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Abstract: This review discusses the problems associat-
ed with developing high-turnover catalysts for the
cross-coupling and Heck reactions. New develop-
ments in the area, principally constituted by pallada-
cycles and coordinatively unsaturated Pd catalysts
featuring bulky phosphanes of high donicity, are re-
viewed from a mechanistic and synthetic standpoint,
and compared with more traditional catalysts ob-
tained from conventional mono- and polydentate N-
and P-based ligands, as well as Pd catalysts without
strong ligands, such as Pd colloids or heterogeneous
catalysts. Carbene ligands are also briefly presented.
Whereas a single, most promising approach to high-
turnover Pd catalysis cannot presently be defined, it
is clear that the new “PdL1” catalysts (where L1 is a
monodentate bulky P ligand of high donicity) repre-
sent the latest, most important development in Pd re-
search, certainly from the standpoint of scope and
probably also from the standpoint of efficiency.
High turnovers with these catalysts have been describ-
ed and their use will certainly increase in the next
few years. The review ends with a brief discussion
containing practical considerations on how to choose

a high TON catalyst for a given Heck or cross-cou-
pling reaction of interest.
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1 Introduction

As attested to by the many contributions contained in
this Special Issue, the Heck reaction [Eq. (1)][1–3] and
the cross-coupling reaction [Eq. (2)],[4] two catalytic
processes of exceptional scope, comprise a synthetic
tool that has reached a high level of maturity.

ð1Þ

ð2Þ

During the first two decades since its inception in the
late 1960s and early 1970s, the main aim of this research

area has been to examine the scope of the new synthetic
tool. In the last ten years, on the other hand, considera-
ble attention has also been devoted to mechanistic in-
vestigations, as well as to the extension of thesemethods
to carbon-heteroatom bond-forming reactions.[5] How-
ever, with the final frontiers, i.e., the catalytic activation
of aryl chlorides[6] and the cross-coupling between sp3-
basedpartners,[7] beginning to yield under the systematic
attacks of Buchwald, Fu, Hartwig and others, some of
the interest is shifting toward making these reactions
more economical and practical, in order to move them
from the academic laboratory to the industrial plant,
where they are still rarely utilized.[8–10]

One reason for this state of affairs is the high cost of Pd
catalysts, coupledwith the fact that the classical catalysts
apparently require loads of 1–5% mol to induce effec-
tive coupling, and thismakesmodern homogeneous cat-
alysts clearly unattractivewith respect to heterogeneous
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ones, which are readily recovered by filtration and recy-
cled.[11,12] The latter, however, have not quite enjoyed
the scope and the versatility associated with their mod-
ern homogeneous counterparts.
If the catalytic load of these soluble Pd catalysts could

be reduced to a significantly smaller level, homogeneous
catalysis would be much more practical and may com-
pletely supplant heterogeneous catalysis. Although many
techniques for attaining high turnover number (TON) us-
ing heterogeneous catalysts coupled with recycling strat-
egies have been described, this review focuses on high-
turnover catalysts (HTC), i.e., catalysts that possess such
longevity and can operate at such low levels that, in princi-
ple, theymay not have to be recovered and recycled.
Practically speaking, any catalyst displaying>103

turnover number, i.e., a catalyst that can lead to quanti-
tative conversion of starting materials at a load of 0.1%
mol, will be defined here as anHTC.Both homogeneous
and heterogeneous catalysts (and some borderline cas-
es) will be described, as long as high TONs can be ach-
ieved in a batch mode, i.e., without recycling. The issue
of recycles will be briefly addressed only as it pertains
to the mechanism with which some heterogeneous cata-
lysts operate.
In addition to cost, a second problem associated with

organometallic catalysis is contamination of the product
by themetal, and this, at least in the case of pharmaceut-
icals, has to be tightly controlled, usually to levels below

10 ppm. It is easy to see that both problems (cost and
contamination) will be automatically eliminated with
catalysts that display TONs of 105 or higher. Any Pd-
basedmethodologywithTONs of 105–106 and adequate
turnover frequency (TOF) will be very practical for
pharmaceutical and fine chemical applications. Beyond
this level it is rather meaningless, from a practical stand-
point, to venture.
It is easy to convince ourselves that this is the case by

creating a hypothetical example of an active pharma-
ceutical ingredient (API) produced at an output of 10
tons/year at a total production cost of $ 1,000/kg. As-
suming a similar MW for API and catalyst (which is
not unreasonable given the complexity of modern li-
gands), one will need only 10 g of the catalyst per year
if the TON is 106. Even at a high assumed price (e.g.,
$ 100,000/kg), the cost associated with the catalyst will
be $ 1,000/year, i.e., 0.01% of the total cost of the API.
Likewise, the contamination problem will be non-exis-
tent even if the whole catalytic load ends up in the API.
On the other hand, Pd catalysts with these very high

TONs are unknown for practical industrial applications.
With a more reasonable goal of 103 TONs, the same
analysis shows that the catalyst, at the above price,
would contribute $ 100/kg to the cost of the API, i.e.,
10%, which is unacceptably high. Catalysts operating
at these TONs will have to contain inexpensive ligands
(i.e., cost $ 10,000/kg or less) and/or be easily recycled,
in such a way as to reduce the total cost contribution
by the catalyst to <1%. Strategies to recover the spent
metal will also have to be generated, in order to contain
costs.
In 1995,Herrmann, Beller and co-workers announced

what was then considered to be a “new principle” in pal-
ladium catalysis: the use of palladacycle 1 (the Herr-
mann–Beller palladacycle, or HBP) afforded unprece-
dented TONs. For example, in the Heck coupling of p-
formylbromobenzene with acrylates, TONs of about
2�105 were achieved.[13]

Very quickly, palladacycle research became a hot
field, with many groups entering the stage and introduc-
ing their own variants of theHBPprototype.Higher and
higher TONs were reported for some very simple Heck
and Suzuki couplings.[14–17]

These early studies must be credited with focusing the
attention of the organometallic community on the
search for high TONs. Very soon, other paradigms be-
gan to emerge which also yielded high TONs. In fact,
some simple, well-known catalysts even exceeded the
performance of the typical palladacycle in some cases.
The purpose of this review is to examine critically the
field of high-TON palladium research, to present the
reader with an overview of the variety of approaches
at oneNs disposal in the development of efficient Pd cat-
alysts, and, whenever possible, tomake constructive rec-
ommendations on how to use the available literature in
order to develop a high-TON catalyst for a specific Pd-
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catalyzed coupling. The material in this review, which
covers themost significant developments in the field un-
til the end of 2003 and some key studies thereafter, is or-
ganized according to catalyst type and not according to
reaction, because this makes the discussion of the high
TON problem simpler and more organized.

2 Different Paradigms in High-TON
Research

The study of TONs in palladium-mediated C�C bond
formation processes is a very important area of research.
The factors that affect overall rates and robustness of the
catalysts are, unfortunately, not well understood. Re-
cent literature has been preoccupied mostly with tabu-
lating TONs in a limited set of reactions using a large va-
riety of ligands and catalysts, and also with reaching
higher and higher TONs in a number of very simple
model systems. Unfortunately, it is not possible to ex-
tract a few general rules from this ample body of litera-
ture. Although many decomposition modes of Pd cata-
lysts have been elucidated,[18] their role in limiting
TON in many specific organic reactions described in
this review has not been clearly examined. Without a
full knowledge of catalyst decomposition pathways, it
is difficult to predict maximum TONs. In the future,
any quantitative kinetic work aimed at balancing knowl-
edge of catalytic parameters vs. catalyst decomposition
kineticswill help substantially in reaching the goal of de-
signing high-TON catalysts for every application.
The recent flurry of TONmeasurements has certainly

highlighted a previously under-appreciated fact: for
“easy” reactions, such as the Heck and Suzuki coupling
of aryl iodides and activated aryl bromides with acryl-
ates and phenylboronic acid, respectively, virtually any
Pd source is capable of reaching extremely high TONs.
This is quite interesting, but it helps very little in the
way of designing a high-TON catalyst for a very specific,
more complex application.
In order to develop a Pd-catalyzed reaction of practi-

cal utility, the industrial chemist must start with a clear
cost target. If an approximate cost scenario for the final
target molecule is known, it is much easier to set a target
TON, because the cost of Pd is a given. Formost pharma-
ceuticals, a TON of 102 or so may be satisfactory during
the early development phase, when the cost of theAPI is
relatively high, but when approaching commercializa-
tion a TON of 103 or better will be invariably desirable.
In the fine chemical industry, even higher TONsmay be
indispensable.
Upon reading about the fantastic TONs reported in

this review (vide infra), some readers may believe this
target to be within easy reach. Unfortunately, this is
not so: in complex synthetic situations, few catalysts ach-
ieve TONs of 103 in Heck or cross-coupling reac-
tions.[9,10,19–21]

Here are some of themajor challenges associatedwith
the development of a catalytic step:
1) Scope: The choice of the electrophile may be affect-

ed by cost factors. For example, an aryl chloride
may be a necessary substrate, thus restricting the
field of catalysts to those which can provide C�Cl
activation.[6] Alternatively, the desired synthetic
pathway may point to a single specific electrophile
type (i.e., a cheap sulfonate like tosylate, if the key
intermediate is a phenol; triflates are often too ex-
pensive to use). In general, the chemist may have
little or no leeway in choosing the type of electro-
phile, thus limiting the field of useful catalysts.

2) Purity: Very often a crude electrophile or a crude
nucleophile (or both, for a convergent synthesis)
are used for obvious cost-related reasons. The de-
velopment chemist must manage his purification
schemes with the goal of attaining a high-yielding,
high-TON catalytic step. Very often the TON in-
creases when highly purified coupling substrates
are used, but this is usually not practical to do in
a manufacturing process that seeks to control costs.

3) Impurity profile: Pd-catalyzed reactions that are of
industrial utility must minimize side-product for-
mation and yield impurity profiles that can be suc-
cessfully and reproducibly managed (i.e., reduced)
in the subsequent chemical steps or in a purifica-
tion step. For example, simple lab strategies like us-
ing an excess of one of the two reacting partners
may not be an option in the plant, and yet driving
the reaction to completion may be an absolute ne-
cessity if unreacted starting materials cannot be re-
moved by purification.

4) Throughput: Reactions on an industrial scale tend
to be run under high concentration conditions
and in a short time frame. In the pharmaceutical in-
dustry, reaction times over 10–12 h are deemed im-
practical, because in this case the reaction itself
may become the bottleneck operation in the pro-
duction train. In a catalytic reaction, this translates
into the necessity of having a catalyst with high
TOF. Shorter reaction times can be usually ach-
ieved by increasing the catalyst load, but this is un-
desirable as it increases costs. Therefore, balancing
TOFs with TONs can be a tricky enterprise.

5) Time: In the pharmaceutical setting, there is a lim-
ited amount of time to develop a process, because
development strategies often demand a synthesis
lock rather early on. To displace a stoichiometric
process with a catalytic one, the chemist has to
solve the high TON/high TOF problem in a matter
of months, not years. Obviously, if the situation
looks promising, the catalytic process may be im-
plemented with the expectation of further improve-
ments later on. But if the data are not promising,
the catalytic process will be abandoned. Often com-
panies develop “second-generation processes”
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once drug approval is reasonably certain. At this
stage, there is usually more time to develop the cat-
alytic process, and once drug dosage and cost are
clearly defined, it is much easier to deal with the
economic scenario. Nevertheless, even under this
scenario there is tremendous urgency: the company
must try to register the new process as soon as pos-
sible, for obvious financial reasons.

