in an effort to explain regio-
chemistry effects in the Heck arylation reaction using
aroyl chlorides, described the active sites in a solid sup-
ported Pd catalyst as coordinatively unsaturated corner
atoms and adatoms on the Pd surface.[340,341] These as-
signments were made based on the observation that
there was no activity in the liquid phase after solid cata-
lyst removal and the extinguishing of activity in the pres-
ence of Hg(0). Both observations were assigned as evi-
dence for heterogeneous catalysis. The authors also sug-
gested that palladium black formed from Pd(OAc)2 was
truly active also, and that homogeneous specieswere not
the catalyst with this precatalyst system. In the light of
more recent data on aryl halide activation, these assign-
ments now appear dubious, although it is possible that
aroyl halides react differently (vide supra and infra).
Palladium deposited on porous glass was shown to be
an active precatalyst in Heck coupling reactions of
iodo- and bromoarenes.[342] Similarly, palladium encap-
sulated between the layers of graphite was observed to
be active in Heck couplings of iodoarenes, but inactive
in converting chloroarenes.[343] In that case, the authors
concluded that the palladium was completely stable
based on the fact that there were no observed changes
in the palladium nanoparticle structure after reaction.
At the same time, they could not conclude that the reac-
tion occurred on the palladium metal surface given the
data they had gathered.
In 1996, Shmidt and Mametova published a report

that suggested only soluble, leached palladium species
were active catalysts in the Heck reaction of iodoben-
zene with styrene when using heterogeneous catalysts
such as Pd/C or Pd/SiO2.

[344] This rarely cited work was
the first report to strongly assert that the surface of pal-
ladium metal particles was not active for a Heck cou-
pling reaction, and that all of the activity was associated
with leached species. The authors also suggested that the
primary mode of the leaching was due to the oxidative
addition of the aryl iodide to the Pd(0) surface, releasing
soluble Pd(II) species into solution. Nonetheless, it
would still be a few years before it became relatively
broadly accepted that leached species were the true ac-
tive catalysts when starting with supported palladium

Figure 10. Variations on NHC ligands including the bidentate
CN ligand, 59, the N-acyl-NHC ligand, 60, and fluorous-tag-
ged NHCs 61 and 62.
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metal precatalysts inmany cases. It is noteworthy that in
the 1990s Shmidt[344] andAugustine[340,341] came to oppo-
site conclusions in their studies of the Heck reaction us-
ing solid catalysts.[331] This may be a consequence of the
fact that they studied the activation of aryl iodides and
aroyl chlorides, respectively.
Buchecker et al. studied Suzuki couplings of aryl hal-

ides with phenylboronic acids using supported Pd(0)
precatalysts.[345] The precatalysts used were a variety of
commercial supported palladium hydrogenation cata-
lysts. The authors attributed the reactions observed us-
ing the Pd/C catalysts to surface-catalyzed, heterogene-
ous reactions, owing to results of an array of test reac-
tions studied. Mercury poisoning results were ambigu-
ous. Filtration tests suggested that activity was not asso-
ciated with the liquid phase, which the authors accepted
as evidence of heterogeneous catalysis, a reasonable
conclusion at the time. Later studies that are described
below indicated that redeposition of leached active spe-
cies can occur in coupling reactions, sometimes quite
rapidly[346] under the reaction conditions,masking leach-
ing if filtration tests are used as the only or the primary
mode of evaluating leaching.
Wali et al. studied the Heck coupling of acrylonitrile

with iodobenzene using Pd(0)/MgO as a precatalyst.[347]

Addition of PPh3 improved the efficiency of the catalyst.
The authors noted that the supported precatalyst be-
haved quite similarly to a homeopathic catalyst derived
from Pd(OAc)2. After reaction, the authors studied the
precatalyst using XPS and showed that the surface was
covered with hydrocarbon and no Pd(0) remained.
The recovered catalyst showed lower activity for the re-
action in subsequent uses. Leaching of some palladium
into solution was observed. Nonetheless, the authors
concluded that the reaction was truly surface-catalyzed
based on their ability to reuse the solid catalyst.
Ying and co-workers described Pd metal loaded Nb-

MCM-41 materials that they called Pd-TMS-11 and uti-
lized them in the Heck reaction of aryl bromides and n-
butyl acrylate.[348,349] The authors discovered that by
loading the solid via vapor phase deposition of a volatile,
reactive organometallic precursor, good films of Pd
could be loaded within the mesopores of the support.
The reduced Pd material was then utilized in the Heck
reaction at 120 and 170 8C. The system rapidly and effec-
tively converted the substrates, and it was found that in-
duction periods could be minimized by preheating the
reactants before addition of the catalyst. However, the
presence of notable induction periods, loss of 5% of
the palladium after use and clear metal restructuring af-
ter reaction (visible by TEM) were signs that leached
species may be important.[331] The authors attributed
the catalytic activity to a heterogeneous mechanism in-
volving the Pd surface, as a filtration test showed that
the filtrate did not exhibit any activity and addition of el-
emental Hg(0) poisoned the reaction. This latter test is
commonly used to characterize catalysis by heterogene-

ous surfaces, as this is the way the test was originally in-
troduced in the literature. However, we believe that this
interpretation may be incorrect in Pd-catalyzed cou-
pling reactions where homeopathic Pd, palladacycles,
or heterogeneous precatalysts are used.[249,250,270] This
will be discussed further below.
In the late 1990s, it became more widely appreciated

that leached species from Pd(0)- or Pd(II)-loaded solid
supports could play a large role in Heck coupling reac-
tions. Independently, groups inMunich and Sendai stud-
ied the leaching of soluble Pd species from heterogene-
ous Pd precatalysts inHeck coupling reactions.Arai and
co-workers presented clear evidence that leached, solu-
ble Pd species were the true catalysts in typical Heck re-
actions using solid Pd catalysts.[350–352] In particular, their
use of cross-transfer experiments, whereby palladium
leached from one support and deposited on another,
was particularly convincing. In addition, they showed
that excellent recovery of the Pd could be achieved
due to a redeposition process that occurred after con-
sumption of the reactants.[350–352] Furthermore, the
amount of leaching and the reaction rates could be con-
trolled to a certain degree by choice of solvent.[353] At
about the same time, Kçhler and Djakovitch together
studied a variety of Pd-loaded zeolite catalysts for
Heck couplings of aryl halides and olefins. Their early
work showed definitively via filtration tests that there
was significant activity associated with leached Pd spe-
cies in these reactions, although they were unable to
rule out catalysis by some solid-supported palladi-
um.[354,355] Early indications suggested that soluble,
leached Pd(0) nanoparticles could be responsible for
much of the activity, although some reactivity was still
ascribed to solid Pd particles.[355–357] Later, Kçhler sug-
gested that soluble, leached species were wholly respon-
sible forHeck couplings of aryl bromides[358,359] and even
chlorides[360,361] when using Pd/C as a catalyst. Careful
studies where the palladium concentration in solution
was tracked and correlated with the reaction rate pro-
vided compelling evidence that all the activity was asso-
ciated with leached, soluble palladium species.[358,359]

Again, a dissolution/redeposition process was suggested
to operate. Catalyst recycle in the conversion of aryl
chlorides was found to be problematic, with the authors
suggesting that the redeposition of the palladium after
reaction left it in a form that was less active than in the
starting Pd/C material.[361] Subsequently, Kçhler and
Djakovitch et al. concluded that soluble species leached
from a variety of solid precatalysts such as Pd/C, Pd/
SiO2, Pd/MgO, Pd/Al2O3, and Pd(0) or Pd(II) in zeolites
were responsible for Heck couplings, whereas side reac-
tions including aryl dehalogenation occurred on solidPd
particles.[243] Zhao andArai reached a similar conclusion
in a parallel study.[362] Along these lines, Biffis and co-
workers[331,363] proposed that soluble, leached molecular
Pd species were active in the Heck reaction when using
metallic Pd precursors, ruling out catalysis by palladium
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colloids due to the large excess of aryl halide in their sys-
tem, as stoichiometric amounts of iodobenzene could
quickly and quantitatively oxidize Pd nanoparticles.[182]

A further observation supporting catalysis by leached
speciesmade byNishida and co-workers was that a solu-
ble phosphine had to be added to allow activation of hal-
opyridines in Suzuki couplings using Pd/C.[364] Kotschy
and co-workers have similarly shown that Pd(0)-cata-
lyzed Sonogashira couplings using Pd/C also proceed
with soluble, leached catalytic species.[365]

Kabalka et al. reported the use of palladium black
with KF-loaded alumina as a solid precatalyst in the Su-
zuki reaction under microwave conditions.[366] The pre-
catalyst was reportedly recovered and reused, although
no discussion of palladium leaching or the nature of the
true activephasewaspresented.Later they reported sol-
ventless Suzuki couplings using the sameprecatalyst sys-
temwhich was active in six recycles with fresh KFadded
in each run.[367]

Shi and co-workers studied mesoporous silica materi-
als derivatized with Si�H groups as novel supports for
Pd nanoparticles.[368,369] Addition of Pd(II) precursor
species to the silane-functionalized supports led to re-
duction of the Pd(II) to form Pd(0) nanoparticles and
these Pd(0)-loaded solids were used as precatalysts in
theHeck coupling of iodo- andbromoareneswith termi-
nal olefins. The solid displayed an induction period;
however, the kinetics of reaction were reproducible
from one run to another. A filtration test was carried
out and, after removal of the solid material, the solution
was found to be inactive for further conversions of the
substrates.[369] The authors therefore concluded that
the reactivity must be due to heterogeneous palladium.
Molnar and co-workers studied a similar system, Si�H

capped silica materials loaded with Pd(II).[370,371] They
also reported that the Si�H groups were capable of re-
ducing the palladium salt to metallic species, and they
found the Pd(0) had very low dispersion. In theHeck re-
action with iodo- and bromoarenes and olefins, they
found via application of a filtration test (actually separa-
tion by centrifuge),[371] that leached Pd species were not
active in the reaction when triethylamine was used as
base. However, they were able to detect leached Pd at
levels of 1–2 ppm present in solution after each recycle.
In further studies, they showed that the presence of ace-
tate ions led to greatly enhancedactivitywith leachedPd
species, and suggested that these anions play an impor-
tant role in stabilizing the activity of leached, soluble
palladium. Additionally, the authors found that the ac-
tivity profile and recyclability of their precatalysts close-
ly mimicked that of a commercial Pd/C catalyst.
In a study of Pd/C precatalysts for the Suzuki coupling

of an aryl bromide and 3-formylphenylboronic acid,
Conlon and co-workers presented evidence for catalysis
by soluble Pd species.[372] The leaching of Pd from the
solid catalyst was shown to correlate well with the con-
version of substrate. They also found that leaching was

caused by the oxidative addition of the aryl bromide at
the Pd(0) surface. They reported that this oxidative ad-
dition was not the slow step in the overall reaction. Cat-
alysis by soluble Pd nanoparticles vs. soluble molecular
species was not discussed.
Sowa et al. also studied Pd/C catalysts for Suzuki cou-

plings, focusing their studies on the conversions of aryl
chlorides.[373] They found that the simple Pd/C catalyst
was capable of activating a variety of aryl halides and
that proper choice of solvent was critical in preventing
the homocoupling reaction. Only very limited leaching
of Pd was observed (~1 ppm) and addition of small
amounts of triphenylphosphine was found to inhibit
the reaction significantly. These observations led the au-
thors to conclude that the heterogeneous metal particle
surface was the true active catalyst, and that activation
of metal halides was made possible by synergistic anchi-
meric and electronic effects occurring in the presence of
adsorbed species on the catalyst surface.[373] Another po-
tential interpretation is that a dissolution/redeposition
process occurred and that the amount of PPh3 added
(one equivalent with respect to the surface palladium)
was enough to deactivate traces of potentially active,
leached species via overcoordination.
Choudary et al. prepared Pd nanoparticles on basic

layered hydroxide supports via reduction of the
PdCl4

2�-exchanged solids. The catalysts were then eval-
uated in the Heck, Suzuki, Sonogashira and Stille cou-
plings of aryl chlorides in non-aqueous ionic liquids.[374]

The heterogeneity of the catalysts was analyzed by test-
ing the clear, solid-free filtrate in the Heck reaction and
it was determined that the filtrate showed no activity.
Additionally, thePd content of this phasewas evaluated,
and it was found to vary over the course of the reaction
from 1–5%of the total palladium in the reaction vessel.
The authors also found no change in the size or shape of
the nanoparticles after reaction based on TEM analysis.
XPS analysis of the used catalyst indicated that both aryl
halide andolefin fragments could be seen on the solid af-
ter reaction. The authors interpreted this as proof that
only Pdbound to theLDHwas active.Using iodoarenes,
they suggested that the major contribution of catalysis
comes from the solid particles, with aminor contribution
coming from soluble species. The Suzuki reaction was
carried out inmore traditional solvent systems (e.g., wa-
ter/dioxane) using the same catalyst. The authors found
that the catalyst could be reused five timeswith little loss
in yield from cycle to cycle. However, there was a large
solvent effect, as has been seen in other coupling reac-
tions by other authors. It should be noted that the reac-
tion temperatures for Heck coupling in particular were
fairly high (130 8C), conditions where typically, catalysis
occurs by a soluble, ligand-free catalytic species.[188]

Corma et al. prepared 2–10 nm Pd(0) nanoparticles
supported on single-wall carbon nanotubes and studied
them in the Heck coupling of iodo- or bromobenzene
and styrene.[375] The supported nanoparticle catalysts
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were found to be more active than a typical Pd/C preca-
talyst. UsingDMF, the activity was found to be associat-
ed with leached Pd species, with the authors speculating
that these species were leached Pd(0) nanoparticles. As
reported previously, by moving to more non-polar sup-
ports such as xylenes or toluene, the leaching of Pd could
be suppressed.[376–378] The solids were effectively recy-
cled with similar rates, with the cause for this in the light
of the observed leaching attributed to palladium rede-
position as described by Davies[379] and Lipshutz.[346]

Okumura and co-workers evaluated various Pd-load-
ed zeolites in the Heck reaction of bromobenzene and
styrene.[380] Zeolites mordenite, Y, and ZSM-5 were
ion-exchanged with a Pd(II) salt and then used as
Heck coupling catalysts in Pd(II) or reduced Pd(0)
forms. They found that zeolites in their proton form pro-
vided better supports than alkali-exchanged zeolites in
stabilizing Pd clusters. Utilizing an oxidation/reduction
regeneration process, the authors were able to effective-
ly recycle the precatalysts, with Pd�HY catalysts ap-
pearing the most stable. When Pd(0) nanoparticle-con-
taining precatalysts were used, only small amounts of
leaching were detected by elemental analysis of the fil-
trate (<0.5% of Pd present in the catalyst), even using
a polar solvent such as N,N-dimethylacetamide. Appli-
cation of a hot filtration test showed the authors that
the filtrates did not have activity in the Heck reaction,
and thus they concluded that the activity was associated
with stable Pd clusters in the zeolite pores. In the case of
the HY catalyst, EXAFS analysis showed that the na-
ture of the clusters did not change significantly after
use in a Heck reaction, and this gave the authors confi-
dence that the intracrystalline Pd clusters were the
true active catalysts.
Pd/Cwas reported as a precatalyst for the aqueous Su-

zuki coupling of iodo- and bromoareneswith phenylbor-
onic acid with catalyst recovery and reuse.[381] The yields
dropped with each catalyst reuse and the nature of the
active catalyst was not discussed. Leadbeater showed
that the combination of a Pd/C catalyst with aqueous
systems and microwave heating and cooling was an ef-
fective way to carry out Suzuki couplings of aryl chlor-
ides and phenylboronic acid.[382] Pd(OH)2/C has also
been effectively used in Suzuki couplings, although the
nature of the true active site was not clearly elucidat-
ed.[383]

Artok and Bulut studied the Suzuki coupling of aryl
bromides and phenylboronic acid with Pd(0)-loaded
NaY zeolite in water/DMF.[384] The authors found that
the reaction rates depended strongly on the base used,
a common observation in many coupling reactions. Cat-
alysts were reused successfully, but they required regen-
eration. Application of a filtration test followed by ele-
mental analysis of the filtrate showed that very little
Pd was present in the solution (<1 ppm) and that the
solid-free filtrate did not promote the reaction any fur-
ther. Finally, the authors reported that leaching from

Pd(II)-exchangedNaY zeolites was substantially higher
than when the Pd species were reduced to Pd(0) before
use in catalytic reactions.[384] The authors argued that the
small amounts of leached Pd could not cause all of the
observed catalysis, based on an experiment with an
equivalent concentration of Pd(OAc) giving very limit-
ed conversions. This conclusion does not appear justi-
fied given the dynamic nature of Pd in these systems.
Sastry and co-workers studied aminopropyl-function-

alized NaY zeolite as a support for Pd nanoparticles and
utilized the resulting solids as precatalysts in the Heck
reaction of iodobenzene with styrene.[385] The authors
claimed that the nanoparticleswere exclusively tethered
to the outer surface of the zeolite crystals based onnano-
particle size arguments, XRD data and TEM images.
Unfortunately, they did not report any porosity meas-
urements that could have more conclusively shed light
on this issue. TGA studies showed an increased weight
loss associated with amino-NaY materials that were
loaded with Pt or Pd nanoparticles, with the authors ar-
guing that desorption of surface-bound amino groups
leads to loss of the metal nanoparticles in the TGA as
well, a quite dubious hypothesis. They also interpreted
these unique TGA data as proof that the nanoparticles
were associatedwith the amine groups on the zeolite sur-
face. The organic-modified zeolite support was asserted
to be excellent for stabilizing Pd nanoparticles as no
change in the nanoparticle size was observed after reac-
tion. The authors reused the solids three times, achieving
similar reaction yields and average TOFs in each run.
Based on these results, a negative hot filtration test,
and low levels of leached Pd as measured by elemental
analysis (less than 1 ppm with respect to total metal
loading), the authors concluded that these materials
were stable catalysts for this Heck reaction. Interesting-
ly, other reports of Pd(0) particles on aminosilica-based
supports in Heck couplings all reported significantly
poorer results in regard to activity, leaching, recyclabil-
ity or other factors.[370,386,387] Thismay indicate something
unique about use of the aminosilane-functionalized zeo-
lite support.
Kirschning and co-workers studied Heck and Suzuki

couplings in a continuous, tubular reactor loaded with
monolithic glass/polymer composite catalyst.[388] For Su-
zuki couplings of aryl iodides and bromides, the conver-
sion could be accomplished by loading an anion-ex-
change resin (hydroxide form) into the reactor, followed
by loading of the boronic acid, washing, and then circu-
lating the aryl halide and Pd(PPh3)4 in THF at 60 8C to
yield the product. In a second approach, the reaction
was also successfully run without preliminary immobili-
zation of the boronic acid. These approaches did not ad-
dress catalyst contamination issues, so the authors also
pursued loading the glass/polymer composite catalyst
with Pd(0) particles to give a solid catalyst. No direct
characterization of the state of the palladiumwas given,
although the authors hypothesized that nanoparticles of
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Pd(0) were formed. Heck reactions of iodobenzene and
butyl acrylates were also studied in DMF solvent over
seven consecutive runs. The precatalyst effectively pro-
duced coupling product, although yields dropped no-
ticeably in each run. Leaching of palladium to form solu-
ble, potentially catalytic species was only addressed in
terms of catalytic transfer hydrogenation experiments,
not coupling reactions. This reactor would be an excel-
lent arrangement to study catalyst leaching over longpe-
riods of time, although in this initial study, such experi-
ments were not undertaken. Prior to KirschningOs
work, Haswell and co-workers reported the use of a
flow microreactor for Suzuki couplings using Pd(0) on
silica as a catalyst.[389] Although this catalyst system is
now known to operate by a solution mediated mecha-
nism (vide supra), the authors were able to show that
the palladium loss from the catalyst bedwas nonetheless
quite low, with concentrations of 1.2–1.6 ppb found in
the crude product.
Bedford et al. studied the Suzuki coupling of aryl bro-

mides with phenylboronic acid using nanoparticulate Pd
supported on aminosilane-functionalized mesoporous
silicas.[390] Primary amine, diamine, triamine and quater-
nary ammonium silanes were used to functionalize the
silica support, and the best results were obtained with
monoamine and triamine-loaded supports. Despite the
expected good behavior of Pd nanoparticles on quater-
nary ammonium loaded supports (due to the similarity
to solution phase Jeffery conditions), it was determined
that these silica materials were not as effective. Small
amounts of palladium leaching were observed in most
runs, but no tests were carried out to check if these spe-
cies were catalytically active. Even the best catalyst lost
activity after the third or fourth runs. Based on the data
presented, it was not clear whether the activity was asso-
ciated with leached species or with the nanoparticle sur-
face.
Samant and co-workers used Pd/C as a precatalyst in

the Heck coupling of iodobezene and methyl acrylate
at room temperature using ultrasound.[391] Using NMP
andDMAC as solvents, leaching of palladium into solu-
tionwasminor,with~5 ppmPd remaining in solution af-
ter reaction. Addition of the reducing agent sodium for-
mate to the system and application of ultrasound
brought the soluble Pd concentration down to
1.85 ppm.Using this approach, the precatalyst was recy-
cled two times, with noticeably decreasing conversions
in each recycle.
Pd/C has also been effectively used as a precatalyst in

polymerization reactions, for example, in the polymeri-
zation of diolefins with diiodoarenes to give linear poly-
mers.[392] A heterogeneous Pd/C precatalyst was also uti-
lized in supercritical carbon dioxide solvents for the
Heck reaction of aryl iodides with olefins.[393]

Overall, the cumulative evidence to this point indi-
cates thatmost supported forms of Pd(0)metal particles
are in fact precursors for soluble palladium species that

are the real catalysts inC�Ccoupling reactionswhen us-
ing aryl iodides as reagents. There are still some reports
of couplings involving primarily aryl or aroyl chlorides
where catalysis by the metal particle surface is suggest-
ed. However, in nearly all cases, given the small amount
of soluble palladium needed to affect the catalytic reac-
tion and the occurrence of a palladium dissolution/rep-
recipitation process, catalysis by soluble species is diffi-
cult to conclusively eliminate. There appears no
definitive evidence for surface-catalyzed Heck and Su-
zuki coupling reactions. It is suggested that future inves-
tigations in using solid catalysts for bromide and chlor-
ide conversion should focus on developing definitive
methods to assess the potential for true surface catalysis.
Again, it should be noted that for catalysis by supported
Pd(0) particles or nanoparticles, the catalytic trends
can be best explained by a solublization/redeposi-
tion[350–352,358–361] process and such a mechanistic picture
fits well with the data supporting the high-temperature
homeopathic palladium mechanism described by de
Vries.[188]Whereas in thiswork and in those ofBeletskaya
the term “homeopathic” is primarily used to imply that
small amounts of ligand-free palladium are effective pre-
catalysts in coupling reactions, de Vries appears to use
this term with the added constraint that TOFs should in-
crease as the catalyst loading decreases.[188] This implies
that the substrate to catalyst ratio plays a key role, with
high ratios leading tomaximized rates. If supported forms
of Pd(0) particles truly act as precursors for homeopathic
palladiumas suggestedbyKohler,Arai, deVries andoth-
ers, it would be interesting in the future for investigators
to focus on the role of the substrate/catalyst ratio using
these precatalysts.

