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Pd catalysis of C-C bond formations is briefly reviewed from the angle of nanoparticles (NPs) whether they are
homogeneous or heterogeneous precatalysts and whether they are intentionally preformed or generated from a Pd

derivative such as Pd(OAc),. The most studied reaction is

the Heck coupling of halogenoarenes with olefins that

usually proceeds at high temperature (120-160 °C). Under such conditions, the Pd" precursor is reduced to Pd®,

forming PdNPs from which Pd atom leaching, subsequent
surface, is the source of very active molecular catalysts.

to oxidative addition of the aryl halide onto the PANP
Other C—C coupling reactions (Suzuki, Sonogashira,

Stille, Negishi, Hiyama, Corriu—Kumada, Ullmann, and Tsuji—Trost) can also be catalyzed by species produced
from preformed PANPs. For catalysis of these reactions, leaching of active Pd atoms from the PANPs may also
provide a viable molecular mechanistic scheme. Thus, the term “PdNP catalysis of C—C coupling” used in this
review refers to this function of PANPs as precursors of catalytically active Pd species (i.e., the PANPs are precatalysts

of C-C coupling reactions).

1. Introduction

If Pd has the reputation of being one of the very most
efficient metals in catalysis, especially for the formation of
C—C bonds! the role of palladium nanoparticles (PdNPs)
often is overlooked.Metal NPs have been known for about
two millenniums, however [AuNPs were used to decorate
glasses (see, for instance, the Lycurgus cup, 4th century AD
British Museum) and were famous in the Middle Age for

therapeutic uses]The catalytic role of AQNPs was disclosed

in the middle of the XIXth century in photography, while
synthetic and optical aspects were rationalized by Faraday
during that same perigtiPioneering catalytic applications

of NPs were reported in 1940 by Nord and co-workers for
nitrobenzene reductionSince the 1970s, transition-metal

NPs have been more frequently used in catatyasisl are

even suspected to be involved in organometallic catalysis
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Scheme 1. Pd-Catalyzed €C Bond Formation with Aryl Halides

(the Crabtree te&tand other recent tegts). Since the turn
and Triflates

of the millennium, interest in NP catalysis has considerably

increased because this class of catalysts appears as one of Heck RN\ /
the most promising solutions toward efficient reactions under =\R, —
mild, environmentally benign conditions in the context of
Green Chemistry® Pd now appears as the most frequently Sonogashira RN\ o
investigated metal for catalytic coupling in the synthesis of He g _/
C—C bonds. On the one hand, numerous methods of
synthesis of metal NPs have been reported, followed by Suzuki R A
catalytic studies involving either homogeneous or heteroge- ArB(OH), —
neous systems (NPs supported on oxides such as silicas, ; cata. “Pd” Negiski R\
aluminas, or other metal oxides and forms of carbon supports ¢~ N x o 4 R
including carbon nanotubes). On the other hand spdcies — =
systematically and rapidly generated from homogeneous *=<"®"! ot Komada RZ\
molecular Pd catalysts may eventually aggregate to form RMEX S
PdNPs that can reasonably be suspected to be involved as
active species in catalytic processes. Although these two Sille R \
approaches of PANP catalysis seem to be far away from each RSmBu,; $ il
other, we will see in this Forum Article that multiple =
literature data indicate that they are, in fact, intimately related - R

iyama 4
and even often relevant to the same kind of mechanism. RSOMD, ~ N wm

2. Pd-Catalyzed C-C Coupling Reactions

however (see sections-80). This does not mean that PANPs

are rarely involved in Pd catalysis of these reactions. Indeed,
" Pd species formed tend to more or less lose ligands if the
latter are not strongly bound to the Pd atom in a polypodal
form. Indeed, in various cases, molecular Pd precursors were
found to form PdNPs that are the sources of catalytically
active species, but these in situ generated PANPs have often
not been considered as possible intermediates.

Examples of Pd-catalyzed-C coupling reactions include
the Heck, Sonogashira, Suzuki, Stille, Negishi, Hiyama
Corriu—Kumada, Tsuji-Trost, and Ullmann reactions (Scheme
1). The former two reactions are especially easy to carry
out because they do not involve the preparation of an
organoelement compound, whereas the four latter do. In this
second group, the Suzuki reaction now is most useful and
popular because the development of the synthesis of B
compounds is now well spread, and these compounds are3, Preparation of Metal NPs

nontoxic, contrary to other organometallics such as the ) h I sal lecul bil q
organotins. Thus, the Heck reaction is the most frequently ~>NCe the 1980s, metal salts, a molecular stabilizer, and a
eductant were used by’Boemann as represented in eq 1,

used, and it has also been much studied using PANP catalysisr. i i
In this reaction, PdNPs are all the more probably involved and this method ha;_ become the most used one n the
starting from molecular Pd catalysts because reaction tem-Presence of any stgp|l|zer Se'eCt_e‘?',?‘mO”Q a Igrge variety of
peratures (required above 160) are hight" The other G-C more or less sophisticated possibilities (vide infra).
coupling reactions have been less studied with the purpose THE

of involving PANPs because such reactions almost systemati-MX(NR,), + (n — mRed—

cally involved molecular Pd complexes that were believed Myp+ (N — m)(Red X ") + m(NR,"X") (1)