In order to deal with all these problems, many compa-
nies have established dedicated catalysis groups. In or-
der to cope with the narrow time frame for catalyst de-
velopment, high-throughput screening methods are be-
coming more and more popular.[21]

One of the first academic groups to focus the attention
of the chemical community on the importance of devel-
oping catalysts with high TONs for palladium-based
couplings was the one led by Herrmann. To explain
the high TONs observed with the HBP (1), Herrmann
and co-workers speculated that a novel Pd(II) –Pd(IV)
mechanism may be operative.[13] This claim captured
the attention of many investigators, and from then on,
measuring TONs for Pd-catalyzed coupling reactions,
especially using palladacycles, became popular.
Suddenly, new and more effective palladacycles were

described, primarily by Bedford,[22] Najera[23] and Mil-
stein,[24] among the many.
Some authors, primarily Santelli,[25] took quite a dif-

ferent approach. Santelli postulated that the Pd center
had to be strongly stabilized (by up to 4 phosphine
equivalents): regardless of the resting state of the cata-
lyst, decomposition from a Pd(0) species may be in-
volved in limiting the lifetime of the catalyst. Such de-
composition, probably due to precipitation of inactive
Pd particles (Pd black), may be retarded if the Pd center
could be kept highly coordinated. This idea, whatever its
meritsmaybe, has yieldedTONsof >108 in some simple
couplings and has shown a very broad scope, in fact one
of the broadest ones in the field of Pd HTC.
Another very successful approach, which is based on

quite a different assumption, utilizes under-ligated Pd
catalysts as a compromise between the desire for stabil-
ity and the need for activity. This approach has been uti-
lized, in conjunction with bulky and/or highly donating
phosphorus ligands, in the activation and coupling of
aryl chlorides.[26] Its great potential toward a general sol-
ution to the problem of high TON is evident, provided
the narrow steric windows necessary for effective catal-
ysis can be adequately controlled.[27,28]

Palladium catalysts based on nucleophilic carbene
systems are relatively newon the scene, but have already
displayed an interesting level of catalytic effectiveness,
both in terms of scope and TONs.[29]

Other workers have claimed that, since phosphanes
and other ligands all retard catalysis andmay be amajor
cause of catalyst decomposition, we should avoid them
completely, and “ligandless” catalysts or colloids should

be used. The ligandless approach has been championed
for over two decades by Beletskaya [30,31] and Jeffery,[32]

and it is extremely successful in a number of cases.
Whereas in these early cases the role of colloids re-
mained unrecognized, many workers have been quite
successful at creating and stabilizing Pd colloidal nano-
particles, which in some cases achieve high TONs.[33,34]

The attractiveness of the “ligandless approach”, which
is based on in situ-generated colloids, is enhanced by
the fact that, in those cases where TONs are not quite
so spectacular, recovery of the catalyst as Pd black, if
necessary, is much easier than when soluble ligands are
present.[35]

Finally, some workers have begun to ask the question
whether the “traditional” catalytic systems, i.e.,
Pd(OAc)2 plus PPh3 or (o-Tol)3P, are really catalytically
so inefficient because of their notorious thermal insta-
bility.While there is noquestion that phosphorus ligands
can be labile under some coupling conditions,[18] the re-
lationship of this instability to catalysis has not been
thoroughly investigated.[36]. Indeed, some cases are
known where ligand decomposition produces more ac-
tive catalysts. An intriguing example is provided by
HartwigNs Q-phos ligand.[37] Unfortunately, recovering
ligands at the end of the reaction in the search for cata-
lyst decomposition pathways is not always practical and
is rarely done.
In any case, literature evidence, which is over 20-years

old, suggesting that the classical Heck conditions are
conducive to high TONs (>105),[38] has received insuffi-
cient attention. As a consequence, classical palladium-
phosphane systems have not been tested systematically
for maximum TONs.
Lately, palladacycles immobilized on polymer sup-

ports have appeared in the literature. This seems at
odds with the discovery that these catalysts are not di-
rectly active, but function as “pre-catalysts”; palladium
leaches out into the solution to become activated.[39]

Finally, some heterogenized classical systems, i.e.,
N,N-bidentate ligands, display very high TONs in palla-
dium catalysis even without recycle.[40] Analogously,
simple heterogeneous Pd/C catalysts can display very
high TONs, even though slow leaching limits their recy-
clability.[41]

Some of the catalysts and ligands that have been pro-
posed as solutions to the high-TONproblemand are dis-
cussed in this review are synoptically represented in Fig-
ure 1.

3 Palladacycle Pre-Catalysts[14�16]

3.1 Mechanistic Considerations

It is instructive to discuss recentmechanistic work at the
outset, in order to develop a working model of pallada-
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cycle catalysis. This will aid comprehension and will fa-
cilitate the discussion of the high TONs observed and
the limitations of this new class of Pd catalysts.
The original paper by Herrmann et al. described spe-

cies 1 and 2 as very active catalysts,[13] and made the in-
triguing suggestion that, because the catalyst could be
recovered unchanged in good yield at the end of the re-
action, the active species had to be a Pd(II) catalyst,
which had to operate through a Pd(II)/Pd(IV) cycle,
i.e., a new mechanism in Heck chemistry. Under this
paradigm, the accelerating effect displayed by (o-Tol)3P
in many Pd-catalyzed reactions is due to the in situ for-
mation of this highly active palladacycle, and not to ster-
ic effects, i.e., its large Tolman cone angle.
Following HerrmannNs suggestions, Shaw entertained

speculations as to how the Pd(II)/Pd(IV) cycle may op-
erate in a Heck reaction,[42,43] and this was compounded
later on by a computational study mapping the pre-

sumed new mechanistic cycle.[44] Independently, Jensen
et al. proposed,without experimental support, a newpe-
culiar “reverse mechanism” for some new pincer com-
plexes that was centered on a very unusual C�H activa-
tion of the alkene acceptor during a typical Heck reac-
tion.[45]

However, after these initial speculations, all experi-
mental evidence available to date speaks against such
Pd(II)/Pd(IV) cycle. Soon after HerrmannNs first disclo-
sure, Hartwig provided, in a probing study, two general
pathways whereby palladacycles such as 1 do readily
lead, as expected, to Pd(0) species (Schemes 1 and 2).[46]

Thus, 1 reacts stoichiometrically with diethylamine
with breakage of the acetate bridge, leading to mono-
meric species 3.1. This, when treatedwith base and addi-
tional free ligand, brings about reaction and formation
of the “traditional catalyst” Pd[(o-Tol)3P]2, 3.4. In the
case of a cross-coupling reaction (e.g., Stille coupling),

Figure 1.
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transmetalation of 1with aryltin 3.5 readily produces an
underligated Pd(0) species 3.6, which is rather unstable
in the absence of extra ligand, disproportionating to el-
emental Pd and, presumably, the catalytically active
PdL2 species.
With these results in hand, it is hard to escape the con-

clusion that, contrary to what had previously been as-
sumed, palladacycles like 1 are only bystanders or “dor-
mant species”, i.e., they are not involved in the real cat-
alytic cycle. If this is true, 1may be a source of coordina-
tively unsaturated “PdL1” species, and the relative suc-
cess of tri-o-tolylphosphane as a ligand would indeed
be due, as traditionally thought, to its large cone angle
and ready dissociability.
HartwigNs experiments (Scheme 2) would also suggest

that species like 1 may lead, upon activation, to consid-

erable amounts of colloidal Pd(0) which, contrary to the
early assumptions,must also be considered as a potential
source of catalysis. Finally, activation of 1 by transmeta-
lation produces a new ligand (see 3.6), and this suggests
that the active catalyst in cross-couplings employing 1 is
actually different in each case, depending on the activat-
ing species used in the particular experiment. This may
potentially complicate the mechanistic picture and
also the interpretation of the TON data reported in
the literature. In the light of this observation, such
TONs must be interpreted with caution, and certainly
not generalized.
Although nomechanism for the activation of 1 during

a Heck coupling has been provided, it is rather easy to
imagine olefin insertion in theC�Pd bond as the activat-
ing step. Such C�Pd stoichiometric insertions across

Figure 1. (cont.)
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multiple bonds are well precedented in palladacycle re-
search.[47] On the other hand, oxidative addition of the
aryl halide to 1, which would be an essential first step
of the Pd(II)/Pd(IV) cycle, has never been clearly docu-
mented.
After HartwigNs study, the first kinetic data with 1

were reported by Beller et al., and in most cases an in-
duction period was detected.[48] Later, Nowotny et al.
provided conclusive evidence that polymer-supported
palladacycle 3.7 (Scheme 3) is labile under typical
Heck conditions, and that the active catalyst is soon
transferred into solution. When the reaction is run at
140 8C, the kinetics are sigmoidal, showing that the ac-
tive species slowly builds up in solution, then decompos-
es. In addition, on a second recycle all the activity is in
solution, probably as colloidal Pd(0) stabilized by the

large excess of the amine hydroiodide formed, and no
activity is left with the polymer support. These observa-
tion are quite consistent with 3.7 (in this case a C,N pal-
ladacycle) being a slow source of active colloidal Pd par-
ticles.[39]

Not surprisingly, when palladacycles incorporating
chiral centers were used in an attempt to perform a
Heck reaction enantioselectively, the products obtained
were totally racemic.[49]

More recently, Blackmond, Pfaltz and co-workers
have developed a detailed kinetic model of aHeck reac-
tion catalyzed by dimeric palladacycles such as 1.[50,51]

Although the steps leading from 1 to the active Pd(0)
species are ill-defined, from a kinetic standpoint the ac-
tivation steps can be lumped together into a single pa-
rameter (kdiss). Themodel explains the experimental ob-

Figure 1. (cont.)
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servations and is consistent with an active species being
slowlymetered out into the reaction. Thus, the rate-deter-
mining step is outside the true catalytic cycle, and this
has important consequences for the use of these cata-
lysts. As the authors comment, the TOFs and TONs
with dimers such as 1 would appear even more impres-
sive if based on the actual amount of Pd present in the
catalytic cycle itself. In addition, due to the dimeric na-
ture of the pre-catalyst, the relative catalytic efficiency
is higher at lower concentrations. An important point
madeby the authors is the following: studies that employ
similar initial Pd concentrations but widely different
concentrations of catalytically active Pd species must
be compared with great caution, especially if TONs
and TOFs are the focus of the discussion. This point
was recently expanded by de Vries et al., who noted a
better TON for Pd(OAc)2 the lower the concentration.
The reason for this behavior is the formation of Pd(0)
black at higher Pd concentrations, a simple kinetic con-
sequence of the mechanism of Pd(0) aggregation in sol-

ution.[52] The study also showed that the active species
derived from 1 is amonomeric ligand-free Pd(0) species.
TOFs andTONs that are essentially identical to those dis-
played by palladacycle 1 can indeed be obtained simply
by using low concentrations of Pd(OAc)2. These studies
finally clarify why pre-catalysts such as 1 have been re-
ported as having higher TONs than the more classical
catalysts: the catalyst concentrations were kept identical
in the comparisons. The problem with this deceptively
sound approach is that, whereas Pd(OAc)2 pre-catalyst
usually enters the catalytic cycle quickly, 1 releases the ac-
tive species at a rate that is inferior to the catalytic rate, and
this is equivalent to a slow metering in of the active cat-
alyst, thus making such comparison incorrect. When
these comparisons are made under the kinetically ap-
propriate conditions, de Vries showed that 1 behaves
as a typical “ligand-less” Pd(0) catalyst.[52]

A more recent thorough study by Herrmann and
Bçhm has confirmed that 1 and Pd(0) plus (o-Tol3)P
lead to the same active species under similar conditions.

Figure 1. (cont.)
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This was shown through an interesting series of compe-
tition experiments, isotope effect measurements and
Hammett studies. For example, in the Heck coupling
of a number of p-substituted aryl bromides 3.8 under
pseudo-first order conditions (excess of aryl halides), us-
ing styrene and n-butyl acrylate as acceptors in a com-
petitive experiment, the same ratio of products was ob-
tained regardless of the pre-catalyst employed
(Scheme 4).[53] The fact that the product ratio does not
depend on the catalyst used seems to point to the pres-
ence of the same catalytic species, i.e., a Pd(0) catalyst.
To conclude this section, all available evidence so far

points to the view that palladacycles are catalytically in-
active species, but can function as sources of Pd(0),
which is usually released at a rate that is generally slower

than that of the catalytic reaction. The release rate will
depend on the reagents used, the reaction conditions
and the structure of the reactants (the activating spe-
cies).