4.2 Pd(II)-Exchanged Supports

AlthoughmanyauthorswhohaveutilizedPd(II) ion-ex-
changed solids as precatalysts in Heck and Suzuki reac-
tions also report the use of pre-reduced Pd(0) in the
same communications, there are still several reports
that only utilize Pd(II)-exchanged, solid precatalysts
and have therefore not been discussed above. These pre-
catalysts are discussed here.
In the late 1990s, Sudalai and co-workers reported the

use of Pd- and Cu-exchanged montmorillonite clays as
precatalysts for the Heck coupling of aryl bromides
and iodides with styrene and acrylates.[394] It was report-
ed that the catalyst could be recovered by filtration and
reused three times without loss of activity, although no
data are included regarding recycle in the paper.
In a short contribution, Jacobs and co-workers showed

that Pd(II)-exchanged mordenite and Pd(0)-loaded
mordenite represented truly heterogeneous Heck cata-
lysts, whereas oxidizedmaterials containing PdOor oth-
er forms of Pd(II) in an all-oxygen environment were
prone to leaching.[395] At about the same time, in a
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more detailed report, Jacobs et al. studied theHeck cou-
pling of aryl bromides and olefins using a variety of Pd-
loaded zeolites.[378] Precatalysts based on zeolites with
low loadings of Pd(NH3)4

2þ , high loadings of the palladi-
um amine, oxidized palladium, and reduced palladium
were evaluated. Most of the zeolites tested were shown
to leach active Pd species into solution when polar sol-
vents were used. However, the authors reported that
several zeolite precatalysts were truly heterogeneous
when toluene and tributylamine were used as solvent
and base, respectively, although the reaction rates
were markedly lower. It was also determined that the
state of the palladium determined to a large degree
the extent of leaching. Calcined or oxidized zeolite sam-
ples showed ahigh propensity for leaching activePd spe-
cies, whereas Pd-exchanged solids with a low Pd loading
or pre-reduced catalysts that containedPd(0) nanoparti-
cles were judged to be fully heterogeneous. Rates were
also found to be enhanced by addition of tetrabulyam-
monium compounds, reagents suggested to stabilize
soluble Pd colloids.[151,182,204] The authors used a hot fil-
tration test coupled with elemental analysis of the fil-
trate to determine if there were significant leached ac-
tive Pd species or leached Pd species at all, respectively.
All the data presented were consistent with catalysis by
solid Pd(0) species, with a filtration test being the key
methodology used to judge heterogeneity. However, it
is still possible that the catalysis was associated in most
or all cases with soluble species. In particular, it is diffi-
cult to envision how the anionic palladium intermedi-
ates formed during the Heck reaction are retained by
an anionic zeolite framework. While hot filtrations
work well in many cases as a proof for soluble heteroge-
neous species, it can be dangerous to use this test alone
to disprove the existence of soluble active species.[396]

This is because redeposition of the soluble active species
can be very rapid, especially inM(0)-catalyzed coupling
reactions.[350,351,397] This issue is discussed further below.
In a final, intriguing study, Jacobs et al. developed
unique new chemistries to produce Heck products with-
out the use of aryl halides.[398]

Djakovitch and Rollet studied a similar system, Pd-
loaded zeolite NH4-Y, in the copper-free Sonogashira
coupling reaction.[399] Application of a hot filtration
test showed that leaching had occurred, although the re-
action rate after filtration was low. They concluded that
the small amount of leached Pd (about 10 ppm) could
not be responsible for most of the activity and assigned
themajority of the activity to reaction on heterogeneous
sites. Later, Davis et al. studied Pd(II)-exchanged Y
zeolites as precatalysts in the continuous-flowHeck cou-
pling of iodobenzene and n-butyl acrylate.[387] Using el-
emental analysis, poisoning studies and experiments
with the solid-free liquid eluent of the tubular reactor,
they showed that essentially all activity when using
this precatalyst was associatedwith soluble, leached pal-
ladium species.

Shimizu et al. reported the Suzuki coupling of aryl
bromideswith phenylboronic acid and sodium tetraphe-
nylboronate in water using Pd(II)-exchanged sepio-
lites.[400] The catalysts were carefully characterized be-
fore and after reaction, and X-ray absorption spectro-
scopic results indicated that the precatalysts were large-
ly unchanged after reaction. The fresh precatalyst con-
tained largely Pd(II) species, with the used precatalyst
also showing small amounts of Pd(0) contributions.
The presence of Pd(0) nanoclusters was confirmed by
TEM observations. A filtration test was undertaken to
probe for the presence of soluble active species and it
was concluded that the catalysis was due to heterogene-
ous sites. This was supported by elemental analysis re-
sults of the filtrate showing trace amounts of solubilized
Pd were solublized (<1 ppm). Catalyst activity was re-
ported to be similar both in the first and subsequent
uses in a reaction, although only yields were reported
for long reaction times. The in-situ formed, supported
Pd(0) nanoclusters were hypothesized to be the active
species.
At the same time as ShimizuOs study, GarcXa and co-

workers also reported Heck and Suzuki couplings with
Pd(II)-supported sepiolites.[401] Interestingly, GarcXa
et al. utilized the alkali species in the alkali-exchanged
sepiolite as base sites in the reactions, and they success-
fully carried out the couplings in the absence of an exter-
nal base. A hot filtration test resulted in a clear filtrate
that did not continue to promote the Heck reaction
when o-xylene was used as solvent. Elemental analysis
of the used catalyst and the filtrate did not provide evi-
dence for leaching of Pd species. Perhaps the leaching
of Pd from solid catalysts was promoted by excess, exter-
nal base, and in the absence of such species, a truly het-
erogeneous catalyst was possible. Although this may be
the case, the catalyst was hampered by low rates overall
(compared to when more polar solvents were used and
leaching occurred)[376] and loss of activity due to neutral-
ization of base sites with the HX that was produced.
Some activity could be regained by mild steaming.
Ley introduced the use of Pd(II)-exchanged perov-

skites as precatalysts in the Suzuki coupling of bromoar-
enes and arylboronic acids.[402] Small levels of Pd leach-
ing were found to occur during reaction (~2 ppm in sol-
ution) and application of a 3-phase test proved that at
least part of the reactivity was associated with these
leached species. Leaching was caused by addition of
aryl halides to the catalyst, as observed in other systems.
A detailed poisoning study similar to those carried out
on other systems,[249,250] including use of an insoluble,
polymeric poison to trap homogeneous species, indicated
conclusively that the catalysis was associatedwith soluble
species.[403] A plausiblemechanism for catalyst formation
was given, with the true catalyst possibly being Pd(0)
nanoclusters or molecular, “naked” Pd species.
Sivasankar prepared Pd-loaded hydrotalcites and

evaluated them in the Heck reaction of iodobenzene
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and methyl acrylate.[404] Based on a negative filtration
test result, they concluded that the catalysis observed
was heterogeneous in nature, although they did not
identify whether Pd(0) nanoparticles were formed dur-
ing the reaction. It may be assumed that Pd(0) species
were formed, as the authors observed a higher activity
upon catalyst reuse.
Srinivas,Ratnasamyandco-workersutilized thePd-ex-

changed silicoaluminophosphate SAPO-31 in the Heck
coupling of aryl chlorides and olefins.[405] They found
that significant Pd leaching took place, although most
of the Pd redeposited on the solid support after the reac-
tants were consumed, making the system recyclable.
Yokoyama et al. showed that Pd(II)-exchanged oxide

supports could also be used in conjunctionwith ionic liq-
uids as solvents.[199] The authors showed that roughly
half of the supported palladium dissolved in the ionic
liquid phase under the reaction conditions. Nonetheless,
the ionic liquid phase containing the palladium could be
effectively recovered and recycled, giving similar yields
in subsequent runs.
Overall, the results using Pd(II)-exchanged supports

mirror those found when using supported Pd(0) species.
Both reports of catalysis by leached, soluble species and
truly heterogeneous catalyst systems are abundant.
Most often, a filtration test has been used as the primary
or sole evidence for catalysis by heterogeneous sites, and
as noted above, given the small amount of soluble palla-
dium needed to effect the catalytic reaction and the oc-
currence of a palladium dissolution/reprecipitation
process, complete or partial catalysis by soluble species
is difficult to conclusively eliminate. This will be dis-
cussed further below.

4.3 Supported Metal-Ligand Complexes

4.3.1 Polymer-Supported Metal-Ligand Complexes

4.3.1.1 Phosphorus Ligand Systems
Over the last few decades, a diverse array of polymers,
especially poly(styrenes), has been prepared with a
number of phosphine-based functional groups. These
phosphine-functionalized polymers have been used
quite often as supports for palladium species in coupling
reactions.[406] Teranishi et al. studied triarylphosphine-
loaded poly(styrene) as a support for “coordinatively
unsaturated Pd(0)”, and evaluated the materials in var-
ious coupling reactions.[407] After loading the phosphine-
containing polymer with PdCl2, the material was re-
duced with hydrazine in the presence of soluble triphe-
nylphosphine to give what the authors suggested was
two-coordinate Pd(0) (63), based on XPS characteriza-
tion (Scheme 13). They concluded that Pd(0) metallic
particles were not formed. They did not rule out the

presence of a mixture of differently ligated Pd(0) phos-
phine complexes, with one, two or three Pd�P coordina-
tions. The insoluble polymer was shown to be a catalyst
or precatalyst for the coupling of styrene with iodoben-
zene. The authors also showed that the solid could be
reused with some loss in activity.
Miyaura and Inada reported the use of PPh3-function-

alized polymer resins as supports for PdCl2 in the Suzuki
coupling of aryl chlorides and arylboronic acids.[408] The
solid worked best in three-phase media including the
solid polymer, toluene and water. The authors reported
that the solidmaterial could be reusedmultiple times, al-
though limited data were presented. Jang also reported
the use of palladium-loaded PPh3-functionalized poly-
mer resins in Suzuki couplings, reporting good recycla-
bility with stable activity, although only reaction yields
were reported.[409]

Andersson, Hallberg and co-workers completed one
of the earliest in-depth studies of polymer-immobilized
Pd-phosphine complexes in Heck arylations.[410] They
studied poly(styrene)-supported triphenylphosphine-
PdCl2 complexes with a variety of different Pd :P ratios,
alongwith Pd/C andPd(OAc)2. For the precatalystswith
the largest loading of Pd, it was clear that metallic Pd
formed during reaction and the systemwas able to effec-
tively couple iodobenzene and methyl acrylate or styr-
ene. Highly-loaded polymers were easier to reduce to
form Pd(0), likely as a consequence of bridging PdCl2
moieties between phosphine-ligated PdCl2 species.
Very different reactivity patterns were seen when bro-
mobenzene was used, with the catalysts that were least
active for iodobenzene conversions being most active
for bromobenzene coupling. This was ascribed to the
theory that only molecular Pd species ligated by phos-

Scheme 13. The synthesis of phosphine-functionalized poly-
mers containing Pd(0) species 63 bound by two phosphines.
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phines would promote bromobenzene coupling, where-
as naked, metallic Pd could not promote this reaction
(this is now known to be untrue under some condi-
tions[148,411]). Thus, catalysts that have the most metallic
Pd formationwere observed to be the least active in bro-
mobenzene conversion, but themost reactive with iodo-
benzene. Themost reactive catalyst with bromobenzene
was found to have a pale yellow color, consistent with
the presence of Pd(PPh3)n complexes, with no visible
sign of Pd black.
Whereas Anderrson et al.[410] evaluated polymer-sup-

portedmonodentate phosphines as supports for palladi-
um in coupling chemistry, Fox andWang[412] studied pol-
ymer-supported bidentate phosphines and found very
different catalytic behavior in theHeck reaction of iodo-
benzene and olefins. Poly(styrene)-supported 1,2-bis-
(diisopropylphosphino)benzene-Pd(II) complexes (64)
were shown to be more active and stable than the corre-
sponding homogeneous complexes. This was ascribed to
the stability of the chelated Pd species on the polymeric
support relative to the soluble molecular species that
was susceptible to bimolecular decomposition in the
Pd(0) state to give naked Pd(0), which was unstable,
and tetraphosphine-ligated Pd(0), which was inactive.
The polymeric catalyst could be effectively recycled 5
times and was claimed to be stable in air. As the authors
pointed out, it is unusual for a supported complex to be
more active than the homogeneous analogue. This could
be a sign that the materials were simply precatalysts for
other species, or that the monomeric species was more
susceptible to deactivation pathways that were prevent-
ed in the supported solid. The authors argued for the lat-
er based on XPS characterization of the used catalyst
that showed no sign of Pd(0). While it was possible
that the majority of the activity was associated with sup-
ported Pd species, there was insufficient data to rule out
catalysis by leached, soluble species.
Ruckenstein and co-workers developed a unique poly-

meric support for palladium-catalyzed Heck reactions.
Recognizing the utility of tetrabutylammonium salts as
cocatalysts, they prepared random copolymers that con-
tainedmonomerunitswith ligands such as alkyl(triaryl)-
phosphines and also monomer units containing trialkyl-
ammonium salts.[413] Upon metallation of the polymers
with palladium salts, they were found to be excellent
precatalysts for Heck couplings of iodobenzene with
acrylate esters. They showed that the copolymer gave
catalysts that were more active than simple homogene-
ous systems of similar components or polymers with
only one of the polymerizable units and all other species
in homogeneous solution. The authors inferred from the
results that the quaternary ammonium sites were the
loci for the adsorption of the reagents. Subsequently,
the authors reported the immobilization of tetraalkyl-
ammonium groups and palladium-phosphorus com-
plexes as a non-uniform layer on cross-linked poly(styr-
ene) beads.[414] The immobilizations were facilitated us-

ing the resinOs pendant chloride groups and then the pre-
catalystswere used in theHeck coupling of iodobenzene
with methyl acrylate. It was found that when the two
groups were attached to the same polymer chain alter-
nately that the catalytic performance was better than
when the two groups were on different polymer chains.
The nature of the true active species in both re-
ports[413,414] was unclear.
Juge and coworkers prepared poly(pyrrole) support-

ed mono- and diphosphine ligands (see 65, 66 in Fig-
ure 11 for the monomer structure), contacted them
with Pd(OAc)2, and utilized the resulting solids as preca-
talysts in Heck couplings of iodoarenes with olefins.[415]

The yields obtained were modest and the materials
were inactive upon reuse without the addition of a fresh
aliquot of Pd(dba)2. This can be interpreted as strong
evidence that the precatalystswere unstable and the pal-
ladium took on an inactive form during and/or after re-
action.
Buchwald and Parrish reported Merrifield resin-sup-

ported dialkylphosphinobiphenyl ligands in the palladi-
um-catalyzed Suzuki coupling of chloroarenes and are-
neboronic acids.[416] Under some reaction conditions,
substantial leaching of palladium and phosphine into
the solution phase was observed, whereas under opti-
mized conditions, significant leaching of phosphine
could be avoided. The precatalysts effectively converted
the chloroarenes, although under some conditions a
competitive hydrolytic deboronation was observed.
The solids could be recycled, although rates and selectiv-
ity suffered after the fourth use. Explicit analysis of the
solution for leached catalyst was not carried out, al-
though the activation of hard-to-convert chloroarenes
was consistent with ligation by the bulky monodentate
polymeric phosphine.
LeDrian et al.[417] found different trends in the Suzuki

coupling of phenylboronic acid with 4-bromopyridine
compared to Andersson et al.Os work that was discussed
above in the Heck reaction with Merrifield resin-sup-
ported Pd(PAr3) precatalysts. In the Suzuki coupling,
the reactivity was found to be independent of the Pd:P
ratio, unlike in the Heck couplings described by Ander-

Figure 11. Poly(styrene)-supported 1,2-bis(diisopropylphos-
phino)benzene Pd(II) complex 64, and pyrrole-based phos-
phine ligands 65 and 66.
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sson. However, like the earlier work, the authors found
that the solids could be effectively recovered from solu-
tion. Furthermore, only 0.6% of the palladium was
found to have leached into solution during reaction.
Uozumi et al. immobilized Pd(II) complexes on

poly(ethylene glycol)-poly(styrene) graft copolymers
(precatalysts 67 and 68 in Scheme 14) and utilized the
materials in the Suzuki coupling of aryl iodides and bro-
mides with areneboronic acids.[418] The catalytic materi-
als could be reused in subsequent reactions, although
few details on catalyst stability and recyclingwere given.
Later, they reported a similar, high-throughput screen-
ing study of the Suzuki coupling of aryl bromides and io-
dides with a variety of areneboronic acids, reporting
good results in three successive cycles in one case.[419]

They also studied triarylphosphines immobilized on am-
phiphilic PEG-poly(styrene) resins as supports for pal-
ladium species inHeck coupling reactions.[406,420] The re-
action of iodobenzene and acrylic acidwas carried out in
water using palladium immobilized on the resin, with
five consecutive recycles giving an average of 92% yield
(no activity information was presented).
Sauer et al. studied commercial FibreCat-supported

Pd(II) in the microwave-heated Suzuki coupling of
aryl chlorides, bromides and iodides.[421] FibreCat sup-
ports are poly(ethylene)-supported phosphines from
JohnsonMatthey. Awide variety of aryl halides were ef-
fectively converted, although nodiscussion of the nature
of the catalytic species was presented. In some cases,
soluble P(t-Bu3) was used in conjunction with the sup-
ported phosphine. Leaching of palladium has been ob-
served with these supported catalysts.[422]

Bedford et al. utilized a commercial dicyclohexyl-
(phenyl)phosphine-functionalized poly(styrene) as a
support for PC and NC palladacycles (precatalysts 69
and 70 in Scheme 15).[423] After immobilization, only
55–75% of the supported phosphines were bound to
Pd species according to elemental analysis. The support-
ed Pd(II) species were then utilized in Suzuki reactions
of aryl chlorides and areneboronic acids. The catalysts
effectively coupled the reagents, although immobiliza-
tion significantly changed the reactivity of the PC palla-

dacycle. Unfortunately, complex stability was a prob-
lem, as the solids could not be recycled. As it had been
already established that palladacycles decompose to
give catalytic species potentially similar to homeopathic
palladium,[184,225] it is not surprising that the supported
complexes could not be recycled and that palladium
black formed. Despite the catalyst decomposition,
though, the crude product in a typical reaction showed
very little Pd, only about 12 ppm.
Chandrasekhar et al. supported Pd(0)�PPh3 com-

plexes of unknown speciation on a unique cyclophos-
phazene-containing polymer (e.g., 71 in Scheme 16)
and studied their ability to promote the Heck reaction
of iodoarenes and olefins.[424] The precatalyst was reused
several times, with the yield decreasing with each use.
The authors ascribed the catalysis to polymer-supported
sites, as a filtration test showed no activity in the filtrate

Scheme 14. The immobilization of Pd(II) triarylphosphine complexes on poly(ethylene glycol)-poly(styrene) graft copolymers,
67 and 68.

Scheme 15. PC and NC palladacycle precatalysts immobi-
lized on commercial dicyclohexyl(phenyl)phosphine func-
tionalized poly(styrene) to create precatalysts 70 and 69, re-
spectively.
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once the polymer was removed. Elemental analysis of
the used polymer showed that no significant change in
the Pd loading was observed after reaction.
Kaneda and co-workers immobilized a Pd phosphine

complex within a protonated poly(propylene imine)
dendrimer via ionic interactions between the cationic
polymer and the anionic, acetate-containing phosphine
ligand.[425] Based on product distributions in the cou-
pling of 1,4-diiodobenzenewith olefins in theHeck reac-
tion, the authors concluded that the reaction took place
with Pd complexes inside the dendrimer core.
Shieh and co-workers studied the Suzuki coupling of

2-bromoanisole and phenylboronic acid using a com-
mercial triarylphosphine-poly(styrene) resin.[426] The
polymer was loaded with PdCl2 and the effect of the re-
action conditions on catalyst leaching was studied. In all
cases, Pd was shown to have leached from the polymer
support (41–920 ppm), although tailoring of the reac-
tion conditions could be done tominimize this. Leaching
could be minimized by reducing the Pd(II) to Pd(0) be-
fore the reaction. Itwas also discovered that leaching oc-
curred to a lower extent in subsequent reactions after
the first use of the precatalyst. As in other systems, polar
solvents enhanced leaching. The authors ascribed the
activity to 14-electron Pd(PPh3)2 complexes attached
to the solid support.
Portnoy andDahan studied dendrimers with terminal

triphenylphosphinemoieties, as well asWang resin-sup-
ported phosphines (e.g., 72 in Scheme 17) that were
loaded with palladium and used in the Heck reaction
of bromobenzene and olefins.[427] In some cases, the ho-
mocoupling product was observed, which may be inter-
preted as a sign of the presence of solid Pd species. In-
deed, the authors observed formation of Pdblack during
the reaction. Improved catalytic performance was seen

using higher generation dendrimers and a number of hy-
potheses was proposed to account for the observed ef-
fects. Astruc et al. also studied dendrimer-immobilized
Pd(OAc)2, although they worked with bidentate diaryl-
(alkyl)phosphines.[76] Dendrimers from G1 to G3 were
used, with a slightly negative dendritic effect being ob-
served. In some cases the dendrimer precatalyst could
be recycled several times before decreased reactivities
were noted.
Ikegami et al. functionalized an amphiphilic, non-

cross-linked polymer with triarylphosphine ligands
and immobilized Pd(II) on it. The insoluble polymer
was effectively used as a precatalyst in theHeck reaction
of iodoarenes and olefins,[428,429] even at loadings as low
as 1 ppm. The precatalyst was reportedly recycled 5
times, with little change in activity. A similar precatalyst
was also used in aqueous-phase Suzuki couplings of
iodo- and bromoarenes and arylboronic acids. With
only 5�10�5 mol equivalents of palladium, the polymer
could be recycled 10 times with essentially no change in
yield.[430] In a more detailed study,[431] it was shown that
the polymer-supported precatalyst was active in organic
media, that turnover numbers as high as 1.25 million
could be achieved, that the filtrate from a reaction did
not promote additional conversion of the reactants,

Scheme 16. The immobilizaion of Pd(0) PPh3 complexes on a
unique cyclophosphazene-containing polymer.

