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1. INTRODUCTION

1.1. General Considerations

Palladium catalysis is one of the most important synthetic
tools in modern organic synthesis. A particularly attractive syn-
thetic feature of palladium catalysis is its broad synthetic scope
and the possibility to control the selectivity of the transfor-
mations.' > An ideal catalyst has to be stable and highly selective,
but also highly active to ensure high turnover numbers and
permit low catalyst loadings. Moreover, it needs to be amenable
to rational design, giving the possibility for fine-tuning the
catalytic properties of the metal center. These issues can usually
be solved by an appropriate choice of ligands. One of the
successful strategies is to use tridentate ligands, such as pincer
ligands, to accomplish a well-defined metal—ligand bonding.
Since the first reports from Shaw,”* van Koten,® and Noltes® in the
1970s, a plethora of different pincer complexes has been synthe-
sized and studied in multifarious catalytic applications. Although
several excellent reviews® '® on palladium pincer complexes
have been published so far, a large number of recent studies have
been reported on the catalytic application of these complexes in
the last five years. The aim of this review is to summarize the key
achievements for catalytic application of pincer complexes in
organic synthesis from 2005 to early 2010. Accordingly, the main
focus is directed to the properties, synthesis, and reactivity of
those pincer complexes that are successfully employed or could
be important for catalytic applications. Thus, this review is, of
course, not comprehensive for description of all the properties
and structural details of palladium pincer complexes. We briefly
discuss the nomenclature, basic properties, and synthesis of
pincer complexes important for catalytic applications, followed
by a survey of the most important types of catalytic transforma-
tions, in which these complexes are involved.

1.2. Nomenclature

Cyclic palladium complexes incorporating at least one car-
bon—palladium bond are called palladacycles.">'” ' Pincer
complexes are a subclass of these species incorporating two fused
palladacycles (Scheme 1). The basic type of the complexes has a
typical ECE architecture (la, Y = carbon) in which E are a
versatile class of usually neutral species, such as NR,, PR,, SR,
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Scheme 1. Schematic Representation of the Pincer Complex
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and SeR. These neutral species (E) with their spacer are usually
referred to as the side arms.

A practical way of classifying the various pincer ligands is based
on the three atoms coordinating to the metal center, abbreviated
to ECE. For example, complex 1b with amino ligands (E = NR,)
in the side arms would be called an NCN complex and with
phosphines (E = PR,) a PCP complex. The side arms stabilize
the pincer complexes and strongly affect the electronic properties
of the palladium center. There are some recent catalytic applica-
tions in which interesting new catalytic properties arise from the
replacement of the carbon—palladium bond with other isoelec-
tronic structure elements,”*” ** such as silicon—palladium, phos-
phorus—palladium bonds (Y = Si and P, respectively). In some
cases, the palladium atom is coordinated to a neutral aromatic
nitrogen atom (Y = N)**~*® instead of an anionic carbon. Since
replacement of carbon in the C—Pd bond with heteroatoms
(such as Si, P, and N) sometimes leads to important improve-
ments of the catalytic activity, we also discuss the reactivity of
these complexes. Another important strategy to improve the
catalytic activity is application of two different donors in the side
arms (EYE/, 1a'),'* creating unsymmetrical palladium pincer
complexes. However, the most commonly employed pincer
complexes are based on an aryl group and symmetrical side arms
(1b). One obvious reason for using symmetrical pincer com-
plexes in catalysis is the relatively easy synthesis of these species
(section 2). Considering the fact that the most widespread
applications of pincer complexes in organic synthesis involve
ECE type pincer complexes, this review is largely focused on
recent studies on these complexes. As the main goal of this review
is to demonstrate the efficiency of using pincer complexes in
organic synthesis, we refer the reader to previously published
reviews®”'°™ ' for a more comprehensive treatment of the synth-
esis, properties, and other application areas of pincer complexes.

1.3. Basic Properties

The unique pincer architecture accounts for many desirable
properties of palladium pincer complexes in catalytic transforma-
tions. As a consequence of the firm tridentate coordination
mode, the palladium pincer complexes show a high thermal
stability. In addition, most of the complexes are stable toward
moisture and air, resulting in easy handling and storage. These
important aspects ensure high durability of the catalyst and a
broad reaction scope. The pincer ligand is also crucial for the
selectivity of the catalysis. Under ambient conditions, the oxida-
tion state of palladium is largely restricted to +IL Thus, in the d*
square planar Pd(II) pincer complexes, only one free coordina-
tion site is available for catalysis. This implies that formation of
undesirable side products arising from ligand exchange processes
can be avoided. Reduction of the palladium atom of pincer
complexes to Pd(0) leads to a usually irreversible cleavage of the
palladium—carbon (or Pd—Y) bond,***° which eventually leads
to decomposition of the complex. Under such reaction conditions,

the pincer complexes are not direct catalysts of the transforma-
tions but serve as dispensers of often highly active Pd(0) species,
such as Pd(0) clusters or nanoparticles. However, it is important
to note that Milstein and co-workers®' provided convincing
evidence that under mild reaction conditions the palladium atom
of PCP pincer complexes may undergo reversible Pd(Il) to
Pd(0) transformations. Unlike reduction of the Pd(II) central
atom to Pd(0), its oxidation to Pd(IV) does not lead to a cleavage
of the palladium—carbon bond of the complex.’> *° The
electron-donating character of the formally anionic carbon atta-
ched to palladium renders oxidation of pincer complexes easier
than that for most of the common inorganic palladium salts, such
as PdCl, and Pd(OAc),, often used as catalyst precursors in
synthesis. Thus, several examples of Pd(IV) pincer complexes
have also been reported and suggested as catalytic inter-
mediates,**** 3® expanding both the coordination sphere of
palladium and, thus, the synthetic scope of catalysis.

Perhaps the most attractive feature of palladium pincer com-
plexes is the unique possibility for fine-tuning the catalytic
activity of the palladium atom. Since the meridional oriented
pincer ligand is coplanar with the coordination site available for
catalysis, steric and electronic properties of the pincer ligand can
efficiently be transferred to the palladium center. Varying the side
arms (E) of the pincer ligand, using different donor groups, has a
direct impact on the reactivity of the pincer complex. Further-
more, the accessibility of the active site of palladium can be alte-
red by steric factors, and many different asymmetric applications
have been developed using chiral groups on the side arms. Pincer
complexes with aromatic backbones give the p0551b111ty to induce
remote electronic effects with para substitution® of the aryl
moiety. Additionally, dendrimers™ and polymer supported** pin-
cer complexes have been synthesized, representing valuable con-
tributions to environmentally benign and sustainable catalysis.

2. SYNTHESIS OF PALLADIUM PINCER COMPLEXES

The synthesis of pincer complexes is sometimes considered as
a limiting factor for their application in catalysis. Some synthetic
precursors of pincer complexes are commercially available; how-
ever, development and conscious use of pincer complex catalysis
often require synthesis of both the pincer proligands and the
complexes. Moreover, the efficient tunability of the complexes is
a great advantage, but it requires that a set of pincer complexes
with widely different substituents (E) in the side arms are to be
tested in the studied catalytic transformations. This section
concentrates on the most basic techniques applied for the syn-
thesis of pincer complex catalysts, starting with the simplest
modular methods for preparation of aryl based symmetrical
pincer complexes (such as 1b). It is important to emphasize that
the most common type of NCN, PCP, and SCS complexes are as
easy to prepare as some of the commonly used palladium sources,
such as Pd(PPh;), or Pd,(dba);.

2.1. Oxidative Addition

Probably the simplest and most efficient way to synthesize
pincer complexes is based on an oxidative addition of Pd(0)
species, such as Pd,(dba)s;, to the carbon—halogen bond of the
pincer proligand. For example, this synthetic route can be
employed to obtain NCN complex 1c (Scheme 2).*' The pro-
cess starts from tribromide 2, which is reacted with dimethyl
amine to afford 3. In our experience, the yield of 1c is higher
when 3 is purified by silica chromatography prior to the pallada-
tion step. It is important to keep in mind that 3 is relatively
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unstable under ambient conditions (reacts with CO, from air);
therefore, it is advisable to use it directly after purification.
Reaction of 3 with Pd,(dba); in benzene or toluene affords 1c
in high yield (88%). Complex Ic is air and moisture stable
(interestingly, much more stable than its precursor 3), and it can
be purified without any loss using silica-gel chromatography.

Phosphine containing PCP complexes are also easily available
by the above-described C—X bond oxidative addition sequence.
Synthesis of the versatile phosphinite based PCP complex 1d can
easily be achieved starting from resorcinol derivative 4 and
chlorophosphine § (Scheme 3).** The first step is very sensitive
to any traces of moisture, and therefore, it has to be carried out
under inert conditions. Compound 6 is also unstable under
ambient conditions, and it cannot be purified by chromatography
without extensive degradation. Therefore, it is used directly in the
palladation process.

This strategy can be used for the synthesis of a broad variety of
PCP complexes (see, for example, Scheme 4). Very often, iodo-
resorcinol (7) is used for synthesis of the proligand (Scheme $).
In this way, the palladation involves oxidative addition of Pd(0)
species to a reactive C—I bond, which is beneficial for two major
reasons: (i) the palladation occurs easily even in the presence of
bulky substituents in the side arms, such as in chiral pincer
complexes (1e—j), and (ii) the halophosphonate proligands

Scheme 2. Synthesis of NCN C0m4plex 1c by Oxidative
Addition of Pd(0) to a C—X Bond™"

Pd,(dba
+ NHMe, —> Pdz(dba),
Br Br Br Meo,N  Br NMe, MezN—F’Id—NMez
Br
2 3 1c

Scheme 3. Synthesis of PCP Complex by Oxidative
Addition*
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|
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(such as 6 or 9) are usually air-sensitive compounds with low
thermostability. Therefore, a high yield for the complex re-
quires mild conditions and a relatively fast oxidative addition of
Pd(0).

A highly modular synthesis of various chiral pincer complexes
was regorted starting from TADDOL (1e),” BINOL (1f—
i),* and bisphenanthrol** (1j) derivatives (Scheme 4). The
synthesis of these complexes (Scheme 5) was based on conver-
sion of the corresponding chiral diol (such as 8) to halopho-
sphinate (such as 9), which was reacted with iodoresorcinol 7,
affording proligand 10. These types of proligands are relatively
easily palladated to give C,-symmetrical chiral complexes, such as
bisphenanthrol complex 1j. The procedure is efficient even in the
presence of y-substituents (Cl, S-alkyl groups) on the chiral diol
and can be used even for relatively bulky side arms. It is
important to emphasize that 9 and 10 and their analogues are
water sensitive, and therefore, these compounds have to be
handled under inert atmosphere and normally used without
purification. On the other hand, the final products, complexes
le—j, are highly stable to air, to moisture, and at elevated
temperatures. In some catalytic applications (see section S), the
iodide counterion has to be replaced by a less coordinating
anion, such as trifluoroacetate. This usually can be carried out
by using the corresponding silver salts (such as silver
trifluoroacetate), with the exception of 1i, which decomposes
by treatment with silver salts.

2.2. C—H Activation

The C—H activation/cyclometalation is also a major strategy
for the preparation of palladium pincer complexes.***” These
methods involving C—H activation require simpler precursors
than the above-described procedures based on C—X bond
activation (section 2.1). However, the success of these proce-
dures is more dependent on the electronic character and bulki-
ness of the side arm ligands (E in 1b). Therefore, the C—H
activation based synthesis of pincer complexes usually requires
more experience in organometallic synthesis than the alternative
methods involving oxidative addition of C—X bonds (Schemes 2
and S).

An important difference between the C—X and C—H activa-
tion strategies is the different oxidation states of the employed
palladium precursor. The oxidative addition to the C—X bond is
performed using Pd(0) species (often Pd,(dba);), while the
C—H activation is done with Pd(II) species. The C—H activa-
tion is usually dependent on the ancillary ligands on the Pd(II)

Scheme 4. Examples of Chiral Pincer Complexes Easily Accessible by C—I Bond Metallation
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Scheme 5. Examples of Synthesis of Chiral Palladium Pincer Complexes**
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Scheme 6. Synthesis of Pincer Complexes via C—H
Activation by in Situ Generated Pd(BF,),(CH;CN),>°
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precursor. Very efficient C—H activation can be achieved using
palladium(II) salts with weakly coordinatin liégands, such Pd-
(OCOCFs;),* or Pd(BF,),(CH;CN), 30*%3 Although these
reagents are commercially available, they are rather expensive.
However, it was found that, for example, Pd(BF,),(CH;CN),
can be easily generated in situ prior to the C—H activation
process. Accordingly, selenium-based complex 1k was synthe-
sized from pincer-proligand 12 obtained by selenylation®" of 11
using diphenyl diselenide under reductive conditions. Proligand
12 is now also commercially available from Aldrich. The key step
is the C—H activation by Pd(BF,),(CH;CN), generated in situ
from relatively inexpensive PdCl, and AgBF, in acetonitrile
(Scheme 6).°° A great advantage of complex 1k is that the ligand
on palladium can be easily varied by adding lithium halides,
pyridines, phosphines, or other relatively tightly bonding ligands,
in order to fine-tune the activity of the pincer complex. The first
synthesis of SeCSe-Pd complexes from 11 was reported by Yao
and co-workers®" using a different C—H activation technique.
An alternative way of obtaining pincer complexes by C—H
functionalization is via so-called “transcyclometallation” reac-
tions.”> This strategy (Scheme 7) can be used for the synthesis of
PCP type complexes (such as 1d).* An excellent palladium
source for transcyclometalation is complex 13,>* which is com-
mercially available. Thus, PCP complex 11 can be prepared by a
simple two step sequence starting with the phosphorylation of
resorcinol 14, followed by transcyclometalation of 13 with phos-
phinite proligand 15. An alternative method for the synthesis of

2051

11 is by reaction of 15 with Pd(OCOCFj), reported by Bedford
and co-workers.**

Synthesis of chiral pincer complexes such as 1m can also be
achieved by the C—H activation methodology (Scheme 8).*’
Thus, tert-butyl resorcinol derivative 16 was reacted with chloro-
phosphinate 17 to obtain proligand 18, which was metalated by
PdCl,(CH;CN),, affording complex 1m. Interestingly, the aro-
matic ‘Bu groups have an accelerating effect on the C—H acti-
vation process, probably for steric reasons.*’

2.3. Ligand Introduction Route

The above presented methods (sections 2.1 and 2.2) are based
on the synthesis of pincer proligands (such as 3, 6, 10, 12, 15, and
18) followed by metalation of the C—X and C—H bonds with
Pd(0) and Pd(II) species, respectively. As in these methodolo-
gies, the last step of the synthesis is the introduction of palladium,
these techniques are also called “metal introduction routes”. As
mentioned above, these methods usually provide easy access to
pincer complexes, but they are sometimes sensitive to the steric
bulk of the substituents in the side arms. Uozumi and co-
workers>>** described an interesting alternative to the metal
introduction route, which circumvents the problems caused by bulky
substituents in the side arms. The basic element of their strategy is
introduction of the palladium atom in an early stage of the synthesis
of the complex, and therefore, this method is called a “ligand
introduction route”. A representative example of this methodology
is the synthesis of chiral NCN complex 1n (Scheme 9). The key step
is synthesis of complex 20 by oxidative addition of Pd,(dba); to the
C—OTf bond of 19 in the presence of PPh; and subsequent
addition of LiCl. The next step is addition of prolinol derivative
21 to furnish complex 1n. The bulky chiral auxiliaries are important
to obtain high selectivity in asymmetric Michael addition reactions
(section 4.2).% Uozumi and co-workers®”*® have demonstrated that
a large variety of NCN and PCP complexes can be prepared using
the “ligand introduction” strategy.

Another innovative ligand introduction approach for the
synthesis of aminophosphine-based palladium pincer complexes
was reported recently by Frech and co-workers.> This strategy
was based on synthesis of a palladium tri(piperidinyl)phosphine

dx.doi.org/10.1021/cr1002112 |Chem. Rev. 2011, 111, 2048-2076
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Scheme 7. Pincer Complexes Obtained by Transcyclometallation*®
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Scheme 8. Synthesis of Chiral Pincer Complexes by C—H Activation*’
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Scheme 9. Synthesis of Pincer Complexes by the “Ligand Introduction Route
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complex that subsequently was reacted with 1,3-diaminobenzene
or resorcinol to construct the pincer architecture.