3.2 Scope and Synthetic Applications

The synthetic use of palladacycles has been reviewed.[14–16]

From the recent mechanistic work, it is clear that use of
these pre-catalysts cannot ignore the rather arduous ac-
tivation process. Although it is true that most palladacy-
cles are thermally very stable, stability per se does not
make a catalyst useful. Actually, it is often a drawback.
Thus, the reader will notice that, under most modern
conditions, Heck and cross-coupling chemistry can be
usually run in the thermal range 20–80 8C, whereas
most palladacycles are used at 120–180 8C. This temper-
ature range is clearly not attractive for synthetic applica-
tions beyond couplings with simple unfunctionalized
systems. This must be kept in mind when trying to apply
palladacycles in synthesis: they will need high tempera-
tures to become activated.
The activation temperature and rate are basically un-

predictable and are not constant for a given palladacy-
cle; rather, they depend on the specific activating agent.
The ligand itself is modified by the event and, if no fur-
ther coordinating species is added, the actual catalyst is
therefore a different species for each entry. This compli-
cates any generalization one may want to try to carry
out on the various TONs listed.
In addition, when catalysts are used at very low load-

ings, the issue of reproducibility must be addressed, as it
is likely that even traces of impurities in the solvent or
reagents will affect the maximum TON. Only in some
footnotes can one find hints that reproducibility has in-
deed been an issue.[46]

Scheme 1.

Scheme 2.

Scheme 3.

Scheme 4.
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Finally, highTONshavebeen reportedmostly for very
simple systems, where virtually any Pd-containing cata-
lyst displays high activity, e.g., theHeck reaction of iodo-
benzene or activated aryl bromides with acrylates or
styrene, or theSuzuki coupling of these halideswith phe-
nylboronic acid.Whenpalladacycles have been tested in
synthetically complex substrates, they have in no case
enjoyed such high TONs (vide infra).
In spite of all these caveats, it is clear that TONs re-

ported for palladacycles sometimes exceed the TONs
observed with traditional catalysts, often in significant
ways. In the light of the above mechanistic discussion,
this can be due either to the slow activation of the pre-
catalyst or to the in situ formation of ligands that are sta-
bilizing in nature to some or all the intermediates in the
catalytic cycle.
Early palladacycles did not dramatically outperform

traditional catalysts. For example (Scheme 5), p-bro-
moacetophenone coupleswith butyl acrylate in thepres-
ence of 1 or classical Pd(II) species plus phosphane with
identical TONs.[54]

The situation is analogous in the Heck reactions of
styrene (Scheme 6). Here classical catalysts are slightly
better than these early palladacycles.
Palladacycle 1was also found to be active in the Heck

reaction of activated aryl chlorides.[54] Here also, howev-
er, palladium acetate and simple phosphanes produce
very active catalysts, displaying only slightly lower
TONs.With both catalysts, the additionof tetrabutylam-
monium bromide (TBAB) is necessary to achieve high
TONs (Scheme 7). In the light of recent work (vide in-
fra), it is likely that the observed effect is actually due
to the ability of TBAB to stabilize Pd(0) nanoparticles
against further aggregation and deactivation.[55]

With regard to cross-coupling reactions, a preliminary
study found that 1 displays TONs of up to 7.4�104 in the
Suzuki coupling using 3.11 and phenylboronic acid. Un-
der similar conditions, classical phosphane-based cata-
lysts are less effective. Even activated aryl chlorides un-

dergo Suzuki coupling in the presence of 1 with fairly
high TONs (up to 2,100).[56]

Herrmann et al. have also reported the use of pallada-
cycle 1 in Heck reactions using “environmentally-
friendly” non-aqueous ionic liquids (NAILs) as solvents,
e.g., TBABat 130 8C.Avery highTON in the reaction of
3.11 with styrene was observed (ca. 106).[57]

Under these conditions, operating at higher catalyst
concentrations (1% load) is also possible, and this can
be followed by recycling of the catalyst by removal of
the product and subsequent addition of fresh reagents
to the NAIL solution containing the unspent catalyst.[58]

However, catalytic activity is progressively lost, in
agreement with our mechanistic understanding. As ac-
tive Pd(0) is slowly leached out, TOF decreases. After
8 recycles, only 23% of the original 1 is left in solution.
Thus, less than 103 TON are possible with this recycling
protocol, which is clearly inferior to a single use of 1 ppm
catalyst.
Applications of 1 to the Sonogashira reaction have

also been briefly reported. TONs of up to 8,000were ob-
tained [Eq. (3)]. No Cu(I) co-catalyst was necessary.[59]

Scheme 5. Scheme 6.

Scheme 7.
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The HBP species is the only palladacycle that has been
tested in several demanding synthetic operations, and
it is worth briefly reviewing here the reported synthetic
scope. A brief technical report provides a comprehen-
sive list of applications up to 1998.[60]

A complex Stille biaryl coupling, in the synthesis of bi-
phenomycin, was said to proceed more efficiently (73%
yield) with 5% 1 instead of some previously reported
conditions, i.e., (dppf)2PdCl2/CuBr (49% yield).[61]

Tietze et al. have utilized palladacycle 1 rather exten-
sively in the total synthesis of steroids and cephalotaxine
alkaloids, at catalytic loads in the 1–10% range.[62–69] In
one case where a 2.5% load was employed, comment
was made about the inability to recover, at the end of
the reaction, more than 30% unreacted 1.[70]

Use of 1 in solid phase Stille couplings gave better re-
sults thanmore conventional conditions (i.e., no deposi-
tion of Pd mirrors using 1).[71] Catalyst 1 was also found
useful in biaryl synthesis by direct intramolecular aryl
palladation (10% load)[72,73] and domino sequences us-
ing allylic alkylation/Heck couplings.[74]

Rawal et al. have described a novel anion-accelerated
intramolecular cyclization of alkenyl bromides onto
phenols using 1. The palladacycle gives better yields
than its classical Pd(0)/phosphane counterparts.Howev-
er, it displays no ortho vs. para selectivity, whereas mod-
est preference for producing 3.18 is demonstrated using
a classical Heck system (Scheme 8).[75]

These small selectivity differences between catalysts
are not easily explainable. In a related paper, Rawal
et al. remark that 1 performs identically to the classical
Heck systems, and that this observation differs from
HerrmannNs.[76]

On the other hand, there are many examples where
the use of 1 as pre-catalyst was found unsatisfactory. In
the application of the intramolecular Heck reaction to
the synthesis of galanthamine, 1 performed poorly.[77]

In the application of the intramolecular Heck reaction
to the synthesis of cardenolides,[78] 1 is totally ineffec-
tive, whereas, interestingly, Pd(OAc)2/(o-Tol)3P mix-
tures provide high yields at 45–75 8C. Other examples
where 1 is inferior to standard catalysts in the Stille,[79]

tandem Suzuki/Heck[80] and Heck couplings[81] have
been reported. Unexpected reactions with 1 have also
been described.[82]

Interestingly, in none of the synthetically relevant cas-
es reported to date was aTONbetter than 100 observed.
Thus, it is possible that the huge TONs enjoyed by this
particular catalyst in simple model systems may not be

easily translatable to more complex substrates, or it is
also possible that 1was not properly challenged in terms
of maximum TON in many of the above studies.
Major improvements from these early catalysts, both

in scope and in TONs, have been reported during the
last 8 years. Imine- and oxime-derived palladacycles
have been introduced as the most effective phos-
phane-free catalytic systems inHeck and cross-coupling
chemistry. For example, ferrocenylimine palladacycles
3a, b have shown TONs approaching 107 for simple
Heck reactions,[83,84] and they have been shown to
work well even in water, provided TBAB is added
(PhI with ethyl acrylate at 80 8C, 2.8�105 TON).[85] Mil-
stein et al. have reported somewhat lower TONs for the
Heck reaction (105–106) using imine-palladacycle pre-
catalyst 9b.[86] Application of 9a–c to the Suzuki cou-
pling of bromoarenes has also yielded TONs around
105.[87]

Attempts at creating a highly recyclable imine-palla-
dacycle by attaching fluorous tails to these imine pre-
catalysts (e.g., 9d) have been unsuccessful, mainly due
to the formation ofPd(0) nanoparticles as the active spe-
cies, as demonstrated by TEM.[88,89] These experiments
confirm that imine-palladacycles are catalytically inac-
tive and are a slow source of active Pd(0) nanoparti-
cles.[39,90]

Oxime-palladacycles 4a– f are even more impressive
than imine-palladacycles, and reach TONs of 1010 in
classical Heck reactions with iodobenzene. In addition,
they display unusually high activity even with deactivat-
ed aryl bromides [Eq. (4)], but rather low TONs with
aryl chlorides (around 100).[23,91]

ð4Þ

Scheme 8.
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Nájera et al. report that, whenused at higher loads, these
catalysts exhibit an induction period. On recycling the
catalyst, this induction stage disappears, which is consis-
tent with the slow formation (at 110–160 8C) of active
Pd(0) colloids, as discussed in Section 3.1. Interestingly,
these authors report that 4a reacts with methyl acrylate
at high temperatures to formPd(0) black. This shows for
the first time how palladacycles can be activated during
Heck coupling, i.e., probably by insertion of the olefin in
the C�Pd bond of the palladacycle, followed by reduc-
tion to Pd(0).Other authors have independently studied
oxime-palladacyclesandreportedalsoveryhighTON.[92,93]

Oxime-palladacycles afford high TONs in the Sono-
gashira reaction of aryl iodides (up to 72,000), without
the need for copper additives.[94,95]

Application of an oxime-palladacycle to the Suzuki
reaction was also very successful. High TONs were ob-
tained with activated aryl bromides, and even, albeit to
a lesser extent, with activated chlorides.[96] These cou-
plings can be carried out in water provided that TBAB
is employed, probably because of its properties of col-
loid stabilizer.[97,98]

In general, the aryl phosphate-palladacycles describ-
ed by Bedford are the most active ones (highest
TONs) ever reported. In Heck[99] and Suzuki[22] reac-
tions using simple, activated aryl bromides, 5a reaches
TONs>of 5�106.
More importantly, electron-rich analogues like 5b and

5c were shown to produce TONs>106 for the coupling
of deactivated aryl bromides with phenylboronic acid,
and TONs>108 for the same reaction with activated
aryl bromides, in the presence of extra phosphite li-
gand.[100,101]

Avery importantmechanistic observationwas report-
ed recently, also byBedford et al., who reported that cat-
alyst longevity for 5a–c increases appreciably in the
presence of added phosphanes. For example, 5a–c
plus added tri(cyclohexyl)phosphane (PCy3) afford the
largest TONs ever reported for the cross-coupling of de-
activated aryl bromides, and allow even the coupling of
deactivated aryl chlorides with excellent TON
(Scheme 9).[102]

These high TON may be related to the formation of
Pd(0) complexes with phosphanes of high donicity
(see Section 4), perhaps as mixed complexes with the
phosphite that is released in situ.[103] More research is

needed to clarify the exact nature of the catalytic species
in these high-TON couplings.[104]

A modification of catalysts 5a–c is constituted by the
related phosphate-palladacycle 7, which reaches a new
TON record in the Suzuki coupling of deactivated aryl
chlorides such as 3.21 (ca. 1.3�105).[105]

Recently, Bedford et al. have reported on the hydro-
lytic instability of these complexes under typical Suzuki
conditions, although the mechanistic consequences of
this observation are still unclear.[106]

Arylamine-palladacycles[107,108] such as 6a, b have
been studied also by Bedford and co-workers. In this
case as well, the addition of bulky trialkylphosphanes al-
lows the activation of aryl chlorides toward the Suzuki
reaction. The activationmechanismwas also elucidated.
Thus, 6b reacts with PCy3 to yield first intermediate
3.23bwhich, upon reactionwith the arylboronate, slowly
releases free amine 3.24 and the active “PdL1” 3.25
(Scheme 10), whereas the released amine probably
plays no coordinative role through the catalytic cycle.[109]

Preliminary work using Pd(OAc)2 plus L, e.g. P(t-Bu)3
andPCy2(o-biphenyl), in comparisonwith palladacycles
6a, b and added ligand,[110] fails to show equivalence and
demonstrates the superiority of palladacycles in some
cases. The picture is clearly very complex.
Other types of C,N-palladacycles have been describ-

ed, often achieving the usual TONs of>106 in simple
Heck reactions, e.g., 10a–d,[111] 11 and analogues,[111,112]

12[86] and 61.[113] Activation of aryl chlorides with C,N-
palladacycles is possible, as usual, upon addition of bul-
ky trialkylphosphanes.[114] Catalysts derived from prop-
argylamines as ligands afford high TONs in standard
Heck reaction, presumably via Pd(0) colloids.[115]

Another type of palladacycles that has received much
attention are the so-called “pincer phosphite com-
plexes”, exemplified by 8a–c. These pre-catalysts, due
to the double intramolecular coordination, are even
more stable that the Herrmann palladacycles. Thus,
their reactions are usually performed at very high tem-
peratures.[116] Relatively high TONs can be achieved in
a number of standard couplings.[117] Deactivation of
these catalysts by 1,4-dienes has been reported.[118]

In the class of P,C-palladacycles, isosteres of Herr-
mannNs palladacycle 1 can be obtained frombenzylphos-

Scheme 9.

