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Introduction

Cross-coupling reactions represent a class of synthetic transformations that involve the combination of an organometallic reagent
(that has a main group metal atom in most of cases) with an organic electrophile in the presence of groups 8-10 metal catalysts to
achieve a C-C, C-H, C-N, C-0, C-=S, C-P, or C-M bond formation." Since the initial discoveries in this area in the early 1970s by
Kumada, Kochi, Corriu, and Murahashi, many organometallic reagents, such as organoboron, organotin, organosilicon, and
organozinc have proved to be useful for cross-coupling reactions. Many different types of electrophiles and metal complexes have
been successfully employed in these reactions, resulting in a plethora of synthetic methods for molecular assemblies. For this
reason, cross-coupling reactions have been used in numerous organic synthetic applications ranging from polymers and liquid
crystals to pharmaceuticals and natural products.

A general catalytic cycle for cross-coupling reactions is depicted in Scheme 1. In general, the reaction occurs by a sequence of
oxidative addition-transmetallation-reductive elimination. The characteristics of both the transition metal and the main group
metal reagent, in addition to effects associated with other reaction conditions, will affect the catalytic performance. The oxidative
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Scheme 1 General catalytic cycle for cross-coupling reactions.

addition step is often regarded as the rate-determining step in the catalytic cycle, and the strength of the C-X bond (X=halide or
pseudohalide) is determinant. The relative reactivity decreases then in the order I >OTf>Br»Cl.”

Improvements in cross-coupling reactions can be associated to two main thrusts: (1) increased activity and stability of catalytic
systems; this is related to extensive research on the development of new and more efficient supporting ligands,” although,
ligandless systems are of great importance also; and (2) the use of new halides, pseudohalides and organometallic nucleophiles.
In this chapter, we will focus on the developments in C-C bond formation by cross-coupling reactions related to the development
of new and more efficient catalysts. As excellent general reviews have been published covering the literature until the end of 2001,
new developments during the period from 2001 to the end of 2004 are mainly discussed here. Some developments prior to 2001
will also be discussed as leading references that contributed to major advances in the area. Each section will include a list of
significant reviews.

Cross-Coupling Reactions
Reactions with Organoboron Reagents: The Suzuki-Miyaura Reaction

In 1979 Miyaura, Yamada, and Suzuki reported on the coupling reaction of alkenyl boronates with alkenyl bromides.* Nowadays,
this reaction is known as the Suzuki-Miyaura reaction.” The coupling of organoboron reagents with various organic halides has
broadened its scope, becoming arguably the most important transformation leading to the formation of a C-C bond, since
organoboron reagents show many advantages,® for example: (1) ready availability of reagents by hydroboration and transmetalla-
tion, (2) inert to water and related solvents, as well as oxygen, (3) generally thermally stable, (4) tolerant toward various functional
groups, (5) low toxicity of starting materials and byproducts. A plethora of new catalysts, reaction conditions, organoboron
reagents have been developed by a large number of research groups, and a large number of drugs,” polymers,® and natural
products’ include a Suzuki-Miyaura cross-coupling step in their synthesis. Some examples are shown in Figure 1.

As previously mentioned, the Suzuki-Miyaura reaction is generally thought to occur by a sequence of oxidative addition-
transmetallation-reductive elimination. First and last steps are well understood, but the role of the base in the transmetallation step
is still unclear. With the information available so far, it seems that three different processes can occur to transfer the organic group
from the boron atom (Scheme 2).°® Although organoboronic acids do not react with R-Pd-X i (X =halogen), it is known that ate
complexes such as BuyBLi,'” [Rs;BOMe|Na,'" and [ArBF;]K'? readily undergo cross-coupling in the absence of a base, showing how
the quaternization of the boron atom with a negatively charged base enhances the nucleophilicity of the organic group on the
boron atom. There is no evidence for analogous hydroxyboronate anions, 13 but species such as ii, which exist in alkaline solution,
could similarly alkylate i (path A).