3. CROSS-COUPLING REACTIONS

Cross-coupling reactions represent one of the most important
types of catalytic carbon—carbon bond forming reactions.'
Accordingly, pincer complex catalysts have been extensively used
in these processes. The first Heck reaction with palladium-pincer
complex catalysts was published by Milstein and co-workers,*®
and since then a large number of publications has appeared on
cross-coupling reactions. The largest areas are the Heck-cou-
pling/Heck-type reactions™***"*°"% and Suzuki—Miyaura cou-
pling and related processes.”*>” 2687273877108 1y addition, there
are several recent Gpubhcatlons on Sonogashlra,72 95,107,105,110
Stille,”*'!! Negishl, *7 and Hiyama95 coupling reactions as well.
The most important synthetic results are characterized by high
turnover numbers (TON) ,19’93’112 as well as interesting asymmetric

applications.”*”> The mechanistic aspects of the palladium
pincer complex-catalyzed processes are particularly well-studied.
An important reason for this is an ongoing debate on the actual
role of gmcer complexes in these reactions. Several stu-

es?029300069, 788286113 o luded that pincer complexes de-
compose under the applied, often harsh conditions, and the
catalytic activity arises from the Pd(0) decomposition products,
such as colloidal palladium in the form of palladium clusters or
nanoparticles. In these processes, the pincer complexes are not
direct catalysts of the coupling reactions but dispensers of reac-
tive palladium species, which are released from their pincer
ligands. Formation of palladium nanoparticles or homogeneous
Pd(0) catalysts can be detected using various methods, which are
very often employed in these studies. However, precipitation of
palladium-black (amorphous metallic Pd(0)) is a clear indication
for decomposition of the applied pincer complex catalysts. On
the other hand, a great number of studies present convincing
evidence that palladium pincer complexes are, in fact, the direct

2052 dx.doi.org/10.1021/cr1002112 |Chem. Rev. 2011, 111, 2048-2076
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catalysts in coupling reactions. In these studies, the most
important questions are arising from the understanding of the
mechanism of the redox processes of the palladium atom. As
mentioned above, reduction of the palladium atom to Pd(0)
leads to cleavage of the palladium—carbon bond and usually irre-
versible decomposition of the complex. On the other hand,
oxidation of the palladium atom to Pd(IV) is a thermodynami-
cally disfavored process requiring strong oxidants. A further
possibility is that the coupling reaction takes place without a
redox reaction of the palladium atom, and thus, the pincer
complex-catalyzed process does not follow the classical coupling
mechanisms.®” ™ *>*> Because of the important mechanistic im-
plications of the pincer complex-catalyzed coupling reactions,

several DFT modeling studies have also been published on this
topic. 38778089114

3.1. Heck Reaction—Catalyst or Catalyst Precursor?

One of the synthetically most important coupling reactions is
the Heck reaction (Mizoroki—Heck reaction), which is a palla-
dium-catalyzed cross-coupling of olefins with aryl or vinyl halides
in the presence of a base. The high stability of pincer complexes
under the harsh conditions of the Heck coupling was very pro-
mising for achievement of high turnover numbers (TON’s),
which strongly stimulated the development of pincer complex-
catalyzed reactions,>>%°10 8¢

Scheme 10. Heck Coupling via the Pd(0) — Pd(II) Based
Catalytic Cycle
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The classical Pd(0)/Pd(II) catalytic cycle of the Heck cou-
pling is based on the oxidative addition of the aryl (or vinyl)
halide to the Pd(0) catalyst. The catalytic cycle (Scheme 10)
starts with oxidative addition of the aryl halide component to the
palladium(0) catalyst to give palladium(II) complex 22. Ligand
exchange with the alkene gives olefin complex 23, which subse-
quently undergoes insertion of the olefin to the aryl palladium
bond, affording 7"-alkyl palladium complex 24. This complex
undergoes [3-hydride elimination, providing the coupling prod-
uct and hydridopalladium complex 25, which is deprotonated by
the employed base and regenerates the catalyst.

3.1.1. Evidence Indicating that Pd(0) Species Released
from Pincer Complexes are the Active Catalysts. As
mentioned above, palladium pincer complexes usually decom-
pose, when the palladium atom is reduced to Pd(0) because of
the cleavage of the Pd—C bond. Therefore, Pd(0) species do not
have the usual pincer complex architecture, such as 1a,b. Experi-
mental data indicate>®3%0*0%788280113 that under basic condi-
tions and elevated temperatures pincer complexes decompose,
releasing colloidal Pd(0) in the form of clusters or nanoparticles.
Accordingly, under catalytic conditions, palladium pincer com-
plexes may release Pd(0) nanoparticles, which then become the
direct catalysts in the reactions.'”*""'® In these cases, the pincer
ligand is separated from the palladium atom, and thus fine-tuning
of the reactivity/selectivity of the palladium catalyst by ligand
effects is not possible any more. Thus, efficient design of new
catalytic properties of pincer complexes is usually encumbered,
when Pd(0) nanoparticles (arising from pincer complexes) are
the active catalysts of the studied organic transformations.

Gladysz and co-workers® have shown (Scheme 11) that the
cross-coupling reaction of phenyl iodide (26) and methyl acry-
late (27) results in 28 on addition of fluorous pincer complexes,
such as 1o. A careful analysis of the reaction mixture has shown
that 1o is not a direct catalyst but dispenser of palladium(0)
nanoparticles. The colloidal palladium(0) particles exhibit a
reddish color of the reaction mixture. The presence of nanopar-
ticles could be verified by transmission electron microscopy
(TEM). Thus, the nanoparticles catalyzed the coupling reaction
according to the classical mechanism shown in Scheme 10.

Weck, Jones and co-workers®®”®%*!13 conducted several
studies to explore the possible mechanism of the formation of
Pd(0) particles arising from pincer complex precatalysts. Com-
plex 1p was used as precatalyst for presumably Pd(0) species in
the coupling of 26 and 29 to styrene derivative 30 (Scheme 12).
It is interesting to point out that the substrates and the reaction
conditions are very similar to the process performed by Gladysz
and co-workers® (Scheme 11). This indicates that application of
trialkyl-amine base and relatively high temperatures are favorable
for generation for Pd(0) nanoparticles from pincer-complex
precatalysts.

Scheme 11. Heck Reaction with Pincer Complex 10 as a Dispenser of Pd(0) Nanoparticles (R Indicates a Polyfluorinated

Side Chain)®°

T
[Pd(0)-NP]cat.
I + Z>CcooMe —————
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Scheme 12. Heck Reaction via Decomposition of PCP Complex 1p (see Scheme 13 as Well
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Scheme 13. Proposed Decomposition Pathway of Pincer
Complexes in the Presence of Alkyl-Amine Base’
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It was hypothesized® (Scheme 13) that the decomposition of
1p under the applied reaction conditions (Scheme 11) starts with
the coordination of triethyl amine to palladium by opening one of
the side arms (31). The next step is a 5-hydride elimination,
resulting in anionic complex 32, which is supposed to decompose
to Pd(0) species by reductive deprotonation. This hypothesis
was backed up by NMR, MS, and DFT modeling studies. The
high temperature is probably an important factor for the irrever-
sible decomposition of the complex, as Milstein and co-workers>"
have shown that, under mild reaction conditions, PCP complexes
may undergo reversible Pd(II) /Pd(0) redox reactions.

It was also pointed®” out that PCP complexes (such as 1p) are
more stable to reductive decomposition than SCS comple-
xes (such as 1o), probably because of the easier opening of
the side arms in SCS than in PCP complexes.®® In several
other?? 0078823 g dies, qualitative tests were also per-
formed to verify that colloidal Pd(0) species (and not pincer
complexes) are the direct catalysts for the coupling reactions. A
typical qualitative method for observation of catalytic activity by
colloidal palladium is the so-called “mercury drop” test.''®
Colloidal Pd(0) reacts with Hg(0) by forming an amalgamate,
thus quenching the palladium nanoparticles released from pincer
complexes. A positive mercury drop test (also called mercury
poisoning) implies that the catalytic reaction is stopped or slo-
wed down by several orders of magnitude on addition of 100—
300 equiv of Hg(0) per palladium to the reaction mixture. This
indicates that Pd(0) arising from decomposition of the pincer
complex is the direct catalyst in the reaction. Another qualitative
test is the application of cross-linked poly(vinylpyridine)
(PVPy), which traps soluble palladium species by coordinating
to the metal center. This test is employed to study the catalytic
activity of supported pincer complexes, as PVPy coordinates only
to homogeneous palladium species, leaving support tethered
palladium species untouched. There are several reports on
positive PVPy tests, indicating that palladium leached out from
supported pincer complexes on application as catalysts in Heck
reactions.’%7%5>113

The above-described studies suggest that the pincer ligand has
practically no effect in the Heck reaction, when the complex
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decomposes under the employed conditions, releasing ligandless
Pd(0) species. On the contrary, van Koten, Klein Gebbink, and
co-workers® have shown (Scheme 14) that pincer—porphyrin
complexes 1r have different catalytic activities depending on the
metal atom (M) coordinated to the porphyrin ligand. Based on
kinetic and spectroscopy studies, it was concluded that the
reaction is catalyzed by Pd(0) species arising from decomposi-
tion of 1r. However, the decomposition rate and, thus, the
amount of catalytically active Pd(0) species were controlled by
the electronic effects of the metal atom in the porphyrin ligand.
The catalytic activity of 1r was increased in the order M =
MnClI < 2H < Ni < Mg, which coincides with the increasing
electron density in the porphyrin ring.

3.1.2. Heck Reactions via Proposed Pd(l1)/Pd(IV) Cycles.
As shown in Scheme 10, one of the crucial steps in the Heck
coupling reaction is the oxidative addition of the aryl halide to the
Pd(0) catalyst to form Pd(II) adduct 22. In principle, the same
reaction would be possible by an oxidative addition of the aryl halide
to a PA(1I) ggecies, such as a pincer complex to generate a Pd(IV)
species.* 7998117 At this specific point, the research community
tends to agree that the oxidation potential of aryl iodides or other
halides is too low to efficiently oxidize Pd(IT) to Pd(IV), unless
some unusual structure elements in the complex or some kind of
special additives are employed. To this date no convincing evidence
has been presented to prove that conventional pincer complexes of
type la,b are direct catalysts in Pd(II) /Pd(IV) based catalytic cycles
using simple aryl halides as oxidants. DFT modeling studies (see
below) also indicate that the oxidation of the palladium atom of
pincer complexes to Pd(IV) with aryl halides is unlikely under the
reaction conditions of Heck coupling,””**'**

Although aryl iodide is not able to efficiently oxidize Pd(II)
complexes, stronger oxidants, such as hypervalent iodine salts
can be used. Canty''® and van Koten® have shown that hy-
pervalent iodine salts 35 and 36 easily oxidize Pd(II) NCN
pincer complexes 1s to the corresponding Pd(IV) complexes
(Scheme 15). These studies inspired Szab6 and co-workers®® to
develop pincer complex-catalyzed Heck type coupling of hyper-
valent iodine salts and allyl acetates (Scheme 16). Allyl acetates
easily undergo oxidative addition to Pd(0) species to form Pd(II)
allyl palladium complexes.'* However, under the applied reac-
tion conditions, Pd(0) species are not expected to occur using
oxidant 37 (close analogue to 35 and 36), which is supposed to
generate a Pd(II)/Pd(IV) redox cycle. Therefore, the allylic
acetate functionality remains intact during the catalytic reaction.
In contrast to the pincer complex-catalyzed coupling of aryl
iodide (26) and alkenes (Schemes 11 and 12), the pincer comp-
lex catalyst could be fully recovered after the reactions and the
mercury drop test was negative. This is probably due to the high
oxidation potential of 37 (vs 26), the weak base (NaHCO3), and
the mild conditions (50 °C) employed in the process.

dx.doi.org/10.1021/cr1002112 |Chem. Rev. 2011, 111, 2048-2076
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Scheme 14. Metalated Pincer—Porphyrin Hybrid Complexes as Precatalysts for Heck Reactions (M = 2H Indicates That No

Metal Atom Is Coordinated to the Porphyrin)®’

1r

[Pd(0)-NP]cat.
7
26 + DMF/NEt, O N\ O
33 119°C 34

QI
ArS—Pd—SAr

! M = 2H, Mg, MnClI, Ni

ArS—PId—SAr
Cl
1r

Scheme 15. Stoichiometric Oxidation of Pd(II) Pincer
Complex 1s to Pd(IV) Complexes Using Hypervalent
Iodines 35 and 36°>""®

R
R X
> MegN_F’Id—NMEZ
PhICI
35 2 Cl ¢l
— R
MezN—Fd—NMe;
X
1s Me;Si—=—1—OTf X
3 Ph Me,N—Pd—NMe,

W

Me3Si

DFT modeling studies have been performed to study the
mechanism of the oxidative addition of iodonium salts (41) to
NCN pincer complex 1u.''"* This complex is also an active
catalyst in the above Heck type coupling (Scheme 16)** and a
close analogue of complex 1s used for stoichiometric generation
of PA(IV) complexes (Scheme 15). These studies clearly indicate
that hypervalent iodine reagents (e.g., 37 or 41) outperform aryl
iodide (26) in the Pd(II) to Pd(IV) oxidation in the pincer
complexes. It was shown that the oxidative addition of iodonium
salt 41 (Scheme 17) requires an activation barrier of 28.1 kcal mol ~*
(via 42) to generate Pd(IV) complex 43 in an exothermic
reaction (—6.2 keal mol ™). Although the oxidative addition of
phenyl iodide 26 (Scheme 18) requires only a 5 kcal mol '
higher barrier (c.f. 42 and 44), this process is strongly endother-
mic (4+24.9 kcal mol '). As a consequence, the reverse reaction,
reductive elimination of 45, requires a very low barrier of about
9 kecal mol ' (vs 34 kcal mol ' with the iodonium salt,
Scheme 18). Under catalytic conditions, such a low barrier for
the reverse reaction probably encumbers the coupling process, as
it leads to rapid decomposition of 45 to 1u and 26 instead of
proceeding in the catalytic cycle (see Scheme 10).
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Frech and co-workers*® performed comprehensive DFT-stud-
ies on the involvement of palladium pincer complexes as direct
catalysts in Heck coupling reactions. These authors studied the
possibilities of the oxidative addition of phenyl bromide to the
Pd(II) center of various pincer complexes and came to the
conclusion that the Pd(II) — Pd(IV) redox cycle using aryl bro-
mides or iodides as oxidant at high temperatures (140 °C) can
be a viable mechanistic alternative to a palladium nanoparticle-
catalyzed reaction.

3.1.3. Complexes Surviving Pd(0)/Pd(ll) Redox Reac-
tions. Although traditional types of pincer complexes, such as
1a,b, usually decompose when the palladium atom is reduced to
Pd(0) under the harsh conditions of the Heck-coupling, palla-
dium—carbene complexes are expected to maintain the Pd—C
bonding intact even in a low oxidation state. Accordingly, several
important attempts were reported to employ carbene based pincer
type complexes to catalyze Heck coupling reactions.”>”%¥119
A vparticularly interesting application was published by Jung
and co-workers’® on an oxidative (boron) Heck type reaction
(Scheme 19) catalyzed by 1v, which is an 1a’ type of pincer
complex (Scheme 1). It was shown that aryl boronic acid 46 and
alkene 47 undergo selective oxidative Heck-coupling in the
presence of 1v as catalyst. Since the reaction proceeds with high
enatioselectivity, the integrity of the pincer type catalyst is
certainly preserved under the reaction. The authors postulated
a plausible mechanism involving the Pd(0)/Pd(II) cycle, in
which the Pd—C bond to the carbene ligand is preserved. These
results show that pincer complexes have a high potential in asym-
metric catalysis based on the Pd(0)/Pd(II) catalytic cycle if the
chiral complex incorporates a palladium—carbene linkage.