Scheme 10.
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phanes,[119] whereas dibenzylphosphanes yield novel
pincer complexes.[24] Other P,C-palladacycles have
been described,[43, 120,121] as well as the novel C,S-pallada-
cycles,[122,123] and even C,N,N-palladacycles.[124] These
catalysts perform relatively well in simple systems, and
it is not worth discussing them in further detail here, as
their behavior resembles that of themany other pallada-
cycles already discussed.
Most interesting and unusual are C,N,N catalysts such

as 3.27 (Scheme 11). These are known to couple unacti-
vated aryl bromides with phenylboronic acid at room
temperature![125]

Although TONs with 3.27 (prepared in situ or pre-
formed) do not qualify as very high (at best around
103), such activity under unprecedentedly mild condi-
tions is unexpected and intriguing among palladacycles,
andmay be promising for synthetic applications. The ac-
tivation mode of these novel palladacycles deserves de-
tailed elucidation.
From the above discussion, it seems likely that all pal-

ladacycles that have been studied to date function as
“by-standers”, slowly releasing underligated or ligand-
less Pd(0), which is the catalytically active species. The
difficulty in understanding the rates of release of the ac-
tive catalyst, which strongly depend on the coupling
partners and other reagents, may hinder the rational ap-
plication of these palladacycles in organic catalysis.

4 Highly Coordinatively Unsaturated
Palladium Catalysts

4.1 Mechanistic Considerations

It has been widely appreciated for many years that coor-
dinative unsaturation at Pd(II) is a necessary condition
at least for some, if not all, cross-couplings[126] and
Heck insertions.[127] The reluctance of 16e-Pd(II) inter-
mediates bearing two phosphane ligands to undergo di-
rect transmetalation has been clearly documented, and

pre-dissociation of these complexes to yield a 14e-
Pd(II) intermediate, where one of the phosphanes has
been replaced by solvent or an agostic interaction, has
been convincingly demonstrated to be a low free-energy
pathway to transmetalation.[128]

As a consequence of these studies, a useful paradigm
in much cross-coupling chemistry has been to use li-
gands that have low s-donicity toward Pd(II), in such a
way as to promote this pre-dissociation.[126] It was there-
fore surprising, at least initially, to find that bulky trial-
kylphosphanes behaved as useful ligands in C�C and
C�N bond-forming processes, because trialkylphos-
phanes are strong donors, and therefore would not be
expected to dissociate readily, but rather would be as-
sumed to be powerful inhibitors of any kind of transme-
talation at Pd(II).[129]

However, this initially puzzling observation has given
rise to what is, without doubt, the most important para-
digm to emerge in Pd(0) catalysis in the last 10 years: the
use of bulky phosphanes of high s-donicity. This new
principle has widely expanded the scope of Pd(0) catal-
ysis, making the activation of aryl chlorides and simple
sulfonates possible, as well as allowing the use of sp3-
based electrophiles in cross-coupling chemistry. The
success of this approach lies apparently in the ability
of bulky phosphanes to promote coordinative unsatura-
tion at Pd by sterically-driven dissociation. In addition,
their high donicity is able to stabilize mono-ligated
Pd(0) species, which function as highly reactive yet rela-
tively stable catalytic intermediates.
Our currentmechanistic understanding of their role as

ligands is therefore in agreement with the earlier ideas
about transmetalation: coordinative unsaturation at Pd
is really the key to high reactivity.[28] The bulky phos-
phanes achieve this by steric bulk (large cone angle) in-
stead of low s-donicity.[130] From a series of recent inves-
tigations, the picture that is emerging is shown in
Scheme 12.
Pre-catalyst activation, achieved by a variety of

means,[131] gives rise to 12e–species 4.1, a species that
may be further coordinated by solvent molecules, but
which owes its high reactivity toward oxidative addition

Scheme 11.

Scheme 12.
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to the fact that it has only one strong donor in its coordi-
nation sphere. Obviously, a second trialkylphosphane of
high donicity in the coordination sphere of Pd(0) (which
may be the case when using high concentrations of L or
simply a trialkylphosphane of insufficient steric bulk)
would dramatically slow down reactivity. Oxidative ad-
dition leads to T-shaped complex 4.2, which may or may
not be further stabilized by solvent molecules or agostic
interactions.
T-shaped species such as 4.2, having no solvent in the

fourth coordination site of Pd(II), have been recently
isolated and characterized by Hartwig et al. and shown
to be highly reactive catalytic intermediates.[27,103] Any
type of metathesis reaction with such an unsaturated
species is relatively fast, and therefore these bulky li-
gands allow many catalytic reactions to proceed under
really mild conditions, even at room temperature.[26,132]

These already exciting developments would be even
more important if, for some reasons, these new catalysts
were able to display high TONs in synthetically impor-
tant reactions. Some early indications suggest that this
may be the case, and it is even possible to begin to spec-
ulate about a rationale for the high robustness of someof
these catalysts: in a recent study, Buchwald et al. have
noted, in the Pd(0) species obtained from Pd/dba com-
plexes and bulky ligand 25c, a stabilizing p-interaction
of the Pd atom with the ipso-carbon of the lateral aro-
matic ring. This is suggested to play a role in the stability
of the Pd(0) species. Such an interaction is not present in
related Pd(II) complexes.[133]

Whereas the exact structural basis for the success of li-
gands such as 25a–d is not yet clear, some kind of inter-
action of the Pd center with the ancillary aryl rings must
be responsible for some of the properties of the derived
catalysts.[26] An interesting rationale proposed to ac-
count for the superior performance of ligand 25c vs.
25a, b,d is based on the inability of this new ligand to
form palladacycles.[133] As we have seen above, pallada-
cycles are difficult to activate and any pathway leading
to their formation may result in decreased catalytic ac-
tivity. This suggestion, which awaits experimental sup-
port, seems to contradict the hypothesis that palladacy-
cles are superior catalysts.

4.2 Scope and Synthetic Applications

The new paradigm, which can be conveniently designat-
ed as the “PdL1” approach, has led Buchwald and co-
workers to develop a series of (biaryl)dialkylphos-
phanes of which 25a, b are the most extensively studied.
Their initial application was in the amination of aryl

chlorides. In addition to providing a general entry into
arylamines from aryl chlorides, these ligands display
high TONs in the few cases where they were tested
(Scheme 13).[134] It must be stressed that these high
TONs are observed under very mild thermal conditions,

which points to a position of prominence for these li-
gands in synthetic methodology.[132]

These ligands are also useful in Suzuki cross-coupling
reactions.[26] With activated aryl bromides, TONs of ca.
108 are observed. However, the authors remark that
even Pd(OAc)2 achieves TONs>105 in these systems,
and therefore they are hardly a meaningful benchmark.
In the Suzuki coupling of aryl chlorides, TONs of ca.

103 were reported with 25a, which is encouraging but
not yet as high as those obtained using the Bedford pal-
ladacycle and added PCy3 (see Scheme 9).However, the
catalysts introduced byBuchwald donot need high-tem-
perature activation and are likely to be active under
much milder conditions.
More recently, Buchwald et al. have reported on the

expanded scope of ligand 25c in the Suzuki coupling.[133]

Such a ligand promotes the coupling of unactivated aryl
chlorides with high TONs. Significantly, hindered sub-
strates also couple, for the first time, with very practical
TONs and in almost quantitative yields (Scheme 14).
The scope of the coupling extends to a variety of het-

eroaryl chlorides and hindered aryl boronates. Thus, this
ligand is one of the most useful ones ever developed in
terms of scope and efficiency in cross-coupling reac-
tions.
In addition, alkylboronic acids also couple with aryl

chlorides under these conditions. Preliminary data
show that this reaction proceeds with a respectable
TON [Eq. (5)].

Scheme 13.

Scheme 14.
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ð5Þ

Fu et al. have shown that Pd[P(t-Bu)3]2 is a very power-
ful catalyst in a variety of cross-coupling [6,135] and Heck
reactions,[136] and has the ability to couple aryl chlorides.
Although the initial focus has been scope and not high
TON, this catalyst has been shown to perform in the
Heck reaction of activated aryl bromides with a
TON>104,[137] and in the Suzuki coupling of aryl chlor-
ides and deactivated bromides also with a TON>
104,[135] suggesting that such catalysts may also have ex-
cellent potential for application in industrial synthesis.
Interestingly, this catalyst also displays high TONs in

Negishi couplings: for example, biaryl 4.14, a key inter-
mediate in the synthesis of marketed angiotensin II re-
ceptor antagonists, can be obtained as shown in
Eq. (6), with a rather high TON.

ð6Þ

Hartwig et al. have used extensively the new bulky li-
gand Q-phos, 26.[37] This ligand displays high TONs (>
105) in standard Suzuki couplings, and moderately high
TONs in the amination of aryl chlorides (>103). Its syn-
thetic scope was shown to be broad.
A new ligand type that was kinetically shown to react

via “PdL1” species is the phosphoramidite 27.[130] This
showed high TONs (5�105) in the Heck reaction of io-
dobenzene and styrene under rather mild conditions
(65–80 8C). Interestingly, palladacycle 1 was not active
under these conditions, highlighting the need for high-
temperature activationwith these pre-catalysts. Ligands
such as 27, which are modular in nature, seem to offer
considerable promise in the development of electroni-
cally and sterically tunable ligands.
Palladium-monophosphane complexes have also

been obtained from pre-catalysts that are weakly coor-
dinated by acyclic dienes, as in 28a, b.[138]

Water-soluble versions of these strong phosphane do-
nors were recently reported by Shaughnessy et al. Thus,
Suzuki coupling of unactivated aryl bromides and phe-
nylboronic acid in the presence of ligands 66a, b pro-
ceeds in water under mild conditions (80 8C) and excel-
lent TONs (ca. 7�105).[139]

Beller et al. have reported careful fine-tuning of the
steric properties of trialkylphosphane ligands, and
shown that bis(adamantyl)(n-butyl)phosphane (Bu-
PAd2) in conjunctionwithPd(OAc)2, catalyzes theSuzu-
ki coupling of aryl chlorides (unactivated and deactivat-
ed) with good TONs (>104).[140]

This ligand has also been applied to the efficient cou-
pling of aryl chlorideswith enolates [Eq. (7)].[141] This re-
action has recently enjoyed a tremendous expansion in
scope,[142,143] but trails behind themore entrenched coun-
terparts like the Suzuki and Heck reactions in terms of
highTONresearch. Thus, suchhigh efficiency is synthet-
ically important and promising for the future of this re-
action.

ð7Þ

In conclusion, “PdL1” catalysts are emerging as a power-
ful paradigm in the activation of previously unreactive
electrophiles. Some of the catalysts in this category
have also shown impressive TONs in a few test systems.
Given our improvingmechanistic understanding of how
these species perform their catalytic function, it is likely
that this class of palladium catalysts will play a leading
role in the study of HTC in the next few years.

5 Carbene Ligands

5.1 Mechanistic Considerations

Carbene ligands are relatively new actors on the stage of
palladium-catalyzed cross-coupling chemistry, yet they
have already given rise to a host of interesting applica-
tions.[29]

Introduced also byHerrmann et al. as new, high-TON
ligands in Pd-based cross-coupling chemistry,[144] car-
benes have been little studied mechanistically. Hetero-
cyclic carbenes bind Pd(II) much more strongly that
phosphanes,[29] and therefore L-dissociative processes
are probably less important here, as discussed by Cavell
et al.[145] The Heck olefin insertion is therefore postulat-
ed to occur through pentacoordinated intermedi-
ates.[146,147] When chelating ligands (as in 31) were
used, the kinetic behavior was sigmoidal, implying
slow conversion to an active species.
The mercury test (negative) suggests that these reac-

tions arehomogeneous.On theother hand, the enhance-
ment of TONs by tetraalkylammonium salts suggests
the presence of active colloids. Avariety of chelated cat-
alysts was explored by Cavell et al. and compared with
monocarbene complexes. Surprisingly, chelated bis(car-
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bene) complexes such as 35 displayed similar TONs and
TOFs as simple, non-chelated bis(carbene)complexes
like 33a, b (105–106).[148]

More work is needed before the reasons for the suc-
cess of these ligands can be mechanistically understood.