Path B shows the possibility of the in situ generation of an (alkoxo)-, (hydroxo)-, (acetyloxo)-, or (acetoxo)palladium (i) complex
by exchange between i and a base (R0), forming an (alkoxo)palladium(n) intermediate iv that can undergo transmetallation
without the aid of a base.'* Moreover, the coupling reaction can proceed under neutral conditions for organic electrophiles yielding
iv (path C).'”'® Both pathways B and C may involve a rate-determining coordination of the R?O ligand to the boron atom, as a
consequence of the formation of complex v, which participates in the formation of iii by transfer of the activated organic group from
boron to palladium.'® The high reactivity of the oxo-palladium complexes can be attributed to both the high basicity of the Pd-O
species (related Pt complexes are known to be more basic than NaOH)'” and the oxophilicity of the boron center.

Since it is known that halogens and OTf ligands on i are easily displaced by alkoxy, hydroxyl, or acetoxy to provide a basic
species iv,'” it seems clear that in alkaline solution both pathways A and B can occur for the cross-coupling reaction, but it is not yet
clear which one is predominant.'® Recent studies suggest that the pathway taken is highly dependent on the organoboron reagent
employed."’
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Figure 1 Some compounds with a Suzuki-Miyaura cross-coupling step in their synthesis.

New coupling partners

Historically, one of the most important limitations of the Suzuki-Miyaura reaction was the poor reactivity of organic chlorides,
attributed to the strength of the C-Cl bond. Aryl chlorides are very attractive halides due to their low cost and wider diversity of
available compounds.'® Prior to 1998, reports of effective palladium-catalyzed Suzuki reactions of aryl chlorides were limited
to activated substrates, and generally employing very high temperatures.’” In that year, Fu and Buchwald independently reported
on catalytic systems that overcame this limitation in good yields.”"”” Both systems were based in the use of very electron-rich
ligands (a trialkylphosphine and an arylalkylphosphine, respectively) that facilitated the cleavage of the C-Cl bond prior to the
oxidative addition to the palladium center (Table 1, entries 1 and 2) and stabilize the Pd(0) species in solution to avoid its
precipitation.”® Shortly after that, several research groups described systems that coupled a variety of aryl chlorides, activated and
non-activated, making use of electron-rich ligands such as trialkylphosphines,”* arylalkylphosphines,”*° triarylphosphines,*”**
phosphine oxides,”” and N-heterocyclic carbenes (NHC).?”*' Some early examples are described in Table 1. NHC ligands have
been shown to be better donors than the best donor phosphines,®” but without the disadvantages most common phosphines
display: (1) phosphines often are sensitive to air oxidation and therefore require air-free handling to minimize ligand oxidation,
(2) when these ligands are subjected to higher temperatures, significant P-C bond degradation occurs, and then an excess of
phosphine is required, and (3) they often react with Pd precursors as Pd(OAc), in a redox process leading to the formation of Pd(0)
P, and phosphine oxide.?” Since their initial use as ligands in homogeneous catalysis,”* NHCs have been successfully employed as
an alternative for tertiary phosphines in a number of cross-coupling reactions.
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Table 1 Suzuki—Miyaura coupling of aryl chlorides
e {0 O~
. F B(OH
R/@_ (OH), conditions R”

Entry Catalyst Conditions Yield (%) References
1 Pd,(dba),/PBu's Cs3C03, dioxane, 8090 °C 82-90 21

PCy-‘. O
2 Pd(OAc)/ CsF, dioxane, RT 92-24 22
O NMB}

3 Pd(OAc),/n-BuP(1-Ad), KaP0,, toluene, 100 °C 55-100 2
4 =\ D Ar=2.4.6.(Me)CoH, 03003, dioxane, 80 °C 88-99 31

Pdy(dba)yar-N~
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Table 2 Different electrophiles used in Suzuki-Miayura reaction