3.2. Suzuki—Miyaura Coupling and Related Reactions

The Suzuki—Miyaura coupling"*'*°~'** is one of the most
important selective carbon—carbon bond formation reactions,
based on coupling organoboronates with aryl halogenides under
basic conditions, often in the presence of water. Achievement of
high TONs and finding mechanistically new Suzuki—Miyaura
type processes stimulated the application of pincer complex
catalysts in these reactions,>%3%¢>6%7273877108

An important difference between the Heck-coupling and
Suzuki-coupling is that in the latter case one of the crucial steps

dx.doi.org/10.1021/cr1002112 |Chem. Rev. 2011, 111, 2048-2076
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Scheme 16. Heck Type Coupling of Allylacetates and Iodonium Salts*®
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is transmetalation'**'*! of the organoboronate with a Pd(II)

species, which does not involve redox reactions. This is important
for application of pincer complexes, as this catalytic step does not
change the oxidation state of the Pd(II) central atom of the complex.

3.2.1. Opening of Vinyl Epoxides and Vinyl Aziridines.
The Szabd grougp,87 and subsequently the van Koten—Klein
Gebbink group,*® have studied the cross-coupling reactions of
aryl (49) and vinyl (52) boronates with vinyl aziridines, 48,
(Scheme 20) and epoxides, 51, (Scheme 21) to obtain allylic
amines (50) and allylic alcohols (53). The reactions could be
performed under mild conditions and usually with high regio-
selectivity, providing linear allylic products (such as 50 and 53a).
The pincer complex-catalyzed reactions are supposed to proceed
without redox processes, preserving the Pd(II) oxidation
state.*”®” As a consequence, the aromatic iodide functionality
(49) survives the transformation. Although the reaction is also
catalyzed by Pd,(dba);, the mechanism of the pincer complex
and Pd(0)-catalyzed reactions shows different features.”” The
reactivity and regioselectivity of the process was found to be

highly dependent on the electronic properties of the pincer
ligands.zw*gg’124
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For example, the van Koten group has shown that bimetallic
complex 1x has a much higher catalytic activity than its mono-
metallic counterpart 1y.**® It was reasoned that the higher reac-
tivity of 1x is a consequence of the electron-deficient palladium
atom. The electron deficiency is generated by the ruthenium
atom, which is 77°-coordinated to the aromatic ring of the pincer
complex. Based on the above results, the mechanism®**”'** of
the cross-coupling was suggested to consist of two major steps
(Scheme 22): transmetalation of the organoboronate with the
pincer complex catalyst and a subsequent nucleophilic attack by
the activated organic ligand (54) on the vinyl epoxide. The
reactivity differences between 1x and 1y, and the results of DFT
modeling studies, suggested that the transmetalation is probably
the rate determining step.sg’89

3.2.2. Suzuki—Miyaura Type Aryl-Aryl Cross-coupling
Reactions. Recently, the Wendt group” and the Nishiyama
group”” reported Suzuki—Miyaura reactions for cross-coupling
of aryl boronates with aryl halogenides, which probably does not
proceed via the usual Pd(0)/Pd(II) redox cycle. This involves the
palladium atom of the complex maintaining its oxidation state,

and the complex does not undergo irreversible dissociation of the
pincer ligand.

dx.doi.org/10.1021/cr1002112 |Chem. Rev. 2011, 111, 2048-2076
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Scheme 19. Asymmetric Heck Coupling with Pincer Type Complex 1v"°
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B(OH), redox-free reaction pathway, similar to the mechanism of
”“C'e"ph"'c E_Pd E ) the cross-coupling of organoboronates with vinyl epoxides
”ng openng \ (Scheme 22). In a recent study, Frech and co-workers'*®
obtained similar results employing an aliphatic phosphine-based
pincer complex catalyst.
Nishiyama and co-workers”> performed a spectacular asym-
Wendt and Olsson® performed cross-coupling reactions of metric Suzuki—Miyaura coupling of 54 and 55 with chiral pincer
aryl bromides (such as 51) and aryl boronic acid 52 using PCP complex laa (Scheme 24). The fact that the product, 56, was
complex 1z (Scheme 23). An interesting feature of catalyst 1z is formed with 46% ee suggests that the bisoxazolidine ligand is
that the palladium atom is attached to an sp hybridized carbon kept on palladium under the entire catalytic reaction; thus, for-
and not to an aromatic one, as in the commonly employed pincer mation of Pd(0) species is unlikely. The catalyst was also very
complexes. A negative mercury drop test indicated that Pd(0) efficient in nonchiral Suzuki—Miyaura coupling, with TON’s up
nanoparticles are not involved in the catalytic process. When the to 900 000.
trifluoroacetate counterion in 1z was replaced with a phenyl The first aryl—aryl cross-coupling reaction using PCP complex
group (which is supposed to take place under catalytic conditions 1bb was reported by Bedford and co-workers (Scheme 25).*
as well), a highly reactive palladium species was obtained, which The reactions could be carried out using very low catalyst load-
reacted directly with aryl bromides (such as 51) without a redox ings, and the processes are characterized by very high TON’s. For
process. This suggests that the catalytic procedure may follow a example, the coupling of bromoanisole and phenylboronic acid
2057 dxdoi.org/10.1021/cr1002112 [Chem. Rev. 2011, 111, 2048-2076
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Scheme 24. Asymmetric Suzuki—Miyaura Cross-coupling with Phebox—Palladium Complex 1aa”
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(52) can be carried out with only 0.0001 mol % of 1bb,
producing 58 with a TON of 190 000. Complex 1bb can be
prepared by the procedure reported in this paper by Bedford and
co-workers*® or by ligand exchange from 11 (Scheme 7). It is
interesting to note that 1bb (11) is one of the most versatile
pincer complex catalysts. This complex also catalyzes the cou-
pling of allyl stannanes and allyl borates with aldehydes and
imines (section 5.2), and it is also an excellent catalyst for con-
densation of imines with isocyanoacetates (section 4.1). There-
fore, catalyst 1bb (11) can probably be designated as a “privi-
leged” pincer complex catalyst.

Frech and co-workers®”'* have employed easily accessible
aminophosphinate complexes (such as lcc) as catalyst (Scheme 26).
Complex lcc proved to be a particularly efficient catalyst for
cross-coupling of 59 and 52 to obtain biphenyl 60 with a TON of
1000 000. The reaction was characterized by a negative mercury
drop test (see section 3.1.1), and the employed complexes (such
as lcc) could be completely recovered after the reaction.
According to the authors, these findings indicate that Pd(0)
species/nanoparticles cannot be the active catalysts, which led to
the conclusion that a cross-coupling reaction proceeds via a
Pd(I1)/Pd(IV) catalytic cycle.59 Kirchner and co-workers'®
employed similar types of pincer complexes with a diaminoben-
zene backbone for efficient Suzuki—Miyaura coupling reactions.

In many cases, the qualitative analysis (Hg drop test) and
complete decomposition of the added pincer complex catalyst
indicates that the cross-coupling reaction takes place via reduc-
tion of the palladium atom to Pd(0) followed by formation of
catalytically active nanoparticles."***" In this case the integrity
of the pincer catalyst is lost and the ligand does not affect the
activity and selectivity of the palladium catalyst (see the discus-
sion in section 3.1.1). For example, Protasiewicz and co-
workers” carried out efficient cross-coupling reactions with
PCP complexes (some of them closely related analogues of
1bb,cc) and found that the pincer complex catalyst decomposes
and, thus, these complexes are only dispensers of active nano-
particles. SanMartin, Dominguez, and co-workers'**® studied
the mechanism and synthetic application of carbene-based water-
soluble pincer type complexes, such as 1dd (Scheme 27), for
cross-coupling of $1 and 52 to obtain biphenyl derivative $3. The
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Scheme 26. Aminophosphine Based Pincer Complex
Catalyst for Suzuki—Miyaura Couplingsg’106
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results of the mercury drop test, kinetic measurements, and TEM
images clearly showed that the reaction was catalyzed by Pd(0)
nanoparticles arising from complete decomposition of 1dd.
Interestingly, Wendt and co-workers”" (see Scheme 23) studied
the reaction of the same substrates (51 and 52) under slightly
different conditions but using complex 1z instead of 1dd, and
these authors found that pincer complex 1z was the direct
catalyst of the cross-coupling reaction.

3.3. Sonogashira Coupling

The Sonogashira coupling is a widely used palladium-cata-
lyzed process for cross-coupling of alkynes with aryl halides."
Due to its synthetic importance, several studies are reported on
the improvement of this process by usin% 9pincer complex
catalysts.”>?>1%719%11% Erech and co-workers'® employed ami-
nophosphine based complexes (Scheme 28), such as 1c, as very
efficient catalysts in Sonogashira cross-coupling. These types of
catalysts have also performed well in Suzuki—Miyaura coupling
reactions (see Scheme 26). The reaction takes place without
using copper cocatalyst, with an impressive TON of 2 x 10° and
in quantative yield. The reaction shows an induction period;
however, the mercury drop test of the coupling process is
negative, and therefore, it is unclear whether lcc is the direct
catalyst of the transformation. Gu and Chen''® have reported
that carbene based pincer type catalysts are also suitable to
perform copper-free Sonogashira coupling reactions with high
isolated yields.

3.4. Hiyama, Stille, and Negishi Coupling

In addition to Heck, Suzuki, and Sonogashira coupling reac-
tions, various other pincer complex-catalyzed cross-coupling
processes have also been reported in the literature. Similarly to
the above cross-coupling procedures, one of the main issues in
these reactions is to determine whether the pincer complex is the
direct catalyst of the reaction or it serves as dispenser for Pd(0)
species. The main reason for this consideration is the fact that the
classical Stille, Hiyama, and Negishi coupling reactions are based
on a Pd(0)/Pd(II) redox cycle."?

SanMartin and Dominguez reported” the first Hiyama cou-
pling reaction in the presence of nonsymmetrical pincer complex

dx.doi.org/10.1021/cr1002112 |Chem. Rev. 2011, 111, 2048-2076
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Scheme 27. Carbene Based Complexes as Dispensers of Pd(0) Nanoparticles
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Scheme 28. Sonogashira Cross-coupling of Aryl Halides with Terminal Acetylenes'®
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lee (Scheme 29). The coupling reaction of silane 64 and aryl
bromide 51 was performed in water in the presence of NaOH as
activator. Under similar conditions, Suzuki and copper-free
Sonogashira coupling reactions could also be performed using
catalyst 1ee. Although the authors did not study whether 1ee is
the direct catalyst of the reactions, the results obtained for the
corresponding Suzuki—Miyaura coupling suggest that lee is
probably a dispenser of colloidal Pd(0) particles.

Wendt and co-workers'"" studied the Stille coupling reaction
using 1ff as catalyst source (Scheme 30). The process proved to
be very efficient, as low catalyst loadings (from 0.0001 mol %)
could be employed and the reaction showed very high TON’s
(up to 690 000). However, a careful kinetic study and qualitative
test indicated that 1ff probably decomposed under the applied
conditions and colloidal Pd(0) species was the active catalyst of
the process.

The synthetic and mechanistic aspects of the Negishi coupling
of aryl iodides (66) with alkyl zinc derivatives (67) using pincer
type catalyst 1gg were studied by Lei and co-workers
(Scheme 31).2°%” Under mild conditions the reaction affords
the coupling product 68 with a high selectivity together with
dehalogenated product 69. The reactions required very low cata-
lyst loadings (such as 0.00001 mol %) and proved to be easily
scalable without a decrease of the excellent yields. The reaction
mechanism was carefully investigated,”® and it could be established

Scheme 30. Stille Coupling with 1ff as Dispenser of Pd(0)
Particles'"!
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that catalyst 1gg survived the reaction without decomposition.
According to the authors, Pd(0) species are probably not invol-
ved in the catalytic cycle; instead, a Pd(I1) /Pd(IV) based catalytic
cycle is suggested. It was proposed that complex 1gg may
undergo transmetalation with the alkyl zinc reagent (67) to give
an electron rich complex, which subsequently undergoes oxida-
tive addition with the applied aryl iodide component (66). In the
final step, the Pd(IV) complex undergoes reductive elimination
of the aryl and alkyl moieties to give the final product 68.

4. ALDOL AND MICHAEL REACTIONS

Palladium pincer complexes have successfully been used as Lewis-
acid catalysts in aldol*>*1267 138 4nd Michael?405556126 139~ 141
types of reactions, first shown by Richards and co-workers.'*%'*’
Both the aldol and Michael type reactions are synthetically
important, since they involve the formation of C—C bonds
and novel stereocenters with the potential for chiral induction.
The main focus has been directed toward the development of
enantioselective applications using pincer catalysts incorporating
chiral groups®SS¢126127:129- I3LIS13137-139" 4 iy obiliza.

. . 40,130,133,136
tion of the catalyst on solid support™ " °”"°® or on den-
L 128,132
dritic systems.
2059 dxdoi.org/10.1021/cr1002112 [Chem. Rev. 2011, 111, 2048-2076
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Scheme 31. Pincer Type Complex 1gg as Direct Catalyst for the Negishi Coupling
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4.1. Catalytic Aldol Type of Reactions

The catalytic reactions between isonitriles, such as 70 and
aldehydes 71 or imines 72, give easy access to oxazolines 73 and
imidazolines 74 in the presence of a base. Since the products can
be hydrolyzed to 3-hydroxyamino acids 75'** and a,3-diamino
acids 76,771 respectively, asymmetric versions of these
transformations received particular attention (Scheme 32).

Hayashi and co-workers'** were the first to develop an
enantioselective coupling between aldehydes and isocyanoace-
tates using gold catalysis. The analogous gold-catalyzed coupling
with imines, leading to enantioenriched imidazolines, was first
reported by Lin and co-workers."*>'*® Since then, the potential
for synthesis of optically active amino acid derivatives has
inspired many groups to develop novel synthetic routes to chiral
pincer complexes. There are two major strategies for the activa-
tion of isocyanoacetates with palladium pincer complexes
(Scheme 33). In the case of tightly coordinating side arms, such
as in PCP complexes, isocyanoacetate (70) coordinates to the
palladium atom with its carbon terminus,*"*""*® such as in
complex 77. In this complex, C—H deprotonation occurs very
easily and the formed enolate readily reacts with electrophiles.**
In such activations, pincer complexes are direct catalysts in the
cyclization reactions (Scheme 32). For complexes with relatively
weakly coordinating side arms, such as in NCN complexes, the
isocyanoacetate undergoes insertion into the Pd—C bond,
affording Pd(II) complex 78 (Scheme 33)."*” In this case, the
pincer architecture of the complex is lost and insertion complex
78 is the direct catalyst of the aldol reaction.

Zhang and co-workers'?’ reported (Scheme 34) a straightfor-
ward synthesis of chiral PCP—complex 1hh, which was used as
catalyst in the aldol reaction between methyl isocyanoacetate
(70) and various aldehydes (such as 79). The oxazoline product
80 was obtained in a cis/trans mixture with a preference for the
trans isomer. Good enantioselectivity was obtained for the cis
isomer, up to 77% ee, while the trans oxazolines were obtained
with lower enantioselectivity, up to 31% ee. Interestingly, the
enantioselectivit%r in Zhang’s reaction was complementary to the
gold-catalyzed'** and platinum pincer complex-catalyzed'*®

Scheme 33. Different Modes of Activation of the
Isocyanoacetates in Aldol Reactions*”'>'3%1%7

0] (e} (o) (¢}
] I + CN_COOMe ___ I @ 1
Ph,P—Pd—PPh, - PhoP—Pd—PPh,
©
OCOCF3 ﬁ:l CF3CO0
1bb N
COOMe
NMe,
Me,;N—Pd—NMe, + CN._COOMe ___ MeN. s —/COOMe
| pd N
Br 70 X Cas
1c “N__COOMe
78

processes, which afforded the trans oxazolines in higher ee than
that for the cis products.