5.2 Scope and Synthetic Applications

From the structural standpoint, the catalysts used range
from the monoligated Pd complexes such as 29, to the
bis-ligated counterparts, like 30, 33, 39, 42, 43, to the
“hemilabile” systems such as 32, 37, 40, 41, to systems
where bis-ligation is enforced through intramolecular
chelation, such as 31, 34, 35, 36, 44. All these various sys-
tems have been shown to achieve high TONs in simple
coupling reactions.
For example, monoligated 29a, b catalyzed the Heck

reaction of p-bromoacetophenone with n-butyl acrylate
(DMA, NaOAc, 120 8C) with TONs of 7.4�104 and
1.1�105, respectively, and bis-ligated 30a behaves simi-
larly (TON of 105). The Pd(0) catalyst 39 also displays a
similar TON, but without an activation period.[144] In ad-
dition to similar TONs, mono- and bis-ligated catalysts
also show similar TOFs.[146]

Monocarbene complexes with coordinating labile li-
gands, such as 40 and its dimer 32, also show high
TONs in simple test systems: thus, in the Suzuki coupling
of phenylboronic acid with p-bromoacetophenone,
hemilabile monocarbene complex 40b and bis(carbene)
complex 41 achieve almost identical TON (1.1–1.2�
105). In the Heck reaction of the same substrate with
acrylates, conventional bis(carbene) complexes like 42
displays similar TONs (7�105) as the more complex
bis(carbene) species 41 (9.5�105) and mono(carbene)-
complexes like40b (6�105).[145]Additionof tetrapropyl-
ammonium bromide to the catalytic system allows the
TONs to surpass 106. Additional work with hemilabile
systems such as 40a has shown even higher TONs (>
106) for the very simple Heck reaction of iodobenzene
with methyl acrylate.[149]

Chelating bis(carbene) complexes were first reported
by Herrmann and co-workers.[150] In this class, the most
studied ones are pincer complexes such as 31.[151,152]

Their activity was tested in standard Heck and Suzuki
couplings. Interestingly, in the model reaction
[Eq. (8)], the pincer complex 31 required very high tem-
peratures in order to be activated, just as the mono(car-
bene) analogue 40c, and the two had similar TOFs and
TONs.

ð8Þ

Recyclability of 31 was studied, with mixed results:
whereas with p-bromoanisole up to six recycles were
possible (at 0.1% load), with p-chlorobenzaldehyde re-
cycle was unsuccessful.
Tetradentate carbene complexes (e.g., utilizing ligand

44) have shown excellent TONs in a Suzuki reaction in
water.[153] NovelmixedPd catalysts bearing both a heter-
ocyclic carbene and a phosphane as ligands have been
used in the Suzuki coupling with aryl chlorides,[154]

whereas new carbene-containing palladacycles have
found use in the amination of aryl chlorides,[155] in both
cases without reaching high TON.
Very bulky carbene ligands, in conjunction with Pd(0)

species, have found use in the amination of aryl chloride,
with good TONs [Eq. (9)].[156] The reaction can also be
carried out at room temperature with a number of sub-
strates. The TONdepends on the particular amine used.

ð9Þ

Finally, benzothiazolecarbenes have been also used as li-
gands (e.g., in catalyst 43), with TONs in the range 105–
106 in the usual simple Heck model systems like iodo-
benzene plus acrylates.[157]

From the above discussion, it is clear that heterocyclic
carbenes play a useful role as Pd ligands in cross-cou-
pling and Heck chemistry. On the other hand, their cat-
alytic performance seems constant regardless of the liga-
tion state of the catalyst, and this is unusual.More kinet-
ic work needs to be carried out in order to begin to un-
derstand how these ligands operate in Pd catalysis. As
far as scope is concerned, these ligands have displayed
high TONs only in a small number of synthetically sim-
ple operations, and their utility can only be judged after
they have been tested against more demanding bench-
mark reactions.

6 Bi- or Multidentate P- or N-Based
Ligands

6.1 Mechanistic Considerations

To the extent that coordinative unsaturation is necessary
for all the catalytic steps at Pd to proceed smoothly, it
would seem detrimental to use bi- or multidentate li-
gands, which lead to higher coordination states that
are enforced by chelation. However low their TOFs
may be, these complexes often display high TONs, pre-
sumably because chelation ensures that the Pd(0) inter-
mediates in the cycle do not become underligated and
therefore aggregate to inactive clusters. Whether or
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not this simple reasoning has any merit, multidentate li-
gands do often lead to catalysts with high TONs.

6.2 Scope and Synthetic Applications

Although both P,P- and N,N-bidentate ligands have
been used often in Heck reactions, their turnover num-
bers have been determined only rarely. Recently, the
maximum TONs for classical P,P Pd bidentate com-
plexes havebeendetermined in connectionwith a stand-
ard Heck reaction (p-bromoacetophenone plus methyl
acrylate). Here typical bidentate ligands, such as dppe,
dppf and dppp all achieve similar turnover numbers (al-
most 104).[158] The purpose of this study was to demon-
strate the higher durability of new P,P,N-tridentate li-
gands such as 60 which, however, achieve TONs that
are not significantly better than those of the more tradi-
tional chelating ligands.[159]

The situation is even more unusual in the Heck reac-
tion of iodobenzene, where all Pd catalysts tried, from
Pd(OAc)2 to ligated Pd(II) (with PPh3 or dppp or 59,
60) achieve basically the same TON (about 105). These
data were confirmed by Shaw et al. under slightly differ-
ent conditions.[160] HartwigNs (t-Bu)2PFc also achieved>
105 TON in simple Heck couplings, [137] and>104 in
standard ketone enolate arylation, which are among
the best ever observed.[161] These results perhaps only
demonstrate that some of these model reactions are un-
suitable as systems on which to study TON values and
rank different catalysts.
Typical P,P-bidentate ligands are also excellent at cat-

alyzing the Suzuki reaction, again only for activated
electrophiles, like p-bromoacetophenone. Indeed, BI-
NAPanddppf achieveTONsof about 105, as do the nov-
el bidentate ligands 49a–c and 50a, b.[162] Even theTOFs
are almost identical for all systems studied. This refutes
the general statement, often found in the literature, that
Pd/phosphane complexes are thermally unstable and
lead to premature catalyst destruction and consequently
low TONs.
BINAP, as thoroughly documented by Buchwald

et al., is also an excellent ligand for the Pd-catalyzed
amination of aryl bromides.[163] This is a much more dif-
ficult model reaction in terms of TON than the above
simpleHeck couplings, and the TONof ca. 103 observed
in amodel amination is among the highest in this class of
reactions [Eq. (10)].

ð10Þ

A recent study with a new bidentate P,P-ligand (see
complex 47) shows TONs>106 for the Heck reactions
of iodobenzene.[164] Unfortunately, no direct compari-
son is made with other bidentate ligands. To make mat-
tersmore complicated, complexes such as 47, upon heat-
ing, lead to the formation of P,P,C-pincer complexes,
which were studied separately as catalysts. Their
TONs, however, are lower than with the parent 47.[165]

Another bidentate ligand that has achieved high
TONs (ca. 106) in simple Suzuki couplings with p-bro-
moacetophenone is diphosphaferrocene 58,[166] but the
catalytic properties of this interesting ligand have not
been fully tested, especially with synthetically more
challenging substrates.
When examining the area of multidentate P-based li-

gands, worthy of note is the tetradentate ligand Tedicyp
(51), which was introduced by Santelli and co-work-
ers.[167] Its catalytic performance is impressive and has
been quite extensively explored. Therefore, this ligand
warrants a close examination. The central idea of its de-
sign is that intermediate Pd(0) species have to be pro-
tected by internal ligation against possible decomposi-
tion pathways through under-ligation and subsequent
colloid formation. Whether this is actually the reason
for the high TONs observed with 51, it is not at all clear.
Theauthors have carried out nomechanisticwork, and it
seems unlikely that the Pd center could be tetra-ligated
at any stage of the catalytic cycle. It is possible that Tedi-
cyp functions simply as yet another bidentate catalyst,
but its efficiency is clearly superior to that of the more
conventional P,P-bidentate ligands discussed above.
Santelli et al. pushed the efficiency of the Tedicyp-

based catalysts to TONs>108 in Suzuki couplings of ac-
tivated aryl bromides. Especially impressive are the
numbers (TON>106) with deactivated systems like 4-
bromoanisole: thismatches the efficiencyof themost ac-
tive palladacycles (i.e., BedfordNs phosphinites 5).
Tedicyp is one of the few systemswhere scope vs.TON

has been thoroughly examined. In the Suzuki reaction
with heretoaryl bromides, for example, it is clear that
themaximumTONdepends very intimately on the elec-
trophile.[168,169] Thus (Scheme 15), in the bromopyridine
series the TON decreases in the order 3-Br>4-Br>2-
Br, and in the bromothiophene series it decreases in
the order 3-Br>2-Br. A possible interaction between
Pd and the heteroatomwas invoked, but caution is in or-
der when explaining maximum TONs.[170]

Another study by Santelli and co-workers concerns
the role of steric effects in both coupling partners on
maximum TON.[171] In the synthesis of hindered biaryls
6.6, it was found that TONs drop with steric hindrance
around the reacting carbon atoms, i.e., they drop in the
same way as TOF would be expected to drop
(Scheme 16). One ortho alkyl group on the aryl halide
(6.4) has little effect, but two of them lower the TON
by a factor of ten. The same is true for the arylboronate
(6.5): one alkyl group in the ortho position has little ef-
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fect, but two drastically lower the maximum TON ach-
ievable. Finally, ortho alkyl groups on both electrophile
and nucleophile combine to dramatically depress TON.
In another thorough study on electronic effects both

on the aryl bromides and the arylboronic acid, Santelli
et al. demonstrated that TON decreases, as expected,
with the introduction of electron-releasing groups on
the aryl bromide, as this holds the catalyst in the labile
Pd(0) state for a longer time.[172] Unexpectedly, a variety
of p-substituted aryl boronates gave widely different
TONs. This was explained with the possible presence
of Pd poisons in the boronic acid, and the hypothesis
was actually demonstrated by using two batches of bor-
onate of different purities. The TONs achieved were 8�
103 and 105, respectively, in the same reaction under the
same conditions. This highlights a problem that has been
neglected by other workers: the purity of the reagents

(and solvents) may dramatically affect TONs, especially
when measuring ultra-high TONs (>106). This issue
must always be taken very seriously in any study that at-
tempts to correlate structure and TON.
Benzyl bromides can also be coupledwith arylboronic

acids in good yields and TONs of often>105, although
the structure/TON relationship was complex both with
respect to halide and with respect to boronates
(Scheme 17). Benzyl bromides with electron-releasing
para substituents were not studied, but electron-with-
drawing substituents (6.7a–c) generally led to products
6.8a–c in high TONs.[173] Benzyl chlorides gave much
lower TONs (generally <103).
The Tedicyp-based catalysts even promote Suzuki

couplings of aryl chlorides, although only in activated
cases and with very modest TONs (usually around 103,
but up to 106 in isolated cases).[174]

A more recent study extended the Suzuki coupling
with Tedicyp to alkenyl bromides.[175] Polysubstituted al-
kenyl bromides couple with a variety of arylboronic
acids in rather high TONs (up to ca. 104). Even trisubsti-
tuted substrates like 6.9 couple in goodTONto yield tet-
rasubstituted alkenes (6.11) [Eq. (11)].

ð11Þ

As one would expect, Tedicyp is also highly active in the
Heck reaction. With reactive substrates, such as activat-
ed aryl bromides and iodobenzene, TONs up to 108 were
observed in reactions with acrylates.[176] Styrene gave
TONs around 105 and n-butyl vinyl ether of around
104.[177] Heteroaryl halides (mostly bromides, some io-
dides) can also be coupled with styrene and acrylates,
but the resulting TONs vary widely (from 20 to ca. 106)
and no clear trend can be defined.[178]

ortho-Substituted aryl bromides were also studied; as
in the Suzuki reaction, it was found that in the Heck re-

Scheme 15.