Scheme 17. Pd(0) species immobilized on dendrimer or Wang
resin supports to give precatalyst 72.
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and that most Pd species were ligated by two dialkyl-
arylphosphines in the precatalyst.
Plenio developed a soluble polymer-immobilized tri-

arylphosphine-Pd(II) material and demonstrated its
use in Heck, Sonogashira and Suzuki couplings in con-
junction with a nanofiltration membrane for catalyst se-
questration.[432] The phosphine-functionalized polymer
(e.g., 73 in Scheme 18) was prepared and palladium spe-
cies were immobilized in situ before use in a coupling re-
action. The activity of the catalyst was found to be inde-
pendent of the molecular weight of the polymer. The
precatalysts were fairly stable over long-term use, with
TOFs slowly decreasing over several cycles in the Sono-
gashira reaction and remaining relatively stable in the
Suzuki coupling. Stability in the Heck reaction was lim-
ited by fouling of the nanofiltration membrane by the
solvents used. The authors were unable to detect any
leached Pd using multiple analytical techniques and
thus concluded that the membrane retained 99.95% of
the polymeric catalyst. Poly(ethylene glycol)-immobi-
lized phosphines were also used as supports for Pd(II)
species in the biphasic Suzuki coupling of aryl bromides
and chlorides with arylboronic acids.[433] The authors
found that the activity of the catalysts depended on
the P :Pd ratio, with a maximum near 3.5 :1 rather than
2 :1 or 1 :1 as is commonly found in many homogeneous
systems. The precatalysts could be effectively recycled
for 5 ormore cycles formost substrates, withTOFsdrop-
pingmarginally in each run. Analysis of the non-catalyt-
ic phase in these biphasic experiments (heptane phase)
by spectrophotometric analysis led to the conclusion
that most of the palladium, 99.95% or more, was kept
within the polar phase. It is not clear whether this anal-
ysis was specific to the Pd-phosphine complex, or
whether it would also detect naked Pd species or Pd
nanoparticles. Although the recycling ability and analy-
sis of the non-polar phase shows the ability of the reac-
tion system to sequesterPd, it does not give any informa-
tion on the state of the active Pd species. The authors
also reported poly(methylstyrene)-supported palladi-
um-alkyl(diaryl)phosphines in Suzuki and Sonogashira
couplings.[434] The solids could be effectively reused in
both cases, although there was a slight drop in TOFs
upon recycle in Suzuki couplings of 4-bromoacetophe-
none and phenylboronic acid. Plenio also reported po-
lar-phase tagged phosphine ligands for biphasic Sonoga-
shira couplings.[65,66]

Immobilized Pd(II)-phosphine complexes on poly-
meric supports have also been utilized in other coupling
reactions such as aminations[416] and Sonogashira cou-
plings.[435] Astruc et al. prepared bis(t-butylphosphine)-
and bis(cyclohexylphosphine)-functionalized Pd(II)
complexes on dendritic supports and compared them
to the monomeric complexes in the Sonogashira cou-
pling of aryl halides and alkynes.[435] Thedendritic preca-
talysts were recovered by precipitation and reused sev-
eral times, being stable until the fifth recycle, where

the activity dropped considerably. The activity drop
was associated with decomposition of the ligand, rather
than being due to Pd leaching.
Kobayashi et al. have published several examples of

polymer-encapsulated palladium moieties for use in
coupling chemistries (vide infra). In most cases, the re-
sulting supported palladium was ligand-free [ignoring
possible electron donation from the poly(styrene) to
the metal]. However, in their earliest work in this
area,[436] they found that encapsulation of Pd(PPh3)4 re-
sulted in recovery of 3 equivalents of phosphine, and
thus they described their materials as polymer-loaded
PdPh3 species, with the rest of the palladium coordina-
tion shell filled by interactions with the polymer, giving
a hypothetical 18 e complex. Applying the precatalyst
first in allylation reactions, they found that it displayed
noactivity unless an external phosphinewas added. Sub-
sequently, they reported effective catalysis of the Suzuki
coupling of aryl bromides with aryboronic acids in the
presence of external phosphine. It was discovered that
the nature of the external phosphine affected the prog-
ress of the reaction. One noteworthy item about this
work is the extremely high precatalyst and ligand load-
ings used, 20 mole percent. It was assumed that the ex-
ternal phosphine displaced the interaction of the Pd(0)
species with the polymer, creating a 14 or 16 e complex
from the 18 e complex that was originally proposed. No
discussion was given about catalyst leaching or Pd black
formation, although the authors stated that the catalyst
can be recovered “quantitatively”. When using 20 mole
percent precatalyst, it may be doubtful whether it would
be noticed if small amounts of Pd leached from the pol-
ymer.
Bradley and co-workers reported the impregnation of

polymer resin plugs composed of HDPE andMerrifield

Scheme 18. Preparation of a dialkylarylphosphonium salt
polymer. Upon addition of palladium metal under basic con-
ditions, a phosphine-ligated palladium complex is formed in
situ.
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resin that were derivatized with triarylphosphine
groups, covalently.[437] The polymer was loaded with
Pd(PPh3)4 to give a black solid that was used in Suzuki
couplings. The state of the Pd in the reaction (nanopar-
ticles vs.molecular) was unclear.
Monteiro dosed poly(ethylene oxide) with palladium

complexes and utilized it in two-phase Suzuki cou-
plings.[438] The polar catalyst-containing phase was
reused several times, with the claims of no loss of activ-
ity. Reactions were run for 24 hours and yields were
measured, which certainly is long enough for most reac-
tions to go to completion even with significant deactiva-
tion, thus the claim of no loss in activity is questionable.
Leaching from the polar polymer phase was 5% in the
first run and about 2% in the recycled runs.
Parlow used an anthracene-tagged palladium com-

plex (e.g., 74 in Scheme 19) with polymer-bound base
in Suzuki couplings.[439] Following reaction, the palladi-
um species still attached to anthracene-containing li-
gandswere removed from solution via aDiels–Alder re-
action between the ligand and maleimide resin. Assum-
ing no palladium was free of the anthracene-containing
phosphine ligand, complete recovery of palladium can
in principle be achieved. Residual palladium in the
product was measured to be less than 1 ppm.

4.3.1.2 Non-Phosphorus and Mixed Ligand Systems
Liu and co-workers studied polymer- and silica-support-
ed thiol, SO and SN (e.g., 75, 76 in Scheme 20) ligands
loaded with Pd(II) in the Heck reaction of iodobenzene
and olefins.[440] Like the control material, polymer-sup-
ported Pd(II) ligated by triarylphosphines, the silica-
supported thiol precatalyst lost palladium to solution,
although to a much lesser extent (9% vs. 90%). After re-
action, the state of the Pd was not observed to have
changed from Pd(II) in the S-containing catalysts, al-
though the sulfur was oxidized, based on XPS analysis.
The oxidation was assigned to interactions with iodine,
rather than exposure to air. Catalytic activity was
thought to be associated with a supported Pd(0) com-
plex. Later, Liu and Wang studied polymers containing
potentially bidentate hydroxyl-thiol ligands as supports
for palladium species inHeck coupling reactions.[441] The
low molecular weight polymers were metalated with
Pd(OAc)2 and then a silica support was added to adsorb
the polymeric precatalyst, giving a higher surface area
material than just a neat polymer. Binding of the thiols
with the palladium was verified by XPS and UV-vis
spectroscopic analysis. Ideal S :Pd ratios were deter-
mined to be between 3 and 6, with deviations outside
this range leading to lower catalytic productivities. In-
duction periods associated with reduction of Pd(II) to
Pd(0) were noted initially, whereas the recycled solids
lacked these delays. Loss of palladium into the homoge-
neous solution was shown only to occur appreciably in
the presence of both the reactants and the base. The au-
thors proposed a mechanism of leaching involving oxi-
dative addition of the aryl halide to the supported
Pd(0) species followed by leaching of the resulting
Pd(II) specieswith the actionof thebase.The authors in-
dicated that the Pd(II) could be readsorbed if fresh, Pd-
free polymer were added to the system, indicating that
poor readsorption of the leached palladium under reac-
tion conditions was likely a consequence of loss of thiols
during the reaction due to oxidation.
Phenanthroline-modified polymers were loaded with

Pd(II), reduced, and used as precatalysts for Heck cou-
plings by Zhang et al.[442–445] The reduced catalysts were
found to contain Pd(0) particles of about 5 nm in size by
microscopy. The authors found that leaching of the pal-
ladium from the support was a problemwhen using trib-
utylamine as a base in DMF/water, however, substitu-
tion ofNaOAc as the base gave amore stable system, al-
though the possibility of the presence of leached, active
species was not evaluated. Using the inorganic base, the
solid could be recovered and reused in multiple reac-
tions (up to 10) with moderately decreasing yields in
each reuse. The authors found that both aryl iodides
and bromides (such as bromobenzene) could be activat-
ed by the catalytic system.
Zhang et al. immobilized Pd(OAc)2 on a commercial

thiourea-containing resin, Deloxan THP, and utilized
thepolymer-supportedpalladium in theSuzuki coupling

Scheme 19. Removal of an anthracene-tagged Pd(II) com-
plex via Diels–Alder immobilization to a resin support to
give the recoverable palladium-containing material 74.
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of aryl iodides and bromides with arylboronic acids.[446]

The solid catalyst converted a variety of substrates
with good yield and could be recycled up to three times
before rates started to noticeably decrease. Residual
palladium found in crude product was low, about
3 ppm or less. The authors did not evaluate whether
the catalyst was truly heterogeneous or whether the
leached species promoted the reaction.
Bergbreiter and co-workers introduced several novel,

thermomorphic polymers (e.g., 77 in Scheme 21) for use
as catalysts supports in the Heck reaction in 1999.[268] To
these supports, they immobilized Pd(II) complexes of

SCS palladacycle pincer ligands. These polymer-sup-
ported complexes were shown to be stable at high tem-
peratures and in the presence of oxygen. Under high-
temperature Heck conditions, these Pd-polymers effec-
tively promoted the coupling of iodoarenes and olefins.
Polymers based on SCS ligandswith an ether linkage be-
tween the aromatic ring and the polymer linker (78, Fig-
ure 12) were shown to form palladium black during the
reaction, a tell-tale sign of catalyst decomposition, mak-
ing catalysis by leachedPd possible.[267] However, the re-
lated complexes with SCS ligands linked via an amide
group (e.g., 77) appeared to be more stable and catalyst
decomposition was not detected. The seemingly stable
precatalysts could be recovered (nearly quantitatively)
and recycledmultiple times, with no decrease in rate ob-
served.[268] A variety of polymers was used as supports,
proving the methodology to be very versatile.[447–449]

Other authors, building from this work, also developed
polymer supports for SCS pincer complexes and utilized
them in the Heck reaction.[450] Subsequently, in 2005,
Bergbreiter and co-workers[252] and Jones and
Weck[249,250] independently showed that supported SCS
Pd(II) pincer complexes are simply sources of active,
soluble palladium.Via a combination of kinetic and poi-
soning studies, filtration tests and three phase tests, it
was conclusively shown that therewas no activity associ-
ated with supported SCS pincer complexes and that all
activity was due to leached homogeneous species.[249,250]

Thus, the dendrimer-ligated SCS pincers of Portnoy are
almost certainly soluble Pd sources as well.[451] Later
studies of PCP systems[270] demonstrated that these be-
have in the same way (vide infra).
Nowotny et al. studied poly(styrene)-bound imine-

based NC palladacycle complexes (e.g., 79 in
Scheme 22) in the Heck reaction of iodobenzene and
styrene.[219] Prior to use, the corresponding homogene-
ous analogues were also prepared and, in both systems,
it was confirmed that ligated Pd(II) complexes were

Scheme 21. Pd(II) SCS pincer complexes immobilized on a thermomorphic polymer to give precatalyst 77.

Scheme 20. Polymer- and silica-supported SO and SN ligands
loaded with Pd(II) to give precatalysts 76 and 75, respectively.
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formed. All precatalysts displayed an induction period
and it was shown that large amounts of soluble, active
palladiumspecieswereproduced.Athigh temperatures,
the solids were not recyclable at all, whereas at lower
temperatures the solid maintained enough palladium
precatalyst on the surface to be used a second time.
The authors surmised that the soluble species were
formed via loss of ligand, and that finely divided, soluble
palladium nanoparticles were the true catalysts.
Luo studied PC palladacycles immobilized on poly-

(styrene) inHeck, Suzuki and Sonogashira reactions.[452]

The solid was reported as a recyclable catalyst, with

good yields obtained in 7 consecutive cycles in Heck
and Suzuki reactions in diethyl ether. In other reac-
tion/solvent combinations, a significant loss of activity
was observed. Of course, in light of the discussion pre-
sented above, it is likely that the polymer was simply a
source for soluble, leached Pd(0).
Buchmeiser and co-workers studied two classes of

metal complexes immobilized on polymeric (prepared
viaROMP) and other supports, complexes based on di-
pyridyl ligands and 3,4,5,6-tetrahydropyrimidin-2-yli-
dene ligands, in the Heck and Suzuki reaction[131] (e.g.,
80 in Scheme 23). In the earliest work, they studied pol-
ymer-bound and homogeneous dichloropalladium-di-
(pyrid-2-yl)amide complexes (e.g., 80) in the Heck cou-
pling of iodo-, bromo- and chloroarenes. The catalysts
effectively converted the iodo and bromo compounds
and even were able to react chloro compounds in the
presence of tetrabutylammonium bromide. In most cas-
es, only very small amounts of Pd were needed to pro-
mote the reactions. Couplings carried out with the ho-
mogeneous complexes led to minor, but detectable
amounts of Pd metal formation. In contrast, this was
not detectedwith the supported precatalysts, and the au-
thors surmised that the support was able to retain active
Pd(0) species as ligated, molecular species or as adsor-
bed nanoparticles. The authors gave an interesting and
plausible hypothesis for why this might occur – they not-
ed that the supported catalysts have only ~35%of the li-
gands metalated, and thus there are many ligands avail-
able to readsorb the free Pd should it leach from one of
the metalated ligands. In contrast, such a situation does
not exist for the homogeneous catalysts. Reproducible
kinetics upon recycle of the precatalyst and increased
rates without the formation of Pd black upon pre-reduc-

Scheme 22. Poly(styrene)-immobilized NC imine palladacy-
cle 79.

Scheme 23. Pd(II) ligated by polymer-supported dipyridyl ligands 81 or by 3,4,5,6-tetrahydropyrimidin-2-ylidene ligands 82.

Figure 12. PEG linked to an SCS Pd(II) pincer complex via
an ether linkage.
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ing the supported Pd(II) species were also signs that a
stable, truly heterogeneous catalyst might be in hand.
These initial studies were followed with studies of the

Sonogashira coupling and amination reactions,[130] as
well as systems based on flow reactors. In the flow stud-
ies, the catalysts were found to be fairly stable with less
than 2.5%of the Pd lost from the solid over the course of
the experiments.[129] The authors followed up the initial
work by evaluating related, but slightly different sys-
tems (e.g., 81, Figure 13) based on substituted dipyrid-
yl-type ligands.[128] The authors found that these substi-
tuted ligands had relatively large dissociation constants,
and as a result they hypothesized that leachedPd species
were potentially important in coupling reactions pro-
moted by these immobilized complexes. Despite this,
levels of leaching were limited (unless a redeposition
process was at play[351]), as elemental analysis of the sup-
ported catalysts before and after reaction showed less
than 10% loss of palladium. Reuse of the support
showed that it had lower activity, unlike the previous
study, yet the filtrate showed no activity, showing that
any soluble Pd had become inactive during or after the
reaction.
Studies of supported 3,4,5,6-tetrahydropyrimidin-2-

ylidene-based ligands (e.g., 82a, 82b, Figure 13) in the
Heck reaction of acrylates and styrene were also con-
ducted using various aryl iodides and bromides.[132] Ava-
riety of precatalysts was prepared using the same com-
plex on different supports and it was observed that cat-
alytic properties varied widely. The precatalysts deacti-
vated after a single use by about 30% and leaching of
Pd into the solution phase occurred. However, the au-
thors assigned most of the reactivity to sites on the sup-
ports. A more detailed study was reported later, where
the authors showed that supported precatalysts of this
type were able to convert both chlorides and bromides

in the Heck reaction with high TONs.[133] In some cases
Pd black was observed during reaction, indicating de-
composition of the catalyst, whereas in others, the au-
thors found that the catalysts appeared to be highly sta-
ble.When filtration tests were conducted, the activity of
the solution phase was found to be low but not zero. Ad-
dition of Hg(0) to a reaction did not shut down catalytic
activity, even when traces of catalyst were used
(0.001 mol %), although the authors do not comment
on whether there were reduced rates under these condi-
tions. Recharging the reactor with fresh reactants after
the first reaction led to rapid conversion of the substrate,
with rates comparable to or slightly lower than the first
use.
Herrmann et al. studied the use of bidentate N-heter-

ocyclic carbine-Pd(II) complexes immobilized onWang
resins via ether linkages (e.g., 83 in Scheme 24) in the
Heck reaction of aryl bromides.[285] Complexes of this
type appeared to be good candidates for immobilization
due to the strength of the C�Pd bond, as the carbenes
can bind both Pd(II) and Pd(0) as strong or stronger
thanmost phosphines. The loading of Pd sites on the pol-
ymer was substantially less than the calculated number
of total binding sites (~6–7% of the total), indicating
that only some of the reactive bromo groups in the poly-
mer were accessible. The Pd-loaded polymer contained
residual hydroxy groups as well, indicating that some or
all of the complexes were bound to the polymer at one
point, rather than off of both ends of the bidentate phos-
phine. Reactions of aryl bromides with styrene or n-bu-
tyl acrylate proceeded with very low Pd loadings (0.02–
0.15 mol%) and the reaction selectivity and yield were
not different than when using the corresponding homo-
geneous analogues. However, the TOFs for the support-
ed catalysts were about one order of magnitude lower.
Whereas addition of TBAB allowed the homogeneous

Figure 13. Polymers containing substituted the dipyridyl-type ligand 81, and 3,4,5,6-tetrahydropyrimidin-2-ylidene-based li-
gands 82 loaded with palladium.
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complexes to convert some aryl chlorides, the additive
did not affect the reactivity of the supported catalyst,
which was inert to aryl chlorides. The precatalyst was re-
cyclable, with the authors claiming reuse 15 times with-
out detectable loss of activity in some cases. The poly-
merwas shown to leach Pd into solution, with the largest
loss occurring in the first use of the system (losing 60%
of the Pd in some cases). The authors ascribed the catal-
ysis to immobilized sites based on a filtration test.
Leaching in subsequent uses after the primary use was
found to bemuch lower, with loses of only 7% of the re-
maining Pd after three additional runs.
Other authors have also reported NHC-containing

supported catalysts. Lee andByun reported theprepara-
tion of poly(styrene)-immobilized NHC ligands follow-
ing a simple, one-step procedure.[453] Relatively low
NHC loadings were obtained, but the metalated poly-
mer proved tobea goodprecatalyst for Suzuki couplings
using iodo- and bromoarenes. No discussion about the
nature of the catalyst, catalyst recovery, or stability
was presented.Weberskirch et al. prepared amphiphilic,
water-soluble diblock copolymers, with pendant N-het-
erocyclic carbene-Pd(II) complexes in the hydrophobic
block (e.g., 84 in Scheme 25). Akin to the work ofUozu-
mi,[418,419] they used the amphiphilic precatalysts in a mi-
cellar Heck reaction to effect the reaction of iodoben-
zene and styrene.[454] The precatalysts composed of
Pd(II) species chelated by bidentate N-heterocyclic car-
bene ligands displayed an induction period, presumably
due to reduction of Pd(II) to Pd(0), and then the reac-
tions proceeded smoothly with a TOF of 150–570 h�1.
The authors determined that a minimum spacer of six
methylene units was needed between the polymer back-
bone and the metal complex to give good activities. Pre-
catalysts were recyclable and reusable, although rates
were reduced in subsequent cycles. The authors ascribed
this to micelle restructuring effects rather than to cata-

lyst deactivation or leaching. The authors suggested
that future studies would focus on the nature of the
true catalyst – immobilized vs. leached Pd.
Portnoy and Mansour screened a variety of polymer-

supported, bidentate NP or PP ligands for activity in
the Heck reaction of bromobenzene and methyl acryl-
ate.[455] Solid Pd black formed during the reactions
with the polymer-supported complexes. However, the
authors argued that theHeck activity observedwas like-
ly associated with the supported complexes, as “naked”
Pd was thought to be inactive for conversions of less re-
active aryl halides like bromobenzene and chloroarenes.
Of course, this supposition has since been proven to be
untrue in the general sense, although the reactivity in
the system they studied could still be associated with
the supported complexes.
Toy, Chiu and coworkers studied poly(styrene) sup-

ports (both soluble and insoluble) functionalized with
triarylarsine groups.[456] The polymers were added to
the reaction with external Pd(II) salt and used (As :Pd
ratio was 2 : 1) in the Suzuki coupling of aryl iodides.
The insoluble polymer was found to react sluggishly, al-
though good results were observedwith the soluble sup-
port.Undermost conditions, significant palladiumblack
was observed, although its formation could be mini-
mized by adjusting the reaction temperature. The preca-
talyst was recovered and reused, with the authors hy-
pothesizing that polymer-encapsulation of the Pd(0)
species akin to KobayashiOs work[436] made this possible.
The nature of the active species in this workwas unclear.
Styring et al. studied the Suzuki coupling of 4-bro-

moanisole with phenylboronic acid using a Merrifield
resin-supported tetradentate ONNO-Pd(II) complex
(e.g., 85 in Scheme 26).[457] Interestingly, the supported
precatalyst was demonstrated to be significantly more
useful than the corresponding homogeneous analogue,
suggesting that the support may serve to stabilize the

Scheme 24. Preparation of bidentate NHC Pd(II) complexes 83 immobilized on Wang resin.
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Pd species. Nonetheless, it is clear that some restructur-
ing of the Pd likely occurred under the reaction condi-
tions, as the ligand likely must depart from its tetraden-
tate structure or the Pd must leach for the reaction to
proceed by the common Pd(0)–Pd(II) cycle. Nonethe-
less, the polymers were reported to be recyclable cata-
lysts, as a filtration test indicated that the filtrate did
not promote the coupling. Additionally, the precatalyst
could be recovered and reused, although the rate drop-
ped with each recycle. Less than 1% of the Pd that was
added to the reaction was lost, indicating low leaching
levels based on ICP-MS analysis of the crude reaction

media after evaporation to dryness. The authors studied
a similar complex immobilized on aMerrifield resin and
on a silica support in the Heck reaction of 4-bromoani-
sole and styrene.[458] They found that the reaction did
not proceed except at very high temperatures (140 8C)
and that these high temperatures degraded the resin (al-
though potentially leaving the active species intact).
Both the silica- and resin-supported materials were ef-
fectively reused in multiple cycles, with the conversions
and TOFs slowly dropping with each cycle. Filtration
tests were used to characterize the materials as hetero-
geneous, with the solid-free solution giving almost no

Scheme 25. Synthesis of supported precatalyst 84, Pd(II) species ligated by bidentate NHC ligands attached to the hydrophobic
block of amphiphilic diblock copolymers.