The catalytic activity of chiral pincer complexes was studied by
Nishiyama and co-workers"*' employing bis(oxazolinyl)phenyl
palladium complex 1ii (Phebox) for the synthesis of enantioen-
riched oxazoline derivatives (such as 82). In these studies
(Scheme 35), sulfonyl isocyanate derivative 81 was used in place
of 70. The cyclization reaction of 81 with benzaldehyde (79)
proceeded with excellent stereochemistry, as exclusive formation
of the trans isomer was reported. The reaction also proceeds with
promising levels of enantioselectivity up to 57% ee. Interestingly,
similar Phebox complexes were successfully applied to asym-
metric Suzuki—Miyaura coupling reactions (section 3.2.2,
Scheme 24) by the same group.

Recently, van Koten, Klein Gebbink, and co-workers'*® repor-
ted the synthesis and applications of chiral pincer complex 1jj
(Scheme 36). In this complex, the coordination sphere of palla-
dium is different from that of the generic pincer complexes (such
as la,b). This type of coordination changes the flat character of
the pincer complexes, which is expected to increase the efficiency
of the chiral induction. In the applied aldol type cyclization,
catalyst 1jj was found to give a fairly high diastereoselectivity and
enantioselectivity. For example, the reaction of methyl isocya-
noacetate 70 and aldehyde 83 afforded 84 as the major stereo-
isomer with 42% ee (cis/trans ratio 70:30).

Other ty})es of chiral PCP complexes,129 chiral dinuclear SCS
complexes, ** and proline-'** and pyridine-based"*> NCN—pin-
cer complexes with chiral auxiliaries were also reported for enan-
tioselective cyclization of isocyanoacetates with aldehydes. How-
ever, the reported enantioselectivities were relatively low. Several
palladium pincer complexes attached on dendritic'**"** or solid
support'>*"33!3¢ have been developed and found to catalyze the
aldol reactions between aldehydes and isocyanoacetates. These
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Scheme 34. Enantioselective Synthesis of Oxazolines Using Chiral Catalyst 1h
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supported catalysts were highly recyclable, as their catalytic
activity was fully maintained after several catalytic runs.'*®

The Szabé group™'*” has demonstrated that aldol type of
reaction between isocyanoacetates and imines can also be effi-
ciently catalyzed by palladium pincer complexes (Scheme 37). It
was found that the heteroatoms in the side arm of the pincer
ligand had a large influence on the diastereoselectivity of the
reaction. Thus, the cis-derivatives of imidazoline 86 were ob-
tained as major products with PCP—palladium pincer complex
1bb (10:1 cis to trans ratio), while SeCSe—complex 1kk gavea
1:4 ratio between the cis and trans isomers (Scheme 37).** The
different diastereoselectivity is probably due to the different
mechanisms of the aldol type of reactions. As mentioned above
(Scheme 33), isocyanoacetate 70 has different modes of coordi-
nation to palladium depending on the heteroatoms in the side
arms.3VB3%147 1 the case of 1bb, the reaction proceeds via
pincer complex 77,** while the reaction with SeCSe complex 1kk
with o-donor ligands in the side arms probably proceeds via an
insertion complex, such as 78.

Subsequently, Szabé and co-workers'*” have shown that chiral
bisphenanthrol-based PCP-complex 1j (see also Scheme $ for its
synthesis) is an efficient catalyst for the enantioselective aldol
type of reaction of 70 with imines (Scheme 38). The reaction
between imine 85 and methyl isocyanoacetate 70 gave the
enantioenriched imidazoline derivative 86 in 98% yield, which
subsequently was hydrolyzed to o,-diamino acids, affording 87a
with 86% ee and 87b with 28% ee. Interestingly, the diastereos-
electivity of the cyclization was dependent on the applied solvent.
Compared to the gold-catalyzed enantioselective aldol reaction
reported by Lin and co-workers,"*'*® the palladium pincer
complex-catalyzed reaction gave lower ee but showed a higher
preference for the formation of trans-substituted imidazolines.

4.2. Michael Reactions

Similarly to the aldol process described above, palladium
pincer complexes have been used as Lewis-acid catalysts in the
reaction between activated nitriles and Michael acceptors. Richards
and co-workers'**"* found that moderate levels of enantios-
electivity could be induced by employment of chiral bisoxazoli-
nyl-based pincer catalysts. Subsequent studies by Uozumi and
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co-workers showed that high levels of enantioselectivities, up to
83% ee, can be obtained in Michael reactions (Scheme 39)>>%
using the pyrroloimidazolone-based NCN-complex 1n (for the
synthesis, see Scheme 9). For example, Michael adduct 90 was
obtained with 81% ee from O.-cyanoester 88 and Michael accep-
tor 89 in 89% yield. The high enantioselectivity of the reaction
was attributed to the hydroxyl substituent in catalyst 1n, as the
corresponding catalysts bearing hydrogen or methoxy substitu-
ents at the same position gave less than 10% ee.

Similar Michael reactions were also studied by the van Koten
group,””**'*® applying various para-functionalized pincer comp-
lexes® and multimetallic compounds'*® as Lewis-acid catalysts.
A highly selective Michael type reaction was reported by Duan
and co-workers,"*” employing chiral pincer complex 111 as cata-
lyst. It was found that the addition of diphenylphospine 91 to
Michael acceptor 92 proceeded with an excellent enantioselec-
tivity, affording phosphine oxide 93 in 99% ee after oxidation
(Scheme 40). It is interesting to note that 11lis closely related to
complex 1hh, previously used by Zhang and co-workers'*’ for
enantioselective synthesis of oxazolines (Scheme 34).

5. ALLYLATION OF ALDEHYDES AND IMINES

In addition to cross-coupling (section 3), aldol, and Michael
reactions (section 4), allylation of imines and aldehydes are
important carbon—carbon bond forming reactions. A wide range
of allylation reactions catalyzed by palladium pincer complexes
has been developed for the synthesis of homoallylic alcohols and
amines."**”"*? The electrophilic allylation of aldehydes and imi-
nes was pioneered by Yamamoto and co-workers'>*”">* using
bis-allyl palladium complexes (96) generated from monoallyl
palladium complexes (95) by transmetalation with allylic stan-
nane 94 (Scheme 41a). DFT modeling studies have shown'® ™'
that the 7'-coordinated allyl moiety in 96b has a nucleophilic
character, and therefore, it can readily react with electrophiles,
such as aldehydes, imines, Michael acceptors, and related
reagents. The Szab6 group***'%*71%® and others*”'’~'* have
demonstrated that pincer complexes may efliciently replace mono-
allyl palladium intermediates to provide nucleophilic allyl species
under catalytic conditions (Scheme 41b). Accordingly, palladium pin-
cer complexes readily catalyze the electrophilic allylation of aldehydes
and imines using allylic stannanes?* 474953 16316416 167,165-172 .
potassium trifluoro(allyl)borates.**'®>'% The application of
palladium pincer catalysts in the allylation reactions has a number
of benefits compared to bis-allyl palladium chemistry.'”* For
example, the tridentate coordination of the pincer ligand forces
the allyl fragment into an %'-coordination mode (98),164716¢7
which obviates the regiochemical issues that may occur with bis-
allyl palladium complexes (96b) bearing two different allylic moi-
eties.'”* Moreover, reductive allyl—allyl coupling"**'”* reactions

dx.doi.org/10.1021/cr1002112 |Chem. Rev. 2011, 111, 2048-2076



Chemical Reviews

Scheme 36. Aldol Reaction of Substituted Aldehydes'**
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from bis-allyl palladium complexes (such as 96) can be avoided
using pincer complex catalysts.

5.1. Allylation of Aldehydes and Carbon Dioxide
The first palladium pincer complex-catalyzed electrophilic
allylation of aldehydes was reported by Szabé and co-workers

in 2003."% In particular, the PCP type of pincer complexes (such
as 1bb and 1mm) proved to be successful for coupling of allylic

stannanes with aldehydes.'®*'%* These complexes catalyzed the
coupling reaction of cinnamyl stannane 99 and aldehyde 100
(R =H, F, NO,), obtaining the homoallylic alcohol 101 in high
yield and selectivity (Scheme 42). The pincer complex-catalyzed
process provided exclusively the branched allylic product and the
anti diastereomer with high stereoselectivity. Comparison of the
catalytic activity of various pincer complexes revealed that pincer
complexes with relatively electron poor palladium atom
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Scheme 40. Pincer-Catalyzed Asymmetric Addition of
Diphenylphosphine to Chalcone'*
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performed well. Thus, PCP complexes (such as 1bb and 1mm)
performed better than, for example, NCN complexes (such as
1c). Furthermore, complexes with weakly coordinating trifluoro-
acetate counterion (such as 1bb) displayed a higher catalytic
activity than its counterpart 11 with tightly coordinating chloride
counterion.

As pincer complexes with o-donor heteroatoms in the side
arms (such as 1c) are excellent catalysts for synthesis of allyl-
stannanes (see section 6.1), the catalytic protocol was also
extended to a one-pot reaction. In these one-pot applications,
the allylic stannane 99 was generated in situ from allylic chloride
102 and hexamethylditin 103 followed by allylation of the
aldehyde 100 using the two catalysts 1c and 11 (Scheme 43).>
Complex 1c catalyzed the stannylation reaction (section 6.1), in
which 11 was inactive. Subsequently, the in situ formed allyl
stannane 99 reacted with the aldehyde component 100. This
process was only very slowly catalyzed by 1¢, and therefore, PCP
complex 11 was employed to furnish this step. Although catalyst
1bb is much more efficient in the allylation step than 11 (see the
discussion above), the high chloride concentration (arising from
C—Cl bond cleavage of 102) converts complex 1bb to 11 during
catalysis. Thus, the benefits of the weakly coordinating counter-
ion in 1bb cannot be exploited under the one-pot conditions. A
collaborative study of the van Koten and Szabo groups has shown
that 1c and 11 can be replaced by a single pincer comglex catalyst
such as 1nn or unsymmetrical SCP complexes.*’ In these
reactions, Inn shows a tandem catalytic activity catalyzing both
the stannylation and the allylation process, and thus, allyl chlo-
ride 102 and aldehyde 100 can be coupled by a single catalyst in
the presence of 103.

Yao and co-workers'®” employed selenium-based pincer com-
plex (1kk) and found that the allylation of benzaldehyde 79 can
be carried out using allyltributyltin 104 with very low catalyst
loadings (0.02 mol %) (Scheme 44). The homoallylic alcohol
105 was obtained in excellent yield (96%) under mild reaction
conditions (40 °C). The same catalyst (1kk) was employed in
the aldol type of cyclization of isocyanoacetates and sulfonyli-
mines (see Scheme 37), and related selenium-based pincer
complexes are excellent catalysts for stannylation and borylation
reactions as well (sections 6.1 and 6.3), rendering also SeCSe
complexes as privileged pincer complexes.

An interesting phosphido palladium pincer complex 1oo was
prepared and applied by Mazzeo and co-workers*> (Scheme 45).
This complex was found to be an efficient catalyst for the
allylation of various aldehydes using allylic stannane 104, de-
monstrating that nonaryl based pincer complexes are also effi-
cient catalysts in allylation reactions. Allylation of nitrobenzalde-
hyde was performed at room temperature, affording 106 in
quantitative yield.

An enantioselective version of the allylation of aldehydes was
presented by Bedford and co-workers (Scheme 46)* using
BINOL-based bis(phosphite) complex Im (for the synthesis of

Scheme 41. Catalytic Generation of Nucleophilic Allyl
Moieties by Formation of (a) #"-7>-Bis-allyl Palladium
Species or (b) #'-Allyl Palladium Pincer Complexes
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this complex, see section 2.2). It was reasoned that the tert-butyl
groups biased the BINOL moieties toward the active site of the
complex. This is supported by the observation that the enantio-
meric excess for product 105 was 62% using catalyst 1m, while
poor enantioselectivity (6%) was observed in the absence of the
‘Bu groups in the complex.

Carbon dioxide undergoes palladium-catalyzed allylation of
the carbonyl grou similarly to aldehydes. Nicholas and Frank
demonstrated'’®'”” that allylstannanes readily reacted with car-
bon dioxide, probably via a bis-allyl palladium mechanism'”” (cf.
Scheme 41a) using Pd(PPhs),;. Wendt and co-workers'®® re-
ported a pincer complex-catalyzed version of this reaction. It was
shown that PCP—palladium complex 1pp catalyzed the carbox-
ylation of allylstannane 104 using carbon dioxide (107) to give
butenoate stannane 108 (Scheme 47) in 80% yield.

Pincer complex-catalyzed allylation of carbonyl compounds is
not restricted to allyl stannanes as allyl sources. Iwasawa and co-
workers*>** presented a useful carboxylation reaction of allenes
(Scheme 48) using PSiP complex 1qq, which comprises an elec-
tron rich palladium center. The reactions proceed under mild
conditions, with high yields tolerating many functional groups.
The process has an impressive regioselectivity, providing pre-
ferentially the branched allylic product (such as 111). In the
reaction, AlEt; (110) was used as hydride source for substitution
of the sp carbon of the allene substrate (109). The subsequent
formation of the #7'-allyl palladium pincer complex™ (see also
Scheme 41b) brings this process to a close mechanistic relation-
ship with the above presented allylation reactions of aldehydes.
The preferential formation of the sterically congested branched
product is also similar to the related reactions of aldehydes (cf.
with Schemes 42 and 43) and very typical of the regiochemical
features of the reactions of 7'-allylmetal reagents.’

Szabd and co-workers carried out experimental studies and
DFT-modeling to explore the mechanism of the pincer complex-
catalyzed al?flation of electrophiles, such as aldehydes and
imines.'**'% The mechanism reported for the allylation of
aldehydes with allyl stannanes is shown in Scheme 49a. In the
mechanistic studies, the catalytic activities of PCP complexes 112
were studied (X = CI, 11; X = OCOCEF;, 1bb), as the architecture
of this and related complexes proved to be the most successful
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Scheme 42. Diastereoselective Allylation of Aldehydes with Allylic Stannanes
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Scheme 44. Allylation of Aldehydes Using Selenium-Based
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one for allylation of electrophiles.**'®*~'% In addition, the
synthesis (see Scheme 3— 5 7, and 8) and handling of these
complexes are very simple. '"H NMR studies have shown that
allylstannanes (and also potassium allyl trlﬂuoroborates) under-
go facile transmetalation at —10 °C affording 7'-allyl palladlum
complex 113. The characteristic 'H NMR shift for the 7'-allyl
moiety was assigned, and formation of 113 was also confirmed by
the reaction of 112 and allyl magnesium bromide. The tridentate
pincer structure of 113 hinders the formation of the thermo-
dynamically more stable'”® 7’-allyl palladium complex. This
feature is very important for the expected reactivity, as the allyl
moiety in 77°-allyl palladium complexes is electrophilic, whereas
for reactions with aldehydes, imines, and related compounds a
nucleophilic 77'-allyl moiety is required. The transmetalation step
(112 — 113) is probably rate determining (as in many palla-
dium-catalyzed processes) and requires a relatively electron poor
palladium center. This electron deficiency can be achieved by
application of sr-accepting side arms, such phosphines, and
reinforced by ortho-oxygen substituents, such as in 112. Weakly
bound counterions, such as trifluoroacetate ion in 1bb, may
further increase the catalytic activity. Accordingly, a very useful
combination of the electronic effects of the side arms, aromatic
substituents, and the counterion is realized in 1bb.

The feasibility of the reaction of 113 with aromatic aldehydes
114 (such as benzaldehyde 79) was studied by DFT modeling.'**
The mechanistic features of the electrophilic attack of pincer
complex 113 and those for bis-allyl palladium complex 96b
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Scheme 45. PPP-Pd Catalyst in the Allylation of Aldehydes™
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proved to be identical.'*'**'% In both cases, the electrophilic
attack takes place at the y-position of the allyl moiety to give the
branched allylic isomer (cf. Schemes 42—43 and 48). This
regioselectivity is driven by electronic (rather than steric) factors.
The main electronic effect is the hyperconjugative interaction
between the low lying 0(Pd—C) and the empty 7*(C=C)
orbitals, similarly to the activation of allyl silanes or stannanes.
This also involves that the electron demand in the electrophilic
attack is the opposite of the transmetalation step. A high electron
density on palladium allows an efficient electron transfer to the
double bond, which increases the nucleophilicity of the allyl
moiety. Considering that the transmetalation usually is the rate
determining step, a relatively electron poor Pd atom is beneficial
for the entire process. However, if the electron density on
palladium is too low, the electrophilic attack can become rate
determining or, in extreme cases, hinders the catalytic process.
Therefore, dicationic (such as PNP or NNN) pincer type
complexes are supposed to be inefficient as catalysts for these
types of allylation reactions.