to work per se as true catalysts; a few reports are known,

M = group 8-10 metal, X= Cl or Br, R = Cy4_1, alkyl,

and Red= M'H (M" = H, Li, LiBEts, NaBE%, KBEts).
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followed up by PdNP-catalyzed formation of-C bonds'’
More recently, the modes of preparation have included
impregnationt? coprecipitation'®2° depositior-precipita-
tion,?! sol—gel%?? gas-phase organometallic depositfén,
sonochemistry* microemulsior?® laser ablatior?® electro-
chemistryt”?” and cross-linking? Classic organic supports
of PdNPs include polymers and dendrimers (vide infra).
PdNPs have been reported with a variety of solid supports
for heterogeneous catalysis, i.e., oxides, mostly of Si but also
of Al, Ti, Zr, Ca, Mg, and Zn. These supports are in the
form of SiQ, aerogels or setgels such as Gomasil G-200,
high-surface silica, M41S silicates and alumimosilicates,

e . MCM-41 mesoporous silicates such as HMS and SBA-15
between the positively charged NP surface and the tetrabutylammonium . . - . . . .
cations andstericwith the tetrabutylammonium cation) stabilization of metal ~ SiliCa, silica spheres, microemulsions (githydroxyapatite
NPs obtained by reduction of a metal chloride salt in the presence of a (C&"), hydrotalcite (Mg and AF"), zeolites (Si@ and

tetraN-alkylammonium cation (Benemann-type synthesis of eq 1). The = p| 203) molecular sieves. and alumina membrahes
presence of chloride or other anions (rather than ammonium cations) near ! ' '
the NP surface was demonstrated. Finke showed that the order of
stabilization of IrNPs by anions followed the trend polyoxometallate
citrate > polyacrylate~ chloride. Thus, the stabilization of metal NPs by
anions can also have an important steric compo?fent.
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Figure 1. “Electrosteric” (i.e.electrostatiowith the halide anions located

4. Stabilizers for PANPs in Homogeneous Catalysis:
Micelles, Microemulsions, and Surfactants

It is essential to stop the agglomeration of Pd atoms at a
For instance, Gittins and Caruso recently reported the colloidal stage in order to prevent the formation of Pd black
synthesis and stabilization of PANPs using®iCl and (4- precipitate. A large choice of organic and inorganic stabilizers
dimethylamino)pyridiné® Another even earlier, popular NP has been reported to synthesize PANPs that were further used
synthetic method used the thermal decomposition of metal-in catalysis. In particular, the use of micelles, microemul-
(0) precursors. Zerovalent metal complexes such as Pd(dba)sions, and surfactants has been common. These stabilizers
and My(dba) (M Pd, Pt) were reported in 1970 by are a compromise between the protection of PANPs against

Takahashi et af Since 1979, Smith and co-workers reported further agglomeration and free access to the PdNP surface
that metal carbonyls (Fe, Co, Ni, Ru, Rh, and Ir) can be for the substrate activation and transformation. Ultrafine

thermally decomposed to form metal NPs in the presence
of stabilizing polymerd? In 1990, the Gallezot group at IRC
produced efficient NP catalysts or precatalysts upon reaction
with either B or CO®® and then the BradleyChaudret
groups reported hydrogenation of zerovalent complexes of
olefinic ligands!* The metal-vapor technique to produce
metal NPs, conceptually (but not practically) an ideal one,
was first published in 1927 by Roginski and Schalnikoff
and was made popular in modern times by work from the
groups of Green, Timms, and OZf Physical synthetic
mean$’-18 became numerous in the 1980s for the synthesis
of transition-metal NPs that were subsequently used in
catalysis. In particular, electrochemistry was developed by
Reetz and co-workers in studies that were systematically
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Chart 1. Most Used Polymers for the Stabilization of Catalytically
Efficient PANPs

° +
TE A

PVP PPO
poly(vinylpyrrolidone) poly(2,5-dimethyIphenylene oxide)

PdNPs in reverse micelles using KBHs a reducing agent

of Pd' precursors led to catalytic hydrogenation of allylic

alcohol and styrene in isooctane, although the bis(2-ethyl-

hexyl)sulfosuccinate surfactant inhibited the hydrogenation

activity.?® Note that, in PANP-catalyzed hydrogenation, the

PANP Itsel_f IS exp_ected to be the true catalyst because all OfFigure 2. PdNPs adsorption on poly(acrylic acid) particles: stabilizing
the catalytic reactions supposedly occur on the very PANP gffect of a PdNP due to adsorbed block copolymer. Reprinted with
surface, contrary to the cases of-C formation. Micro- permission from ref 35c. Copyright 2004 Kluwer.

emulsions were found to be efficient for catalysis of the

Heck reaction in ligand-free systems (vide infra; section

7).3% Functional olefins such as 4-methoxycinnamic acid as

well as nitrobenzene (to aniline) were selectively hydroge-

nated in supercritical COusing PdNPs in a water-in-GO

microemulsior?! Fluorous strategi€s have been used on

various occasions for NP catalysis such as, for instance,

by the Crook® and Gladys#a groups. Fluoro surfactants

can also serve as micellar stabilizers for PANPs in water- Figure 3. Principle of the formation of PdNPs in multilayer polyelectrolyte

in-supercritical CQ microemulsions that were used as films_(the Igyer—by—l'_clygr deposition is both convenient and versatile).
hydrogenation catalysts for simple olefifisand citral34 Reprinted with permission from ref 35d.