Scheme 26. Immobilization of the Pd(II)-loaded tetradentate ONNO ligand on a polymer resin to create precatalyst 85.
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conversion of substrate. The authors indicated that 1%
of the Pd or less was lost in each run, although they high-
lighted the importance of solvent washing before use as
a critical step to remove any physisorbed material. The
authors also reported similar supported ligands contain-
ing nickel for other coupling reactions as well.[458,459]

Caporusso, Biffis and co-workers recently reported
several different copolymers containing tertiary amino,
cyano, carboxyl or pyridyl groups (e.g., 86–90 in Fig-
ure 14) loaded with Pd as precatalysts in Heck reactions
in NMP solvent.[460] The Pd-loaded polymers were re-
duced to generate supported Pd(0) nanoparticles before
use in Heck reactions. The authors found that the activ-
ity and stability to leaching of the various precatalysts
depended on the method of Pd loading and the nature
of the polymeric ligands. In all cases, some contribution
to catalysis was associated with leached palladium spe-
cies, although for one material that contained tertiary
amine groups, a series of careful experiments gave sig-
nificant evidence for catalysis by truly heterogeneous
Pd species.
Cui and Zheng reported use of poly(vinyl chloride)-

poly(ethylene)-poly(amine)-supported Pd(0) nanopar-
ticles as precatalysts in the Heck coupling of acrylic
acid with aryl iodides.[461] The solids were recovered
and reused and were claimed to be quite stable. None-
theless, reaction yields decreased in subsequent reac-
tions andpossible palladium leachingwas not investigat-
ed.

Moreno-Manas reported an interesting ligand for the
stabilization of Pd(0) complexes in Heck and Suzuki re-
actions – a cyclic triolefin ligand (e.g., 91 in Scheme 27).
Pd(0) complexes in solution as well as immobilized onto
a poly(styrene) resin (92) were evaluated in the Suzuki
coupling of aryl bromides with arylboronic acids.[462] Us-
ing the homogeneous complex, the authors reported
that they could “quantitatively” recover the metal li-
gand complex via column chromatography. The poly-
mer-supported catalyst also could be recovered almost
quantitatively after use in five consecutive runs, starting
with 8.1 mg of catalyst and recovering 7.9 mg. Interest-
ingly, the yield increased after run 1, stabilized and
then dropped slightly, perhaps a sign that the polymer
was a precatalyst and not a true catalyst. No characteri-
zation was done to check for active, leached Pd species
in solution. Structural characterization of the metal-li-
gand complex indicated that not all Pd-olefin bonds
were the same, and that the complex should be best rep-
resented as aPdL2L’ complex.Theauthors hypothesized
that the atypical Pd-olefin decoordinates to free up a
binding site for the reactants. In a follow-up study in-
volving RoglansO group in collaboration with the origi-
nal authors, the homogeneous complexes were altered
to contain ferrocenyl groups at the periphery, and the
catalysts were evaluated in both Heck and Suzuki cou-
pling reactions of iodoarenes.[463] The reactions were ef-
fectively catalyzed, but only 95% and 55% of the metal
ligand complex were recovered after reaction in the Su-
zuki and Heck couplings, respectively. In the case of the

Figure 14. Copolymers containing tertiary amino, cyano, carboxyl or pyridyl groups 86–90.
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Heck reaction, the other 45% of the ligand was recov-
ered without the Pd metal, indicating that leaching
from the complex had occurred and that possibly home-
opathic Pd was the active catalyst. In a related study, the
authors used a similar homogeneous complex in the
Heck reaction, substituting arenediazonium salts for
aryl halides.[464] In this case, they were able to observe
evidence via mass spectrometry for the oxidative addi-
tion product of the arene to the Pd atomwithin themac-
rocyclic complex. After reaction, the catalyst was recov-
ered in 97% yield via silica chromatography. The au-
thors also immobilized the macrocyclic olefin complex
on a carbon electrode as a means of heterogenizing
the system.[465] They studied this new system in the Suzu-
ki coupling of aryl bromides and iodides with arenebor-
onic acids. At low temperatures, they found that the re-
actionwas effectively deactivated after one use.Howev-
er, increasing the reaction temperature and regenerat-
ing the system with a cleaning and soaking step led to
better recyclability when using aryl bromides as sub-
strates. When iodoarenes were used, the catalyst was al-
most fully deactivated after two uses. Elemental analysis
of the liquid phase showed that 5% of the Pd had leach-
ed from the solid, although the authors concluded that
these species were not responsible for the activity based
on their monitoring of the filtrate after the solid was re-
movedmidway through the reaction. For the reader, it is
difficult to judge based on the data presented whether
there was truly no reaction from the soluble species. In
the most recent study,[466] the authors immobilized the
macrocyclic Pd complexes at the ends of a central tri-

azine core and studied their use in the Suzuki cross-cou-
pling of iodobenzenes and areneboronic acids. They ob-
served that quantitative recovery of the precatalyst was
possible in all reactions and they claimed that no decom-
plexation of the palladium complex took place. In the
Heck reaction, precatalyst recovery was lower, but still
as high 95%. Characterization to probe reactivity asso-
ciated with leached, active Pd was not carried out in
any study.
Wu, Song and co-workers immobilized imidazolinyl

ligands onto poly(acrylonitrile) fibers via a single-step
functionalization and loaded the resulting materials
with PdCl2.

[467] The precatalysts were applied in the
Heck coupling of iodobenzene with olefins such as ethyl
acrylate. The authors claimed that the precatalysts could
be recycled up to 20 times without degrading selectivity,
although no discussion of the activity upon recycle was
presented.
Screttas and co-workers immobilized Pd(II) species

on iminophosphine-containing dendrimers and studied
their use in the Heck reaction of aryl bromides.[468] The
authors found a strong influence of the L:M ratio,
with higher numbers leading to inactive catalysts. The
authors hypothesized that this was due to strong inter-
arm interactions within the dendrimer. Under the reac-
tion conditions, they observed extensive formation ofPd
black. Also, the precatalysts were not recoverable or re-
cyclable.
Mapolie studied iminopyridine-ligated Pd(II) on poly-

(propyleneimine) dendrimers (e.g., 93 and 94 in Fig-
ure 15) in theHeck coupling of iodobenzene with meth-

Scheme 27. Cyclic triolefin ligand 91 immobilized onto a polymeric support followed by metalation to create precatalyst 92.
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yl acrylate, styrene and 1-octene.[469] The metalloden-
drimerwas found to give higher reaction rates compared
to the homogeneous ligand and PdCl2. Palladium black
formation was observed with both non-dendrimer pre-
catalysts, although it was not observedwith the dendritic
system. Therewere no studies performed aimed at reuse
of the precatalyst or probing whether leached Pd might
promote the reaction.
Macquarrie and co-workers immobilized an imino-

pyridine ligand on the sugar-based polymer chitosan
(Scheme 28), metalated it with Pd(OAc)2, and evaluat-
ed the supported material in the Suzuki and Heck reac-
tions of bromobenzene or iodobenzene.[470] Immobiliza-
tion of the palladium resulted in a solid with 18% of the
ligands coordinating palladium. The catalyst was condi-
tioned by prolonged reflux in ethanol, toluene and ace-
tonitrile to remove any physisorbed, leachable Pd[471].
Catalyst reusewithout awashing and regeneration proc-
ess proved problematic, although it could be effectively
recycled five times if it was washed with aqueous meth-
anol, pure methanol and then dried. The homogeneous
analogue was tested in the Suzuki reaction, giving in-
creased initial rates but decreased long-term stability.
It was proposed that the supported catalyst stopped de-
activation by impeding solution-phase clustering. Reac-
tions that proceeded for a long time were characterized
by a simultaneous deboronation of the phenylboronic
acid occurring alongside the coupling reaction. It should
be noted that both the side-reaction rates and overall

rates decreased substantially upon lowering the reaction
temperature, perhaps a sign that some catalyst restruc-
turing took place at higher temperatures. Later, Mac-
quarrie, Clark and co-workers studied silane-functional-
ized starch as a support for Pd in various coupling reac-
tions.[472] The support was of relatively low surface area,
but decent Pd loadings were still obtained, with much of
the Pd in the form of Pd(0) nanoparticles that formed
during the immobilization process. Using the condition-
ing process they reported previously (vide supra) to in-
sure removal of physisorbed Pd, solid precatalysts
were obtained that displayed excellent properties. In
particular, hot filtration tests showed no indication of
leached active species and ICP analysis of the liquid
phase also showed no palladium leaching. This was the
case for Heck, Suzuki and Sonogashira reactions. It
should be noted that very high reaction temperatures
were used in most cases, conditions where normally
some palladium restructuring and leaching would be ex-
pected. Perhaps the nature of the catalyst support, with
many potentially ligating hydroxy groups, helps to pre-
vent palladium loss to some degree.
Although not of the same type as the catalysts descri-

bed above, Kirschning and co-workers also reported the
use of polymer-supported Pd(II) complexes in Suzuki
couplings.[473] In their work, the authors prepared intra-
molecular, bidentate iminopyridine ligands to create a
polymeric material composed of ligated Pd(II) units
(e.g., 96 in Scheme 29). The solid was successfully used
in a “tea-bag” approach for Suzuki couplings, including
14 consecutive successful recycles, achieving a modest
TON of 2100. The nature of the active species was not
clear, although the authors could not rule out catalysis
associated with soluble, naked Pd(0) species.[184]

A huge variety of polymer-ligated metal ligand com-
plexes has been reported forHeck and Suzuki couplings.
In essentially all cases, some leaching of palladium was

Figure 15. Iminopyridine ligated Pd(II) on poly(propylene-
imine) dendrimers 93 and 94.

Scheme 28. Immobilization of an iminopyridine ligand on the
natural polymer chitosan followed by metalation with Pd(II)
to create precatalyst 95.
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notedwhen the potential for leachingwas considered. In
most cases, some supported palladium could be recov-
ered after reaction and often used subsequently in an-
other reaction. Only in rare cases was strong evidence
for the presence of truly supported, active palladium
species reported. In nearly all cases it is possible that
some fraction of the observed activity was associated
with soluble, leached species. Nonetheless, the potential
for leaching-free, highly active supported metal-ligand
complexes exists if supports can be designed that retain
both Pd(0) and Pd(II). As an alternative, supported sys-
tems that slowly release trace amounts of active palladi-
um to solution may also be useful, especially if the rede-
position of the leached palladium is possible, as is ob-
served with many traditional oxide and carbon-support-
ed Pd(0) metal particle systems.

4.3.2 Oxide-Supported Metal-Ligand Complexes

In addition to polymer-supported ligands, amyriadof in-
organic solid supported ligands has been used to com-
plex palladium salts in an effort to generate recoverable,
recyclable precatalysts. In the 1990s, a variety of short
reports of ligand-functionalized oxides loaded with pal-
ladium salts in catalytic coupling reactions appeared.
Zhang and co-workers immobilized Pd(II) species on
various amine-containing silica materials and reduced
them to form Pd(0) before using them in the Heck cou-
pling of aryl halides and olefins.[474] The ligands attached
to silica included poly(benzimidazole), N-methylani-
line, and 2- and 3-methylpyridines. Whereas polymer-
supported phenanthroline-Pd(0) catalysts were capable
of converting bromobenzene,[442] these silica-supported
precatalysts were essentially inert to this reactant. How-
ever, iodoarenes were converted. In some cases, Pd
leaching was evident and recycle and reuse of the solid
precatalysts was problematic, whereas others were
reused, in some cases up to 10 times. As with the work
on polymeric supports,[442–444] the state of Pd [other
than that some Pd(0) was present] was unclear in these
solids. Cai et al. have studied Pd(0) and Pd(II) species
supported on functionalized silicas as precatalysts in
coupling reactions for a number of years. Examples of
supported ligands used include thiols,[475–477] thioeth-
ers,[478,479] diaryl(alkyl)phosphines,[480,481] diaryl(alkyl)ar-
sines,[482–487] bidentate diaryl(alkyl)arsines,[488,489] g-

methylselenopropyl groups[490,491] and others.[492–496] In
many cases, the precatalysts were recoverable and reus-
able, although often palladium leaching was encoun-
tered. In most cases, the nature of the true catalytic spe-
cies was unclear. Zhou et al. immobilized PdCl2 on pri-
mary, secondary and tertiary amine-functionalized silica
materials and reduced them using KBH4.

[497] The solids
were used in the Heck reaction of iodobenzene and ole-
fins. Significant leaching was found to have occurred
over several cycles with the Pd content of the solids
changing from 2.52 to 1.57 to 1.4% after the first three
cycles. No discussion about the nature of the catalytic
species was presented. Varma et al. reported clay-inter-
calated Pd(II) complexes in Heck and Suzuki couplings,
including recycle of the precatalyst.[498–500]

Kiviaho and co-workers studied PdX2(PPh3)2 com-
plexes loaded on functionalized silica materials as pre-
catalysts in theHeck reaction of iodobenzene andmeth-
yl acrylate.[501] Silica materials were functionalized with
poly(alumazane), poly(titanazane), or poly(stanazane),
leaving primary amine ligands on the surface for binding
to the palladium. The precatalysts could be recycled and
behaved better in the second use, compared to the first,
with regard to selectivity to Heck products vs. iodoben-
zene decomposition to form benzene. In the first run, a
small fraction of the palladiumwas leached from the sol-
id. Some precatalysts displayed induction times, al-
though they all behaved similarly after a few hours of re-
action. It was reported that the solids did not lose any ac-
tivity after recovery via filtration, washing and drying.
XPS was used to corroborate the chemical bonds be-
tween palladium and nitrogen. During reaction, the au-
thors postulated that the two phosphine ligands were
lost from the reduced Pd(0) species, but that the Pd(0)
remained bound to the surface amines. The authors indi-
cated that breakage of the Pd�Nbonds could also occur,
creating soluble Pd(0)�P(Ph3)2 species, although they
argued that these only play a minor role if they are
formed at all.
Alper et al. prepared poly(amidoamine) dendrimers

with bidentate arylphosphines at the periphery and a
silica surface at the core.[502] The phosphine ligands
were loaded with Pd(II) species and the resulting solid
material was studied in the Heck reaction of bromoben-
zene with styrene. Precatalysts with 0, 1 or 2 generation
dendrimers were effective, whereas rates dropped for
generation 3 and 4 dendrimers. At high temperatures,
the authors noted that palladium black formed, indicat-
ing that the palladium species may be labile under the
reaction conditions. Application of a filtration test after
a reaction and addition of fresh reactants to the filtrate
were used by the authors to rule out homogeneous cat-
alysis, as no further reaction was observed.
Bedford et al. prepared silica-supported NC imine

palladacycles (e.g., 97 and 98 in Scheme 30) and evaluat-
ed their use as precatalysts in the Suzuki coupling of bro-
moarenes and phenylboronic acid.[225] Two different

Scheme 29. Polymeric Pd(II) iminopyridine material 96 with
palladium part of the polymer backbone.
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supported palladacycles were studied, one with an add-
ed PPh3 ligand and one without. Both were shown to de-
compose to form significant soluble catalytic species un-
der the reaction conditions. Reaction brought about a
significant color change in the solid catalyst, going
from pale yellow to a brownish red, consistent with for-
mation of Pd(0) nanoparticles. Unlike NowotnyOs work
on a poly(styrene) support,[219] Bedford et al. showed
that the silica-supported precatalysts could be recycled
at least a few times, although with decreased yields, in
the absence of triphenylphosphine. Thus, the silica sur-
face may serve to stabilize the nanoparticles formed,
acting as a palladium nanoparticle reservoir, allowing
the solid to perhaps operate by a release and capture
mechanism.[350,351] For the phosphine-containing system,
recycle was found to be more problematic, with the au-
thors hypothesizing that this was due to enhanced solub-
lization of palladium via low-coordinated palladium-
phosphine complexes. The authors surmised that cata-
lyst decomposition occurred by reductive elimination
of the ligand after addition of an arylboronic acid to
the palladium.
Alper and Chanthateyanonth studied silica-tethered

PCPpalladacycles in theHeck reaction of iodo- andbro-
moarenes and olefins.[503] Significant palladium loss was
observed after one use (13%), and after three uses, 58%
of the palladium was lost from the solid. Nonetheless,
the solids could be reused in a few runs, albeit with di-
minishing yields. The authors referred to the solid as a

recyclable catalyst with good stability. It is now known
in the light of more recent results on the stability of pin-
cers in coupling reactions that these supported PCP sys-
tems are likely simply precatalysts for active, ligand-free
palladium.
Jones, Weck and co-workers demonstrated that the

tridentate palladacycles (SCS, PCP) (e.g., 99 and 100
in Figure 16), decomposed to form soluble, catalytic
Pd(0) species in the Heck coupling of iodoarenes and
olefins, much like the bidentate palladacycles (NC, PC,
etc.).[249,250,270] Using a battery of tests, including kinetic
studies, poisoning studies, filtration tests, and three
phase tests, they showed that SCS complexes with ether,
amide and urea groups acting as tethers and PCP com-
plexes with the same tethering groups all decomposed.
Furthermore, using an insoluble, polymeric poison that
was selective for soluble catalytic species, the authors
were able to show that there was no activity associated
with both silica and polymer-supported catalysts, and
that all activity came from the solution. Addition of
Hg(0) completely extinguished the activity. The combi-
nation of the Hg(0) results and polymeric-poisoning re-
sults together strongly suggested that catalysis by a
Pd(II)-Pd(IV) cycle using intact Pd pincers was not pos-
sible under the conditions employed. This was the first
studywhere catalysis by such a cycle couldbe rather con-
clusively ruled out.
Clark et al. studied bidentate iminopyridine ligands

(i.e., 102 in Figure 17) grafted onto mesoporous silica
gel as heterogeneous ligands for Pd(II) in theHeck cou-
pling of aryl iodides and olefins.[504] After a single use in
which there was a long induction period, they observed
that the precatalyst could be recycled, with the authors
demonstrating use in five consecutive reactions without
any regeneration. They noted that there was no induc-
tion period after the first use, indicating that somepreca-
talyst restructuring likely took place. The authors pre-
sented data that indicated that Pd leaching may not be
important, as less than 0.1 ppm of Pd was detected in
the final reaction solution. Of course, this does not pre-

Scheme 30. Silica-supported NC imine palladacycles 97 and
98.

Figure 16. Silica-supported tridentate palladacycle complexes
based on SCS 99, and PCP 100 ligands.
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clude a solvation/redeposition process as has been seen
by other authors.[350,351] Hot filtration tests showed that
the solution after the precatalyst had been removed
had only moderate activity, about 1/8 that of the fresh
catalyst. Following up on the original study, the same au-
thors reported the use of the precatalyst (e.g., 102 in Fig-
ure 17) in Suzuki couplings of bromobenzene and phe-
nylboronic acid.[471] In thatwork, the authors claimed ex-
cellent recyclability and “total catalyst stability under
reaction conditions.” The iminopyridine-based solid
precatalyst, after being loaded with Pd(OAc)2, was
used in 10 consecutive reactions after solid recovery by
filtration. In doing so, a TON of several thousand was
achieved, although the yields dropped after every cycle,
with a steep drop after the first 5 cycles. No Pd could be
detected in the liquid reactionmixtures using atomic ab-
sorption spectroscopy and hot filtration tests showed no
activity in the solid-free solution. A variety of aryl bro-
mides was converted, although aryl chlorides were
found to be unreactive with the system. Although
some leaching of active palladium cannot be ruled out
based on (i) use of a filtration test alone and the fact
that (ii) ppb and ppt levels of soluble palladium can cat-
alyze the Suzuki coupling of aryl bromides and iodides
(vide infra), this work represents a promising approach
to build a truly heterogeneous Suzuki coupling catalyst.
Later, Clark andPaul studied a subtly different imino-

pyridine grafted onto silica (101) in the Suzuki coupling
of aryl bromides and phenylboronic acid.[505]Again, easy
to convert aryl bromides were used as reactants and the
authors claimed the catalyst displayed “total stability
under the reaction conditions.” This new precatalyst dis-
played a rate substantially higher than that of the first
generation precatalyst, reported as a unitless rate con-
stant of 0.0364 vs. 0.00198 for the original system.About
10% of the available bidentate ligands were metalated
with Pd(OAc)2 to give the new catalyst. Amyriad of dif-
ferent aryl bromides was coupled, and upon precatalyst
removal from solution, no further reactionwas observed
in the filtrate. The authors successfully used the precata-
lysts in seven consecutive runs, achieving high yields in
each run with progressively longer reaction times. Anal-
ysis of the solid after several uses showed no change in
the surface area of the solid, a moderate change in
pore volume, and the sameweight loss in thermogravim-
teric analysis as with the fresh precatalyst. A slight loss
of Pd was detected, from 0.1 mmol/g to 0.098 mmol/g.
In their most recent work, Clark and Paul studied a

wider variety of bidentate ligands grafted onto a silica
surface in the Suzuki coupling reaction, including NN,
NS and NO ligands.[506] Eight solid precatalysts in total
were prepared, including the two previously reported
(e.g., 101–108 in Figure 17).[471,505] The precatalysts
were characterized by a variety of techniques, and based
on thermogravimetric analyses in the gas phase, the au-
thors concluded that 100 8C would be a safe reaction
temperature to carry out the solution reaction without

any chance of catalyst decomposition. FT-IR analysis
was used to confirm that Pd species coordinated to the
imine groups, based on shifts in the bands for the C¼N
peak. Larger shifts were assigned to stronger binding.
Unfortunately, these shifts did not correlate with the
rate constants observed in the Suzuki reactionof bromo-
benzene and phenylboronic acid. Instead, the authors
found a correlation between activity and XPS binding
energy of Pd, with a lower energy corresponding to in-
creased reactivity. This was interpreted as increased re-
action rates correlating with electron-rich Pd.
Sugi et al. studied the same supported ligand as

Clark[504] (e.g., 102 in Figure 17), focusing on theHeck re-
action of aryl iodides and bromides with methyl acrylate
using PdCl2-loaded solids.