The final step of the catalytic cycle is the dissociation of the
product (116) and regeneration of the catalyst 112. It is
important to point out that this transmetalation—electrophilic
attack—dissociation sequence does not involve change of the
oxidation state of palladium.

Probably a similar mechanism (Scheme 49a) operates in the
allylation of other electrophiles, such as carbon dioxide and
sulfonyl imines (section 5.2). Wendt and co-workers''" isolated a
closely related analogue of 113, complex 113/, and showed that
this complex reacts immediately with CO, (107) to give a
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Scheme 46. Enantioselective Allylation of Aldehydes Using Chiral BINOL-Based Pincer Complex*’
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butenoate complex 115/, which is a close analogue of 115
(Scheme 49b). The fast nucleophilic attack of the '-allyl moiety
of 113’ is a crucial step in the related catalytic process
(Scheme 47) based on all7ylation of CO, with allyl stannane 104.

Yao and co-workers'®” suggested that the transmetalation of
1kk with allylstannane is the key step of the pincer complex
(1kk) catalyzed allylation of benzaldehyde (Scheme 44). For-
mation of the corresponding (#'-allyl)pincer complex was ob-
served by "H NMR spectroscopy (Scheme 49c). It was found
that the benzylic protons (denoted in Scheme 49c¢) of the 77" -allyl
complex are not diastereotopic, suggesting that the phenylsele-
nide groups are either free or only loosely bound to palladium. In
contrast, the benzylic protons in 1kk are diastereotopic (resonate
at different shift values), indicating a relatively strong Pd—Se
bonding.

Le Floch and co-workers'® studied the allylation of various
aldehydes, such as 79, using tributyl stannane 104 in the presence
of pincer complex catalysts Lrr and 1ss (Scheme 50). Based on
these experimental results, the authors performed DFT modeling
studies to explore the mechanistic details of the allylation process.

In the DFT modeling studies by Le Floch and co-workers, two
mechanistic alternatives were considered using slightly simplified
substrates (Scheme S1): (i) Lewis-acid type activation by the
palladium atom of cationic complexes 117a (model for the
intermediate formed from 1rr) and 117b (model corresponding
to 1ss), and (ii) allylation via 77'-allyl palladium complexes (122a
and 122b).

Scheme 49. (a) Proposed Mechanism for the Allylation of
Aldehydes with Allgflstannanes via an 77"-Allyl Palladium
Intermediate;'***%° (b) Rapid Electrophilic Attack of the
1"-Allyl Moiety of Pincer Complex 113’ on the Carbon Atom
of CO,;'"" (c) Transmetallation of SeCSe Complex 1kk with
104 Monitored by "H-NMR'®’

(a)

OSnR3 o o
| |
= R Ph,P—Pd—PPh, A~SRs
116 | 94
X
112
X-SnRj
XSnR,
product
dissociation
? ? 0 o
Ph,P—Pd—PPh, P i observed by
H 1 PhoP—Pd—PPh; ;' 1H.NMR

o \ .

/\)\R' V \1\113ﬁ
115 Q T -

attack
(b)

'Bu,P—Pd—PBu, + CcO, —> 'BuP—Pd—PBuy,
1 min. O

=z o
113 107 18"

protons are
diastereotopic

/H

protons are not
diastereotopic

A
\H7 'H
5 SnBu. (S84
PhSe—Pd—SePh  + AN\ —— giiel  b---SePh
OCOCH;
(c) 1kk 104 |

The first alternative (i) is based on the activation of formalde-
hyde 120 (used as model for benzaldehyde derivatives) by an
electron deficient palladium atom. This mechanism does not
require a transmetalation of the allyl stannane to palladium. The
second alternative is similar to the mechanism presented by the
Szabé group'®* and others''"'%” except that pincer complex
models 117a,b were applied instead of PCP complex 112. Based
on DFT calculations on these model reactions, Le Floch and
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Scheme 50. Catalytic Allylation Reactions Studied by Le Floch and Co-workers'®
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co-workers'® found the Lewis-acid catalysis to be the most
probable mechanism of the experimentally performed catalytic
reactions (Scheme 50).

It is always important to consider a possible Lewis-acid acti-
vation mechanism in the case of allylation of carbonyl com-
pounds with allylmetal species. However, comparison of the
DFT activation energies for reactions involving cationic com-
plexes (such as 117a,b and 119a,b) with neutral species (such as
122a,b and 123a,b) is usually problematic because of the huge
energy differences generated by solvent participation effects in
the different processes. The so-called “continuum models”, such
as the PCM model applied in this study,'®® do not account for the

124a,b (models for catalysts 1rr and 1ss) is highly endo-
thermic'®® (Scheme 52). Under real catalytic conditions, a high
activation energy, required for the chloride dissociation generat-
ing the highly electron deficient (cationic) complexes (117a,b),
is prohibitive for a Lewis-acid catalyzed process (i). In addition,
the formation of 117a,b suggested by the authors would proceed
via 14 electron cationic complexes 125a,b, which cannot exist in
solution, under real catalytic conditions, but most probably
coordinates a solvent molecule.

Experimental evidence for an energetically favorable forma-
tion of 117a,b versus 122a,b would back up the Lewis-acid based
mechanism (i) against the 7'-allyl palladium mechanism (ii).
However, so far, no such experimental evidence was provided.
On the contrary, for PCP complexes (Scheme 49), a facile for-
mation (couple of minutes at —10 °C) of 77'-allyl complex 113
was observed, while the forrnatlon of aldehyde complexes, such
as 117a,b was not observed.’ o4

5.2. Allylation of Imines with Allyl Metal Reagents
Allylation of aldehydes and other carbonyl compounds can be
efficiently accomplished with a wide range of Lewis-acid cata-
lysts.">> However, allylation of imines leading to homoallylic
amines is still a major challenge. This is because the imino
functionality is much more difficult to activate by simple electron
acceptors than the carbonyl functionality. Yamamoto and co-
workers' #1516 pointed out that imines were more reactive
than aldehydes in palladium-catalyzed allylation reactions via bis-
allyl palladium intermediates. This reactivity difference is closely
related to the key-role of the nucleophilic allyl moiety in #'-allyl
palladium complexes, which is also favorably stabilized in pincer
complexes (e.g., Schemes 41 and 49). Therefore, pincer complex

2066 dx.doi.org/10.1021/cr1002112 |Chem. Rev. 2011, 111, 2048-2076



Chemical Reviews

catalysts have been utilized in a broad range of coupling reactions
between allyl metal species and imines to obtain homoallylic
amines, #4913 71661707172 Ginilarly to the corresponding
reactions with aldehydes (Scheme 42), PCP—palladium complex
1bb was found to be an efficient catalyst in the allylation of
sulfonylimines, such as 126, using allyltributyltin 104 as allyl
source (Scheme 53).'%* Szab6 and co-workers'**® have shown
that potassium trifluoro(allyl)borate (128) is also an excellent
reagent for the allylation of tosylimines. Allylic borates, such as
128, are less toxic than the corresponding tin reagents, and these
reagents are easily accessible via pincer complex-catalyzed bor-
ylation of allylic alcohols and acetates (section 6.3). A variety of
imines were allylated, affording homoallylic amines in high
yields.'*>'% For example, tosyl protected homoallylic amine
130 was obtained in 95% yield (Scheme $3). It is important to
point out that the coupling reaction of allyl trifluoroborates (such
as 128) and sulfonylimines (129) can be carried out without the
addition of water and base, which is required in the related
Suzuki—Miyaura type of coupling between aryl trifluoro bo-
rates and aryl halides."*”'®" In fact, it is beneficial that allyl
trifluoroborates do not require activation for the coupling
reaction, as sulfonyl imines quickly hydrolyze in the presence
of water. Stoichiometric studies'® with pincer complex 1bb
and allyl trifluoroborate 128 have shown that these reagents
also form #'-allyl palladium complexes, such as 113, similarly to
the corresponding reaction of 1bb and allyl stannanes
(Scheme 49a).

Scheme 53. Allylation of Imines Using Allylic Tin and Boron
Reagents164 166
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Similarly to aldehydes (see Schemes 42 and 43), imines also
react with high diastereoselectivity using functionalized allyl
stannanes and boronates. However, the stereoselectivity of the
reactions is different. In contrast to the allylation of aldehydes
reacting with anti stereoselectivity, the reaction between
substituted allylic reagents and imines gave the syn-isomer of
the homoallylic product (132) as the major diastereomer
(Scheme 54). Up to 19:1 syn/anti ratio was obtained in the
allylation of sulfonyl imine 131 with cinnamyl stannane 99 using
1bb as catalyst (Scheme $4). According to DFT modeling
studies,® the switch of the diastereoselectivity was attributed
to the different transition state geometries for allylation of
aldehydes and imines.

Szab6 and co-workers**** have developed an enantioselective
procedure for the allylation of imines with allyl metal reagents
using a series of BINOL- and TADDOL-based palladium pincer
catalysts.*>** In these reactions, both allyl stannanes (such as
104) and allyl borates (128) could be employed as allyl sources.
The key for the successful development of the asymmetric
allylation reactions was the development of a highly modular
synthesis of a small library of BINOL- and bisphenanthrol-based
chiral pincer complexes (see Scheme S). The highest enantio-
selectivity was obtained with catalyst 1j with the bulky bisphenan-
In the allylation of imine 133 with 104, the
homoallylic amine product 134 was isolated in 71% yield with
85% ee (Scheme S5).

The allylation of dimethyl amine-substituted sulfonyl imines
(135) was performed by the van Koten—Klein Gebbink group
(Scheme 56)."7>'7" An advantage of these types of imines is that
the deprotection of the nitrogen to the homoallylic amine can be
performed more easily than that of tosyl-protected amines.
Moderate levels of enantioselectivity,'”" up to 33% ee, were
obtained using P-chiral pincer complex 1tt in the allylation of
imine 135 with allylic tin reagent 104.

Recently, Gong, Song, and co-workers'” published an elegant
method for the preparation of other P-chiral palladium pincer
complexes. Up to 69% ee was obtained in the allylation of

throl substituents.**

Scheme 56. P-Chiral Pincer Complex in the Allylation of
Dimethylsulfamoyl Imine'”"
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Scheme 57. Allylation of Sulfonyl Imines via C—H Activation of Allyl Cyanides°
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Scheme 58. Suggested Reaction Mechanism via Base
Mediated Formation of 77"-Allyl Palladium Complex™
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Scheme 59. Coupling of Benzyl Cyanides and Sulfonyl
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sulfonylimines, while the allylation of aldehydes proceeded with
lower enantioselectivity (up to 23% ee).

5.3. Allylation of Imines via C—H Activation of Allyl and
Benzyl Cyanides

The above presented reactions are based on the application of
allyl metal reagents, such as allyl stannanes (99 and 104) or allyl
borates (128). The Szabé group50 has demonstrated that this
reaction can also be carried out by C—H activation of allyl
cyanides instead of C—Sn or C—B bond functionalization
(Scheme 57). The reactions can be carried out under very mild
conditions using a weak base (NaHCOj3). The reaction works
well for allyl cyanides with both terminal and internal double
bonds, and it provides the branched allylic products, with
quantitative yields. However, the stereoselectivity of the reac-
tions is usually poor. In the case of bifunctional nitriles, such as
137, the reaction can be stopped after monosubstitution, and
thus, desymmetrization of 137 to 139 could be carried out.
Application of a very weak base (NaHCO3) is highly beneficial
for synthesis of functionalized allyl cyanides, as application of
stronger bases (Cs,COj;) leads to rearrangement of the allyl
cyanides to the corresponding vinyl cyanides. Interestingly, the
reaction requires use of pincer complex catalyst 1bb, as com-
monly employed palladium sources, such as Pd(OCOCFj), or
Pd,(dba)s, are ineffective as catalysts.

Scheme 60. Asymmetric Catalysis for C—H Functionaliza-
tion Based Coupling of Benzyl Cyanide and Sulfonyl Imine*’
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The reaction is suggested to proceed via a palladium-mediated
deprotonation of the allyl cyanide component 140 (Scheme 58).
It is very probable that this reaction takes place via a concerted
metalation deprotonation (CMD) process of 140. A similar
mechanism was previously suggested for palladium-catalyzed
C—H activation of aromatic compounds.'®*™'®* The #'-allyl
complex 141 formed in the deprotonation reaction may react
with the imine electrophile 138 according to the mechanism
given for aldehyde electrophiles in Scheme 49. The indicated
stereochemistry of the olefin in complex 141 was proposed on
the basis of DFT studies.>

Subsequent studies have shown that the reaction can be
extended to benzyl cyanide substrates as well.* This reaction
also proceeds under mild conditions. Benzyl cyanides have a
relatively high pK, value (21.9), and therefore, its direct depro-
tonation requires strong bases, such as LDA' or proaza-
phosphatranes.'*”'®® However, the palladium assisted CMD
mechanism allows the application of weak bases such as NaH-
COs. The reaction of ortho-substituted benzyl cyanide 142 with
imine 138 afforded the product 143 with excellent diastereo-
selectivity (Scheme 59). The mild reaction conditions and
application of pincer complex catalyst 1bb led to a high level of
functional group tolerance. For example, the aromatic iodo subs-
tituent of 142 survived the reaction unchanged, as Pd(0) species
do not occur in the transformation.

The reaction was also extended to synthesis of chiral benzyl
cyanide derivatives (such as 146) using catalyst luu. The
coupling reaction of 144 and 145 could be achieved under
base-free conditions with promising levels of enantioselectivity
(Scheme 60). Catalyst luu proved to be more reactive and
selective than its BINOL analogue 1f; however, the stereo-
selectivity of the process was rather poor, even with this pincer
complex catalyst.*®
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Scheme 61. Synthesis of Allyl Stannanes Using Pincer Complex Catalyst>
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6. SYNTHESIS OF ORGANOMETALLIC REAGENTS

In the above sections (sections 3 and $), several examples are
given for pincer complex-catalyzed transformations involving
functionalization of carbon—metal bonds, such as allylation of
aldehydes/imines with allyl stannanes and borates as well as
cross-coupling reactions using aryl boronates, aryl stannanes, and
aryl zinc compounds. A particularly attractive feature of the
pincer complex chemistry is that by the right choice of the
electronic properties of the pincer complexes both cleavage and
formation of carbon—metal bonds can be performed. The above
examples (section S) demonstrate that allylic C—Sn and C—B
bond functionalization can be efficiently achieved using PCP
pincer complexes (such as 11—j, 1bb, etc). On the other hand,
pincer complexes with o-donor heteroatoms in the side arms
(such as in 1c, 1k, and their analogues) can be used for the
synthesis of allenyl stannanes and silanes as well as the selective
preparation of allyl stannanes and boronates. The pincer complex
catalyst in most of these reactions is characterized by a unique
reactivity and selectivity, and in many cases, they cannot be
replaced with simple palladium sources, such as Pd(OAc),,
Pd,(dba);, and Pd(PPh;),.

6.1. Formation of Allyl Stannanes using Dimetallic Reagents

The Szabé group has shown® that allyl chlorides (such as
147) or phosphonates undergo pincer complex (1c) catalyzed
stannylation using hexabutyl distannane'®”'*° (148) as metal
source (Scheme 61). The reactions proceeded very cleanly
without formation of byproduct. However, the instability of the
functionalized allyl stannane products (149) caused considerable
purification losses; compound 149 could be isolated only in 62%
yield. Some of the products bearing electron-withdrawing sub-
stituents on the double bond could not be isolated at all because
of rapid decomposition. This gave the idea*”** to develop one-
pot reactions, in which the allylstannane product is not isolated
but reacted directly in pincer complex-catalyzed reactions with
aldehydes or imines (section 5.1, Scheme 42). It should be noted
that stannylation of allyl chlorides can also be carried out using
common palladium sources,"”" such as Pd(PPhs),. This reac-
tion gives sizable amounts of allyl—allyl coupling product,
indicating the formation of bis-allyl palladium intermediates
(cf. Scheme 41a). Formation of bis-allyl palladium intermediates

Scheme 63. Stereoselective Synthesis of Allenyl Stannanes
from Epoxides'”

o o
[1c]
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can be avoided by the use of pincer complex catalysis, and thus,
formation of allyl—allyl coupling side product can also be avoided.