5. Polymers and Dendrimers

Polymers have long been obvious stabilizers for NPs. Poly-
(N-vinyl-2-pyrrolidone) (PVP) is the most used polymer for
NP stabilization and catalysis (Chart 1), and PdNPs stabilized
by PVP are synthesized by a refluxing ethanolic reduction
of the corresponding metal halide.

Many other polymers have most recently been used in an
efficient way for catalysis: poly(2,5-dimethylphenylene
oxide) (Chart 1), polyure#?polyacrylonitrile, and/or poly-
(acrylic acid) (Figure 2%® multilayer polyelectrolyte
films (Figure 3)%¢ polysilane shell-cross-linked micelles
(Figure 4)3%d polysiloxane®®® oligosaccharide® copoly-
mers synthesized by aqueous reversible additfcagmenta-
tion chain-transfer polymerizatioi¥ z-conjugated conduc-
ting polypyrrole3®" poly(4-vinylpyridine)3*" poly(N,N-
dialkylcarbodiimide® poly(ethylene glycol) (PEGY chi-

Figure 4. Schematic illustration of the synthesis of metal NPs derived

(29) Yoon, B.-H.; Kim, H.; Wai, C. M.Chem. Commur2003 1040. from polysilane shell cross-linked micelle templates. Reprinted with
(30) Jiang, J.-Z.; Cai, CJ. Colloid Interface Sci2006 299, 938. permission from ref 35f.

31) Ye, X. R,; Lin, Y-H.; Wai, C. M.Chem. Commur2003 642. Horvath, . .

1) I. T. Rabai, JSciencel994 266, 72. 3 tosant® and hyperbranched aromatic polyamides (araniitls).
(32) Horvath, I. T.Acc. Chem. Re€998 31, 641. Classic surfactants such as sodium dodecylsulfate are also

(33) For reviews on catalysis by dendrimer-encapsulated NPs, see: Crooks g
M.; Zhao, L.; Sun, V.; Chechik, L.; Yeung, Kicc. Chem. Re2001, used as NP Stablllz_ers for Catalyéf'f@. .
34, 181. Scott, R. W. J.; Wilson, O. M.; Crooks, R. W1.Phys. Chem. The use of two different metals such as Au and Pd in the
2005 109, 692. same NP"°was developed by Toshima’s group, who used

34) (a) Barthel-Rosa, L. P.; Gladysz, J.@oord. Chem. Re 1999 57 .. : . .
34 59)0. (b) Ohde, H.; Wai, C. M};'Kim, H.: Ohde, M. Am. Che?n_ s%c. PVP to stabilize core/shell bimetallic AtPdNPs, i.e., for

gggi 324,3357\?. Megc,$.; Eu,M K.KM-TK-: Tsaggds- Giatal-zggzt- instance, NPs in which the core is Au whereas Pd atoms are
2 . veric, P.; Yu, K. M. K.] I'sang, o. angmuir . :
20, 8537. (c) Yu, K. M. K.: Yeung, C. M. Y. Thompsett, D.. Tsang, located on the shelf? Subsequent to coreduction, this

S. C.J. Phys. Chem. R003 107, 4515. structure is controlled by the order of reduction potentials
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of both ions and the coordination abilities of both atoms to highly selective Heck reaction, dendrimer-encapsulated Pd-
PVP. The location of Au in the core and Pd on the shell NPs were also found to be efficient for catalysis of the Suzuki
was demonstrated by extended X-ray absorption fine struc-C—C coupling. Narayanan and El Sayed compared thus
ture (EXAFS), and it was shown that such heterobimetallic PAMAM G4-OH-terminated dendrimers to PWPor poly-
Au-cored PdNPs are more active in catalysis than simple styrene-poly(sodium acrylate) block copolymers. The G4
PVP-stabilized PdNPs. Thus, the Au core enhances thedendrimer-encapsulated PANPs were found to have higher
catalytic properties of PANPs at the PANP surfége. stability but lower activity than the polymer-stabilized

Dendri tabilize NPs in vi f catalvii i PdNPs, the results having shown that there was an inverse
endrimers can stabilize NS In view of catalylic applica- relationship between PdNP stability and catalytic acti®gy.