[507] As in other studies, only a
small fraction of the supported ligands were metalated
by Pd, ~20%. The catalysis was studied in the presence
of TBAB, and it was found that this additive induced
the Pd to leach from the solid support to a significant ex-
tent (based on a filtration test). This observation raises an
interesting question about the utility of a hot filtration re-
sultwhere active leached species are not detected.TBAB
is proposed to stabilize homeopathic, active palladium
species.Hence, itmight bepossible that leachingof active
specieswas detected in this work[507] due to the prolonged
lifetime of the leached species, whereas in the absence of
TBAB, any leached active species might deactivate so
quickly that they may be undetectable by a hot filtration
test.[504] Sugi and co-workers noted that leaching was ob-
served to bemore significant using polar solvents, as oth-
ers have reported. Several precatalysts were recovered
from the reaction and reused up to seven times. Based
on reported yields after 10 hours, the authors stated
that the precatalysts do not lose any activity after the sev-
en uses. Results were also reported for the Suzuki cou-
pling of aryl bromides and phenylboronic acid.
Moggi andLagasi studied a similar system in theHeck

reaction of iodobenzene and olefins, although in their
work they reduced the iminiopyridine to an aminopyri-
dine (e.g., 109–111 in Figure 18) before adding the
Pd(II) source.[508] The anchored Pd(II) was then reduced
using NaBH4 to give a supported Pd(0) material. The
solid precatalysts were studied alongside their homoge-
neous analogues, which were also prepared. Metalation
of the ligands was confirmed by FT-IR, with a 20 cm�1

shift to lower wavenumbers of the 1600 cm�1 peak.
The solid was effectively used in a number of consecu-
tive runs, sometimes numbering as high as 13, with virtu-
ally no change in TON. The new solid precatalysts
showed a better stability than a Pd/C catalyst used as a
control. Although the precatalysts were described as
stable, TOFs were not tracked with each test and the ex-
tent of Pd leaching was not reported.
Kihinast has also recently reported silica-supported

aminosilane-Pd complexes (e.g., 112–114 in Scheme 31)
as precatalysts for the Suzuki coupling of aryl bromides
with arylboronic acids.[509] Both supported precatalysts
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and homogeneous analogues were prepared and well-
characterized. Based on a calculated average spacing of
aminosilane groups on the support surface, the authors
concluded that the Pd species were ligated by a single or-
ganic ligand, although it should be noted that the well-
known clustering of silanes on surfaces was not consid-
ered or ruled out. Upon carrying out the coupling reac-
tion in isopropyl alcohol/water mixtures as solvent, the
authors found that leaching was negligible in most cases
as measured by ICP-MS analysis of the liquid phase. Ad-
ditionally, hot filtration tests were used to show that the
liquid phase displayed little or no activity in most cases.
The higher observed activity of the solid precatalysts
compared to the homogeneous analogue was suggested
as evidence for truly heterogeneous catalysis.
Liu, Mou and co-workers immobilized bipyridyl li-

gands on mesoporous silica surfaces and loaded them

with Pd(II) species.[510] The solid precatalysts were
used in Heck couplings of aryl iodides and bromides
with acrylates and styrene. The precatalysts were found
to be active and recyclable,with the authors claiming the
same activity in four runs. They concluded that the cat-
alysis occurred with immobilized Pd species, as the Pd
content of the solution after reaction was found to be
negligible.A leaching/redeposition process was not con-
sidered.
Ozdemir immobilized Pd(II) species on silica sup-

ports via ligation to 3-(4,5-dihydroimidazol-1-yl)-propyl
tethers (e.g., 115 in Scheme 32) and utilized them in
Heck and Suzuki coupling reactions.[511] Iodo-, bromo-
and chloroareneswere studied, and in all caseswhere re-
cycling was studied, the reused catalyst showed slightly
depressed activity. The authors hypothesized that the li-
gand prevented decomposition to Pd metal.
Corma, GarcXa and co-workers immobilized oxime-

carbapalladacycle palladium complexes 116 onmercap-
topropyl-modified silica and evaluated these precata-
lysts in the Suzuki coupling of aryl bromides and chlor-
ides in water.[512] This was achieved by preparation of a
carbapalladacycle palladium complex with a pendant
terminal olefin. This terminal olefin was coupled with
thiols using a catalytic amount of a radical generator
likeAIBN to give thioether linkages to the silica support
(Scheme 33).
Elemental analyses showed that only about 50% of

the thiol groups were consumed to form thioether link-
ages for the supported metal complexes.[513] In a more
detailed publication, the authors expanded upon their
initial results to include cross-linked poly(styrene)-sup-
ported complexes and poly(ethylene glycol dimethacry-
late)-supported species as well.[513] Elemental analyses
of the solids, UV-vis spectra, and FT-IR spectra all sup-
ported the hypothesis that the palladium complex was
incorporated into the solidwithout significant decompo-
sition. In the Suzuki coupling of phenylboronic acidwith
4-chloroacetonphenone in water, dioxane, or water/di-
oxane mixtures, all precatalysts were found to generate

Scheme 31. Aminosilane-derived Pd(II) complexes 112–114.

Figure 17. Pd(II) complexes of bidentate NN, NS, and NO li-
gands grafted onto silica 101–108.

Figure 18. Aminopyridine-ligands grafted onto silica 109–
111.
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active species, although the polymeric and silica cata-
lysts behaved differently from a rate perspective in

aqueous vs.organic solvents.Other aryl bromides, chlor-
ides and even a fluoride were also effectively converted.
Detailed studies focusing on the nature of the true cata-
lyst were carried out for the silica-supported carbapalla-
dacycle catalyst. Application of a filtration test and a
three phase test indicated that small amounts of leached
species that can convert iodoarenes were present, al-
though they could not convert chloroarenes. It is inter-
esting to note that these leaching tests were performed
on a silica material with free thiol groups and no data
were given for the polymer-supported precatalysts that
lack thiols. It has been shown by others[514,515] that thiols
may represent good ligands for retaining potentially la-
bile palladium species from entering solution (vide in-
fra). Thus, one new hypothesis for the mechanism for
this action by this catalyst is (i) decomposition of the pal-
ladacycle to liberate small amounts of free Pd species
(most non-NHC palladacycles have been shown to be
sources of free palladium – vide supra), (ii) trapping of
these free Pd species by the excess thiol groups on the
surface, (iii) heterogeneous conversion of chloroarenes
on these immobilized sites.
These initial studies were followed up by additional

work whereby the dimeric, molecular alkoxysilane-con-
taining carbapalladacycle complex was incorporated
into a periodic mesoporous organosilica by direct syn-
thesis.[516] This new material was studied alongside a
mesoporous silica material that was loaded with the
complex by a more traditional grafting approach. It is
noteworthy that these complexes utilized a urea linkage
between the complex and the support tether, and no thi-
ol groups were incorporated into the solid, nor were
there any thioether groups in the material. Characteri-
zation of the periodic mesoporous organosilica material

Scheme 32. PdCl2 immobilized on silica functionalized with
h2 nitrogen donor ligand to give immobilized complex 115.

Scheme 33. Synthesis of the silica-supported oxime-carbapalladacycle complex 116 via radical coupling of the olefin-containing
metal complex with the thiol-functionalized surface.
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suggested that the complex had remained largely intact
during the synthesis. The catalysts were active in the Su-
zuki coupling of 4-bromobenzoic acid and phenylboron-
ic acid in water, although the reactivity of the materials
was found to depend significantly on palladium loading,
perhaps due to the inaccessibility of some sites. Leach-
ing studies indicated that some or all of the activity
was associated with leached, soluble species (filtration
test, three phase test). Characterization of the precata-
lyst upon recycle indicated that, by the end of the second
use, no intact palladacycle remained. However, there
was no significant variation in the palladium content
of the solid, indicating that only trace amounts of leach-
ed palladiummay account formuch of the reactivity and
that a leaching/deposition process may occur. The au-
thors hypothesized that the active species might be
nanosized palladium particles. Unlike the previous
work on chloroarenes[513], there was no evidence to sug-
gest activity associated with immobilized sites, and this
may be a consequence of a lack of stabilizing thiol spe-
cies on the surface (vide infra).
Iglesias, Sanchez and co-workers studied a tridentate

NNO Pd(II) complex 117 immobilized on mesoporous
and delaminated, layered silica materials (Scheme 34)
as a precatalyst for the Heck and Suzuki coupling reac-
tions in mixed polar/non-polar media.[517] The precata-
lysts could effectively convert bromo- and iodoarenes,
although they did not work with chloroarenes. Like in
thework of Styring,[457,458] if the active catalysts were tru-
ly immobilized ligand-bound palladium species, they
presumably must drop one of the ligand bonds to be-
come bidentate if the traditional Heck or Suzuki cou-
pling cycle with square planar tetracoordinated palladi-
um species was followed. When NMP was used as a sol-
vent, significant amounts of leaching were observed,
whereas in the biphasic liquid, ethylene glycol/toluene,
no leaching of active species was noted. Relatively large
concentrations of precatalystwere needed,with 2 mol%
being the minimum amount required. Compared to the
homogeneous complex, the solid precatalysts had lon-

ger lifetimes and it was presumed that this was due to
prevention of palladium clustering via immobilization.
Theprecatalystwas recycledby reusing the ethylene gly-
col phase up to six times with addition of fresh toluene
and base. After the first use, yields increased markedly,
presumably due to the presence of Pd(0), and then slow-
ly dropped with successive cycles. Based on FT-IR, UV-
vis and 13CNMR characterization after reaction, the au-
thors claimed that the supported palladium species re-
mained intact. Elemental analysis of the solid showed
minimal palladium loss after several uses and filtration
experiments indicated that there was no reaction in
the absence of the solid and, thus, the authors concluded
they had a truly heterogeneous catalyst.
Singh and co-workers immobilized Pd on hydroxy-

propyl-functionalized silicas, claiming thatOCpalladacy-
cle complexeswere formed.[518,519] In somecases, evidence
for the formation of bulk palladium metal was also ob-
served. These solids were used in the Heck coupling of
bromobenzene and styrene, and were claimed to be het-
erogeneous catalysts based on filtration tests. However,
in light of the findings that nearly all palladacycles de-
compose to liberate active, potentially ligand-free Pd(0)
species, it is questionable whether the immobilized palla-
dacyclic species were truly active in this case.
Peris, Fernandez and co-workers immobilized Pd(II)

CNC pincer complexes on clay materials via solvent im-
pregnation (Scheme 35).[520] The precatalysts were then
evaluated in theHeck reaction of iodobenzene and styr-
ene. The authors concluded that the structures of the
metal complexes were unchanged after immobilization
based on characterization of the solids using FT-Raman
spectroscopy. Two different clays were used as hosts and
it was surmised that they offered different types of im-
mobilized species. In the case of the montmorillonite
clay MK-10, hydrogen bonding was proposed as the
key means of immobilization (giving 118), whereas in
Naþ�M, electrostatic interactions between the counter-
cation and the bentonite clay layers were proposed (giv-
ing 119). The authors found that the reaction kinetics us-

Scheme 34. Immobilization of a tridentate NNO ligand on silica followed by metalation with palladium to give precatalyst 117.
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ing the homogeneous and supported species (on MK-
10) were similar at all temperatures tested (120–
180 8C). It appeared that activity associatedwith leached
palladium was discounted because the hot filtrate used
after the first run was found to be inactive when addi-
tional reactants were charged to it in the absence of
the solid catalyst. A palladium redeposition process
was apparently not considered. The recycled solid pre-
catalyst, however, was observed to be significantly deac-
tivated after a single use. After three uses, the palladium
loadingwas found tohave decreased significantly, (0.8%
wt–0.5% by wt or 0.43% by wt after a water/methanol
wash to remove adsorbed salts), based on bulk elemen-
tal analyses. XPS was also used for elemental analysis
and it showed that the surface Pd loading was also
changing with recycle relative to the silicon content. In-
terestingly, XPS studies showed that the palladium re-
mained in the Pd(II) state after use, with no sign of
Pd(0) (although this might be expected if the precata-
lysts were notmilled – vide infra[521]). This was consistent
with homogeneous studies by others[522] where it ap-
peared the authors hypothesized that the catalyst poten-
tially could operate via a Pd(II) –Pd(IV) cycle, although
the authors never explicitly stated this. Using triethyla-
mine as base, it was possible to greatly increase the pre-
catalyst longevity and recyclability. Conversion of aryl
bromides, including relatively unreactive species, was
possible upon addition of TBAB.[520] The same authors
studied the solid precatalyst in Sonogashira couplings
as well, finding the solid to be active and recyclable
with similar overall conversions for several different
monomers.[523] Whereas the washed precatalysts were
not observed to contain any palladium black, the au-
thors noted that Pd black was observed in some experi-
ments after all the substrate had been consumed, which
is a sure sign of some complex decomposition. Overall,
this system represents a very interesting case for further

study, as the precatalyst appears not to generate Pd(0) in
some cases, yet the tridentate, 6-electron donating li-
gand would appear to need to partially decoordinate
to allow conversion by a typical Heck reaction cycle in-
volving square planar metal species.
Four different research groups recently studied the

use of thiol groups anchored on silica surfaces as ligands
for Pd(II) and Pd(0) species in Heck and Suzuki reac-
tions. Although they had been used before in coupling
reactions,[441,475,476] they recently have been re-examined
as supports with potentially unique properties. In the

Scheme 35. Pd(II) CNC complexes immobilized on clay materials via hydrogen bonding (118) and via electrostatic interactions
(119).

Scheme 36. Grafting of palladium and a chiral ligand for di-
hydroxylation chemistry onto mercaptopropyl-modified silica
to give precatalyst 120.
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first study, Choudary et al. carried out a tandem Heck
reaction–asymmetric dihydroxylation of olefins using
a silica material loaded with both Pd nanoparticles on
a thiolated surface and a chiral osmium complex attach-
ed to the same surface (e.g., 120 in Scheme 36).[524] Be-
cause the nature of the Heck catalyst was not a focus
of the work, there were few details about the nature of
the active species presented.
Later, Shimizu and co-workers presented a very de-

tailed, careful study of Pd(II) species immobilized on a
variety of supports, including mercaptopropyl-function-
alized mesoporous silica, similarly functionalized amor-
phous silica, unfunctionalized mesoporous silica and
zeolite NaY.[515] Alongside these freshly prepared cata-
lysts, a commercial sample of Pd/C was also studied. In
their comprehensive study, the authors characterized
the state of the Pd in the solid both before and after re-
action using multiple spectroscopic techniques, they
characterized the kinetics of the reaction, and they stud-
ied the recyclability of the used precatalysts. For the thi-
ol-supported Pd precatalysts, an S :Pd ratio of 1 :0.36
was used, insuring the presence of excess ligand on the
surface. Characterization of the precatalysts by X-ray
absorption spectroscopy (both EXAFS and XANES)
UV-vis spectroscopy and X-ray diffraction, showed
that the mesoporous thiol-containing support, FSM-
SH-Pd, was composed of Pd(II) species bound to two
or more thiol groups. The amorphous silica loaded
with thiol groups and Pd(II), (SiO2-SH-Pd), appeared
similar. Silica-supported Pd(OAc)2, denoted SiO2�Pd,
had a structure not unlike that of Pd(OAc)2, and Pd/C
contained mostly oxidized Pd(II) in the form of PdO.
After use in the Suzuki reaction of 4-bromoanisole
and phenylboronic acid, each catalyst was again charac-
terized by each technique. The Pd(II) species in the zeo-
lite Y�Pd, SiO2�Pd, and Pd/C samples were reduced to
Pd(0) nearly fully in the reaction. In contrast, on SiO2-
SH-Pd and FSM-SH-Pd, the vast majority of the Pd re-
mained in a Pd(II) state, ligated to sulfur ligands. In both
these samples, small amounts of Pd nanoparticles were
formed, but unlike the other samples, these were themi-
nor species. All the catalysts were determined to have
leached Pd, but the amounts varied, with zeolite Y�Pd
losing ~6% of its palladium showing the highest leach-
ing, and FSM-SH-Pd losing the least, 0.05%. The SiO2-
SH-Pd sample leached a similar amount. The fresh cat-
alysts were also used in the Heck reaction of 4-bromoa-
cetophenone and ethyl acrylate and then characterized
by the same battery of techniques. The results mirrored
those from the Suzuki test, with FSM-SH-Pd leaching
0.01% of the Pd and remaining largely stable over the
course of the reaction. Again, a minor amount of
Pd(0) formed on the support. A hot filtration test was
used in the Heck reaction to check for leached, active
species. Using FSM-SH-Pd, the authors found that the
solution did not promote the reaction further after the
solid precatalyst was removed. Both thiol-containing

precatalysts were successfully used in five consecutive
reactions, with the FSM catalyst giving slightly higher
yields. However, no indication was given concerning
the relative rates in each recycled reaction. Nonetheless,
the FSM-SH-Pd precatalyst was found to give a highly
active system, with the fresh precatalyst giving TONs
of 73,000 and initial TOFs of 36,000 h�1. Unfortunately,
the precatalysts were found to be less active for the acti-
vation of more deactivated aryl halides, moderately con-
verting 4-bromoanisole and bromobenzene and poorly
converting 4-chloroacetophenone. The authors assigned
thehighactivityof the thiol-containingprecatalysts to im-
mobilized Pd complexes, and they argued that dispersing
Pd species ona thiol-laden supportwas a goodway to cre-
ate heterogeneous catalysts that have long-term stability.
An alternate interpretation is that trace amounts of
leached species carried out the reaction and that the thiol
groups prevented large amounts of Pd from desorbing
and aggregating as reduced Pd(0) clusters. The authors
assigned the moderate activity of Pd/C on recycle to the
moderate activity of Pd(0) nanoclusters that were depos-
ited on the support after one use.
After ShimizuOs work, Crudden et al. published an-

other report of thiol-treated silica as a support for Pd
precatalysts, this time studying the Heck and Suzuki
couplings of chloroarenes and bromoarenes.[514] Thema-
terials used had an S :Pd ratio of 4 :1 and could effective-
ly be used in Suzuki couplings in bothwater,DMF, and a
mixture of the two solvents, using potassium carbonate
as base. Leaching of Pd into solution, as determined by
elemental analysis, was extremely low, with concentra-
tions of only 0.003 to 1.3 ppmdetected. Themesoporous
silica-supported, thiol-coordinated palladium materials
proved to be recyclable with almost imperceptible de-
creases in yield (rates were not provided). In the Heck
reaction, leaching was also found to be low, although it
was markedly higher when aminosilica materials were
used instead of mercaptopropyl materials (35 ppm or
10% of the Pd). Analysis of the level of Pd in solution
at various points of the reaction showed that it was un-
changing, indicating that a dissolution-redeposition
process was unlikely. Application of a filtration test in
a Suzuki coupling reaction indicated that only small
amounts of active, soluble species were present, with
the reaction proceeding very slowly after removal of
the solid catalyst. Finally a three-phase test was carried
out by immobilization of the aryl halide (bromide or
chloride) onto a solid phase. A second solid phase con-
taining the precatalyst was added, as was a solution of
aryl halide and boronic acid and the reaction was con-
ducted in the usual manner. To the liquid phase,
0.25 mmol of the soluble halide and 0.37 mmol of the ar-
ylboronic acid were added along with potassium carbo-
nate as base. After the reaction, the solid phases were
hydrolyzed using aqueous base. The organic products
were recovered via a standard work-up and the ratio
of products derived from soluble aryl halide (ketone)
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and supported aryl halide (acid) was determined by 1H
NMR. In all cases, the soluble aryl halidewas completely
or nearly completely converted, whereas the solid-
bound halide was converted only to a limited extent
(3–7% for the bromide and 0% for the chloride). The
authors also illustrated an important, yet subtle point
about using the three phase test as a test for soluble cat-
alytic species. They argue, asDavies[379] did, thatwhen an
aryl halide was chosen as the tethered reactant, soluble
aryl halide must also be added to the reactor as well in
order to properly mimic the conditions whereby solid
palladium is leached.While this is true inmany cases, es-
pecially in the case of Pd/C, which Davies studied and
which leaches primarily via oxidative addition of aryl
halide, it is not necessarily the case in all circumstances.
For instance, one could chose to immobilize the boronic
acid for Suzuki couplings or an olefin forHeck couplings
and use soluble aryl halide if it was hypothesized that the
aryl halide was needed to induce leaching. Overall, the
authorOs 3-phase test results, coupled with the leaching
data based on elemental analysis and the filtration test
results provided a compelling set of data that allowed
the authors to conclude that the vast majority of the cat-
alysiswas occurringwithPd species on the solid, thiol-la-
den silica support.
Themost recent study of thiol-supportedmesoporous

silica and amorphous silica-supportedPd in theHeck re-
action resulted in exactly the opposite conclusion to
those of Shimizu andCrudden, illustrating the subtleties
of these coupling reactions. Davis and co-workers stud-
ied a variety of solid catalysts, including thiol-functional-
ized silicas loaded with Pd(OAc)2, and concluded that
they all leached active, soluble Pd species in the Heck
coupling of n-butyl acrylate and iodobenzene, and that
there was effectively no conclusive evidence for cataly-
sis by any solid species in their case.[387] By combining
batch reactor tests with flow reactor studies, poisoning
studies, hot filtration tests and ICP analysis of the liquid
media, a convincing body of evidence was assembled
that showed that effectively all catalytic activity was
likely associated with leached species. The authors

show that the aryl halide is important in the leaching
of reduced Pd(0), as was shown by Biffis,[363] and that
base was necessary to leach Pd present in elevated oxi-
dation states [e.g., Pd(II)]. This effect of base-induced
leachingofPd(II)was similar towhat hadbeenobserved
in leaching studies with immobilized, well-defined,
Pd(II) complexes.[270] TheworkofDavis et al. ismarked-
ly different from that of Shimizu andCrudden in the hal-
ide used, the base used, as well as the ratio of S :Pd. This
may contribute to the different results that each group
reported (Table 1). In particular, the high solubility of
the triethylammonium-stabilized palladium species
that are likely formed in the reaction may lead to more
leaching and/or stabilization of palladium (vide supra).
Mehdi, Pleixats and co-workers immobilized a cyclic,

triolefin ligand onto silica supports (Scheme 37)[525] in a
manner akin to their immobilization on polymeric sup-
ports (vide supra). The supported Pd(0) complexes
(e.g., 121) were used in Suzuki coupling reactions of
aryl bromides and iodides. It was observed that catalysis
by leached Pd species was not evident after a room tem-
perature filtration test, whereas it was readily apparent
after application of a hot filtration test, indicating that
leached catalyst was responsible for at least some of
the activity. Pd loss from the solid was found to be be-
tween 0.07 and 0.7% after use.
Aunique ligand that contains two binding sites for Pd

with twobidentateNHC ligands (e.g.,122a, 122b, 122c in
Figure 19) was used to complex Pd, and the resulting
complexes were physically immobilized on oxide sup-
ports.[526] The resulting solids were used in the Suzuki
coupling of aryl chlorides and bromides with phenylbor-
onic acid. The authors reported that the precatalysts
could be used 2–3 times in refluxing water. In the ab-
sence of the support, palladium black formed during
the reaction.
Kosslick and Paetzold et al. reported a multifunction-

al “support” for water-soluble Pd(II) complexes of bi-
dentate phosphines.[521,527] Mesoporous aluminosilicate
or mesoporous alumina was first functionalized with a
propylsulfonic acid containing silane, creating a solid

Table 1. Summary of results obtained using thiol-modified silica materials as supports for Pd(II) precatalysts in Heck cou-
plings.