— catalyst
_ B v conditions RrF;
Entry X R; R>
1 F Aryl Aryl
2 oTf Aryl, alkenyl, alkyl Aryl, alkenyl, alkyl
3 Ny BF,~ Aryl Aryl, alkenyl
4 S0,Cl Aryl Aryl
5 0Ts Aryl, vinyl, alkyl Aryl, alkyl
6 OMs Aryl Aryl
7 NMe; 0T~ Aryl Aryl

In addition to the already generalized couplings of aryl iodides, bromides, and chlorides, in 2003, the coupling of activated
fluorides with boronic acids was reported (Table 2, entry 1).%>° The coupling with pseudohalogens has also attracted considerable
attention. Aryl triflates are known as being less reactive than the corresponding iodides and bromides,”® but have the advantage of
being easily synthesized from readily available phenols.’” Very general methods for the coupling of aryl triflates even at room
temperature have been developed (Table 2, entry 2).>® Other pseudohalides such as aryldiazonium ions (Table 2, entry 3),>°
arylsulfonyl chlorides (Table 2, entry 4),*° aryl and alkyl tosylates (Table 2, entry 5),*! aryl mesylates (Table 2, entry 6),”* and
aryltrimethylammonium salts (Table 2, entry 7)** have also been employed.

Although boronic acids have been widely accepted as the more convenient transmetallating reagents, other boranes have been
used.” Reports have appeared regarding the use of alternative types of organoboron reagents: Batey, and more extensively
Molander, have reported on the coupling of aryltrifluoroborate salts with aryl bromides,”* iodides,* and triflates.”® A variety of
organoboron intermediates can be converted into the corresponding trifluoroborate salts in a very straightforward manner,*’
having the added advantage of being more air and moisture stable than boronic acids. Already some of them are commercially
available. Recently, Buchwald reported on the coupling of aryltrifluoroborate salts with aryl chlorides using very mild reaction
conditions.*®

Palladacycle complexes as catalysts precursors

Of particular interest to large-scale synthetic processes is the development of catalysts that can operate at very low metal loadings.
Palladacyclic complexes have played a significant role in this matter.*” Pioneering work in 1995 was performed by Herrmann and
co-workers using the palladacycle complex 1 for the coupling of activated chlorides with catalyst precursor loadings of 0.1 mol%.”°
Some examples in the literature are shown in Figure 2. Good activity is not limited to phosphorus-donor systems 2-4,”'~>* since
N-donor 5 and 6,°>°* oxime-containing 7a-f, 8a and 8b,”> and S-donor 9°° palladacycles have also been described with good
results. Tertiary phosphine adducts of phosphorus-, imine-, and amine-based palladacycles 10-12°""% show excellent activity at
very low catalysts loadings when aryl chlorides, both activated and unactivated, are used as substrates. Silica-supported imine-based
palladacycles such as 13 show lower activity in the Suzuki-Miyaura reaction than their homogeneous counterparts.”” Nolan and
co-workers reported on the activity of an NHC-bearing palladacycle 14a for the Suzuki-Miyaura cross-coupling of sterically
hindered unactivated aryl chlorides with sterically hindered boronic acids, allowing for the synthesis in high yields of di- and tri-
ortho-substituted biaryls at room temperature and in very short reaction times.®’