Scheme 16.

Scheme 17.
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action with acrylates, o-Me substitution still yielded a
TON around 104, but o, o-disubstitution led to a TON
of only 200.[179]

The Heck reaction with a number of non-activated
olefins (i.e., linear alkenes, cycloalkenes) was also stud-
ied.[180] Generally, mixtures of double bond isomers are
obtained, and this cannot be avoided with Tedicyp. On
the other hand, high TONs were obtained even with
these less active reaction partners (Scheme 18).
Interestingly, even 1,1- and 1,2-disubstituted olefins

(mostly acrylates) can be coupled in good yield and me-
dium TON using iodobenzene as the electrophile
(Scheme 19), although double bond substitution even
with a methyl group (as in 6.15b, c) leads to a huge de-
crease in TON vs. the very reactive methyl acrylate.
The TONs drop rapidly when using less activated elec-
trophiles.[181]

Other applications of 51 concern theHeck coupling of
b-bromostyrene (TONs>104with acrylates),[182] and the
Sonogashira coupling using Cu as co-catalyst (TON>
106 in the coupling of iodobenzene with phenylacety-
lene).[183]

Another new tetradentate P-based ligand is ferrocen-
yl-tetraphosphane 57. Structural studies show that this
species behaves as a bidentate ligand towardPd, but spe-
cies containing two Pd atoms per molecule of ligand
were also observed. These ligands display fairly high
TONs in classical Heck and Suzuki reactions with acti-
vated substrates (up to 106 for iodobenzene plus n-butyl
acrylate).[184] It is not clear, nor was it addressed in the

above papers, whether the catalytic activities observed
with 51 and 57 are due to monometallic species or there
is contribution from a more active bimetallic species.
Such a phenomenon may contribute to the much higher
TONs observed for 51 vs. conventional bidentate li-
gands. Recently James et al. have proposed a “Coopera-
tivity Index” in tetra- and hexadentate ligands and
shown it to be rather small (up to 1.17) in a model sys-
tem. It would be interesting to apply such an approach
to highly effective ligands such as 51 and 57.[185]

Multidentate N ligands, although much less studied
than the above P-based species, have also been shown
to yield high-TON palladium catalysts in simple Heck
and Suzuki reactions.
Thus, bis-imidazole ligands, featured in 46, led to

TONs of ca. 105 in the Heck reaction of activated aryl
bromides with acrylates,[186] and the same is true for cat-
alyst 62, bearing a bis-pyridine ligand,[187] which ach-
ieved suchTONs also in the Suzuki coupling of activated
substrates. Even a trans-chelating N,N ligand (55) was
used in theHeck reaction of iodobenzene with acrylates
(the TON was up to 7.9�104).[188]

In addition, catalysts based on tridentate N,N,N li-
gands have been studied (see 45 and 63) and have shown
TON>105 in standard Heck and Suzuki couplings.[189–
191]

P,N-bidentate ligands have also been used successful-
ly. Thus catalysts 52, 53 and 54 achieve high TONs (>
106) in the Heck coupling of iodobenzene with acryl-
ates.[192]

Finally, P,S-bidentate ligands have also beendescribed
and, perhaps surprisingly, they show some of the highest
TONs ever described for simple Heck reactions. Thus,
catalyst 48 is the most active of all catalysts ever report-
ed in the Heck coupling of deactivated aryl bromides
(i.e., p-methoxybromobenzene) and styrene, with
TONs>106,[193] whereas 56a, b are much less robust
(TON in the same reaction: 5.7�103).[194]

Aswe have just discussed, conventional bidentate and
some novel multidentate ligands can offer some of the
highest TONs ever observed in simple Heck and Suzuki
couplings. Even deactivated aryl bromides have been
coupled with exceptionally high TONs. In addition,
the scope of ligands such as 51 is very impressive, offer-
ing high TONs in a number of synthetically more inter-
esting situations vs. the usual standard high-TONbench-
marks. Thus, the claim that phosphanes, in combination
with Pd(0), lead to intrinsically unstable catalytic sys-
tems and therefore do not allow high TONs, a statement
often found in the palladium literature, has no general
validity.

Scheme 18.

Scheme 19.
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7 “Ligandless Catalysts”

7.1 Mechanistic Considerations

The field of “ligandless” palladium catalysis is over two
decades old. Championed by Beletskaya for the cross-
coupling reaction[30] and by Jeffery for the Heck reac-
tion,[32] “naked” palladium, i.e., a Pd atom not surround-
ed by strong, donating ligands such as phosphanes, is
known to yield very high TOFs, but supposedly also
short lifetimes, due to the lack of stabilizing ligands. Pal-
ladium black is known to deposit rather quickly in these
reactions, and it is likely that active nanoparticles of Pd,
on the road to complete deactivation, play a significant
role in catalysis.
Mechanistic work in this area is lacking, but indirect

evidence for the role of colloids is constituted by the
beneficial effect of tetraalkylammonium halide salts,
known colloid stabilizers, in most of these reactions.
In any case, little systematic work has been carried out

with the aim at evaluating and understanding TONs
with ligandless catalysts. These are, of course, among
themost attractive catalysts, because they employ no ex-
pensive ligands and are associated with easy recovery of
spent Pd (as Pd black, without ligands complicating the
separation).
De Vries et al. have addressed the practical problem

of carrying out a variety of Heck reactions using
Pd(OAc)2 without ligands or additives, for better recov-
ery and lower cost. They found that at low catalyst/sub-
strate ratio, i.e., at low concentration of Pd(0), the aggre-
gation of the catalyst to form inactive Pd black is slowed
down markedly, whereas catalysis still occurs at reason-
able rates, provided the Pd load is at 0.01–0.1% (103–
104 TONs). This provides a practical solution to the
Heck reaction of aryl bromides (including deactivated
ones) with a variety of acceptors, e.g., vinyl ethers,N-vi-
nylacetamide and 3-buten-2-ol.[52] Recovery of the Pd
and recycle by oxidation, if desired, is also facile upon
deposition onto silica or Celite.[35]

In Scheme 20 a possible rationale for the observed ef-
fect is illustrated.Activemonomeric Pd(0) is in dynamic
equilibrium with soluble clusters, which eventually ag-
gregate to inactive Pd.At the same time, it can also react
with the aryl halide to enter the cycle. As the Pd(0) con-
centration is kept low, the oxidative addition is favored
over Pd aggregation (by the law ofmass action), thereby
prolonging catalyst life. The higher the Pd(0) concentra-
tion, the faster the deactivation relative to catalytic per-
formance.

7.2 Scope and Synthetic Applications

There are early indications that, in some cases, fairly
high TONs are possible with inorganic Pd(II) salts. For

example, coupling of iodobenzene with phenylmagnesi-
um bromide can be catalyzed by PdCl2 with a TON of
about 104.[195] Likewise, Pd(OAc)2 has been shown to
catalyze the Heck reaction of m-iodobenzoic acid with
acrylic acid in refluxing water, with a TONof 2�105.[196]

Novak et al. have shown that, in the Suzuki coupling
of p-nitroiodobenzene, “ligandless palladium” achieves
much better TOF that Pd/PPh3 catalysts, and also a
much higher TON (5�103 vs. 500, respectively).[197] Bu-
magin et al., using sodium tetraphenylborate as the Su-
zuki coupling partner in water, have achieved a TON
of>105.[198]A similarTONusing just Pd(OAc)2 andphe-
nylboronic acid was observed by Buchwald et al.[26]

While these numbers do not match the more active Pd
species discussed in the previous sections, they are
high enough to warrant more scrutiny.
Inmany cases, “ligandless palladium” is used as a con-

trol experiment in studies involving the exploration of
new ligands. For example, Buchwald et al.,while explor-
ing ligand effects in the palladium-catalyzed enolate ar-
ylation reaction, found that simple ketone enolates, like
the one derived from propiophenone, couple with bro-
mobenzene under the catalysis of Pd(OAc)2 without
added ligands, to yield 7.1 with a high TON
[Eq. (12)].[199]

ð12Þ

Dupont et al. have reported on the use of PdCl2(SEt2)2
in Heck reactions of iodobenzene or activated aryl bro-
mides.[200] Here also high TONs (up to 5�105) were re-
ported, provided tetrabutylammonium bromide
(TBAB)was added, presumably as a stabilizer of Pd col-
loids. Slightly lower TONs were observed in the Suzuki
reaction catalyzed by this new “ligandless species”.[201]

Pd(OAc)2 behaved analogously. Even activated aryl
chlorides can be coupled using Pd(OAc)2/TBAB in wa-
ter (TON up to 3.2�103).[202] The authors assume the
catalytic species is a colloidal system.
A recent disclosure by Yao et al. highlights the large

TON increase in the Heck reaction of bromobenzene

Scheme 20.
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with styrene catalyzed by Pd(OAc)2 whenK3PO4 is used
as a base (TON of 3.8�104 vs. 720 with the classical
NaOAc). The authors speculate on a mechanism based
on a Pd(II)/Pd(IV) cycle, which is highly unlikely.[203]

Clearly, in spite of their tendency to rapidly form col-
loids and eventually inactive Pd, “ligandless catalysts”
are quite useful in cross-coupling and Heck chemistry
and, most of all, are very economical and practical to
use. If the colloids hypothesized in Scheme 20 are in-
deed in equilibrium with soluble, catalytically active
Pd(0), and deactivation is due to further aggregation
of these unstable colloids, one may wonder whether it
is possible to stabilize them against deactivation, there-
by creating more robust “ligandless” catalysts. Indeed,
the use of TBAB achieves exactly this goal.[55] More sys-
tematic attempts at stabilizing palladium colloids are
briefly discussed in the next section.

8 Stable Colloids and Nanoparticles

8.1 Mechanistic Considerations

Colloid research in catalysis is a complex subject which
is mostly outside the scope of this article. Some relevant
reviews have recently appeared and the reader interest-
ed in the field is referred to these more authoritative ac-
counts.[33,34]

The area of Pd colloids as catalysts for C�C bond for-
mation has been advanced mostly by Reetz and co-
workers. Reetz et al. showed that nanostructured Pd
clusters can be stabilized by propylene carbonate and
do not precipitate Pd black up to 140–155 8C.[204] TEM
showed the presence of remarkably uniform nanoparti-
cles with a diameter of 8–10 nm.
A mechanistic study by Reetz et al. has shed some

light on the role of colloids in many phosphane-free
Pd-catalyzed processes. While studying the Heck reac-
tion of iodobenzene with ethyl acrylate under typical
Jeffery conditions, these authors noticed an induction
period of ca. 1 h.After this period both catalysis and for-
mation of Pd colloids (by TEM analysis, average size:
1.6 nm) was noticed. A proof of the catalytic role of
the colloids was provided by their stoichiometric reac-
tion with iodobenzene.A clear oxidative addition which
solubilized the Pd colloid took place, and the product,
probably a [PhPdX3]

2� species, was characterized by
13C NMR spectroscopy. This species was able to com-
plete the Heck cycle. In cases where no catalysis took
place, no colloid activation by the aryl halide took place
either.[55]

Interestingly, a similar reaction using palladacycle 1 or
Pd/PPh3 traditional catalysts showed no formation of
colloids at any stage, but simplePd(OAc)2 led, as expect-
ed, to small, unstable colloids (average diameter:
1.2 nm). This seminal paper points to the important

role of Pd nanoparticles in many catalytic reactions
where strongly coordinating Pd ligands are not em-
ployed.