Support material Shimizu et al. Crudden et al. Davis et al.
mercaptopropyl-functionalized
FSM-16

mercaptopropyl-functionalized
SBA-15

mercaptopropyl-functionalized
SBA-15

Palladium source Pd(OAc)2 Pd(OAc)2 Pd(OAc)2
Ligand to metal ratio 2.8 : 1 4 : 1 1.6 : 1
Solvent NMP DMF DMF
Halide 4-bromoacetophenone 4-bromoacetophenone iodobenzene
Olefin ethyl acrylate styrene n-butyl acrylate
Base KOAc NaOAc triethylamine
Degree of leaching 0.01% 0.23 ppm 12 ppm
Proposed active species immobilized Pd immobilized Pd leached Pd
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material with cation exchange sites on the surface (two
sites in the case of the aluminosilicate, one associated
with anionic Al�O species and one with the sulfonic
acid). The authors then proceed to “immobilize” a wa-
ter-soluble palladium complex, PdCl2[Ph2P(CH2)2
S(CH2)3SO3Na]2, on the solid “support.” It is not clear
how this is done, as the complex is an exchangeable
anion but the solid is a cation exchange support. Perhaps
the supported sulfonic acid acted as an electron donor li-
gand for Pd(0) and Pd(II) species, or perhaps the com-
plex was simply physisorbed on the solid. Cationic sur-
factant was also exchanged with the solid support in
some cases. Nonetheless, the authors used the precata-
lysts in Suzuki reactions in aqueous media, and activity

was displayedwith a noticeable induction period. Preca-
talysts that contained sulfonic acid groups allowed for
much higher activity than those that lacked such ox-
ide-bound groups. The precatalysts were also reported
to be recoverable and reusable, although upon reuse
the induction period was absent, providing evidence
for the formation of Pd(0) in the first use. Pd(0) was in-
deed detected viaXPS in the used catalyst, although the
samples had to be milled to detect the reduced palladi-
um. This was evidence that the Pd(0) was formed within
the pores of the solid, not near the external surface. Fil-
tration tests indicated that the solid free solution had
some activity.
Most recently, Gao and co-workers reported on mag-

netic nanoparticle-tethered Pd-NHC complexes 123
(Figure 20) for use as recoverable precatalysts in
Heck, Suzuki and Sonogashira reactions.[528, 529] The pre-
catalysts had improved reaction rateswhen compared to
tethered catalysts on more traditional supports such as
polymer resins (e.g. 124), with the improved reactivity
associatedwith the increased accessibility of thePd sites.
They showed that the majority of the precatalyst can be
magnetically recovered (97%) and the solids could be
reused in subsequent reactions. However, they did not
provide any evidence that the NHC complexes remain
intact during or after reaction, nor did they study
whether any Pd leaching occurs, potentially resulting
in homogeneous catalysis.
Supported aqueous phase or supported liquid phase

methods have also been used to support palladium li-
gand complexes in an effort to facilitate catalyst recov-
ery and recycle. Williams and co-workers immobilized
a thin film of a polar solvent such as ethylene glycol on
porous glass beads, loaded the liquid filmwith palladium
complexes based on sulfonated phosphines, and added
the solids to organic solutions bearing theHeck reaction
reagents.[530] The system was effective in promoting the
Heck reaction of iodobenzene with methyl acrylate
with only limited leaching of Pd into the organic phase
(0.2–8.4 ppm). Non-sulfonated phosphine complexes
could also readily be used, with the authors reporting
the use of guanidinium-phosphine complexes for Heck
and Sonogashira couplings.[531] Williams later reported
the reverse system, whereby the silica solid was made
hydrophobic by organosilane treatment and was then
loaded with Pd(OAc)2 and triphenylphosphine or tri-
o-tolylphosphine in cyclohexane as solvent.[532] Heck re-

Figure 20. Pd-NHC complexes tethered on magnetic nano-
particles 123, and polymer resin 124.

Figure 19.Molecules containing two bidentate NHC ligands
built of a single phenyl core.

Scheme 37. Tethering of a cyclic triolefin ligand onto solid
supports followed by metalation with Pd(0) to give precata-
lyst 121.
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actions were then run in water as solvent, with both aryl
iodides and bromides used as reagents. In aqueous sys-
tems, Pd leaching was notable (~0.2% of added palladi-
um leached), whereas in methanol or with no solvent,
leachingwas limited. In both the above reports, leaching
was measured at the end of the reaction. In a more de-
tailed report, Williams et al. described some interesting
behavior regarding palladium leaching in supported liq-
uid phase systems[533] thatwas akin towhatwas seenwith
the supported palladium metal catalysts described by
Kçhler and Arai (vide supra). As with traditional sup-
ported catalysts such as Pd/C, significant leaching of pal-
ladium occurred during the reaction (in this case from
the supported polar phase into the non-polar organic
phase), with the authors reporting that up to 85% of
the activity could be associated with palladium species
in the non-polar phase. After the reaction, however,
the palladium redeposited onto the support leaving
very low levels of palladium in the final product-contain-
ing organic phase. Furthermore, the organic phase was
found to be inactive in converting additional aliquots
of reagents after the reaction, indicating that essentially
all of the active palladiumhad redeposited backonto the
surface. It should be noted that WilliamsO report of
this redeposition process[533] actually predates the re-
ports of similar phenomena on traditional solid cata-
lysts.[350–352,355–359] The authors also reported on the im-
portance of the iodoarene in drawing the palladium off
the support and into solution as well.
Arai and co-workers reported supported liquid phase

catalysts aswell. In their case, they loaded the solidswith
Pd(II)-triphenylphosphinetrisulfonate sodium salt com-
plexes and studied their use in theHeck reactionof iodo-
benzene and olefins in toluene.[534–536] They found that
the precatalysts were recoverable and recyclable, with
minimal to moderate leaching of palladium into the or-
ganic phase. Leaching was as low as 1.8% of the palladi-
um added when ethylene glycol was used as the polar
phase, to ~20% when water was used. Reaction rates
were enhanced upon reuse, and this was been attributed
to reduction of some of the Pd(II) to Pd(0) and in-situ
formation of quaternary ammonium compounds by tri-
alkylamine plus HI created in the first reaction.
In an interesting twist on supported liquid phase sys-

tems, Hagiwara and co-workers added a hydrophobic
ionic liquid to a reverse-phase silica gel and immobilized
Pd(OAc)2 on the support for use in aqueous Heck reac-
tions.[537]

As for polymeric supports, a huge variety of oxide-li-
gated metal ligand complexes has been reported for
Heck and Suzuki couplings. As most of these supports
were insoluble, the leaching of active palladium could
be assessed to a greater extent via application of a filtra-
tion test, although as noted, this test alone is not a con-
clusive way to characterize leaching (vide infra). In
most cases, some supported palladium could be recov-
ered after reaction and often used subsequently in an-

other reaction. Only in rare cases was strong evidence
for the presence of truly supported, active palladium
species reported, with this being more common for Su-
zuki couplings, and a few systems here appear promising
as nearly leaching-free supports for palladium in Heck
and Suzuki couplings. In particular, the use of thi-
ols[387,514,515] for palladium immobilization and the utility
of Clark/MacqaurrieOs extensive solvent treatment
steps[471] in the immobilization of stable metal-ligand
complexes on solids warrant further investigation to
gauge their broader utility.

4.4 Soluble or Polymer Nanosphere-Supported Pd
Nanoparticle Precatalysts

Beller first reported the use of preformed colloids as
precatalysts in Heck couplings.[331,538] The colloid system
effectively promoted the Heck coupling of aryl bro-
mides at high temperatures, although the colloids were
found to beunstable under the reaction conditions, lead-
ing eventually to palladium black formation. Reetz re-
ported independently early in 1996 that Pd nanoparti-
cles stabilized in solution by propylene carbonate[539]

were effective catalysts for conversion of bromoarenes,
with the hypothesis at the time being that the surface of
the colloids catalyzed the reaction in a heterogeneous
manner. The colloidal systemwas also found to be active
for aryl chloride-olefin couplings in the Heck reaction.
Relatively high temperatures and high loadings were
used. That same year, Reetz et al. reported the use of
soluble palladium clusters in Heck and Suzuki reactions
of iodo-, bromo- and activated chloroarenes when com-
bined with tetraalkylammonium salts or poly(vinylpyr-
rolidone) (PVP).[540] Again, in that work, it was suggest-
ed that the metal surface of the palladium colloid was
the active site in the reaction. In 1998, Reetz showed
that the combination of palladium clusters with tetra-
phenylphosphonium salts yielded an excellent system
for the activation of chlorobenzene in the Heck reac-
tion.[541] In that case, the authors noted that there was
practically no undesired Pd precipitate, even at relative-
ly high temperatures.
Antonietti utilized poly(styrene)-co(vinylpyridine)

block copolymer micelles to stabilize Pd nanoparticles
produced via reduction of Pd(OAc)2. The supported
nanoparticlematerials, which were soluble under the re-
action conditions in toluene, were applied in the cou-
pling of olefins and aryl bromides under Heck condi-
tions.[542] The precatalysts displayed about the same re-
activity as lowmolecular weight Pd complexes classical-
ly used in the Heck reaction, although they displayed
higher stability. Under optimized conditions, no notice-
able change in the size of the nanoparticles occurred
during reaction and palladium black was not observed
to form. In testing different size colloids, a strong inverse
correlation between activity and particle size was ob-
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served.[331] The authors attributed the reactivity to a Pd
nanoparticle surface-catalyzed reaction occurring with-
in theblock copolymermicelles. The solidswere claimed
to be reusable without loss of activity, although no de-
tails were given about the recycling.[331]

Bradley, Blackmond and co-workers prepared PVP-
stabilized Pd nanoparticles of different sizes and used
them in the Heck reaction of p-bromobenzaldehyde
and butyl acrylate.[543] Interestingly, the authors found
that the initial rates increased with decreasing particle
size, but no direct correlation with the metal surface
areawas noted.[331] Although it was not possible to ascer-
tain the precise structure of the nanoparticles, the au-
thors found that they were equidimensional and thus
were able to apply surface defect site statistics to charac-
terize their hypothesized surface structure. Utilizing the
knowledge that the relative population of highly coordi-
nated sites and low coordinated defect sites on the sur-
face varied with particle size, the authors used TOFs de-
rived from reaction calorimetry at 10% conversion cou-
pled with knowledge about the particle sizes of the col-
loids to characterize the reactions. The authors found
that the observed reaction rate correlated most closely
with the number of surface defect sites, and that there
was a poor correlation with the total number of exposed
surface sites. The authors ruled out catalysis by non-
nanoparticle solution phase species, despite the fact
that the size of the nanoparticles changed during the re-
action, based on the observation in a control reaction
that the reaction kinetics when using Pd(dba)2 as a nak-
ed homogeneous catalyst were different. An alternate
interpretationof theirwork is that defect sites are impor-
tant as the authors noted, but that these are the sites that
leach from the surface to form active, soluble molecular
species and that the oxidative addition of the aryl halide
at these sites, liberating a molecular species, was an im-
portant step in the reaction.
Poly(vinylpyridine) nanospheres were employed as

polymeric supports for 1–4 nm Pd(0) nanoparticles by
Prakash et al. in the study of Suzuki and Heck coupling
reactions of aryl bromides and standard olefinic or bor-
onic acid substrates.[544] Although it is often reported
that the nature of the stabilizing groups on the nanopar-
ticles strongly effects catalysis by them [e.g., citrate, poly-
(pyrrolidone), poly(vinyl alcohol)], no effect was ob-
served in this study. The authors surmised that the poly-
mer-loaded nanoparticles were stable under reaction
conditions, although only relatively macroscopic TEM
images were utilized to support this hypothesis. Given
the small amount of Pd species that need to leach in or-
der to allow for significant catalytic activity in Heck and
Suzuki couplings, it is not surprising that no major
changes in nanoparticle size or shape were observed.
El Sayed and co-workers began a long-term study of

polymer-capped colloidal Pd and Pt nanoparticles as
precatalysts in aqueous Suzuki couplings. Beginning in
2000, they reported their studies of iodoarene couplings

with arylboronic acids using PVP as a nanoparticle cap-
ping agent.[545] They reported that the initial rate de-
pended linearly on the concentration of palladium in
the system, and interpreted this as evidence for the cat-
alysis occurring on the nanoparticle surface. Catalyst de-
activation occurred during the reaction and in some cas-
es they observed precipitation of palladium black, indi-
cating that some Pd restructuring was occurring during
the course of the reaction. Subsequently, a variety of dif-
ferent stabilizerswere studied, includinghydroxy-termi-
nated poly(amidoamine) (PAMAM) dendrimers of var-
ious generations, block copolymer poly(styrene)-b-pol-
y(sodium acrylate) and PVP.[546] Both bromo- and io-
doarenes were studied, with some homocoupling of bro-
moarenes being observed. The authors found that
catalytic activity andnanoparticle stabilitywere inverse-
ly correlated, with capping agents that gave good nano-
particle stability yielding slow reaction rates. G4 den-
drimers gave good stability and poor rates, while G2
dendrimers gave better coupling rates with relatively
poor nanoparticle stability. These results were interpret-
ed as consistent with the nanoparticle surface acting as
the active site. An alternative interpretation not es-
poused in theworkwould be that capping prevented sol-
ublization of a small amount of molecular Pd species
thatmight serve as the true, active catalyst. Pd black pre-
cipitation was found to vary with reaction conditions
such as the base used, pH and other factors. Later, the
role of nanoparticle size on the catalytic properties
was investigated.[547] Studying Pd nanoparticles of four
different sizes stabilized by PVP, the authors discovered
that the reactivity did not scale perfectly with nanopar-
ticle size. Rather, assuming the surface reaction model
previously described was correct, they provided data
that indicated that the catalytic activity best correlated
with the number of low coordination edge and vertex
atoms. Similar results were reported previously for
PVP-stabilized Pd nanoparticles in Heck couplings by
other authors.[543] El Sayed and Narayanan studied the
stability of PVP-capped nanoparticles under such reac-
tion conditions and monitored the distribution of nano-
particles sizes as a function of different treatment condi-
tions.[548] They found that most treatment conditions
(solvent, solvent plus reagent, catalytic reaction, etc.) re-
sulted in an increase in the breadth of the nanoparticle
size distribution as well as an increase in themean nano-
particle size. They attributed this to anOtswald ripening
process.When the nanoparticles were recycled and used
in a second reaction, they observed that the average par-
ticle size decreased, which they attributed to the aggre-
gation and precipitation of larger nanoparticles. Re-
gardless, their datamake it clear that some solublization
of Pd occurs under the reaction conditions. In line with
this, they observed that addition of excess PVP inhibits
both the catalytic activity of the system as well as the
Otswald ripening process. This observation is consistent
with both the authorsO hypothesis that catalysis occurs
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at specific sites on thepalladiumnanoparticle surface and
with the alternate hypothesis that PVPmay act as a solu-
ble catalyst poison, removing leached species from solu-
tion, as has been espoused in other studies (vide in-
fra).[249,250] In a later paper, they showed that excess
PAMAM dendrimer has an even more significant effect
on the activity.[549] Interestingly, the authors observed
that the boronic acid strongly adsorbed onto the surface
of the nanoparticles, effectively capping them and reduc-
ing the extent of size redistribution. In contrast, iodoben-
zene did not have this effect. These observations led to
the proposal that the catalytic reaction mechanism in-
volved anEleyRideal processwhereby the deprotonated
boronic acid adsorbed onto the nanoparticle surface and
reacted with aryl halide that was in solution.[548–551] The
authors reported detailed FT-IR studies that showed
that the boronic acid did adsorb whereas the aryl iodide
did not, which they suggested confirmed their proposed
mechanism.[551] Pt nanoparticles were also studied in the
same reaction and they were observed to display the
same nanoparticle size redistribution effects as the Pd
systems, although with lower catalytic activity.[550]

Crooks et al. demonstrated in 2001 that Pd nanoparti-
cles of about 2 nm in diameter stabilized by poly(amido-
amine) dendrimers could be used to promote the Heck
reaction of aryl iodides and bromides.[552] Significant de-
composition of the nanoparticles and Pd leaching were
not detected and the polymer-stabilized nanoparticles
could be recycled under some conditions. Catalyst activ-
ity generally decreased with recycle. The precatalysts
could be usedwithout external base, with the hypothesis
being that the amidoamine groups of the dendrimer
served as base sites in this case. Under these conditions,
the catalyst was inactive upon recycle. The same group
studiedStille reactions in aqueousmedia using dendrim-
er-stabilized Pd(0) nanoparticles.[553] At high tempera-
tures, significant Pd aggregation was observed and Pd
black was formed. At lower temperatures, the catalyst
appeared stable and the authors attributed the reaction
to catalysis by metal nanoparticles.
Dendrimer encapsulated Pd nanoparticles were also

studied in the Heck reaction by Christensen et al. who
found that Pd leached from the polymer-stabilized
nanoparticles when DMF was used as solvent with trie-
thylamine as base.[554] In a later report, they studied the
Suzuki coupling of aryl iodides and bromides with p-tol-
ylboronic acid, and saw recyclability hampered by slow
formation of Pd black.[555]

Fox, Whitesell and co-workers reported Pd(0) nano-
particles of about 2 nm in diameter that were stabilized
by growing a polymeric dendrimer off them, giving a Pd
nanoparticle-cored dendrimer.[556] The dendrimers were
used as precatalysts under both homogeneous and het-
erogeneous conditions in Heck and Suzuki couplings
of aryl iodides and bromides. The precatalysts were
claimed to be stable and recoverable, although no data
concerning recycle or Pd leaching were reported.

Kim and co-workers assembled hollow palladium
shells and used them as precatalysts in the Suzuki cou-
pling of iodoarenes and phenylboronic acid.[557] The au-
thors described the materials as recyclable catalysts,
with no apparent leaching. Unfortunately, leaching
was only probed by elemental analysis, and recycling
was only probed via measuring reaction yields at pro-
longed times. In contrast, Biffis and Sperotto studied
polymermicrogel-supported Pd nanoparticles in the Su-
zuki coupling of aryl bromides with phenylboronic acid
and ascribed the activity to leached Pd species, with the
particle-laden microgels acting as a reservoir for mo-
lecular catalytic species.[558]

Recently, Hu and Liu studied the Suzuki coupling of
aryl bromides or iodides and arylboronic acids using pol-
ymer-Pd nanoparticle composites as precatalysts under
conventional conditions and microwave heating.[559,560]

Careful study of the recycle and reuse of the precatalysts
in tandem with TEM analysis of the structure of the
nanoparticles gave evidence for significant changes in
nanoparticle size and shape. This observation, coupled
with the lack of homocoupling using the solid precata-
lysts, prompted the authors to hypothesize that the cat-
alysis involved a discrete soluble Pd(II) species in solu-
tion. Following elimination of the coupled product
from the discrete Pd(II) species, the resulting Pd(0) spe-
cies could oxidatively add another aryl halide to re-enter
the catalytic cycle or it could cluster to reform Pd nano-
particles or palladium black. The proposed mechanism
(Scheme 38) is similar to those espoused by DuPont[203]

for nanoparticle catalysts in ionic liquids and by de
Vries[184] for catalysis by homoeopathic, “naked” palla-
dium (Scheme 7), although the intermediate species
are likely more accurately represented as anionic enti-
ties.