tions .elther by encgpsu!atlon of the NP W'th',n a single Further sophistication uses bimetallic NPs containing Pd and
dgndrlmer or by sta.b|I|zat|0n of NPs b)_/ surrounding thg NPs another metal located in the NP core and supported den-
with several dendrimers. The formation of NPs stabilized drimer-templated PdNPs, but these materials have almost
by dendrimers was proposed in 1998 by the three researchepyciysively been studied for hydrogenation and oxidation
groups of Crooks? Tomalia?® and Esumi®®Crooks, who  reactions. PdNP-encapsulated dendrimers also serve as
pioneered this field with Ctr ions?*324 showed that  templates to deliver size-controlled PANPs onto solid oxide
complexation of inner N atoms of tertiary amines by metal supports subsequent to thermal removal of the dendrimer
cations (Cé*, Au**, P&*, PF*, F€*, and Rd") could be coating. Catalysis using such PdNPs provides promising
followed by reduction by NaBlito metal(0), provoking the  results in terms of efficiency and selectivity because of the
agglomeration of metal atoms to NPs inside the PAMAM small size and relatively narrow dispersity of the PANPs,
dendrimers® When the terminal amino groups were proto- despite some Oswald ripening during the thermal treatment
nated at pH 2 prior to complexation by metal ions, the later that somewhat broadens this disperstty.

proceeded selectively onto the inner N atoms, resulting in
water solubility and subsequent catalytic activity in water.
For instance, selective hydrogenation of allylic alcohol and  |Ls were introduced in catalysis by Chauvin in the 1990s
N-isopropylacrylamide was catalyzed in water by such and have received considerable attention in this fiéld.
PAMAM dendrimer-PdNPs. The addition of decanoic acid Chauvin introduced the imidazolium salts that are the most
solubilizes the dendrimefNP catalyst in toluene by a frequently used ILs in catalysis. They are valuable media
terminal amino groupcarboxylic acid reaction. The catalytic ~ for catalysis with PANPs because the substituted imidazolium
activity of the dendrimer-encapsulated NPs depended on thecation is bulky, favoring the electrosteric stabilization of NPs
number of Pd atoms in the NP, i.e., on the generation of the
dendrimer and, of course, on its nature (PAMAM vs PIP)
and the kind of functional group at the periphery. Crooks
rationalized the results as the dendrimer periphery acting as
a size- and shape-selective nanofiffetn addition to the

6. lonic Liquids (ILs) in PANP Catalysis

(36) (a) Zhao, M.; Sun, L.; Crooks, R. M. Am. Chem. S0d.998 120,
4877. (b) Balogh, L.; Tomalia, D. AJ. Am. Chem. S0d.998 120,
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Int. Ed. 1999 38, 364. Chechik, V.; Zhao, M.; Crooks, R. M. Am.
Chem. Soc1999 121, 4910. Zhao, M.; Crooks, R. MAdv. Mater.
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Scheme 2.

Formation of Pe-Carbene Complexes by Reaction between Palladium Acetate and Imidazolium Salts Followed by Decomplexation at

High Temperature and Formation of PANP Precatalysts for Heck-Type Redgtions
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Scheme 3. Heck Reaction between Aryl Bromides (or lodides) and Olefins Catalyzed by Homeopathic Amounts of Bd(D#e)mediacy of
PdNPs and Leaching Active Pd Atoms Proposed by de Vries (Scheme 4)
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ast-BuyN* salts do in Figure 1. The size of the cation (that PdNPs under these conditions being highly suspected to be

can eventually be tuned by the choice of thealkyl

involved as precatalystd.Indeed, heating these N-hetero-

substituents) also has an important influence on the stabiliza-cyclic Pd-carbene complexes leads to PANP formation
tion, size, and solubility of the NPs, with these factors playing subsequent to ligand loss (Scheme 3). The selectivity of the
a role in catalysis. ILs are also noninnocent, however, reactions in such IL media also depends on the solubility,

because they readily produce N-heterocyclic-Bdrbene
complexes upon deprotonation of the imidazolium salt a
sufficiently high temperature. Thus, these carbene ligands

can be bound to the NP surface or give mononuclear mono-“1)

or bis-carbene complexes subsequent to leaching of Pd atoms
from the PANP surface (vide infré&).

As indicated in the beginning of this section, the role of
the ILs is crucial in both the PdANP formation and ste-
reospecifity of C-C coupling that could not be obtained in
previous studies of PANP-catalyzed Heck reactir&alts
of a N-butyronitrile pyridinium cation react with Pdg€to
give dinitrile complexes that turn black upon the addition
of phenyltributylstannane, and the PdNPs formed are the
sources of catalysts for Stille and Suzuki-C coupling
reactions. It is believed that the nitrile groups coordinate to
the PANP surface, which results in PdNP stabilizatfon.

Palladium acetate led to the formation of PANPs in the
presence of the IL 1,3-dibutylimidazolium salts. It was
suggested that the formation of N-heterocyclic-edrbene
complexes is at the origin of the formation of PdNPs
(Scheme 2) that are the sources of catalyst in Suzuki
coupling®

Such carbene complexes were shown to form and serve
as precatalysts for the Heck reaction, with the formation of

(38) Calo, V.; Nacci, A.; Monopoli, A.; Laera, S.; Cioffi, N. Org. Chem.
2003 68, 2929. Calo, V.; Nacci, A.; Monopoli, A.; Detomaso, A.;
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19, 1123.
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Vries, J. G.; de Vries, A. H. MJ. Organomet. Chen2003 687, 494.
(m) de Vries, J. G.; de Vries, A. H. MEur. J. Org. Chem2003 799.
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2004 1559. (0) Pelzer, K.; Vidoni, O.; Philippot, K.; Chaudret, B.;
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and the solubility difference can be used for the extraction
of the product. In summary, ILs are favorable media for the
electrostatic stabilization of preformed PdNPs at room
temperature, but they give Pdarbene complexes upon
deprotonation of the imidazolium cation, yielding PdNP
precatalysts at high temperature. Indeed, Dupont and co-
workers have shown using detailed spectroscopic ad kinetic
studies that PdNPs in IL leach active molecular species in
Heck G-C coupling reactiont