8.2 Scope and Synthetic Applications

ReetzNs early colloids had some catalytic activity in sim-
ple reactions, but only at high temperatures andwith low
TON. For example, colloids stabilized by a surrounding
layer of tetrabutylammonium halide were shown to cat-
alyze standard Suzuki reactions with lowTONs.[205] Sim-
ilar systems using tetraoctylammonium bromide were
described by Beller et al., and achieved fairly good
TONs (around 103) in the Heck reaction of activated
aryl bromides and acrylates.[206]

The particle size of Pd colloids can be smoothly con-
trolled by redox-based fabrication.[207]

In their continuing studies on new colloidal systems,
Reetz et al. described the novel tetraphenylphosphoni-
um chloride/dimethylglycine (DMG) stabilizing combi-
nation. With this system, even chlorobenzene couples
with styrene, albeit with low TON, while bromobenzene
achieves rather high TONs with acrylates (ca. 104).[208]

An interesting practical application of the new colloid
is shown in the difficult olefination of 8.1 with ethylene
[Eq. (13)].[208] In a related paper, the performance of
these new colloids was extended to TONs>105 in
Heck reactions of bromobenzene.[209]

ð13Þ

Arather high TONwas reported in theHeck reaction of
highly activated aryl bromides with styrene using col-
loids derived from in situ-reduced Pd(0) and polystyr-
ene/poly-4-vinylpyridine co-polymers. The size of the
particles was approximately controlled by the rate of re-
duction of the pre-catalyst, i.e., Pd(OAc)2. TONs in the
best cases were up to 5�104.[210]

Further elucidation of the reactivity of these small pal-
ladium clusters came from the work of Bradley, Black-
mond et al.[211] These workers used homopolymers of
PVP and produced the colloids by hydrogenating the li-
gand of Pd(dba)2, thereby forming uncoordinated
Pd(0). The diameter of the cluster could be controlled
rather well by varying the H2 pressure in the hydrogena-
tion. In theHeck reaction of p-bromobenzaldehyde and
acrylates, TONs up to 105 could be achieved, thereby un-
derscoring the potential of nanoclusters of controlled
size in high-TON palladium research. Kinetic data sug-
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gest that Pd “defect” sites, i.e., Pd centers with low met-
al-metal coordination, are the active centers for cataly-
sis, and that the species that reacts with the aryl halide
is not Pd(0) that has left the nanoparticle and has be-
come solubilized, as shown in Scheme 20, but, rather, a
Pd(0) atom from the cluster, followed by solubilization
of the Pd(II) intermediate. This conclusion is in agree-
ment with the work of Reetz, which was already dis-
cussed.[55] Various other polymer-stabilized Pd nanopar-
ticles in Suzuki couplings have also been reported.[212,213]

It seems clear that Pd nanoparticle research is still in
its infancy, and that the prospects of obtaining high
TONs in cross-coupling and Heck chemistry using Pd
colloids stabilized by novel means are quite good. Obvi-
ously, there is a high degree of overlap between the use
of “ligandless” catalysts and stabilized nanoparticles, as
most likely in both cases soluble Pd clusters are respon-
sible for the catalytic activity, or at least part of it. It is not
clear, however, whether the more challenging sub-
strates, like deactivated aryl bromides and simple aryl
chlorides, can be subjected to effective catalysis using
Pd colloids, i.e., without the use of strong donor ligands.
This may turn out to be a general limitation of “ligand-
less” Pd in catalysis.

9 Traditional Catalytic Systems

As discussed in the introduction, traditional Pd(0)/triar-
ylphosphane catalysts have been used in much of the
early Pd literature and have served admirably to scope
out the new synthetic tool. Whereas interest has shifted
to TON lately, it is fair to say that the early catalysts, al-
thoughmuchmaligned in relation to their thermal insta-
bility, have not been carefully scrutinized when it comes
to their potential for high TONs. On the other hand, the
few careful studies that have been carried out suggest
themaximumTONachievablewith these systems is fair-
ly good. For example, Spencer in 1983 published a thor-
ough study on the TONof typical Heck reactions of aryl
bromides with styrene, acrylates and acrylonitrile. The
TONs achieved with Pd(OAc)2/P(o-Tol)3 (the original
Heck system) were uniformly>103 and reached, in
one case, 1.3�105.[38] The full study on palladacycle 1
by Herrmann et al. also reported that, in the presence
of TBAB, both Pd/PPh3 and Pd/(o-Tol)3P catalysts ach-
ieved TONs that were, surprisingly, as high as those dis-
played by 1 or by “ligandless Pd” (i.e., ca. 106).[54]

Another thorough studyonmaximumTONsachieved
by the classical Heck catalyst was reported by DeVries
et al. in their study of the Heck reaction of o- and p-bro-
motoluene with ethylene. Under the best conditions,
styrenes were obtained in fairly high TONs (ca. 3�
103).[214]

Recently, water-soluble triarylphosphanes bearing a
carbohydrate moiety were shown to achieve TONs of
104 – 105 in Suzuki and Heck couplings of activated sys-

tems, and this appears to be much better than the per-
formance of the traditional Pd(0)/TPPTS ligands.[215–
217] An unusual triarylphosphane, i.e., bis-(o-chlorophe-
nyl)phenylphosphane, affords TONs of up to 7�103 in
activated Suzuki couplings.[218]

The traditional phosphiteswere also examined as high
TON ligands. For standard Heck reactions and Suzuki
couplings, TONs of>104 and>105 were observed, re-
spectively, but this approach is made unattractive by
the extremely large L:Pd ratio that had to be used.[219,220]

Interestingly, pressure can dramatically increasemax-
imumTON, as demonstrated by Reiser et al.[221] This in-
teresting observation has not been followed up with
more studies of TON vs. pressure, but it is intriguing
enough to warrant extension to other catalytic systems
(Scheme 21).
Overall, it seems possible, at least for activated elec-

trophiles, to achieve high TONs even with traditional
Pd/triarylphosphane systems. Surprisingly, there are
very few studies on theTONpotential of these relatively
old catalytic systems.Although their relative thermal in-
stability is documented, their potential for achieving
practical catalysis in industrial systems should not be
hastily dismissed.

10 Polymer-Supported Catalysts

10.1 Mechanistic Considerations

Only when mechanistic knowledge of a catalytic system
is fairly extensive, does itmake sense to immobilize such
system on a solid support, in such a way as to probe its
recyclability. Often knowledge of the mechanism sug-
gests the best location of such support within the ligand
sphere of thePd.Unfortunately, catalyst immobilization
is often carried out without mechanistic considerations,
and this results in poorly useful catalytic systems. The
main mechanistic problem in this area is whether catal-
ysis is truly heterogeneous (i.e., the whole catalytic cycle
takes place on the supported catalyst) or it operates in
solution, through leaching of highly active Pd(0) parti-
cles. Criteria for differentiating heterogeneous from ho-
mogeneous catalysis have been presented in the litera-
ture,[222] and further discussion is outside the scope of
this review. Suffice it to say that, as noted below, many
workers have employed tests that are regarded as incon-

Scheme 21.
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clusive (i.e., primarily catalyst filtration techniques) for
their mechanistic inferences.

10.2 Scope and Synthetic Applications

Polymer-supported catalysis can be a useful means to
separate a spent catalyst from the reaction mixture,
but it is traditionally carried out with the intent of recy-
cling the (still active) catalyst at the end of each batch.
Because this is an alternative strategy to the use of small
amounts of high-TONcatalysts, it is basically outside the
scope of this review. However, insofar as it pertains to
the immobilization of some catalysts that have previous-
ly been shown to display highTONs, it will be briefly dis-
cussed here.
The key challenge in catalyst heterogenization is the

ability to create highly active surfaces, i.e., use a support
that does not restrict diffusion in and out of the catalytic
sites. In general, this is difficult, and the catalytic per-
formance of a Pd system will usually decrease on immo-
bilization, sometimes drastically. For this reason, cata-
lyst heterogenization is a very specialized field that re-
quires a lot of skill.
Several palladacycles have been immobilized on poly-

meric supports. For example, Bergbreiter and co-work-
ers have immobilized a S,C,S Pd(II) pincer complex, us-
ing a PEG support. Depending on the linker, some cat-
alysts clearly lost activity after one cycle, whereas one of
the catalysts could be recycled three times without (ap-
parent) loss of activity. Given the rather high catalyst
load (0.1%) and the intrinsically high efficiency of palla-
dacycles in solution, it is most likely that slow release of
Pd(0) particles is responsible for the catalysis, without
this translating into a major loss of Pd from the poly-
mer.[223] Immobilization of these pincer complexes on
polyacrylamides allowed reaction under thermomor-
phic conditions.[224] P,C,P Pd(II) pincer complexes were
also immobilized on silica, and achieved TONs of ca.
3,000 in the Heck coupling of iodobenzene with acryl-
ates, with some recyclability. As the corresponding solu-
ble catalysts achieve TONs>105, it is clear that>100 re-
cycles would be necessary for the polymer-supported
catalyst to match its soluble counterpart in terms of effi-
ciency.On the other hand, the catalyst was only recycled
three times, reportedly “with high activity”.[225]

Imine-based palladacycles have also been immobi-
lized, and have been shown to release rather readily
soluble Pd(0), rendering a recycle impossible. These cat-
alysts aremore interesting asmechanistic probes than as
practical synthetic tools.[39,226]

The Herrmann catalyst 1 was also immobilized on a
polystyrene support and, not surprisingly, it was found
to lose activity after each recycle. The catalyst is active
at loads down to 0.2%, but even after several recycles
the overall TONs do not approach those obtained by us-
ing lower levels of 1 in a batch mode.[227]

Recently, a silica-based immobilized oxime-pallada-
cycle was developed for the Suzuki coupling of activated
aryl bromides (load : 0.65%Pd).At this level,>1,000 re-
cycles would be needed tomatch the effectiveness of the
soluble counterpart.[228] The authors claim the immobi-
lized catalyst is recyclable without loss of activity and
it is a genuine heterogeneous catalyst, as filtration of
the reaction mixture produced a catalytically active sol-
id and an inactive filtrate. On the other hand, it has al-
ready been commented often in the literature that this
test is insufficient to distinguish homogeneous from het-
erogeneous catalysis, as deactivation of soluble species
is often triggered by the filtration process.[12] In general,
given what we know about themechanism bywhich pal-
ladacycles act, it appears very unlikely that these cata-
lysts can operate in a truly heterogeneous fashion. In
general, there does not seem to be a solid rationale for
the immobilization of palladacycles.
Rather, there is a good rationale for not immobilizing

palladacycles: this follows from De VriesN studies.[52]

Low concentrations of Pd(0) in solution will aggregate
and deactivate much more slowly than at high concen-
trations. This high dilution (achieved by slow release)
is probably the secret behind the apparent success of
the palladacycles. If one removes this “homeopathic”
condition, e.g., by immobilization on a polymer and re-
leasing Pd(0) in higher concentrations, the advantage
of palladacycles is lost and the overall maximum TON
will drop considerably.
Chelating Pd-carbene complexes have been immobi-

lized on polystyrene, with TON>103 per cycle and
with at least ten cycles possible (total TON up to 3.5�
104) in the Heck reaction of p-bromoacetophenone
and acrylates. The TOFs are depressed vs. the homoge-
neous counterpart by a factor of ten.[229] Pincer carbene
complex 31 has also been immobilized on clays likeMK-
10, again with TON of ca. 103 per run, TOFs that are
equal to the ones with soluble 31, and reasonably good
recyclability (for the coupling of iodobenzene and styr-
ene).[230] In both cases, which are clearly different from
the case of palladacycles, no activitywas found in the sol-
ution under optimized conditions, suggesting that catal-
ysis may be heterogeneous.
Polymer-supported, phosphane-free Pd catalystswere

constructedwithb-ketoester ligands. These catalysts can
operate at a level of 103 TONs per cycle in the coupling
of iodobenzene with styrene or acrylates. DMG, a
known colloid stabilizer, improves catalyst performance
and a few recycles were possible. Given that the Pd here
is essentially “ligandless” as soon as it is reduced to
Pd(0) and given the role of DMG, it is apparent that
this cannot be true heterogeneous catalysis, but rather
a complex way to slowly meter Pd(0) nanoparticles
into a solution.[231]

All the catalysts described above are apparently suc-
cessful, but their use has been limited to very active sys-
tems, i.e., systems in which ppm (or even ppb) levels of
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homogeneous Pd have been shown to be effective at
triggering coupling. Thus, it is hard to conclude that
these catalysts truly represent new practical solutions
to catalysis and even harder to make the case that they
operate by truly heterogeneous mechanisms.
Themost impressive heterogenized catalysts are those

described by Buchmeiser et al. and are exemplified by
64. They are apparently robust N,N-bidentate ligands
supported on a polyolefin scaffold and activated by
binding with Pd(II) salts. With these catalysts, TONs
of>105 are achieved in the Heck reactions of iodoben-
zene, and TONs>104 can be obtained evenwith bromo-
benzene and chlorobenzene, provided TBAB is add-
ed.[232] The authors remark that TONs are actually high-
er than those observed for the soluble catalyst counter-
part. This may be due, in the latter case, to the slow for-
mation of colloids, which would then aggregate and lead
to catalyst deactivation. The polymeric support is rich
with uncoordinated bis-pyridine ligands, which may
scavenge any free Pd(0) in solution and therefore retard
the formation and growth of colloids. Recyclability of
the catalyst was not addressed, but these TONs are com-
petitive with the best solution TONs, and an advantage
of using these systems, even without recycle, would be
the ready separation of the product from the catalytic
system. With these catalysts, TONs of ca. 103 can be ob-
tained in the amination of bromobenzene.
On the other hand, the relatedmixed pyridyl/quinolyl

ligand-based catalysts were less stable and leached Pd
into the solution.[40] A remedy seems to be the introduc-
tion of bis-pyrimidyl ligands. These led to catalysts that
achieved higher TOFs than the parent pyridyl-based cat-
alysts and exhibit good TONs (103–104) in the Heck and
Suzuki couplings of bromoarenes, including deactivated
ones, as well as some activated chloroarenes.[233]

In conclusion, immobilization of Pd on a polymer is an
established, alternative approach to the use of high-
TON catalysts in a batch mode. An in-depth discussion
of the general problems encountered in heterogeneous
catalysis is outside the scope of this review. We must
stress again that mechanistic considerations should go
into the design of these catalysts; in particular, when in
the homogeneous reaction the active Pd species is
known (or suspected) to become detached from his car-
rier ligands during the catalytic cycle, immobilization of
the Pd through such ligands cannot possibly be success-
ful, although some level of catalysis will probably be ob-
served, at least in simple systems.