The van Koten—Klein Gebbink group® has reported a
catalytic procedure for stannylation of cinnamyl chloride to cinn-
amyl stannane. In this procedure, the NCN complex (analogue
to 1c) was immobilized to a solid support using a “click
chemistry” approach. The immobilized catalyst could be recycled
several times without loss of the catalytic activity, indicating that
the pincer catalyst complex remained intact under the catalytic
conditions.

6.2. Allenyl Stannanes and Allenyl Silanes from Propargyl
Chlorides

The above stannylation reaction of allylic chlorides could be
extended to propargylic substrates.'”>'*> Thus, allenyl stannane
152 could be prepared from propargyl chloride 150 and hexa-
methyl distannane 151 under mild conditions (at room tempe-
rature) with excellent yield using NCN catalyst 1c (Scheme 62).
The synthetic scope of this process is very broad, as the reaction
proceeds under mild, neutral conditions without additives. The
reaction usually proceeds with high allenyl selectivity, but for a
couple of substrates, mainly with electron donating substituents
on the triple bond, the propargyl product was obtained. Although
1c is an excellent catalyst for stannylation of propargyl chlorides,
SeCSe complexes (analogues of 1k and 1kk) are also highly
efficient catalysts in these types of transformations.'”®

The stanylation process can also be carried out using propargyl
epoxides instead of propargyl chlorides. For example, the synth-
esis of cyclic allenyl stannane 154 could be achieved from
epoxides 153 and 151 using lc as catalyst (Scheme 63). The
reaction proceeds under mild reaction conditions with excellent
anti selectivity and in high isolated yield. The high yields obtained
in these reactions are due to the fact that the allenyl stannanes
(e.g, 152 and 154) are more stable compounds than the corres-
ponding allyl stannanes and, therefore, they can be purified
without considerable losses by silica gel chromatography.

When the symmetrical dimetallic reagent distannane 151 was
replaced by the unsymmetrical silyl stannane 156, two different
products could be expected: allenyl stannane or silyl stan-
nane."*”'*° It was found that the silyl group of 156 was trans-
ferred exclusively to the organic substrate (Scheme 64). Thus,
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Scheme 64. Synthesis of Allenyl Silanes Using Unsymmetrical Reagent 15
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the procedure could be employed for synthesis of allenyl silanes,
such as 157, from propargyl chlorides (such as 155)."”> Both
allenyl silanes and allenyl stannanes are useful building blocks for
introduction of allenyl and propargyl functionalities in modern
organic synthesis and in natural product synthesis.'?* 19

The mechanism of the pincer complex-catalyzed stannylation
reaction (Scheme 65) was studied by the Szabd group using
NMR experiments and DFT modeling.164’193 In a stoichiometric
reaction, 158 (X = OAc) was reacted with distannane 151.
Monitoring the process with ''”Sn NMR spectroscopy revealed
the formation of tin complex 159, suggesting that the first step of
the catalytic reaction is a transmetalation of the distannane
reagent 151 with the palladium atom of 158. The possible fate
of complex 159 was studied by DFT modeling. The DFT studies
showed that the transfer of the trimethyl group to the organic
substrate 160 may occur with a relatively low activation barrier of
21 keal mol ™. These studies also indicated that the Sx2’ type of
attack leading to the allenyl product 161 proceeds with a lower
activation barrier than the direct, SN2 displacement of the
chloride.

It is interesting to add that the above-described substitution of
propargyl chlorides is probably a unique reactivity of pincer
complex catalysts, as dimetallic reagents such as 148, 151, and
156 undergo addition to triple bonds (affording divinyl stan-
nanes or vinyl silyl stannanes) using nonpincer reagents, such as
Pd(PPh3)4.189’19 ,197

6.3. Borylation Reactions Catalyzed by Palladium Pincer
Complexes

The above pincer complex-catalyzed stannylation and silyla-
tion processes could further be extended to include carbon—
boron bond forming reactions. The extension of the synthetic

2070

scope of these reactions is strongly motivated by the fact that
organoboronates are very important reagents in selective organic
synthesis.'*° For example, allylic boronates serve as nontoxic and
stable carbanion equivalents for the allylation of various elec-
trophiles.' >35> 198199 everal methods for the preparation of
allylic boronates are reported; however, many of them require
harsh conditions, resultin% in a low functional group tolerance.
Miyaura and co-workers**® have shown that allylic boronic esters
can be synthesized via a Pd(0)-catalyzed substitution of allylic
acetates. The reaction was proposed to occur via 77°-allyl palla-
dium intermediates, which gave some allyl—allyl dimerization
byproduct. The allyl—allyl coupling product probably forms via
bis-allyl palladium complexes, such as 96 (see Scheme 41a). In
fact, this is the same type of undesired side reaction which occurs
in stannylation with distannanes using nonpincer catalysts (see
discussion in section 6.1)."”' In order to avoid the reductive
allyl—allyl coupling via bis-allyl palladium complexes (such as
96), the Szabé group™" has developed a borylation procedure for
allylic substrates catalyzed by palladium pincer complexes.
Various functionalized allylic boronic acids were obtained from
allylic acetates, but also vinyl cyclopropanes and aziridines, such
as 162, using selenium-based catalyst 1w and diboronic acid 163
(Scheme 66).>°" The initial allylboronic acid product 164 is
unstable under solvent-free conditions. Therefore, it was treated
with aqueous KHF,,”** affording the corresponding air and
moisture stable potassium trifluoroborate 16S. Potassium tri-
fluoroborates (such as 165) are useful reagents in organic syn-
thesis for allylation of electrophiles;lés’16 203,204 £or example,
they can be coupled with sulfonyl imines in the presence of
pincer complex catalysts (section 5.2, Scheme 53).'°%'

Surprisingly, even allylic alcohols could be used as direct
precursors for the synthesis of functionalized allylic boronates
using palladium pincer catalyst 1w (Scheme 67).>*° Using this
methodology, a broad variety of allylic alcohols have been bory-
lated in good to excellent yields. Interestingly, the borylation
reaction of allylic alcohols was found to be even faster than that of
the corresponding allylic acetates. The reactions proceeded
under mild conditions with excellent levels of regio- and stereo-
selectivity. For example, the borylation of allylic diol 166 gave the
1,2-substituted borate 167 as a single diastereomer in high yield
using catalyst 1w (Scheme 67).2%

The mechanism of the borylation reaction was 9proposed to be
similar to that of the stannylation reaction'®*'** described in
section 6.1 (Scheme 65). The activation of the hydroxy group of
the allylic alcohol 168 (Scheme 68) was proposed to occur by
formation of boronic acid ester 169. Subsequently, ester 169
undergoes transmetalation of the boryl group with 171 (X = Cl
is 1w), affording intermediate pincer boronate 172 and activated
allylic alcohol 170. This step is supposed to be analogous with
the corresponding transmetalation in the stannylation reaction
(158 — 159 in Scheme 64). Thereafter, the activated alcohol
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Scheme 66. Pincer Complex-Catalyzed Borylation of Vinyl Aziridine”®'
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functionality of 170 is substituted by the boryl group in a SN2/
Sn2' type of mechanism to furnish the allylic boronate product
173.2%

The mild conditions and high functional group tolerance in
the borylation reaction founded the basis for development of
several one-pot reactions, where the allylic boronates were
generated in situ followed by a Suzuki—Miyaura reaction™®” or
allylation of various electrophiles.”****">!! For example, the
allylboronic acid 175 generated from the borylation of allylic
alcohol 174 was coupled with aryl iodides under Suzuki—
Miyaura conditions in a sequential one-pot reaction without
isolation of 175 (Scheme 69). Interestingly, the branched isomer
of 176 was exclusively formed in this reaction.”®” This regio-
selectivity is rather unique,”">”>'* since usual allylic substitution
reactions via monoallyl palladium complexes (substituted analo-
gues of 95) give the linear allylic product selectively."

A wide array of electrophiles, such as aldehydes, ketones, imi-
nes, and acetals were allylated using functionalized allylboronic
acids generated in situ by palladium pincer catalysis.***>% !
The selectivity of these one-pot reactions was excellent, provid-
ing the homoallylic products as single diastereomers. For exam-
ple, the borylation—allylation reaction of allylic alcohol 177 with
diboronate 179, catalyst 1vv, and aldehyde 178 gave the homo-
allylic alcohol 180 in high yield as a single diastereomer
(Scheme 70).2%

The synthetic scope was further extended to include acetals as
in situ generated sources of the aldehyde substrates. Using acetal
182, amino alcohol 183 was obtained via the one-pot borylation
of 181 (Scheme 71).2%

Petasis”'®>" *'” and Kobayashi®'® developed a versatile method
for synthesis of amino acid derivatives based on addition of
organoboronates to in situ generated imines. This reaction
sequence was extended by Szabé and co-workers** to include
one-pot generation of the allylboronate component. Stereode-
fined amino acid derivative 187 was obtained from the palladium
pincer complex-catalyzed borylation of 184 followed by allyla-
tion of an imine formed from amine 185 and aldehyde 186
(Scheme 72).

Catalytic C—H borylation of easily accessible starting materi-
als is a valuable method for the synthesis of various organo-
boronates."**'* Szabé and co-workers**® found that the C—H
borylation of unactivated olefins is a viable route to vinylic and
allylic boronates, using complex 1c (Scheme 73). An essential

component of this reaction is the hypervalent iodine reagent 189,
which was proposed to oxidize the pincer complex to a palladium-
(IV) intermediate. Using 179 as boronate source and 189 as
oxidant, allylsilane 188 could be efficiently borylated with 1c as
catalyst, affording silyl boronate 190 (Scheme 73). The oxidative
conditions applied in this reaction obviate the formation of
borohydrides that undergo hydroboration of the alkene substrates,
giving an inseparable mixture of saturated and unsaturated orga-
noboronate products.”*" Notably, pincer complex 1c gave much
higher yields in these C—H activation reactions than Pd(OAc),.

Szab6 and co-workers**° found that the palladium atom of 1¢
can be readily oxidized by 189 to generate Pd(IV) complex 191
in a stoichiometric reaction. Such type of oxidation of 1c¢ and
related NCN complexes is known from the literature®>''® (see
section 3.1.2, Scheme 15). Therefore, the suggested initial step in
the mechanism of the C—H borylation reaction is the oxidation
of 1c to 191, followed by transmetalation of 179 to give boronate
complex 192. After coordination of the alkene substrate, complex
193 undergoes an insertion—elimination sequence via 194,
affording the borylated product and regenerating catalyst 1c
(Scheme 74).2%°

7. CONCLUSIONS AND OUTLOOK

Pincer complex catalysis offers a valuable toolbox comple-
menting existing palladium-catalyzed synthetic methodologies.
Pincer complexes have a well-defined stoichiometry, which faci-
litates conscious design of new catalysts. As the complexes are
usually very stable because of the tight tridentate coordination,
the metal and ligand are kept together under each catalytic step,
and therefore, the ligand effects are efficiently transmitted to the
metal atom. This is a very useful feature for the fine-tuning of the
steric and electronic properties of the catalyst to achieve a high
catalytic activity or selectivity. In addition, the well-defined
stoichiometry is of high importance for the design of new pincer
catalysts for asymmetric syntesis. The same properties can be
used for construction of eflicient recyclable catalysts by immo-
bilization of pincer complexes.

Although the stable tridentate coordination is advantageous in
certain transformations, it can also be a limiting factor in pincer
complex catalysis. Reduction of the palladium atom to Pd(0)
usually leads to decomposition of the catalysts, in particular
under harsh conditions, in the presence of strong bases and at
elevated temperatures. This property imposes a limitation in use
of pincer complexes as direct catalysts, in particular in Pd(0)/
Pd(II) based redox cross-coupling reactions. These limitations
can be avoided by application of cross-coupling conditions
involving redox reaction free conditions on palladium or divert-
ing the redox reaction to a Pd(II)/Pd(IV) catalytic cycle instead
of a Pd(II)/Pd(0) one. This also means that development of new
reactions is important to be coupled with mechanistic studies to
confirm that pincer complexes are direct catalysts of the reactions
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Scheme 68. Proposed Mechanism for the Borylation of Allylic Alcohols
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Scheme 70. One-Pot Borylation—Allylation of Aldehydes via in Situ Generated Allylboronates
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and not only dispensers of active, colloidal Pd(0). In this latter
case, the advantageous effects of the pincer ligands cannot be
employed in the catalytic reactions.

In the future one may expect development of novel asym-
metric catalytic reactions based on chiral pincer complexes.
There are already several examples of chiral C—C bond forma-
tion processes using chiral pincer catalysts. A particularly inter-
esting area is the design of new catalysts for asymmetric C—H
bond activation based C—C bond formation reactions. A further
challenge is to widen the synthetic scope of the Pd(II)/Pd(IV)
based reactions. In this field, pincer complexes with o-donor
ligands in the side arms, such as NCN or SeCSe complexes, are
expected to perform particularly well, as these types of ligands
efficiently stabilize the (otherwise thermodynamically instable)
Pd(IV) oxidation state. Pincer complex catalysts proved to be
very successful for synthesis of organometallic compounds based
on catalytic formation of C—B and C—Sn bonds of allyl and
allenyl substrates. Future development will probably involve an
extension of the synthetic scope of pincer-complex catalysis to
formation of other types of unusual carbon heteroatom bonds,
such as C—Si bonds, and novel applications for synthesis of aryl
and vinyl boronates and silanes.

Scheme 71. Synthesis of Amino Alcohols via Catalytic Bor-
ylation of Allylic Alcohols and in Situ Hydrolysis of Acetal
182209
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Scheme 72. Selective Allylation of in Situ Generated Imines,
Obtaining Amino Acid Derivatives®*
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Our intention was to demonstrate that synthesis of most of the
complexes is straightforward and palladium pincer catalysts can
be exploited for selective organic transformations including
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Scheme 73. Catalytic C—H Borylation of Alkenes under Oxidative Conditions Using Pincer Catalysis”*°
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Scheme 74. Proposed Mechanism for the Palladium Pincer
Complex-Catalyzed C—H Borylation*°
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asymmetric catalysis. The present review will hopefully inspire
organic chemists to use pincer complex based methods as a
complement to existing catalytic methodologies.

AUTHOR INFORMATION

Corresponding Author
*E-mail: kalman@organ.su.se. Home page: www.organ.su.se/ks.

BIOGRAPHIES

S

Nicklas Selander completed his Masters studies in 2006 at the
Department of Organic Chemistry, Stockholm University, Swe-
den. Thereafter, he joined the group of Prof. Kilman Szabé, and
in 2010 he obtained his Ph.D. degree in organic chemistry, which

was focused on the synthesis and catalytic applications of
organometallic reagents. Dr. Selander made major contributions
to the work of the Szabé group in the field of carbon—boron for-
mation reactions and synthetic applications of allylic boronates.

Kalman J. Szabé is professor at the Department of Organic
Chemistry at the Arrhenius Laboratory, Stockholm University.
He obtained his Ph.D. at Lund University, Sweden, with Pro-
fessor Salo Gronowitz, in 1993, and did his postdoctoral research
with Professor Dieter Cremer. Szabo did his habilitation at the
Uppsala University in 1997, and in 1998 he joined the Depart-
ment of Organic Chemistry at Stockholm University, where he
was appointed Professor in 2003. His major research interests
involves theoretical (DFT) and experimental aspects of organic
synthesis, organometallic chemistry, and homogeneous catalysis.
Prof. Szabo performed extensive research into the chemistry of
allyl metal complexes, in gartlcular the structure and reactivity of
functionalized 7'- and #°-allylpalladium complexes. In the past
1S years, he has developed synthetically useful transition metal
catalyzed transformations based on palladium, iridium, ruthe-
nium, and titan complexes. His group extensively studied the
application of palladium pincer complexes in selective organic
transformations including asymmetric catalysis, with a particular
attention to carbon—carbon, carbon—boron, and carbontin for-
mation reactions. In the last few years, his research interest has
turned in the direction of C—H activation reactions and possi-
bilities to employ higher oxidation states of transition metals,
such as Pd(IV), for selective transformation of alkenes.