7. “Ligand-Free” Heck Reaction Using a Low Loading
of a Pd'" Derivative

The original reports by Mizoroki et al. in 19732and then
by Heck and Nolley in 19722 on catalyzed coupling
reactions of aryl iodides with olefin used Pd@t Pd(OAc)
as the catalyst, a base (NaOAc andBus, respectively),
and a solvent (methanol arid-methylpyrolidone, respec-
tively) but no phosphine or other ligand. Beletskaya and
Cheprakov reported a similar phosphine-free reaction of iodo-

Astruc

Scheme 4. Mechanism Proposed by de Vrfé€&for the
“Homeopathic” Heck Reactidd between Phenyl lodide and Butyl

Acrylate Catalyzed by Pd(OAg)Reprinted with Permission from ref

49a. Copyright 2006 Royal Society of Chemistry)

and bromoarenes in water, and the Pd loading was as 'OWPdIS— by electrospray ionization mass spectromérand

as 0.0005 mol % (the term “homeopathic” dose was used)
in the case of 3-iodobenzoic acit.The Reet#%"and de

Vries*?¢"groups reported extremely efficient Heck catalysis
of coupling between aryl bromides and styrene in organic
solvents with such very low Pd loading. Reetz also found
that PANPs are formed when Pd@d(OAc), or Pd(NQ)-

is warmed in THF in the presence of a tetrabutylammonium

Pdls~ by EXAFS*?sin the Heck reaction of Phl.

In terms of Green Chemistrythis process is of great
interest because waste is largely minimized here in the
absence of added ligand and such low Pd loaéfihg.also
suggested that supported PANP catalysts (heterogeneous
catalysts, vide infra) could well behave in a related way.
The very efficient use of a tetraalkylammonium salt in ligand-

carboxylate, which functions as a reducing and stabilizing greq Heck catalysis, i.e., so-called Jefferey conditions, was

agent*® Polar solvents such as propylene carbonate also
generated such PdNPs upon heating of Pd(@AR)NPs
generated in this way from Pd(OA& or palladacyclegd

are active precatalysts in the Heck reaction, which was
demonstrated by following reactions using transmission
electron microscop$? Very interestingly, it was found that
the Pd catalyst “improves” upon lowering of the Pd loading,
which was taken into account by an equilibrium between

PdNPs serving as a catalyst reservoir and small (monomeric

or dimeric) catalytically active Pd speci#8:"< When the
catalyst concentration is too high, inactive Pd black forms.

This indicates that the rate of the catalytic reaction is
extremely high because most of the Pd is in the form of
PdNPs. This type of Heck reaction seems quite general with
aryl bromides'?e

Likewise, a range of enantiopure substitubbacetylphe-
nylalanines were obtained from metliylacetamidoacrylate
and various bromoarenes at very low Pd loading in the
absence of other ligands, followed by Rh-catalyzed hydrogerfation.
de Vries and co-workers reported a similar behavior for the
Suzuki reaction of aryl bromides with turnover frequencies
(TOFs) up to 30 008°™ The precise nature of the active
species in these Pd-catalyzed C coupling reactions is not
known, and it may well be an anionic mono- or dimerié Pd
species to which an anionic ligand (Gbr OAc™) is bound.

shown to produce exclusively the trans coupling product
between butyl acrylate and bromobenzene in the absence of
a base?°

8. Catalysis of the Heck Reaction by Preformed
PdNPs

Both the Herrmant¥ and ReetZ® groups using stabilized
PdNPs obtained by reduction of 'Pdalts to P8 before
catalysis reported the high-temperature-catalyzed Heck reac-
tion of aryl bromides in 1996 using PANP precatalysts. The
Reetz system even allowed one to couple aryl chlorides to
olefins. The latter group developed ongoing pioneering
studies with applications such as ethenylation of 2-bromo-
6-methoxynaphthalene, a precursor of NaproXétolymers
and copolymers derived from 2- and 4-vinylpyridine, PVP,
PEG, chitosan, functional resins, lyotropic liquid crystals,
imidazolium ILs, and various silicas were found to be good
PdNP stabilizers, and catalytic efficiency herewith was
sometimes found to increase when the PANP size decreased.
Pd leaching was observed in several of these studies although
the organic solution analyzed after the reactions did not
contain Pd. Thus, a hypothesis was formulated, according
to which the PANP was a reservoir of Pd atoms that returned
to the colloid after catalysis. This means that both th& Pd