11 Heterogeneous Catalysts

11.1 Mechanistic Considerations

Several papers have addressed the problem of Pd leach-
ing from the support when dealing with heterogeneous

catalysts.[234–237] This is indeed the key mechanistic issue
when using heterogeneous catalysts. Since the problem
is often ambiguously presented andmay give rise to con-
fusion, it is necessary to comment here on the possible
mechanisms by which elemental Pd on a solid support
(or on a colloid, for example), may catalyze complex
multistep reactions like a cross-coupling.
The frequent and unfortunate statements found in the

literature claiming that these reactionsmay occur on the
heterogeneous Pd surfacemay have led some readers to
believe that the entire catalytic cycle could take place
with the Pd species mediating the coupling firmly anch-
ored to the solid support. This is highly unlikely.As aptly
remarked in a recent review,[12] it is clear that the activity
of heterogeneous catalysts is related to the ability of the
reacting aryl halide to undergo oxidative addition with
an atom of Pd on the surface of the catalyst, and extract
it into the solution. The rest of the catalytic cycle will
then occur in solution.[55] The main feature of the solid
support that affects TON is its ability to recapture the
spent Pd at the end of each cycle in a form that will
make it active again for another cycle of catalysis. This
shuttling of Pd atoms from the surface to solution is
probably an obligatory step in all “heterogeneous” sit-
uations. Filtration techniques cannot really distinguish
between a “shuttling” and a “surface” mechanism, be-
cause the poorly ligated “ArPdX” solution species may
be present in undetectably small amounts, and is also
known to be very unstable toward disproportionation
to Ar�Ar and PdBr2.

[28]

Thus, the secret to high TON and recyclability of het-
erogeneous catalysts may lie in the ability of the solid
support to “recapture” each Pd atom at the end of
each cycle in an “activated form”,[237] as opposed to al-
lowing Pd to form colloids and then inactive aggregates.
When more conclusive experiments were carried out,
e.g., the “three-phase test”, this shuttling effect of Pd
(from the solid to the solution and back to the solid)
was proven without doubt.[238]

11.2 Scope and Synthetic Applications

Arigorous discussion of heterogeneous palladium catal-
ysis is outside the scope of this review. The clear advant-
age of heterogeneous catalysis is the easy separation of
product from catalyst, and perhaps recyclability (which
is, however, not a given). The problems associated with
heterogeneous catalysts in palladium chemistry are
mainly the difficulty of tuning the Pd, the often low
TOFs (vs. the homogeneous counterparts), and the
loss of metal due to leaching into the solution, followed
by reprecipitation in a less active form, as already dis-
cussed.
A few reports have described highly active heteroge-

neous catalysts which have yielded high TONs (>103)
in a single batch mode, and therefore fall to some extent
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within the scope of the review. For a more general sur-
vey, the reader is referred to a recent, thorough ac-
count.[12]

Pd onMgOwas reported as early as in 1990 to catalyze
the Heck reaction of chlorobenzene with styrene at
150 8C, with a TON of 1.6�103. This was much better
than the TON observed with other supports, like silica,
alumina, carbon and sepiolite.[239] Other workers have
taken a systematic look at differentmetal oxide supports
and have concluded that titanium oxides are superior to
MgO, but no TONs were provided.[240]

Palladiumonporous glass can also achieve highTONs
(up to 4�103) in the Heck reactions of 4-bromoaceto-
phenone at 180 8C. The authors remark that the TON
improveswhen lowering the catalyst load.[241] This is sug-
gestive of slow leaching of Pd(0) into the solution.[52]

Similarly, Pd grafted on mesoporous MCM-41 ach-
ieves good TONs (5�103), but only with activated aryl
bromides and acrylates.[242] A thorough study of the
new surface shows a highly dispersed Pd load. The mer-
cury poisoning test and filtration experiments suggest
that the reaction is heterogeneous.[243]

Palladium-modified zeolites yielded heterogeneous
catalysts endowed with excellent TOF, and TONs
around 103 for the Heck reactions of aryl bromides (in-
cluding deactivated ones). Even aryl chlorides can be
coupled at 170 8C, although with lower TONs. The au-
thors detect some Pd leaching, but conclude it is not
enough to explain the observed catalytic activity.[244]

Others found these catalysts are not directly recyclable,
but needing reactivation.[245]

Palladium on carbon is a group of rather popular het-
erogeneous catalysts for C�C bond formation. A thor-
ough study by Kçhler et al. provided evidence that, un-
der some reaction conditions, Pd(0) leaching from the
metal is responsible for most of the catalysis observed
in Heck and Suzuki couplings of aryl halides. Therefore,
recycling is problematic.
However, Pd redeposition on the solid support can be

achieved by careful fine-tuning of the reaction protocol,
therefore ensuring almost complete removal of Pd from
the reactionmixture upon filtration.[41,246] The TONs are
quite high, up to 3.6�104 for the reaction of bromoben-
zene with styrene, and up to 7.2�103 for the analogous
reaction of p-methoxybromobenzene. Analogously, Su-
zuki coupling with phenylboronic acid proceeds with
TONsof ca. 2�104 for both unactivated anddeactivated
aryl bromides. Activated chlorides also couple with
TONs>103. These constitute reasonable activity and
scope for a catalyst as cheap and easy to use as Pd/C.[247]

A more extensive study of the Suzuki coupling of aryl
chlorides using Pd/C was recently published, although
maximum TONs were not addressed.[248]

Some of the highest TONs observed in Suzuki cou-
plings were reported by Shimizu et al. using Pd support-
ed on sepiolite. TONsof 5–6�104were observed for de-
activated and unactivated aryl bromides, respectively,

and TONs for activated substrates reached 105. These
figures are quite remarkable, because the catalyst could
be recycled and no activity was found in the solution
phase upon filtration.[249] Good TONs were also found
with Pd supported on hydroxyapatite, the TONs being
essentially identical to the ones above with a variety of
aryl bromides inHeck and Suzuki coupling.[250] Recycla-
bility was reported to be good. In this paper, filtration
was also used to assess and reject the possibility of leach-
ing, and the reaction was said to “proceed on the
PdHAP-1 surface”. The lack of validity of the filtration
test has been amply commented upon in the litera-
ture.[12,222]AHammett study aswell asHeck competition
experiments between two olefins were used to support a
Pd(II)/Pd(IV) mechanism. Unfortunately, this type of
information is of little value in pinpointing where the re-
action occurs and how. A Hammett constant that is dif-
ferent from the one observed with Pd(PPh3)4 is not at all
surprising, given that highly ligated and electron-rich Pd
will most likely undergo oxidative addition with differ-
ent selectivities than aPd colloid or a heterogeneous sur-
face. Indeed, reaction selectivity difference is one of the
criteria proposed by Laine in order to distinguish be-
tween cluster and mononuclear catalysis.[222]

In spite of the confusing elements contained in some
of these studies, heterogeneous catalysis can be useful
in Pd-catalyzed C�C bond forming reactions, provided
the surface is highly active toward oxidative addition.
Although the scope of the reaction is not quite as broad
as for the homogeneous reaction, in cases where activat-
ed electrophiles were used very large TONs were ob-
served. Regardless of recyclability of the catalyst, this
feature alonemakes the use of heterogeneous Pd attrac-
tive, due to the ease of its separation from the products.

12 Practical Considerations and
Conclusion

The search for the optimum catalyst must of course be-
ginwith an examinationof the reaction to be catalyzed, a
literature analysis, and an understanding of the type of
catalyst that may be successful in a given application.
This will restrict the field somewhat.
In general, scope permitting, it is always advisable to

begin by screening “ligandless” [251] or heterogeneous
conditions (e.g., Pd/C or other supported catalysts com-
mercially available). An automated screen or a rapid
manual study can easily go through some of the ligand-
less conditions developed in the literature. It is impor-
tant to test both Pd(0) andPd(II) species: although often
identical in behavior, it is however possible that the ac-
tivation rate of Pd(II) to Pd(0) may play a role, or that
“innocent” ligands like dbamay affect catalyst perform-
ance.Avoiding the use of ligands will make the Pd easier
to separate from the products and recovered, if necessa-
ry. In addition, special ligands add substantially to the

High-Turnover Pd Catalysts in Cross-Coupling and Heck Chemistry REVIEWS

Adv. Synth. Catal. 2004, 346, 1553–1582 asc.wiley-vch.de F 2004 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 1577



cost of the catalyst. Therefore, if some product is ob-
served under these conditions, it makes sense to try to
optimize the reaction for high TOF, TON and product
purity.
Unfortunately, ligands are often needed in order to

modulate the rate of some or all of the catalytic steps,
like oxidative addition, insertion, transmetalation and
reductive elimination. In this case, perusal of the litera-
ture will provide some hints. In general, it is wise to start
by screening commercially available and inexpensive li-
gands, both monodentate and bidentate ones. From this
screen, a certain picture will emerge that will allow fur-
ther experimentation to be planned. For example, all
polydentate catalysts may be ineffective, allowing one
to focus on the monodentate ones, or vice versa.
It is desirable to elucidate first the type of catalyst that

will yield the desired product in good yield and accept-
able purity before trying to optimize for TON.Obvious-
ly, a high-TON catalyst which does not achieve the de-
sired yield or purity is not a practical tool.
In terms of scope and TON, the most promising cata-

lysts are clearly the “PdL1” catalysts introduced by
Buchwald, Fu, Hartwig, Beller and others, which have
been amply discussed in this review.
It is likely that most synthetic transformations of the

type described here can be successfully carried out
with these catalysts, and many of the reported TONs
are relatively high. When using electrophiles that are
poorly activated, this new class of sterically tunable li-
gands in conjunction with Pd(0) or Pd(II) sources is
the most promising one to start with.
Less well documented are the heterocyclic carbene li-

gands. Their scope is slowly expanding and, although
their TONs have not been tested in complex systems,
these ligands are clearly more robust than most phos-
phanes and therefore their use in high-TON research
has considerable synthetic potential.
The early enthusiasm created by palladacycles as new

catalysts must now be tempered by our growing under-
standing of the origins of their activity. Although they
constitute an interesting new principle in catalysis, their
performance may be simply mimicked, at least in some
cases, by dilute Pd(OAc)2. Therefore, future applica-
tions of palladacycles in industrial processes may not
be as promising as originally thought.
The recent flurry of publications dealing with high-

TON catalysis in organopalladium chemistry is just
scratching the surface of this complex and important
problem. If the industrial use of these reactions is to in-
crease beyond the handful of examples that are current-
ly being practiced, our understanding of how the newPd
catalysts operate and our quantitative appreciation of
their decomposition pathways must dramatically in-
crease. One of the aims of this short review is to stimu-
late further work in these directions.
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