Scheme 38. Nanoparticle etching process whereby discrete
molecular palladium species promote the Suzuki coupling re-
action in solution.
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Calò and co-workers reported the use of palladium
nanoparticles in quaternary ammonium salts as solvents
in the Suzuki coupling of aryl bromides and chlorides
with phenylboronic acid.[561] The precatalysts could be
reused for three runs, although in each run a slight de-
crease in product yield was observed.
In an interesting work, Rothenberg and co-workers

studied the Suzuki coupling of aryl halides and phenyl-
boronic acid using solubleCu, Pd andmixedmetal nano-
clusters.[562] Catalytic results were found to be consistent
with catalysis by the nanoclusters or leached molecular
species that come from the nanoclusters. Distinguishing
between the two possible cases could not be achieved
with the data given in the paper. Others have reported
PVP-supported nanoparticles as recyclable catalysts in
Sonogashira reactions, although kinetics were not re-
ported and the yields decreased in each run.[563]

Trezciak and co-workers recently published an inter-
esting study of Pd nanoparticles supported on PVP pol-
ymers in (Bu4N)

þBr� media as Heck coupling precata-
lysts using bromobenzene and n-butyl acrylate.[564] The
nanoparticles were observed to decrease in size and be-
come rounder after exposure to aryl halides or Heck re-
action conditions.A larger decrease in sizewas observed
as tetrabutylammonium halides were added to the sys-
tem, supporting the hypothesis in the literature byReetz
and others that these agents promote the redispersion of
the Pd. XPS analysis, which only analyzes for surface
species, supports the complete oxidation of Pd(0) spe-
cies to Pd(II) species following exposure to iodoben-
zene. Furthermore, in the presence of TBA cations,
the authors interpreted their XPS data as consistent
with formation of solvated Pd species such as
[Pd(Ph)Br3]

2� and [PdBr4]
2�, again providing evidence

for Pd nanoparticle dissolution. Thus, the authors
show that oxidative addition of aryl halides can liberate
Pd species from the nanoparticle and interpret this as
consistentwith catalysis by soluble Pd species, especially
under Jeffery conditions.
Dupont et al. presented a careful study of Pd nanopar-

ticles dispersed in ionic liquids as Heck reaction cata-
lysts in 2005.[203] Nanoparticles about 1.7 nm in diameter
were used in the two phase ionic liquid/organic Heck re-
action and the ionic liquid phase was re-examined by
TEM after reaction. They found substantial changes in
the size of the nanoparticles after reaction, with an aver-
age diameter of 6.1 nmdiameter. In addition, they found
that the organic phase contained significant amounts of
Pd, with the amounts changing as a function of conver-
sion. However, the recovered organic phase after reac-
tion was found to be inactive for further Heck conver-
sion. The authors proposed a nanoparticle dissolution
process, akin to the process put forth by de Vries and
co-workers for homeopathic Pd, whereby solublized
molecular Pd from a larger Pd source is the active cata-
lytic species (Scheme 39). Others have also reported Pd
nanoparticles in ionic liquids as recyclable Heck preca-
talysts, such as the work of Calò on chitosan-supported
Pd nanoparticles in TBAB-based ionic liquids.[565]

Zhang et al. studied the Heck reaction of various aryl
halides using Pd nanoparticles supported by poly(ethy-
lene glycol) (PEG).[566] The precatalysts were found to
convert aryl iodides and activated aryl bromides and
thepolymer-stabilizedPd could be reused inmultiple re-
actions, although yields decreased with time. The preca-
talysts were found to leach small amounts of Pd in each
cycle, although choice of certain solvents kept the
amount small.A cold filtration test did not reveal any ac-
tivity due to leached species, and thus the authors con-
cluded that the reaction occurred on the surface of the
nanoparticles.
Consideration of the large body of work on soluble

nanoparticle precatalysts forHeck and Suzuki reactions
gives an overall picture that is consistent with the cata-
lyticmechanism espoused by deVries,[188] Reetz[204], Du-
Pont[203] and others, whereby under most conditions the
nanoparticles serve as reservoirs for solvated molecular
palladium species that are active catalytic species. In the
Heck reaction, there is strong evidence for dissolution of
the nanoparticles via the oxidative addition of the aryl
halide to the surface to liberate the soluble palladium
species. However, it is less clear whether Pd(II) species
that might remain present on the solid surface after
the addition of the aryl halide can reactwith an incoming
olefin to give catalytic turnover on the nanoparticle sur-
face. If thiswere tooccur, two catalytic siteswouldbe ap-
parently operable, one a molecular species in solution
and one on the nanoparticle surface. For Suzuki reac-
tions, there is conflicting evidence about the reaction
mechanism, with some authors supporting the addition
of the boronic acid to the surface followed by a sur-

Scheme 39. Nanoparticle dissolution process to liberate solu-
ble, active molecular palladium species.
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face-mediated reaction with an incoming aryl halide,[548]

while others espouse a leaching mechanism[560] whereby
molecular palladium is leached into solution, which acts
as the true catalytic species. Overall, as in the use of sup-
ported precatalysts such as Pd/C, there is no definitive
evidence that complete catalytic turnovers can occur
on the metal surface in Heck or Suzuki coupling reac-
tions, although circumstantial evidence continues to be
used to support this hypothesis.

4.5 Polymer or Oxide “Encapsulated” Precatalysts

Although related to the precatalysts of Section 4.4, pal-
ladium sources encapsulated in polymer or oxide sup-
ports now represent a further subclass of catalysts that
are increasingly being reported for Heck and Suzuki
couplings. An early example includes the work of Gin
and Ding, who reported the immobilization of Pd(0)
nanoparticles within the mesopores of a lyotropic liquid
crystalline polymer which was utilized as a supported
palladium precatalyst in Heck coupling reactions.[567]

Pd(II) cations were added to the anionic head groups
of the polymer via ion exchange and the resulting poly-
mer was reduced in hydrogen to generate Pd(0) nano-
particles of approximately 4–7 nm in diameter. As this
size was larger than the pore size, some restructuring
of the polymer had to take place upon reduction. The
material was capable of activating aryl iodides and acti-
vated bromides and they reported that this activity was
maintained after two recycles.
In 2001, Biffis introduced microgel-stabilized Pd col-

loids as a new type of catalyst for coupling reactions,
demonstrating their applicability in the Heck coupling
of aryl halides with n-butyl acrylate.[568] In the applica-
tion of this new precatalyst, it was noted that no palladi-
um black formation was observed and the microgel ap-
peared to be stable, although the overall reactivity was
lower than other reported Pd colloid precatalysts.
Ley and co-workers developed Pd(OAc)2 encapsulat-

ed by poly(urea) as a new reusable precatalyst for cross-
coupling reactions.[569–571] The precatalysts have been
demonstrated in both Heck and Suzuki coupling chem-
istrieswith various aryl halides as reactants, including io-
dides, bromides and chlorides. Tetrabutylammonium
bromides was used as a base, and there was only limited
leaching detected with the precatalysts (ranging from
13–60 ppm). It was not originally established whether
the reaction occurred with leached Pd species, although
there certainly may be enough leached palladium to
function as a good catalyst, as ppb levels of Pd are suffi-
cient for good conversions in some cases.[124,572] Recent
studies support the notion that all of the catalysis occurs
outside the polymers, as insoluble poisons completely
shut down the reactivity, an observation that is not con-
sistent with the reaction occurring inside the polymer
particles.[573] In most cases, reaction rates under condi-

tions where leaching was low were also much lower
than when using homeopathic palladium.
Kobayashi and co-workers developed a route to en-

capsulate phosphine-free Pd(0) inside micelles of novel
copolymers.[574,575] The “polymer-incarcerated” Pd was
successfully used in both Suzuki[574] and Heck[575] cou-
plings of aryl bromides and aryl iodides, respectively.
In the Suzuki coupling, leaching of Pd from the polymer
was largely dependent on the solvent used, with unde-
tectable amounts of leaching in water/toluene and wa-
ter/ethanol systems. Utilization of the solid-free filtrate
after a reaction in a subsequent homogeneous reaction
resulted in no conversion of substrate, which the authors
interpreted as an indication of the reaction occurring
within the polymer micelles. Addition of an external
phosphine ligand such as BuchwaldOs 2-(dicyclohexyl-
phosphino)biphenyl, 4, resulted in enhanced reactivity
and decreased leaching. This interesting result indicated
that either the ligand could infiltrate the polymer and ac-
tivate the Pd nanoparticles inside or that traces of leach-
ed species were supported by the phosphine and pro-
moted the reaction in the liquid phase. In the more de-
tailed study of the Heck reaction, the Pd(0) clusters
were characterized byEXAFSandwere shown to be ap-
proximately 0.7 nm in size. The nature of the polymer
used to encapsulate the Pd was shown to have a signifi-
cant impact on the catalytic properties, especially the
leaching behavior of the materials. The best systems
had undetectable levels of soluble Pd (<5 ppm), could
be used at very low concentrations, and could be recy-
cled. A hot filtration test showed that the filtrate could
not convert the reactants, although it should be noted
that a short induction period was observed and the ki-
netics appeared similar to the case of homeopathic Pd
described by de Vries.[184] A three phase test showed
that there was little or no soluble catalytic species leach-
ed from the polymer, as the immobilized aryl iodide was
barely converted (although a soluble iodide might be
necessary to induce leaching,[514] vide supra). Surprising-
ly, almost no conversionwas also observed using Pd/C in
the three phase test, yet it is known that this system is
composed of entirely soluble catalytic species under
most conditions studied. This casts some doubt on the
validity of the test or conditions used. TEM analysis of
the precatalyst before and after reaction showed no
signs of changes in the Pd particle size-formation of
large Pd clusters was not detected. Thus, the authors
concluded that the reaction occurredwithin the polymer
micelles, with the material acting as a nanoreactor. Im-
proved performance could be obtained by using a poly-
mer that contained P(aryl)3 groups as part of the back-
bone.[576]

McQuade andPrice recently reported the use of cross-
linked reverse micelles as hosts for Pd(0) nanoparticles
in Heck coupling reactions.[577] Using cross-linked mi-
celles, the authors showed that the precatalysts could
be recovered and reused, although the catalytic per-
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formance in subsequent reactions degraded. The preca-
talystswere observed to performbetter at very low load-
ings, an observation in line with those of de Vries,[184]

who argued that this was consistentwith catalysis bymo-
lecular Pd species. Thus, the catalysis in this work may
not be associated with heterogeneous Pd sites. The cat-
alyst was reported to be inactive in bromo- and chloroar-
ene conversions. Other encapsulated precatalysts, for
example, polymer/silica encapsulated precatalysts,
have also recently been reported by other authors.[578]

It is anticipated that the observations about the nature
of the “true” catalyst for the above section concerning
soluble Pd(0) nanoparticles should be similar for the
nanoparticle encapsulated catalysts. Indeed, if the sur-
face of the nanoparticle is in fact not able to promote
the coupling reactions, it is likely that these materials
simply serve as vehicles for the slow release of active pal-
ladium species into solution. As these materials are still
relatively new, their ability to prevent palladium leach-
ing and to facilitate true, heterogeneous catalysis is at
this point unclear.

5 Distinguishing Between Soluble vs.
Insoluble, Molecular vs. Nanoparticle
Catalysts

Determining the nature of the true active species using
homogeneous organometallic complexes or mixtures
of ligands with metal salts is a science that has been sys-
tematically developed over the last several decades.
Similarly, understanding the structure and performance
of solid, heterogeneous catalysts such as metal oxides or
supported metal particles, especially in gas-phase reac-
tions, is awell-developed area of science aswell.Howev-
er, understanding the nature of the true active species
using solid catalysts in liquid media remains a relatively
less studied, although quite important area. Indeed, in
many cases, solids act as truly heterogeneous catalysts,
with the reaction occurring on themetal particle surface,
whereas in others, it is increasingly found that leached,
soluble species are the true catalytic entities. Indeed,
in palladium-catalyzed coupling reactions, this increas-
ingly appears to be the case in many well-characterized
systems. As this review brings to light, the nature of the
true catalytic species in many systems is exceedingly
hard to assess. Indeed, we can see why if we consider
LeadbeaterOs recent careful work.
Leadbeater and co-workers carried out an interesting

set of studies that serve as an excellent cautionary tale
for investigations aimed at determining the homogene-
ity/heterogeneity of catalysts and the nature of the
true active species. In 2003, Leadbetter et al. reported
an intriguing study whereby they were able to achieve
the Suzuki coupling of 4-bromoacetophenone and other
aryl bromides and phenylboronic acid in the absence of
any added transition metal.[579,580] As transition metal

costs and contamination are a significant problem in ap-
plying coupling chemistries commercially, this was ama-
jor advance. Subsequently, the authors reported transi-
tion metal-free Sonogashira couplings as well.[581] How-
ever, later, careful studies by LeadbeaterOs group along
with Singer andGranados of theUniversity of Connect-
icut showed that the reactionswere actually catalyzedby
trace amounts of Pd in commercial sodiumcarbonate re-
agents.[572] Indeed, even at levels of 50 ppb, the traces of
Pd were able to catalyze the reaction. Similar results
were reported by Dupont and co-workers, who showed
that ppt amounts of residual Pd in previously used reac-
tion glassware are sometimes sufficient to catalyze the
Heck reaction.[124] Biffis, Zecca and Basoto also note
that only a very small amount of leaching was necessary
to give excellent catalytic rates in their review of palladi-
ummetal catalysts inHeck couplings.[331] Thus, assessing
what is the active catalyst andwhere is the active catalyst
(support vs. solution) can be extraordinarily difficult. In-
deed, if ppt levels of palladium are capable of easily cat-
alyzing some reactions, probing the nature of the true
catalyst by most spectroscopic or other techniques
may be currently impossible. In the paragraphs below,
we outline a variety ofmetrics (and their associated sub-
tleties) that have been used to judge the heterogeneity/
homogeneity of the catalytic species inHeck and Suzuki
coupling reactions.

5.1 Aryl Iodides vs. Bromides vs. Chlorides

The first critical choice in any fundamental catalytic
study is the reactants thatwill be used.The fact that trace
amounts of palladium are able to rapidly catalyze some
coupling reactions makes the choice of test reactions
critical in the characterization of new precatalysts. In
particular, Suzuki coupling reactions of aryl iodides
and bromides are very efficiently catalyzed by a myriad
of different precatalysts with ultra-low palladium load-
ings. Similarly, low loadings of many palladium precata-
lysts can catalyze the Heck coupling of aryl iodides and
activated aryl bromides. To this end, it is strongly recom-
mended that deactivated aryl bromides and aryl chlor-
ides be used as reactants in the characterization of new
catalysts.

5.2 Filtration or Split Tests

Acommonly citedworkon the issue of homogeneous vs.
heterogeneous catalysis is the nice paper bySheldon and
coworkers.[582] This work highlights efforts at the eluci-
dation of the nature of the true transition metal species
that are responsible for oxidation catalysis when starting
with silicalite-based microporous materials. They ap-
plied the hot filtration techniqueor spilt test to effective-
ly probe whether leached transition metal species were
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responsible for the observed catalysis and suggested that
such a test can provide rigorous proof for catalysis by
leached vs. truly heterogeneous species. Indeed, in a
huge variety of chemistries, this technique works ex-
tremely well and can provide valuable information
about the nature of the true catalyst. Unfortunately,
this test, when applied alone, cannot be rigorously
used to assess catalysis by leached species during Heck
and Suzuki reactions due to the speed at which leached
palladium species can redeposit back onto the sup-
port.[350–352] In related chemistries, Lipshutz has suggest-
ed that the leached metal can deposit so quickly it may
not be detected by a filtration test.[346] Furthermore, as
noted above, the amount of leached palladium that
need be present in solution for catalysis can be so small,
that it might not be detected by many techniques such
as rudimentary elemental analysis. Finally, as noted in
this review, active species can deactivate quickly in solu-
tion in the absence of stabilizers such as TBAB, and espe-
cially in the absence of substrate. Thus the filtration test is
an excellent test to judge heterogeneity, although it alone
cannotbeused toprove catalysis by supportedpalladium.

5.3 Kinetic Studies vs. Catalyst Recycle with
Consistent Yield

Gladysz nicely summarized the concept of an ideal cat-
alyst, pointing out that ultimately, a high TON is more
important than recyclability for practical applica-
tions.[583] This is especially important inHeck and Suzuki
couplings, where palladium leaching from solid precata-
lysts may negate the utility of having a supported, “re-
coverable” catalyst. In many cases, very low loadings
of homeopathic palladium may turn out to be the most
cost-effective way of carrying out coupling reactions, es-
pecially since potentially viable recycle strategies for ho-
meopathic palladium are now known.[183] In particular, a
key point that is made in GladyszOs work is the proper
way of characterizing recyclability of catalysts. Unfortu-
nately, with regard to coupling chemistry, most authors
simply report product yields as a function of cycle. In
most cases, this information is almost useless, and Gla-
dysz clearly points out why such data are essentially in-
consequential, especially when long reaction times are
used. Instead, Gladysz suggests that average TOF in
each cycle is a more meaningful data set, as it takes
into account the kinetics of the reaction. Indeed, TOF
vs. cycle data aremore useful than yield vs. cycle data, al-
though an added subtlety comes into play for coupling
reactions. Unfortunately, many palladium-catalyzed
coupling reactions have significant induction periods
that change as a function of cycle. In this case, TOF vs.
cycle data can be misleading. In such a case, Beletskaya
et al. argue for abandonment of the practice of averag-
ing TOFs bymeasuring a TON after a specific time, not-
ing that such data can give inaccurate results.[221] Instead,

they argue formeasuring the slope of a tangent line after
the inductionperiod to reportmore representative rates.
At the very least, good comparisons should include plots
of actual kinetic data alongwith quantitative initial rates
or averageTOFs,whereby the initial rates and induction
periods can be shared visually with the reader. Ideally,
the experimental kinetics can be fit by a theoretical ki-
netic model as described by Finke in his recent re-
view.[396]

5.4 Reaction Selectivity

For many Heck and Suzuki couplings, reaction selectiv-
ity can be a useful diagnostic for comparing different
catalysts. For example, common side reactions in Heck
and Suzuki reactions are dehalogenation and deborona-
tion of the aryl species, respectively. In addition, inHeck
couplings, often different product isomers can be pre-
pared, and the distribution of isomers can give a useful
insight into the type of catalyst produced from the start-
ing precatalyst. Certainly, the fact that homogeneous
systems based on Pd(OAc)2, palladacycles, or
Pd2(dba)3 and supported systems such as Pd/C or
Pd/TiO2 gave similar product distributions in Heck cou-
plings is consistent with the notion that they produce
similar (homogeneous) catalytic species in situ.[243]

Although selectivity alone is not a conclusive diagnostic,
it can be used effectively as a piece of the puzzle that un-
covers the true catalytic species in Heck couplings.

5.5 Correlation of Reaction Rate with Concentration
of Palladium in Solution

Kçhler[358,359] andArai[350] independently and convincing-
ly showed that the reaction rate when using various sup-
ported palladium precatalysts nicely correlates with the
content of dissolved palladium. Such an agreement pro-
vides powerful kinetic evidence that the true active spe-
cies under these conditions is a soluble formofpalladium.
Many authors check for metal leaching only after a reac-
tion has been completed, and substantial evidence shows
that soluble catalytic species can redeposit on the support
fast enough so that leachingmay be entirelymissed if this
is the only test for soluble species.

5.6 “Quantitative” Catalyst Recovery

“Quantitative” catalyst recovery also is a way to meas-
ure the recyclability of a system.While thismethodology
has real bearing on practical reuse of the catalysts, it
does not provide strong evidence for a truly heterogene-
ous palladium coupling catalyst when solid catalysts are
used. This is because, as was noted above, palladium cat-
alysts in coupling reactions are often so active that only

REVIEW Nam T. S. Phan et al.

666 asc.wiley-vch.de L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Adv. Synth. Catal. 2006, 348, 609 – 679



ppb levels of soluble species are necessary to promote
the reaction. It is highly unlikely, in any case, that such
levels of leaching would be noted. Thus, while gross
loss of palladium froma solid “catalyst” is clear evidence
of leaching, recovery of a solid catalyst with “the same
amount” of palladium as measured by typical elemental
analysis techniques cannot by itself be used to justify a
truly heterogeneous catalyst.
Themost convincing studies that address the nature of

the truly active palladium species are those that utilize
an array of techniques to elucidate its homogeneity or
heterogeneity. Indeed, FinkeOs excellent review on dis-
tinguishing between soluble homogeneous catalysis
and nanoparticle catalysis using reducible transition
metals compiles an array of reaction tests, poisons, and
experimental procedures that are useful in characteriz-
ing the identity of the true catalyst.[396] However, one
must carefully think about the validity of any test that
has beenused for a specific catalyst and reaction typebe-
fore blindly applying it to any system of interest.

5.7 Mercury Test

For example, we can consider the ubiquitous mercury
test, whereby Hg(0) is added to a reaction. Historically,
researchers have used the observation of Hg(0) quench-
ing a reaction as evidence for catalysis by heterogeneous
metal particles, both in coupling reactions and other
types of reactions. Perhaps this is because the historic lit-
erature is interpreted as saying that themercury test dis-
tinguishes between homogeneous and heterogeneous
catalysis. This is often the case in the context of the orig-
inal studies. Indeed, the historic literature[584,585] with the
Hg(0) test focuses on hydrogenation reactionswithmet-
al complexes in elevated formal oxidation states bound
by protective ligands. Certainly, these catalysts are not
affected by Hg(0), as they are not M(0) species and
they are protected by strong ligands. Indeed, Weck
and Jones have shown that Pd(II) pincers are also unaf-
fected by Hg(0) when carrying out stoichiometric reac-
tions where the ligand remains intact and the complex
is in a Pd(II) state.[249] However, Hg(0) does quench
the activity of Pd(II) pincer precatalysts inHeck, Suzuki
and related coupling reactions.[249–251,270,271,586] Others
have interpreted this as “proof of catalysis” by soluble
Pd(0) nanoparticles. However, instead we suggest that
this can only be interpreted as “catalysis via a cycle
with a Pd(0) intermediate.” de Vries suggests that solu-
ble, molecular palladium species are the true catalysts in
Heck coupling reactions promoted by nanoparticle pre-
catalysts aswell as by palladacycleor Pd(OAc)2 “naked”
precatalysts.[184] Indeed, subsequently, Dupont also has
suggested this possibility based on studies of ionic liq-
uids containing palladium nanoparticles as C�C cou-
pling media.[248] In the case of base-stabilized, “naked”
molecular Pd(0) species, no logical, chemical reason

has been put forth concerning why Hg(0) should not
also extinguish activity associated with these species.
Thus, it is suggested that “naked” molecular palladium
species are examples of homogeneous catalysts that
should be affected by Hg(0), as a consequence of their
lack of strong protecting ligands and their M(0) state.