The mechanism proposed by de Vries (Scheme 4) involves

these anionic intermediates as in the molecular mechanism

shown by Amatore and Jutand on the basis of electrochemical
kinetics. The suggestion by de Vries of these anionic
intermediates was supported by the detection of PhRatid
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Engl. 1995 34, 1848. Herrmann, W. A.; Brossmer, C.; Reisinger, C.-
P.; Riermeier, T. H.; @le, K.; Beller, M.J. Am. Chem. S0d.997,
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salt (Mizoroki—Heck) catalysts and the PANP catalysts seem 47.000) could be obtained by Kaneda and co-workers for
to work according to the same mechanism involving leaching the coupling of bromobenzene with styrene and butyl acrylate
of active Pd atoms that are recovered by the PdNPs afteron a new support, hydroxyapatfein this way, aryl iodides
catalysis** and activated aryl bromides only could be activated.
Herrmann’s groug?® followed by many otheré found the Djakovitch and Kdler showed that the structure and Si/Al
excellent catalytic efficiency of Pd-containing metallocycles, ratio had little influence on the catalytic activity and that
but Louie and Hartwig later showed that their activity was complete conversion of aryl bromides could be obtained at
presumably due to the formation of PANPSuch catalytic 140°C with 0.2 mol % Pc*2Oxides of Mg, Ti, Zn, and Zr
reactions are poisoned by Hg;onfirming the activity of were also investigated” Very few heterogeneous Pd
Pd species resulting from the thermal decomposition of these catalysts were found to convert activated aryl chlorides at
palladacycles to PNPs (Hg should poison botANRb and high temperatures (see’Kier et al.’'s work, howeve.b:54¢
relatively naked mono- or dinuclear Pspecies). Reviews  although microwave activation helps. C also is a support of
on the topic of catalysis by Pd cycles and pincers have choice, as is well-known with the commercially available
appeared®*° Following the Amatore-Jutand mechanism Pd/C catalyst that was optimized, although it still remains
with Pd complexe&? it has been proposed that mono- or very slow compared to simple Pd compoufti$here also
dinuclear anionic Pd species (complexes) are intermediateis promising research on C nanotubes as the PANP support.
of the catalysis occurring in solution subsequent to leacling.  In summary, key parameters are high dispersion, the use
It results that PdNPs are probably responsible for the of Pd' rather than P} and the presence of some water. On
oxidative addition of ary bromides and chlorides at their the other hand, the nature of the support has little influence.
surfaces, giving palladium(ll)(aryl)(halide), although the Zeolite encapsulation of PANPs works best probably because
more demanding reaction of aryl chlorides might require the the zeolite cavities prevent coagulation of the PdNPs to Pd
use of phosphine-activated or-Iheterocyclic carbene-  plack.
activated Pd complexé8 Dupont recently reported con-  Aryl chlorides are very difficult to activate (the choice of
vincing evidence based on kinetic, poisoning, and leaching parameters is even more crucial). It is thus clear that aryl
studies that PdNPs generated from palladacycle precatalystghorides are best activated by a monometallic Pd complex
were sources of active intermediates in Heck coupling containing a specific electron-rich bulky phosphine or an
reactions in a mechanism similar to that proposed by de N-heterocyclic carbene with bulky-aryl substituent&® The
Vries 9 electron-releasing properties of these ligands in these com-
In principle, fixation of PANPs on solid supports should plexes favor the difficult oxidative addition of the aryl
provide catalysts prepared at low cost and allow easy chioro bond, whereas the bulk of the ligand favors the final
separation by filtration in view of multiple recycling and  reductive elimination step in the catalytic cycle of the
continuous processing. A major drawback of this technique monometallic Pd complex to give the final coupled product.
reported in the publications is leaching, however. These |y the case of the aryl iodides and bromides! Rigands
aspects of heterogeneous PANP catalysis have been regre yseless at high temperature and the catalyst amount is
viewed®**and Kihler's group convincingly discusses solid - homeopathié% The PdNPs formed work as reservoirs of
PdNP-containing precursors of Heck catalysts in another pq atom catalysts. The Pdalts as well as palladacycles
Article of this Forum'* Catalysis in zeolites and noncrystal- - and pincer Pd complexes that are excellent catalysts are, in
line mesoporous silicates (molecular sieves), such as MCM-fact, sources of PANP precursors of catalytically active

41 (which are extremely robust supports), should also avoid species at the rather high temperature required for the Heck
aggregatiort? The PdNPs are generally less reactive in these

zeolites, although high turnover numbers (TONS; up tO (53) Perosa, A.; Tundo, P.; Selva, P.; Zinovyev, S.; TestaD#. Biol.
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reactions, although the molecular mechanism is possiblewere first believed by Leadbeater and Marco to be uncata-
using these catalysts with aryl chlorid€awith preformed lyzecP® but could later be explained by de Vi#ésising the
PdNP catalysts, Pd atom leaching, first proposed by Arai principle of the homeopathic Pd catalysis with down to a 1
and co-workers§/2 could possibly be caused by oxidative ppm Pd catalyst. Leadbeatereinvestigation confirmed the
addition of the aryt-halide bond on the PdNP surface, a validity of this principle®® The Suzuki reaction of aryl
hypothesis confirmed by experimental data. Then, the promides and iodides was shown by Reetz et al. to be
mechanism is purely homogeneous whatever the PANPcatalyzed bytert-butylammonium-stabilized PdNPs, and

source (homogeneous or supported), and the Pd atoms returgmetallic Pd/NiNPs were found to also catalyze the reaction
to PANP after catalysis, as shown by several experiments, ¢ aryl chloridest’ Polymers (PVPJS micellesé™ ILs,67

mo:u:tgtmg the atbsdenf(f[e oftalny_ Caztalyﬂc aCt'V'%' ?:] tT)e thiolate ligand$® and dendrimers were used to stabilize
solutions separated after calalysis. £€olltes provide e DESt, 4\ pg i view of catalytic use in the Suzuki and other@

he_terogeneous I_DdN.P-supported cqtglysts, and ga"adlumcoupling reactions. In contrast to PAMAM dendrimers of
oxides or hydroxide improve the activity of nearby®Rud