ACKNOWLEDGMENT

This work was mainly supported by the Swedish Natural
Science Research Council (V.R.). Additional support to the
IDECAT Network of Excellence of the European Community
under Contract NMP3-CT-2005-011730 is greatly acknowl-
edged.

2073 dx.doi.org/10.1021/cr1002112 |Chem. Rev. 2011, 111, 2048-2076



Chemical Reviews

REFERENCES

(1) Tsuji,J. Palladium Reagents and Catalysts. New Perspectives for the
21st Century; Wiley: Chichester, 2004.

(2) Negishi, E.; de Meijre, A. Organopalladium Chemistry for Organic
Synthesis; Wiley: New York, 2002.

(3) Hartwig, J. Organotransition Metal Chemistry; University Science
Books: Sausalito, CA, 2010.

(4) Moulton, C. J.; Shaw, B. L. J. Chem. Soc,, Dalton Trans. 1976,
1020.

(5) vanKoten, G.; Timmer, K; Noltes, J. G.; Spek, A. L. J. Chem. Soc,,
Chem. Commun. 1978, 250.

(6) Albrecht, M.; van Koten, G. Angew. Chem., Int. Ed. 2001, 40,
3750.

(7) van der Boom, M. E.; Milstein, D. Chem. Rev. 2003, 103, 1759.

(8) Singleton, J. T. Tetrahedron 2003, 59, 1837.

(9) Szabd, K. J. Synlett 2006, 811.

(10) The Chemistry of Pincer Compounds; Morales-Morales, D.,
Jensen, C. M, Eds.; Elsevier: Amsterdam, 2007.

(11) Benito-Garagorri, D.; Kirchner, K. Acc. Chem. Res. 2008, 41,
201.

(12) Morales-Morales, D. Mini-Rev. Org. Chem. 2008, S, 141.

(13) Serrano-Becerra, J. M.; Morales-Morales, D. Curr. Org. Synth.
2009, 6, 169.

(14) Moreno, 1; SanMartin, R; Inés, B.; Herrero, M. T,
Dominguez, E. Curr. Org. Chem. 2009, 13, 878.

(15) Bedford, R. B. Chem. Commun. 2003, 1787.

(16) Selander, N.; Szabd, K. J. Dalton Trans. 2009, 6267.

(17) Herrmann, W. A;; Bohm, V. P. W.; Reisinger, C.-P. J. Organo-
met. Chem. 1999, 576, 23.

(18) Dupont, J.; Pfeffer, M.; Spencer, J. Eur. J. Inorg. Chem. 2001,
1917.

(19) Beletskaya, L. P.; Cheprakov, A. V. J. Organomet. Chem. 2004,
689, 4055.

(20) Dupont, J.; Consorti, C. S.; Spencer, J. Chem. Rev. 2008, 105,
2527.

(21) Palladacycles; Dupont, J., Pfeffer, M., Eds; Wiley-VCH:
Weinheim, Germany, 2008.

(22) Mazzeo, M.; Lamberti, M.; Massa, A.; Scettri, A.; Pellechia, C,;
Peters, J. C. Organometallics 2008, 27, 5741.

(23) Takaya, J.; Iwasawa, N. J. Am. Chem. Soc. 2008, 130, 15254.

(24) Takaya, J.; Iwasawa, N. Organometallics 2009, 28, 6636.

(25) Begum, R. A; Powell, D.; Bowman-James, K. Inorg. Chem.
2006, 45, 964.

(26) Liu,J.; Wang, H.; Zhang, H.; Wu, X.; Zhang, H.; Deng, Y.; Yang,
Z.; Lei, A. Chem.—Eur. . 2009, 15, 4437.

(27) Wang, H,; Liu, J.; Deng, Y,; Min, T.; Yu, G.; Wu, X,; Yang, Z,;
Lei, A. Chem.—Eur. ]. 2009, 15, 1499.

(28) Inés, B.; SanMartin, R.; Moure, M. J.; Dominguez, E. Adv. Synth.
Catal. 2009, 351, 2124.

(29) Eberhard, M. R. Org. Lett. 2004, 6, 2125.

(30) Sommer, W. J.; Yu, K.; Sears, J. S.; Ji, Y.; Zheng, X.; Davis,
R.J.; Sherrill, C. D.; Jones, C. W.; Weck, M. Organometallics 2005, 24,
43S1.

(31) Frech, C. M.; Shimon, L. J. W.; Milstein, D. Angew. Chem., Int.
Ed. 2005, 44, 1709.

(32) Canty, A. J; Rodemann, T.; Skelton, B. W.; White, A. H.
Organometallics 2006, 25, 3996.

(33) Lagunas, M. C.; Gossage, R. A;; Spek, A. L,; van Koten, G.
Organometallics 1998, 17, 731.

(34) Pilarski, L. T.; Selander, N.; Bose, D.; Szabé, K. J. Org. Lett.
2009, 11, 5518.

(3S) Vicente, J.; Arcas, A; Julid&-Herndndez, F.; Bautista, D. Cherm.
Commun. 2010, 46, 7253.

(36) Ohff, M.; Ohff, A;; van der Boom, M. E.; Milstein, D. J. Am.
Chem. Soc. 1997, 119, 11687.

(37) Morales-Morales, D.; Redén, R.; Yung, C.; Jensen, C. M. Chem.
Commun. 2000, 1619.

(38) Aydin, J.; Larsson, J. M.; Selander, N.; Szabd, K. J. Org. Lett.
2009, 11, 2852.

(39) Dijkstra, H. P.; Slagt, M. Q;; McDonald, A.; Kruithof, C. A;
Kreiter, R.; Mills, A. M.; Lutz, M.; Spek, A. L.; Klopper, W.; van Klink,
G. P. M,; van Koten, G. Eur. J. Inorg. Chem. 2003, 830.

(40) McDonald, A. R;; Dijkstra, H. P.; Suijkerbuijk, B. M. J. M.; van
Klink, G. P. M.; van Koten, G. Organometallics 2009, 28, 4689.

(41) Alsters, P. L; Baesjou, P. J.; Janssen, M. D.; Kooijman, H.;
Sicherer-Roetman, A.; Spek, A. L.; van Koten, G. Organometallics 1992,
11, 4124,

(42) Aydin, J.; Kumar, K. S.; Eriksson, L.; Szabé, K. J. Adv. Synth.
Catal. 2007, 349, 2585.

(43) Wallner, O. A; Olsson, V. J.; Eriksson, L.; Szabd, K. J. Inorg.
Chim. Acta 2006, 359, 1767.

(44) Aydin, J.; Kumar, K. S.; Sayah, M. J.; Wallner, O. A.; Szabd, K. J.
J. Org. Chem. 2007, 72, 4689.

(45) Aydin, J.; Conrad, C. S.; Szabé, K. J. Org. Lett. 2008, 10, S175.

(46) Rimml, H.; Venanzi, L. M. J. Organomet. Chem. 1983, 259, C6.

(47) Baber, R. A,; Bedford, R. B.; Betham, M.; Blake, M. E.; Coles,
S. J; Haddow, M. F.,; Hurthouse, M. B.; Orpen, A. G.; Pilarski, L. T;
Pringle, P. G.; Wingad, R. L. Chem. Commun. 2006, 3880.

(48) Bedford, R. B.; Draper, S. M.; Scully, P. N.; Welch, S. L. New J.
Chem. 2000, 24, 743.

(49) Gagliardo, M.; Selander, N.; Mehendale, N. C.; van Koten, G.;
Klein Gebbink, R. J. M.; Szabd, K. J. Chem.—Eur. J. 2008, 14, 4800.

(50) Aydin, J.; Szabé, K. J. Org. Lett. 2008, 10, 2881.

(51) Yao, Q; Kinney, E. P.; Zheng, C. Org. Lett. 2004, 6, 2997.

(52) Albrecht, M.; Dani, P.; Lutz, M.; Spek, A. L.; van Koten, G.
J. Am. Chem. Soc. 2000, 122, 11822.

(53) Wallner, O. A,; Szabé, K. J. Org. Lett. 2004, 6, 1829.

(54) Cope, A. C; Friedrich, E. C. J. Am. Chem. Soc. 1968, 90, 909.

(S5) Takenaka, K; Uozumi, Y. Org. Lett. 2004, 6, 1833.

(56) Takenaka, K.; Minakawa, M.; Uozumi, Y. J. Am. Chem. Soc.
2005, 127, 12273.

(57) Kimura, T.; Uozumi, Y. Organometallics 2006, 25, 4883.

(58) Kimura, T.; Uozumi, Y. Organometallics 2008, 27, S159.

(59) Bolliger, J. L.; Blacque, O.; Frech, C. M. Angew. Chem., Int. Ed.
2007, 46, 6514.

(60) da Costa, R. C; Jurisch, M.; Gladysz, J. A. Inorg. Chim. Acta
2008, 361, 3208.

(61) Schuster, E. M.; Botoshansky, M.; Gandelman, M. Angew.
Chem, Int. Ed. 2008, 47, 4555.

(62) Hahn, F. E; Jahnke, M. C.; Pape, T. Organometallics 2007, 26,
150.

(63) Hahn, F. E.; Jahnke, M. C.; Gomez-Benitez, V.; Morales-
Morales, D.; Pape, T. Organometallics 2005, 24, 6458.

(64) Yoon, M. S.; Ryu, D.; Kim, J.; Ahn, K. H. Organometallics 2006,
25, 2409.

(65) Naghipour, A, Sabounchei, S. J; Morales-Morales, D.;
Canseco-Gonzalez, D.; Jensen, C. M. Polyhedron 2007, 26, 1445.

(66) Takenaka, K; Uozumi, Y. Adv. Synth. Catal. 2004, 346, 1693.

(67) Jung, L G; Son, S. U,; Park, K. H;; Chung, K. C,; Lee, J. W,;
Chung, Y. K. Organometallics 2003, 22, 4715.

(68) Solano-Prado, M. A; Estudiante-Negrete, F.; Morales-Morales,
D. Polyhedron 2010, 29, 592.

(69) Suijkerbuijk, B. M. J. M.; Martinez, S. D. H.; van Koten, G.;
Klein Gebbink, R. J. M. Organometallics 2008, 27, 534.

(70) Yamaguchi, S.; Katoh, T.; Shinokubo, H.; Osuka, A. J. Am.
Chem. Soc. 2007, 129, 6392.

(71) Debono, N.; Iglesias, M.; Sanchez, F. Adv. Synth. Catal. 2007,
349, 2470.

(72) Churruca, F.; SanMartin, R.; Tellitu, I; Dominguez, E. Synlett
2005, 3116.

(73) Lee, H. M,; Zeng, J. Y,; Hu, C-H.; Lee, M.-T. Inorg. Chem.
2004, 43, 6822.

(74) Broring, M.; Kleeberg, C.; Kohler, S. Inorg. Chem. 2008, 47,
6404.

(75) Huang, M. H; Liang, L. C. Organometallics 2004, 23, 2813.

2074 dx.doi.org/10.1021/cr1002112 |Chem. Rev. 2011, 111, 2048-2076



Chemical Reviews

(76) Yoo, K. S.; O'Neill, J.; Sakaguchi, S.; Giles, R.; Lee, J. H.; Jung,
K. W. J. Org. Chem. 2010, 75, 95.

(77) Bolliger, J. L.; Blacque, O.; Frech, C. M. Chem.—Eur. J. 2008,
14, 7969.

(78) Yu, K.; Sommer, W.; Richardson, J. M.; Weck, M.; Jones, C. W.
Adv. Synth. Catal. 2008, 347, 161.

(79) Consorti, C. S.; Ebeling, G.; Flores, F. R; Rominger, F.;
Dupont, J. Adv. Synth. Catal. 2004, 346, 617.

(80) Blacque, O.; Frech, C. M. Chem.—Eur. J. 2010, 16, 1521.

(81) Tabares-Mendoza, C.; Guadarrama, P. J. Organomet. Chem.
2006, 691, 2978.

(82) Yu, K. Q.; Sommer, W.; Weck, M.; Jones, C. W. J. Catal. 2004,
226, 101.

(83) Miyazaki, F.; Yamaguchi, K.; Shibasaki, M. Tetrahedron Lett.
1999, 40, 7379.

(84) Hossain, M. A; Lucarini, S.; Powell, D.; Bowman-James, K.
Inorg. Chem. 2004, 43, 7275.

(85) Das,D.; Rao, G.K; Singh, A. K. Organometallics 2009, 28, 6054.

(86) Nilsson, P.; Wendt, O. F. J. Organomet. Chem. 2008, 690, 4197.

(87) Kjellgren, J.; Aydin, J.; Wallner, O. A,; Saltanova, L. V.; Szabd,
K.]J. Chem.—Eur. ]. 2008, 11, 5260.

(88) Bonnet, S.; Lutz, M.; Spek, A. L.; van Koten, G.; Klein Gebbink,
R. J. M. Organometallics 2010, 29, 1157.

(89) Bonnet, S.; van Lenthe, J. H.; Siegler, M. A;; Spek, A. L.; van
Koten, G.; Klein Gebbink, R. J. M. Organometallics 2009, 28, 2325.

(90) Lipke, M. C.; Woloszynek, R. A,; Ma, L.; Protasiewicz, J. D.
Organometallics 2009, 28, 188.

(91) Olsson, D.; Wendt, O. F. J. Organomet. Chem. 2009, 694, 3112.

(92) Takemoto, T; Iwasa, S.; Hamada, H.; Shibatomi, K.; Kameyama,
M.; Motoyama, Y.; Nishiyama, H. Tetrahedron Lett. 2007, 48, 3397.

(93) Tu, T.; Malineni, J.; Dotz, K. H. Adv. Synth. Catal. 2008, 350,
1791.

(94) Churruca, F.; SanMartin, R.; Inés, B.; Tellitu, I; Dominguez, E.
Adpv. Synth. Catal. 2006, 348, 1836.

(95) Inés, B,; SanMartin, R.; Churruca, F.; Dominguez, E.; Urtiaga,
M. K;; Arriortua, M. L. Organometallics 2008, 27, 2833.

(96) Wu, L.-Y; Hao, X.-Q,; Xu, Y.-X.; Jia, M.-Q.;; Wang, Y.-N.; Gong,
J-F.; Song, M.-P. Organometallics 2009, 28, 3369.

(97) Yorke, J.; Sanford, J.; Decken, A.; Xia, A. B. Inorg. Chim. Acta
2010, 363, 961.

(98) Inés, B.; Moreno, L; SanMartin, R ; Dominguez, E. J. Org. Chem.
2008, 73, 8448.

(99) Kozlov, V. A,; Aleksanyan, D. V.; Nelyubina, Y. V.; Lyssenko,
K. A,; Gutsul, E. I; Puntus, L. N.; Vasil’ev, A. A.; Petrovskii, P. V,;
Odinets, I. L. Organometallics 2008, 27, 4062.

(100) Wei, W.,; Qin, Y.; Luo, M,; Xia, P,; Wong, M. S. Organome-
tallics 2008, 27, 2268.

(101) Sheloumov, A. M.; Tundo, P.; Dolgushin, F. M.; Koridze, A. A.
Eur. J. Inorg. Chem. 2008, 572.

(102) Benito-Garagorri, D.; Bocokic, V.; Mereiter, K.; Kirchner, K.
Organometallics 2006, 25, 3817.

(103) Luo, Q.; Eibauer, S.; Reiser, O. . Mol. Catal. 2007, 268, 65.