5.8 Selective Poisons for Solid Catalysts

The mercury test is often applied as a selective poison
for heterogeneous catalysts. However, as noted in the
above section, as well as in the work of Whitesides[587]

and DuPont,[248] interpretation of a mercury test can be
problematic. DuPont suggests that a mercury test can
“confirm a homogeneous catalytic system but not a het-
erogeneous one”. We argue that in the context of the
coupling reactions described here, this can be better
stated as, “the observation that Hg(0) does not affect
the catalysis can confirm a mechanism that does not in-
volve unprotected Pd(0) (soluble or supported), where-
as an observation that Hg(0) quenches the activity may
be consistent with a Pd(0) intermediate.” Complications
arise from the fact that mercury must be well-dispersed
in the organic media, making mixing complications a
factor in reproducibility. Also, mercury can sometimes
change the nature of the reactivity, or even improve hy-
drogenation rates.[248,588]

5.9 Selective Poisons for Soluble Catalysts

Avariety of smallmolecules has been espoused as useful
poisons that can used as markers for homogeneous cat-
alysis. For example, in FinkeOs review of distinguishing
between homogeneous and heterogeneous catalysis un-
der reducing conditions,[396] PPh3, CS2, thiophene, and
DCT[585] are suggested as catalyst poisons. Furthermore,
it is suggested that the stoichiometry at which the poison
completely inhibits the reaction can give insights into
the nature of the catalyst, with <1 equivalent relative
to metal suggesting heterogeneous catalysis. This inter-
pretation is complicated in Heck and Suzuki coupling
reactions by the fact that rarely do we know the true
number of active species present, and therefore, estab-
lishing the stoichiometry is quite difficult. Indeed,
many of the best catalysts are thought to slowly release
active palladiumwhich candeactivatewith time,making
the total active species count dynamic. For this reason,
use of small molecule poisons has rarely been useful in
giving conclusive proof of homogeneous vs. heterogene-
ousmechanisms inHeck and Suzuki coupling chemistry.
We have employed an alternate approach to the de-

velopment of selective, homogeneous catalyst poisons.
By addition of an insoluble solid material to a reaction
that is filled with binding sites, we suggest that soluble
reactive palladium species can be pulled out of solution
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and ligated to the point where their reactivity is extin-
guished. To that end, we employed cross-linked poly(vi-
nylpyridine) in our studies of supported pincer com-
plexes and showed that addition of this poison effective-
ly shut down catalytic activity.[249,250,270] This was inter-
preted as evidence for catalysis by soluble species only.
It was argued that the poisoning effect of this cross-
linked polymer was most consistent with catalysis by
naked, molecular palladium species, as it was difficult
to envision the cross-linked polymer extinguishing cat-
alysis on the surface of soluble metal nanoparticles. It
is suggested that the wide array of transition metal scav-
engers that are now sold might also be effective poisons
for soluble catalytic species.[573]

5.10 3-Phase Test

Davies recently revived the use of the 3-phase test, or
Collman test,[589] first proposed by Rebek[590–592] as a
clear test for the discrimination of homogeneous cataly-
sis, in the determination of heterogeneity in Pd-cata-
lyzed coupling reactions. Davies et al. were able to con-
clusively show that both a Heck and Suzuki coupling re-
action proceeded by a solution phase mechanism using
polymer beads immobilized with one of the two re-
agents, in this case an aryl iodide.[379] Using this test,
one reagent is immobilized on a solid support and the
catalyst is immobilized on a second, different solid sup-
port. The rest of the reagents are then added to the sol-
ution. Ideally, if there is no background reaction in the
absence of catalyst, the immobilized reagent should
only be converted if there is catalyst or substrate leach-
ing. This is a very useful test to assess homogeneous cat-
alysis and it is an excellent complimentary technique for
use in conjunction with filtration tests. There are subtle-
ties involved, however. For example, it must be insured
that the species needed to induce leaching are present in
the solution phase. Thus, if leaching proceeds via oxida-
tive addition of aryl halide to immobilized Pd(0), the
aryl halide or another free aryl halide must be present
in the reaction solution. In this case, the olefin would
be an excellent target for immobilization, in the case
of Heck reactions. Another issue concerns the relative
rates of conversion of the tethered vs. the soluble reac-
tants. For example, if an easy to convert aryl halide is
used in solution (e.g., an aryl iodide) but a slow reacting
aryl halide is tethered (e.g., a deactivated aryl bromide),
the halide in solutionmight be converted completely be-
fore any hypothetical leached palladium species has
time to diffuse to and convert the surface-bound re-
agent. Thus, if the surface-bound reagent is slow react-
ing, the soluble palladium may deactivate before it can
convert much or any of the bound substrate. Nonethe-
less, the 3-phase test can be a powerful tool in the arsenal
of the catalysis scientist in elucidating the nature of the
true catalytic species if these subtleties are considered.

A combination of the control experiments described
above is suggested to be the best way to probe the nature
of the catalytic species when starting with solid precata-
lysts.[396] An array of such experiments, when coupled
with traditional kinetic studies can go a longway in help-
ing to establish the forms of palladium that are truly ac-
tive in these coupling reactions.

6 Summary and Conclusions

Each year, more applications of palladium-catalyzed
Heck and Suzuki reactions are reported. For example,
in 2001, de Vries described a number of commercial ap-
plications of the Heck reaction,[593] and a recent review
of Suzuki couplings in organic syntheses highlights the
applicability of this transformation to prepare a wide ar-
ray of products.[594] More recently, two detailed accounts
of processes that utilize Suzuki[595] and Heck[596] cou-
plings as important steps were described. Undoubtedly,
these types of reports will increasingly appear in the fu-
ture.
As the field moves forward, a significant task will be

the elucidation of the nature of the true catalytic species
when using the myriad precatalysts described above. A
lot can be inferred about the nature of the active catalyst
when considering the temperature at which the system
operates, especially in Heck couplings. There is consid-
erable evidence that added donor ligands such as phos-
phines, phosphites, NHCs and others can be a compo-
nent of truly active, soluble palladium complexes in
Heck or Suzuki coupling reactions. In considering the
discrete soluble transition metal catalysts that have re-
cently been studied, it is clear that an emerging trend
is the design of bulky monodentate ligands that can sta-
bilize activemonoligatedPd(0) species. It should be not-
ed, however, that the conditions where these ligands
seem to influence the catalysis is usually at relatively
low temperatures (<~80 8C). In contrast, at higher reac-
tion temperatures (>~120 8C), it is likely thatmany pre-
formed metal ligand complexes or mixtures of palladi-
um sources and ligands decompose to generate Pd(0)
nanoparticles.[188] These nanoparticles are then precur-
sors to soluble molecular or dimeric palladium species
that may act as catalysts in an anionic Amatore/Ju-
tand[17] catalytic cycle (Scheme 3). This is true of palla-
dacycle precatalysts in particular, with the majority of
the palladacycles studied (NC, PC, SC, SCS, PCP, etc.)
being shown to decompose to liberate soluble, likely ho-
meopathic palladium species that operate via a Pd(0)–
Pd(II) cycle. Indeed, de Vries nicely summarizes how
multitudes of Heck coupling data from many different
authors can all be explained by a single mechanistic pic-
ture at high temperatures involving anionic intermedi-
ates and his recent perspective is highly recommended
reading.[188]
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Palladium nanoparticles have also been used directly
in organic, aqueous and ionic liquid media, and they
have been immobilized in polymeric supports or stabi-
lized by oligomers and dendrimers. The collected data
clearly show that some aryl halides can oxidatively add
to the surface of the nanoparticles and it has been sug-
gested that the resulting Pd(II) species may leach from
the nanoparticle to create discrete molecular palladium
species. It has been suggested that these soluble species
can then participate in the solution phase Heck or Suzu-
ki cycle. It is not clear if complete catalytic turnovers can
occur on the surface of the nanoparticles, although this
has been suggested bymany authors with relatively lim-
ited supporting data. At this stage, the possibility of this
occurring cannot be conclusively ruled out, although no
definitive or even strongly suggestive proof of this phe-
nomenon has thus far been presented.
When solid-supported Pd(0) particles were used as

precatalysts, many authors have reported that the activ-
ity was associated with soluble, leached palladium spe-
cies derived from themetal particles. In this regard, sup-
ported forms of Pd(0) or even supported PdO are preca-
talysts that create soluble palladium species that follow
the homeopathic catalytic cycle outlined above.[188] Af-
ter reaction, the soluble palladium was often observed
to redeposit on the solid support. In contrast, in some
cases, it has been suggested that the catalytic turnovers
occur on the palladium metal surface. As noted above
in the nanoparticle discussion, no compelling evidence
has been presented that shows that palladium macro-
or nanoparticle surfaces can act as true catalytic sites
giving complete turnovers.
Ligand-functionalized solids will continue to be stud-

ied as novel supports for Pd(0) or Pd(II) species inHeck
and Suzuki coupling reactions. In essentially all cases
where these precatalysts have been studied, some leach-
ing of palladium occurs, although in many cases it is
claimed that the leached palladium is inactive (or it de-
activates quickly). Several ligands appear to strongly
bind palladium and therefore may be promising for im-
mobilization of molecular palladium species to create
effective coupling catalysts. These include simple thiols
as well as NHC-based ligand systems. It is anticipated
that lower temperatures will be needed to prevent palla-
dium agglomeration and catalysis via the soluble home-
opathic path as discussed above.
There still are noproven examples of catalysts that op-

erate by aPd(II)-Pd(IV) catalytic cycle inHeck or Suzu-
ki coupling reactions.[597–599] Over the years, the various
candidates that potentially could operate by this mech-
anism have been consistently shown to operate by a tra-
ditional Pd(0)–Pd(II) cycle. Indeed, NC, SC, PC, SCS
and PCP palladacycles have all been shown to operate
by a Pd(0)–Pd(II) mechanism, with the SCS and PCP
pincers being conclusively shown to not operate, even
to a small extent, by a Pd(II)–Pd(IV) cycle.

Regardless of what palladium precatalyst is used, it is
critical for researchers to attempt to understand the na-
ture of the true catalytic species in their studies. This ob-
viously is a very arduous task inmany cases, as (i) the fact
that ppb levels of palladiummay be active in some cases,
coupledwith (ii) the fact that active palladium species in
solution can quickly deactivate via clustering of Pd(0),
coupled with the prevalence of (iii) leaching/redeposi-
tion processes that makes characterization of the possi-
bility of soluble active palladiumwhenusing solid preca-
talysts very difficult. It is equally difficult to prove catal-
ysis occurs on a solid surface given the above difficulties
(i – iii). It is suggested that increased use of poisons that
are specific for soluble palladium species may help shed
light on this issue and that new catalyst poisons be devel-
oped to aid in this task. Clearly, the study of palladium-
based coupling catalysts will continue and potential
breakthroughs in the elucidation of the dynamics of pal-
ladium under such reaction conditions and the determi-
nation of the type(s) of palladium species that are truly
catalytically active will aid in the rational design of fu-
ture generations of catalysts.
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[311] V. Calò, R. Del Sole, A. Nacci, E. Schingaro, F. Scor-
dari, Eur. J. Org. Chem. 2000, 869.

[312] A. I. Moncada, M. A. Khan, L. M. Slaughter, Tetrahe-
dron Lett. 2005, 46, 1399.

[313] J. Pytkowicz, S. Roland, P. Mangeney, G. Meyer, A. Ju-
tand, J. Organomet. Chem. 2003, 678, 166.

[314] C. M. Zhang, M. L. Trudell, Tetrahedron Lett. 2000, 41,
595.

[315] E. Peris, R. H. Crabtree, Coordin. Chem. Rev. 2004, 248,
2239.

[316] E. Peris, J. A. Loch, J. Mata, R. H. Crabtree, Chem.
Commun. 2001, 201.

[317] J. A. Loch, M. Albrecht, E. Peris, J. Mata, J. W. Faller,
R. H. Crabtree, Organometallics 2002, 21, 700.

[318] G. Altenhoff, R. Goddard, C. W. Lehmann, F. Glorius,
J. Am. Chem. Soc. 2004, 126, 15195.

[319] G. Altenhoff, R. Goddard, C. W. Lehmann, F. Glorius,
Angew. Chem. Int. Ed. 2003, 42, 3690.

[320] V. César, S. Bellemin-Laponnaz, L. H. Gade, Organo-
metallics 2002, 21, 5204.

[321] H. Palencia, F. Garcia-Jimenez, J. M. Takacs, Tetrahe-
dron Lett. 2004, 45, 3849.

[322] A. J. Carmichael, M. J. Earle, J. D. Holbrey, P. B.
McCormac, K. R. Seddon, Org. Lett. 1999, 1, 997.

[323] R. R. Deshmukh, R. Rajagopal, K. V. Srinivasan,
Chem. Commun. 2001, 1544.

[324] R. Rajagopal, D. V. Jarikote, K. V. Srinivasan, Chem.
Commun. 2002, 616.

[325] C. J. Mathews, P. J. Smith, T. Welton, A. J. P. White, D. J.
Williams, Organometallics 2001, 20, 3848.

[326] F. McLachlan, C. J. Mathews, P. J. Smith, T. Welton, Or-
ganometallics 2003, 22, 5350.

[327] C. J. Mathews, P. J. Smith, T. Welton, J. Mol. Catal. A:
Chem. 2004, 214, 27.

[328] S. F. Liu, T. Fukuyama, M. Sato, L. Ryu, Synlett 2004,
1814.

[329] T. Fukuyama, M. Arai, H. Matsubara, L. Ryu, J. Org.
Chem. 2004, 69, 8105.

[330] B. M. Bhanage, M. Arai, Catal. Rev. 2001, 43, 315.
[331] A. Biffis, M. Zecca, M. Basato, J. Mol. Catal. A: Chem.

2001, 173, 249.
[332] M. Julia, M. Duteil, B. Soc. Chim. Fr. II Ch. 1973, 2790.
[333] M. Julia, M. Duteil, C. Grard, E. Kuntz, B. Soc. Chim.

Fr. II Ch. 1973, 2791.
[334] C. M. Andersson, A. Hallberg, J. Org. Chem. 1988, 53,

235.
[335] A. Hallberg, L. Westfelt, C. Andersson, Synth. Com-

mun. 1985, 15, 1131.

[336] D. Savoia, C. Trombini, A. Umanironchi, G. Verardo, J.
Chem. Soc. Chem. Commun. 1981, 540.

[337] D. Savoia, C. Trombini, A. Umanironchi, G. Verardo, J.
Chem. Soc. Chem. Commun. 1981, 541.

[338] K. Kaneda, M. Higuchi, T. Imanaka, J. Mol. Catal. 1990,
63, L33.

[339] A. Hallberg, L. Westfelt, J. Chem. Soc. Perkin Trans. 1
1984, 933.

[340] R. L. Augustine, S. T. Oleary, J. Mol. Catal. A: Chem.
1995, 95, 277.

[341] R. L. Augustine, S. T. Oleary, J. Mol. Catal. 1992, 72,
229.

[342] J. T. Li, A. W. H. Mau, C. R. Strauss, Chem. Commun.
1997, 1275.

[343] J. Walter, J. Heiermann, G. Dyker, S. Hara, H. Shioya-
ma, J. Catal. 2000, 189, 449.

[344] A. F. Shmidt, L. V. Mametova, Kinet. Catal. 1996, 37,
406.

[345] G. Marck, A. Villiger, R. Buchecker, Tetrahedron Lett.
1994, 35, 3277.

[346] B. H. Lipshutz, S. Tasler, W. Chrisman, B. Spliethoff, B.
Tesche, J. Org. Chem. 2002, #67#68, 1177.

[347] A. Wali, S. M. Pillai, V. K. Kaushik, S. Satish, Appl. Cat-
al. A: General 1996, 135, 83.

[348] C. P. Mehnert, D. W. Weaver, J. Y. Ying, J. Am. Chem.
Soc. 1998, 120, 12289.

[349] C. P. Mehnert, J. Y. Ying, Chem. Commun. 1997, 2215.
[350] F. Y. Zhao, B. M. Bhanage, M. Shirai, M. Arai, Chem.

Eur. J. 2000, 6, 843.
[351] F. Y. Zhao, K. Murakami, M. Shirai, M. Arai, J. Catal.

2000, 194, 479.
[352] F. Y. Zhao, M. Shirai, M. Arai, J. Mol. Catal. A: Chem.

2000, 154, 39.
[353] F. Y. Zhao, M. Shirai, Y. Ikushima, M. Arai, J. Mol. Cat-

al. A: Chem. 2002, 180, 211.
[354] L. Djakovitch, K. Koehler, J. Mol. Catal. A: Chem.

1999, 142, 275.
[355] L. Djakovitch, K. Koehler, J. Am. Chem. Soc. 2001, 123,

5990.
[356] K. Kohler, M. Wagner, L. Djakovitch, Catal. Today

2001, 66, 105.
[357] M. Wagner, K. Kohler, L. Djakovitch, S. Weinkauf, V.

Hagen, M. Muhler, Topics in Catal. 2000, 13, 319.
[358] R. G. Heidenreich, J. G. E. Krauter, J. Pietsch, K. Koh-

ler, J. Mol. Catal. A: Chem. 2002, 182, 499.
[359] K. Kohler, R. G. Heidenreich, J. G. E. Krauter, M.

Pietsch, Chem. Eur. J. 2002, 8, 622.
[360] S. S. Prockl, W. Kleist, M. A. Gruber, K. Kohler, Angew.

Chem. Int. Ed. 2004, 43, 1881.
[361] R. G. Heidenreich, K. Kohler, J. G. E. Krauter, J.

Pietsch, Synlett 2002, 1118.
[362] F. Y. Zhao, M. Arai, React. Kinet. Catal. Lett. 2004, 81,

281.
[363] A. Biffis, M. Zecca, M. Basato, Eur. J. Inorg. Chem.

2001, 1131.
[364] T. Tagata, M. Nishida, J. Org. Chem. 2003, 68, 9412.
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[565] V. Calò, A. Nacci, A. Monopoli, A. Fornaro, L. Sabba-

tini, N. Cioffi, N. Ditaranto, Organometallics 2004, 23,
5154.

[566] C. C. Luo, Y. H. Zhang, Y. G. Wang, J. Mol. Catal. A:
Chem. 2005, 229, 7.

[567] J. H. Ding, D. L. Gin, Chem. Mater. 2000, 12, 22.
[568] A. Biffis, J. Mol. Catal. A: Chem. 2001, 165, 303.
[569] C. K. Y. Lee, A. B. Holmes, S. V. Ley, I. F. McConvey, B.

Al-Duri, G. A. Leeke, R. C. D. Santos, J. P. K. Seville,
Chem. Commun. 2005, 2175.

[570] S. V. Ley, C. Ramarao, R. S. Gordon, A. B. Holmes,
A. J. Morrison, I. F. McConvey, I. M. Shirley, S. C.
Smith, M. D. Smith, Chem. Commun. 2002, 1134.

[571] C. Ramarao, S. V. Ley, S. C. Smith, I. M. Shirley, N.
DeAlmeida, Chem. Commun. 2002, 1132.

[572] R. K. Arvela, N. E. Leadbeater, M. S. Sangi, V. A. Wil-
liams, P. Granados, R. D. Singer, J. Org. Chem. 2005, 70,
161.

[573] J. M. Richardson, C. W. Jones, manuscript submitted,
2006.

[574] K. Okamoto, R. Akiyama, S. Kobayashi, Org. Lett.
2004, 6, 1987.

[575] K. Okamoto, R. Akiyama, H. Yoshida, T. Yoshida, S.
Kobayashi, J. Am. Chem. Soc. 2005, 127, 2125.

[576] R. Nishio, M. Sugiura, S. Kobayashi, Org. Lett. 2005, 7,
4831.

[577] K. E. Price, D. T. McQuade, Chem. Commun. 2005,
1714.

[578] N. Kim, M. S. Kwon, C. M. Park, J. Park, Tetrahedron
Lett. 2004, 45, 7057.

[579] N. E. Leadbeater, M. Marco, J. Org. Chem. 2003, 68,
5660.

[580] N. E. Leadbeater, M. Marco, Angew. Chem. Int. Ed.
2003, 42, 1407.

[581] N. E. Leadbeater, M. Marco, B. J. Tominack, Org. Lett.
2003, 5, 3919.

[582] R. A. Sheldon, M. Wallau, I. W. C. E. Arends, U. Schu-
chardt, Acc. Chem. Res. 1998, 31, 485.

[583] J. A. Gladysz, Pure Appl. Chem. 2001, 73, 1319.
[584] P. Foley, R. Dicosimo, G. M. Whitesides, J. Am. Chem.

Soc. 1980, 102, 6713.
[585] D. R. Anton, R. H. Crabtree, Organometallics 1983, 2,

855.
[586] P. Nilsson, O. F. Wendt, J. Organomet. Chem. 2005, 690,

4197.
[587] G. M. Whitesides, M. Hackett, R. L. Brainard, J. P. P. M.

Lavalleye, A. F. Sowinski, A. N. Izumi, S. S. Moore,
D. W. Brown, E. M. Staudt, Organometallics 1985, 4,
1819.

[588] G. C. Georgiades, P. A. Sermon, J. Chem. Soc. Chem.
Commun. 1985, 975.

[589] J. P. Collman, K. M. Kosydar, M. Bressan, W. Lamanna,
T. Garrett, J. Am. Chem. Soc. 1984, 106, 2569.

[590] J. Rebek, Tetrahedron 1979, 35, 723.
[591] J. Rebek, D. Brown, S. Zimmerman, J. Am. Chem. Soc.

1975, 97, 454.
[592] J. Rebek , F. Gavina, J. Am. Chem. Soc. 1974, 96, 7112.
[593] J. G. de Vries, Can. J. Chem. 2001, 79, 1086.
[594] S. Kotha, K. Lahiri, D. Kashinath, Tetrahedron 2002, 58,

9633.
[595] M. F. Lipton, M. A. Mauragis, M. T. Maloney, M. F. Ve-

ley, D. W. VanderBor, J. Newby, R. B. Appell, E. D.
Daugs, Org. Process Res. Dev. 2003, 7, 385.

[596] D. H. B. Ripin, D. E. Bourassa, T. Brandt, M. J. Castal-
di, H. N. Frost, J. Hawkins, P. J. Johnson, S. S. Massett,
K. Neumann, J. Phillips, J. W. Raggon, P. R. Rose, J. L.
Rutherford, B. Sitter, A. M. Stewart, M. G. Vetelino,
L. L. Wei, Org. Process Res. Dev. 2005, 9, 440.

[597] M. Catellani, E. Motti, S. Baratta, Org. Lett. 2001, 3,
3611.

[598] E. Motti, M. Rossetti, G. Bocelli, M. Catellani, J. Orga-
nomet. Chem. 2004, 689, 3741.

[599] Catellani and co-workers suggest that the coupling of
ortho-substituted iodoarenes with alkynes involves
Pd(IV).

Pd-Catalyzed Mizoroki–Heck and Suzuki–Miyaura Couplings REVIEW

Adv. Synth. Catal. 2006, 348, 609 – 679 L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim asc.wiley-vch.de 679