NPs by Pd—Pd synergistic activatiofb57:58 Recently, second-generation (noted G2) PVP polymers, G3 PAMAM

PdNPs were stabilized by a star-shaped block copolymer,dendrimers were found to be good stabiliZ8Balladacycles

and these PdNPs are precatalysts for the Heck coupling (videN@ve also been found to be good Suzuki catalyst precursors

infra) between styrene and 4-bromoacetophenone with upin the presence ai-Bu:NBr via the formation of PANPS,
to 99% conversion within 24 h at a catalyst loading of Sometimes when they were anchored on inorganic supgports

irradiation providing catalysis of numerous Heck coupling shown to be so-called catalysts (obviously precatalyst,

reactions at 25C with regioselectivity in wate?® Finally, however, with our nomenclature) for high-temperature Su-

diatomite, which is a type of natural porous material, was zuki reactions of iodo- and bromobenzene and Heck reaction

shown to be adequate for the synthesis of supported PANPs

(20—100 nm), and this supported catalyst was efficient for

the Heck and Suzuki reactions and could be recovered with

numerous use¥e¢

9. PANP-Catalyzed Suzuki C-C Coupling Reactions

Beletzkaya and co-workers reported in 1989 the ligand-
free Pd-catalyzed Suzuki reaction in water between iodo-

benzoates and phenylboronic acid using Pd(QAs) the
catalyst®® and this finding was followed by others under
comparable condition8,also including the use of ILs and
C support$? The latter can be efficient under more drastic

conditions to also activate aryl bromides and chlorides (g6)

especially if microwave conditions are applied. de Vries

showed that homeopatic Pd catalysis also applies to the

Suzuki reactions of bromoarenes at 9D with a 0.005%
Pd catalyst® Under microwave conditions, Suzuki reactions
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Scheme 5. Mechanism Proposed for the Catalysis of the Suzuki
Reaction by Pregenerated PANPs Proceeding via Pd Atom Leaching into
Solution with a Molecular Mechanism Resembling That Given by de
Vries for the Heck Reaction (Reprinted with Permission from ref 49b.
Copyright 2006 Wiley)

aThe ancillary ligands include anions so that the mechanism is most
probably relevant to the Amatorelutand type with anionic intermediates.

of iodobenzene with high TONs and modest yiel#On

the other hand, simple alkylthiolat®®dNPs were shown to
be precatalysts or catalysts of the Suzuki reaction of iodo-
and bromobenzene with PhB(OHjuantitatively at 20C.
Moreover, the PANPs could be filtered and recycled six times
with very little loss of activity (from 100% to 87% yields
for Phl) %8 Even chlorobenzene yielded the coupled product
with PhB(OH) in 52% yield at 20°C. Dendronic phosphine-

stabilized PANPs are highly active and recyclable precatalysts
and catalysts for the Suzuki and hydrogenation reactions,

respectively?® The mechanism proposed for the Heck

of the Cu salf® For instance, Cu-free Sonogashira reactions
were reported using Pd(OAAPABCO/air/CHCN with only
0.01% mol of Pd* Thus, PdNPs that are precatalysts for
the Heck and Suzuki reactions should, in principle, also be
efficient for Sonogashira coupling. A few examples follow.
PVP-stabilized PANPs were found to be efficient precatalysts
for Sonogashira coupling of aryl bromides and iodides with
phenylacetylene aftes h in methanol using KCO; as the
base, and the catalyst could be recycled eight times without
significant loss of activity. Silica-stabilized PANPs exhibited
good Sonogashira activity in tetraethylene gly€olThe
counteranion of the Pd salt that is a precursor of the TBAB-
stabilized PANPs was shown to have a strong influence on
the Sonogashira coupling activity, which decreased in the
order NQ~ > CI- > OAc™. The binding strength of the
anions to Pd decreases in the reverse order, and it was
suggested that Pd leaching is determined by the bond
strength, following the de Vries leaching mechanism dis-
cussed above for the Heck reactiénReports concern
polymer-stabilized PANPS,dendrimers37278and layered
double hydroxide active for aryl chloridé$Djakovitch and
co-workers have published interesting results with zeolites,
mesoporous materials, metal oxides, and fluorides for the
Sonogashira coupling of aryl iodides and bromitfeshe
MCM-41-supported PdNPs were found to be efficient for
the Sonogashira coupling of aryl chlorides, and ligand-free
Pd/C-induced catalysis of aryl iodide coupling was repofted.
Again, one can assume that Pd leaching of Pd species in
solution provides the basis for a homogeneous mechanism
such as that for the Heck reaction followed by recombination
of these Pd atoms with the PANP reservoir.