(104) Kruithof, C. A; Berger, A.; Dijkstra, H. P.; Soulimani, F.;
Visser, T.; Lutz, M.; Spek, A. L.; Klein Gebbink, R. J. M.; van Koten, G.
Dalton Trans. 2009, 3306.

(105) Hao, X. Q; Wang, Y. N,; Liy, J. R;; Wang, K. L,; Gong, J. F;
Song, M. P. J. Organomet. Chem. 2010, 695, 82.

(106) Bolliger, J. L.; Frech, C. M. Adv. Synth. Catal. 2010, 352, 1075.

(107) Zhang, B.-S.; Wang, C.; Gong, J.-F.; Song, M.-P. J. Organomet.
Chem. 2009, 694, 2555.

(108) Zhang, B.-S.; Wang, W.; Shao, D.-D.; Hao, X.-Q.; Gong, J.-F.;
Song, M.-P. Organometallics 2010, 29, 2579.

(109) Bolliger, J. L.; Frech, C. M. Adv. Synth. Catal. 2009, 351, 891.

(110) Gu, S.; Chen, W. Organometallics 2009, 28, 909.

(111) Olsson, D.; Nilsson, P.; El Masnaouy, M.; Wendt, O. F. Dalton
Trans. 2005, 1924.

(112) Bergbreiter, D. E.; Osburn, P. L,; Frels, J. D. Adv. Synth. Catal.
2005, 347, 172.

(113) Weck, M.; Jones, C. W. Inorg. Chem. 2007, 46, 1865.

(114) Szabd, K.]J.J. Mol. Catal,, A: Chem. 2010, 324, 56.

(115) Phan, N. T. S.; Van Der Sluys, M.; Jones, C. W. Adv. Synth.
Catal. 2006, 348, 609.

(116) Anton, D. R;; Crabtree, R. H. Organometallics 1983, 2, 85S.

(117) Shaw, B. L. New J. Chem. 1998, 77.

(118) Canty, A. J.; Denney, M. C.; van Koten, G.; Skelton, B. W,;
White, A. H. Organometallics 2004, 23, 5432.

(119) Griindemann, S.; Albrecht, M.; Loch, J. A; Faller, J. W,;
Crabtree, R. H. Organometallics 2001, 20, 5485.

(120) Hall, D. G. Boronic Acids; Wiley: Weinheim, 2005.

(121) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457.

(122) Miyaura, N. Top. Curr. Chem. 2002, 219, 11.

(123) Chemler, S. R;; Trauner, D.; Danishefsky, S. J. Angew. Chem,
Int. Ed. 2001, 40, 4544.

(124) Aydin, J.; Selander, N.; Szabd, K. J. Tetrahedron Lett. 2006, 47,
8999.

(125) Gerber, R; Blacque, O.; Frech, C. M. Chem. Catal. Chem.
2009, 1, 393.

(126) Stark, M. A.; Richards, C. J. Tetrahedron Lett. 1997, 38,
5881.

(127) Longmire, J. M.; Zhang, X.; Shang, M. Organometallics 1998,
17, 4374.

(128) Schlenk, C.; Kleij, A. W.; Frey, H,; van Koten, G. Angew.
Chem., Int. Ed. 2000, 39, 3445.

(129) Williams, B. S.; Dani, P.; Lutz, M.; Spek, A. L.; van Koten, G.
Helv. Chim. Acta 2001, 84, 3519.

(130) Giménez, R;; Swager, T. M. J. Mol. Catal, A 2001, 166, 265.

(131) Motoyama, Y.; Kawakami, H.; Shimozono, K; Aoki, K;
Nishiyama, H. Organometallics 2002, 21, 3408.

(132) Slagt, M. Q.; Jastrzebski, J. T. B. H.; Klein Gebbink, R. J. M.;
van Ramesdonk, H. J; Verhoeven, ]J. W,; Ellis, D. D.; Spek, A. L,; van
Koten, G. Eur. J. Org. Chem. 2003, 1692.

(133) Mehendale, N. C.; Bezemer, C.; van Walree, C. A.; Klein
Gebbink, R. J. M; van Koten, G. J. Mol. Catal. 2006, 257, 167.

(134) Gosiewska, S.; in't Veld, M. H.; de Pater, J. J. M.; Bruijnincx,
P. C. A; Lutz, M,; Spek, A. L.; van Koten, G.; Klein Gebbink, R. J. M.
Tetrahedron: Asymmetry 2006, 17, 674.

(135) Soro, B.; Stoccoro, S.; Minghetti, G.; Zucca, A.; Cinellu, M. A;
Manassero, M.; Gladiali, S. Inorg. Chim. Acta 2006, 359, 1879.

(136) Mehendale, N. C,; Sietsma, J. R. A.; de Jong, K. P.; van Walree,
C. A; Klein Gebbink, R. J. M,; van Koten, G. Adv. Synth. Catal. 2007,
349, 2619.

(137) Aydin, J.; Rydén, A.; Szabd, K. J. Tetrahedron: Asymmetry
2008, 19, 1867.

(138) Gosiewska, S.; Herreras, S. M.; Lutz, M.; Spek, A. L.; Havenith,
R. W. A;; van Klink, G. P. M; van Koten, G.; Klein Gebbink, R. J. M.
Organometallics 2008, 27, 2549.

(139) Stark, M. A,; Jones, G.; Richards, C. J. Organometallics 2000,
19, 1282.

(140) Dijkstra, H. P.; Meijer, M. D.; Patel, J.; Kreiter, R.; van Klink,
G. P. M,; Lutz, M; Spek, A. L,; Canty, A. J.; van Koten, G. Organome-
tallics 2001, 20, 3159.

(141) Fossey, J. S.; Richards, C. J. Organometallics 2004, 23, 367.

(142) Ito,Y.; Sawamura, M.; Hayashi, T. J. Am. Chem. Soc. 1986, 108,
6405.

(143) Hayashi, T.; Kishi, E.; Soloshonok, V. A.; Uozumi, Y. Tetra-
hedron Lett. 1996, 37, 4969.

(144) Lin, Y.-R; Zhou, X.-T'; Dai, L.-X; Sun, J. ]. Org. Chem. 1997,
62, 1799.

(14S) Zhou, X.-T,; Lin, Y.-R; Dai, L.-X. Tetrahedron: Asymmetry
1999, 10, 85S.

(146) Zhou, X.-T.; Lin, Y.-R;; Dai, L.-X; Sun, J.; Xia, L.-J.; Tang, M.-
H. J. Org. Chem. 1999, 64, 1331.

(147) Zografidis, A.; Polborn, K; Beck, W.; Markies, B. A.; van
Koten, G. Z. Naturforsch.,, B 1994, 49, 1494.

(148) Gorla, F.; Togni, A; Venanzi, L. M.; Albinati, A; Lianza, F.
Organometallics 1994, 13, 1607.

2075 dx.doi.org/10.1021/cr1002112 |Chem. Rev. 2011, 111, 2048-2076



Chemical Reviews

(149) Feng,J.-J.; Chen, X.-F.; Shi, M.; Duan, W.-L. J. Am. Chem. Soc.
2010, 132, 5562.

(150) Yamamoto, Y.; Asao, N. Chem. Rev. 1993, 93, 2207.

(151) Bloch, R. Chem. Rev. 1998, 98, 1407.

(152) Denmark, S. E.; Fu, J. Chem. Rev. 2003, 103, 2763.

(153) Zanoni, G.; Pontiroli, A.; Marchetti, A.; Vidari, G. Eur. J. Org.
Chem. 2007, 3599.

(154) Nakamura, H.; Iwama, H.; Yamamoto, Y. J. Am. Chem. Soc.
1996, 118, 6641.

(155) Nakamura, H.; Iwama, H.; Yamamoto, Y. Chem. Commun.
1996, 1459.

(156) Nakamura, H.; Nakamura, K.; Yamamoto, Y. J. Am. Chem. Soc.
1998, 120, 4242.

(157) Nakamura, H.; Aoyagi, K; Shim, J.-G.; Yamamoto, Y. J. Am.
Chem. Soc. 2001, 123, 372.

(158) Nakamura, H.; Bao, M.; Yamamoto, Y. Angew. Chem,, Int. Ed.
2001, 40, 3208.

(159) Fernandes, R. A.; Stimac, A.; Yamamoto, Y. J. Am. Chem. Soc.
2003, 125, 14133.

(160) Szabd, K. J. Chem.—Eur. J. 2000, 6, 4413.

(161) Wallner, O. A.; Szabé, K. J. Chem.—Eur. ]. 2003, 9, 4025.

(162) Pichierri, F.; Yamamoto, Y. J. Org. Chem. 2007, 72, 861.

(163) Solin, N; Kjellgren, J.; Szabd, K. J. Angew. Chem., Int. Ed. 2003,
42, 3656.

(164) Solin, N; Kjellgren, J.; Szabd, K. J. J. Am. Chem. Soc. 2004, 126,
7026.

(165) Solin, N.; Wallner, O. A; Szabd, K. J. Org. Lett. 2005, 7, 689.

(166) Wallner, O. A.; Szabd, K. J. Chem.—Eur. ]. 2006, 12, 6976.

(167) Yao, Q.; Sheets, M. J. Org. Chem. 2006, 71, 5384.

(168) Johansson, R.; Wendt, O. F. Dalton Trans. 2007, 488.

(169) Piechaczyk, O.; Cantat, T.; Mézailles, N.; Le Floch, P. J. Org.
Chem. 2007, 72, 4228.

(170) Li, J.; Minnaard, A. J.; Klein Gebbink, R. J. M.; van Koten, G.
Tetrahedron Lett. 2009, S0, 2232.

(171) LiJ.; Lutz, M.; Spek, A. L.; van Klink, G. P. M; van Koten, G.;
Klein Gebbink, R. J. M. Organometallics 2010, 29, 1379.

(172) Niy, J.-L.; Chen, Q.-T.; Hao, X.-Q.; Zhao, Q.-X;; Gong, J.-F.;
Song, M.-P. Organometallics 2010, 29, 2148.

(173) Szabd, K. J. Chem.—Eur. J. 2004, 10, 5268.

(174) Solin, N.; Narayan, S.; Szabé, K. J. J. Org. Chem. 2001, 66,
1686.

(175) Goliaszewski, A.; Schwartz, J. Tetrahedron 1985, 41, 5779.

(176) Shi, M.; Nicholas, K. M. J. Am. Chem. Soc. 1997, 119, 5057.

(177) Franks, R. J.; Nicholas, K. M. Organometallics 2000, 19, 1458.

(178) Solin, N.; Szabé, K. J. Organometallics 2001, 20, 5464.

(179) Fleming, L; Barbero, A.; Walter, D. Chem. Rev. 1997, 97, 2063.

(180) Molander, G. A.; Katona, B. W.; Machrouhi, F. J. Org. Chem.
2002, 67, 8416.

(181) Molander, G. A,; Figueroa, R. Aldrichim. Acta 2005, 38, 49.

(182) Gorelsky, S. L; Lapointe, D.; Fagnou, K. J. Am. Chem. Soc.
2008, 130, 10848.

(183) Garcia-Cuadrado, D.; de Mendoza, P.; Braga, A. A. C;
Maseras, F.; Echavarren, A. M. J. Am. Chem. Soc. 2007, 129, 6880.

(184) Ackermann, L.; Vicente, R.; Althammer, A. Org. Lett. 2008, 10,
2299.

(185) Davies, D.L.; Donald, S. M. A.; Al-Duaij, O.; Macgregor, S. A.;
Polleth, M. J. Am. Chem. Soc. 2006, 128, 4210.

(186) Viteva, L.; Gospodova, T.; Stefanovsky, Y.; Simova, S. Tetra-
hedron 2008, 61, 5855.

(187) Kisanga, P. B.; Verkade, J. G. J. Org. Chem. 2002, 67, 426.

(188) Kisanga, P.; McLeod, D.; D’Sa, B.; Verkade, J. J. Org. Chem.
1999, 64, 3090.

(189) Beletskaya, I; Moberg, C. Chem. Rev. 1999, 99, 3435.

(190) Beletskaya, I; Moberg, C. Chem. Rev. 2006, 106, 2320.

(191) Bumagin, N. A; Kasatkin, A. N.; Beletskaya, L. P. Izv. Akad.
Nauk SSSR, Ser. Khim. (Engl. Transl.) 1984, 636.

(192) Kjellgren, J.; Sundén, H.; Szabd, K. J. J. Am. Chem. Soc. 2004,
126, 474.

(193) Kjellgren, J.; Sundén, H.; Szabd, K. J. J. Am. Chem. Soc. 2005,
127, 1787.

(194) Marshall, J. A. Chem. Rev. 1996, 96, 31.

(195) Marshall, J. A,; Wang, X.-j. J. Org. Chem. 1992, 57, 1242.

(196) Jeganmohan, M.; Shanmugasundaram, M.; Cheng, C.-H. Org.
Lett. 2003, 5, 881.

(197) Mitchell, T. N.; Amamaria, A.; Killing, H.; Rutschow, D.
J. Organomet. Chem. 1986, 304, 257.

(198) Otera, J. Modern Carbonyl Chemistry; Wiley: Weinheim, 2000.

(199) Marshall, J. A. Chem. Rev. 2000, 100, 3163.

(200) Ishiyama, T.; Ahiko, T.-A,; Miyaura, N. Tetrahedron Lett.
1996, 37, 6889.

(201) Sebelius, S.; Olsson, V. J.; Szabé, K. J. J. Am. Chem. Soc. 2008,
127, 10478.

(202) Vedejs, E.; Chapman, R. W.; Fields, S. C.; Lin, S.; Schrimpf,
M. R. J. Org. Chem. 1995, 60, 3020.

(203) Batey, R. A;; Thadani, A. N.; Smil, D. V.; Lough, A. J. Synthesis
2000, 990.

(204) Li, S.-W.; Batey, R. A. Chem. Commun 2004, 1382.

(205) Olsson, V. J.; Sebelius, S.; Selander, N.; Szabé, K. J. . Am.
Chem. Soc. 2006, 128, 4588.

(206) Selander, N.; Kipke, A.; Sebelius, S.; Szabd, K. J. J. Am. Chem.
Soc. 2007, 129, 13723.

(207) Sebelius, S.; Olsson, V. J.; Wallner, O. A.; Szabé, K. J. J. Am.
Chem. Soc. 2006, 128, 8150.

(208) Selander, N.; Sebelius, S.; Estay, C.; Szabd, K. J. Eur. J. Org.
Chem. 2006, 4085.

(209) Selander, N.; Szabé, K. J. Chem. Commun. 2008, 3420.

(210) Selander, N.; Szabé, K. J. Adv. Synth. Catal. 2008, 350, 2045.

(211) Selander, N.; Szabé, K. J. J. Org. Chem. 2009, 74, 5695.

(212) Yamamoto, Y.; Takada, S.; Miyaura, N. Chem. Lett. 2006, 3S,
1368.

(213) Yamamoto, Y.; Takada, S.; Miyaura, N. Organometallics 2009,
28, 152.

(214) Denmark, S. E.; Werner, N. S. J. Am. Chem. Soc. 2008, 130,
16382.

(215) Petasis, N. A.; Goodman, A.; Zavialov, I. A. Tetrahedron 1997,
53, 16463.

(216) Petasis, N. A.; Zavialov, L. A. J. Am. Chem. Soc. 1997, 119, 44S.

(217) Petasis, N. A.; Zavialov, L. A. J. Am. Chem. Soc. 1998, 120,
11798.

(218) Sugiura, M.; Mori, C.; Hirano, K.; Kobayashi, S. Can. J. Chem.
2005, 83, 937.

(219) Mkhalid, L. A. L; Murphy, J. M; Barnard, J. H.; Marder, T. B.;
Hartwig, J. F. Chem. Rev. 2010, 110, 890.

(220) Selander, N.; Willy, B.; Szabd, K. J. Angew. Chem., Int. Ed.
2010, 49, 4051.

(221) Olsson, V.]J.; Szabd, K. J. Angew. Chem., Int. Ed. 2007, 46, 6891.

2076 dx.doi.org/10.1021/cr1002112 |Chem. Rev. 2011, 111, 2048-2076