11. Other PdNP-Induced Catalysis of CG-C Coupling

reaction involving Pd atom escape (leaching) from the PANPS Reactions

and recombination after catalysis probably does also apply

to Suzuki catalysis (Scheme %Y.For instance, the studies
by Biffis's group™ and by Liu and H&' described the
catalytic activity in the Suzuki reaction of microgel- and
polymer-encapsulated PdNPs, respectively, to leachifg Pd
species.

10. PdNP-Catalyzed Sonogashira Coupling

The Sonogashira coupling of aryl halides with terminal
alkynes is carried out using most of the time both Pd and
Cu catalysts. The latter forms alkynyl cuprates that further
transmetalate the alkynyl group in situ onto the Pd center.
In this way, the preparation of the organometallic cuprate is

avoided because the Cu salt is regenerated subsequent t
transmetalation. The presence of the Cu cocatalyst is not

indispensable, however, because Pd can also play the rol
of Cu but with more difficulty. Thus, the Suzuki reaction

Other C-C coupling reactions that are catalyzed by Pd
are the Stille, CorrirKumada, Negishi, and Hiyama reac-
tions (Scheme 1). There is no reason to believe that these
reactions could not be catalyzed by species produced by
PdNPs or Pd complexes decomposing in situ into PANPs in
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45, 2886.
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than that of the analogous reaction carried out in the presence

(72) (a) Gopidas, K. R.; Whitesel, J. K.; Fox, M.-Aano Lett.2003 3,
1757. (b) Wu, L.; Li, B.-L.; Huang, Y.-Y.; Zhou, H.-F.; He, Y.-M.;
Fan, Q.-H.Org. Lett.2006 8, 3605.

(80) Djakovitch, L.; Rollet, PTetrahedron Lett2004 45, 1367. Djakovitch,

L.; Rollet, P.Adv. Synth. Catal2004 346, 1782. Rollet, P.; Kleist,

P.; Dufaud, V.; Djakovitch, LJ. Mol. Catal. A: Chem2005 241,

39.

(81) Heidenreich, R. G.; Kder, K.; Krauter, J. G. E.; Pietsch, Synlett
2002 1118. Nové, Z.; Szabo A.; Repasi, A.; Kotschy, A.J. Org.
Chem.2003 68, 3327. Zhang, GSynlett2005 619.

Inorganic Chemistry, Vol. 46, No. 6, 2007 1893



Astruc

the same way as they do with the Heck, Suzuki, and following the Amatore-Jutand mechanism. On the other
Sonogashira reactions. There is extensive literature concernhand, inactivated aryl chlorides most often need mononuclear
ing the catalysis of these reactions by Pd complexes thatPd catalysts containing electron-rich, bulky phosphines or
could be reexamined in view of this possibility. There are N-heterocyclic carbenes. Homogeneous and heterogeneous
only relatively few reports, however, concerning the catalysis Heck reactions can also be catalyzed by species produced
of these reactions with preformed PdNPs. For instance,from preformed PdNPs stabilized by various organic or
ligand-free Pd-catalyzed Negishi and Coffilumada reac-  inorganic stabilizers, in particular tetraalkylammonium salts,
tions are knowrt*#2and PdNPs have also been characterized ligands, macromolecules (the most sophisticated being den-
in the use of palladacycles in the Sifft€® and Hiyama drimers), ILs, microemulsions and micelles, or solid oxides
reactions’* PdNPs stabilized by poly(4- and 2-vinylpyridine) of a variety of elements. The other Pd-catalyzeeébhond
have been reported to catalyze inter alia the Stille cougfing. formation reactions (Suzuki, Sonogashira, Stille, Cofriu
PdNPs have been shown to form during the carbonylation Kumada, Hiyama, Ullman, carbonylation, and Tstfrost
reaction catalyzed by the reduced®Ratm of [PdCL(COD)] allylic substitution) have been less studied than the Heck
(COD = 5*-cyclooctadienej® A BINAP ligand bearing a reaction (except the Suzuki coupling) but can be catalyzed
C-8 alkyl chain terminated by a methyl thioether group by PdNPs as well according to mechanisms that may
was found to stabilize PANPs that were shown to be active resemble the Heck NP mechanism. There is also considerable
in Suzuki and Stille catalysf. Ullmann coupling reac-  progress concerning the efficiency (high TOFs and TONs),
tions were catalyzed in ILs by electrochemically generated recovery, and recycling of catalysts using various methods
PdNPs® (precipitation, filtration of solid supports, magnetic separa-
tion,® etc.). These considerable improvements have brought
PdNPs at the forefront of catalytic-€C bond syntheses, and
The high-temperature Heck reaction between aryl iodides, a large number of applications in synthesis are expected in
aryl bromides, or activated aryl chlorides catalyzed by simple the near future. Some of these applications have already
Pd' derivatives as well as by heterogeneously supported appeared (e.g., Naproxen synthe&is).
catalysts proceeds by leaching of Pd atoms from PdNPs,
formed upon the reduction of Pdnto solution. The catalytic
mechanism proceeds homogeneously via aniorficpecies

12. Conclusion
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