Catalytic systems composed of Pd(0) or Pd(n) derivatives and phosphines

As previously mentioned, the use of electron-rich, bulky ligands (phosphines and NHCs) in combination with palladium
precursors has made an impact not only on the use of the Suzuki-Miyaura reaction but in all the cross-coupling reactions. Bulky
electron-rich phosphines are now by far the most used ligands to stabilize the Pd(0) intermediates, and avoid the precipitation of
the metal in homogeneous catalysis®' Tetra-coordinated palladium-phosphine complexes such as Pd(PPhs), are in equilibrium
with their coordinatively unsaturated species, but only the diphosphine palladium(0) or monophosphine palladium(0) species
can be involved in the oxidative addition process.”"°> Thus, bulky, electron-rich phosphines such as P(o-tolyl); and P(Bu');
provide highly reactive catalysts because of the formation of the coordinatively unsaturated species [Pd-L]. In addition, the electron
richness imparted to the palladium by the phosphine assists in the cleavage of the Ar-X bond in the oxidative addition step, while
the steric bulk of the ligand promotes the reductive elimination of the desired coupling product. The stoichiometry of phosphine to
palladium, the bulkiness and the donating ability of phosphine ligands modulate the reactivity of the catalyst.

A salient example of the optimum combination of steric bulk with strong donating ability was reported in 2000 by Beller and
co-workers. The use of the bulky, electron-rich bis(adamantyl)-n-butylphosphine in combination with Pd(OAc), allowed for the
coupling of deactivated aryl chlorides with very high turnover numbers (TONs) (10 000-20000).>* Another example of such effects is
the use of the air-stable dimer {PdBr[P(1-adamantyl)(Bu"),]}, for the coupling of aryl bromides at room temperature.®’ In 2001, Fu
and co-workers disclosed an alternative method to overcome the air-sensitivity limitation of phosphine ligands. They had previously
reported on the use of P(Bu');/Pd,(dba); for the coupling of unactivated chlorides with boronic acids.®* After this initial report, the
air-sensitive and flammable P(Bu'); was converted into the air-stable phosphonium salt [PH(Bu')3|BF, by simple quaternazition with
an appropriate acid.®” The masked phosphine can be generated by reaction with a Bronsted base. The use the phosphonium salt in
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Figure 2 Palladacycle complexes as catalysts precursors in the Stille reaction.

combination with Pd,(dba); and KF as base to perform Suzuki-Miyaura couplings of arylboronic acids with activated chlorides and
deactivated aryl bromides and iodides in mild reaction temperatures (20-50 °C) was reported to proceed very effectively. This same
salt has been recently used for the palladium-catalyzed preparation of a variety of 2,4,5-trisubstituted 1H-imidazoles starting from
unprotected 2,4-disubstituted 5-chloro-1H-imidazoles.’® Another example of the use of these phosphonium salts, [HP(Bu'),Me]BF,,
was reported for the coupling of alkyl bromides with B-hydrogens and alkyl boronic acids.’” The combination of steric bulk and
strong electron donation can also be obtained with in situ systems; the first method for achieving Suzuki-Miyaura cross-coupling of
alkyl bromides that contain B-hydrogens made use of a combination of Pd(OAc), and the very electron-donating, sterically
demanding P(‘Bu); in a 1:2 ratio. The coupling worked under surprisingly mild conditions (room temperature).®®

Buchwald and co-workers have described the effectiveness of tertiary phosphines as ligands in a variety of cross-coupling
reactions, and provided, simultaneously as Fu,”' the first examples of Suzuki-Miyaura cross-coupling reactions of unactivated aryl
chlorides.?” The initial system consisted of the combination of ligand 15 and Pd(OAc),. Alkyl-substituted phosphines such as 16
turned out to be more efficient, and allowed for the reaction to proceed at very low catalyst loadings (0.000001-0.02 mol% Pd).
Even hindered substrates were coupled to generate biaryls with more than one ortho-substituent.®””° Tetra-ortho-substituted biaryls
can be synthesized in good yields using the air-stable, commercially available ligand 17.”" This ligand has also been employed for
the coupling of aryl boronic acids with 6-halonucleosides,”” haloquinolines,”* and other substrates.”*

Ligand 18 (XPhos) displays an optimal performance for the coupling of unactivated aryl tosylates with boronic acids.”> A
‘rational design’ of the ligand, involving a fine-tuning of steric and electronic properties, led to phosphine 19, which was used in
combination with Pd(OAc), in a 2.5:1 molar ratio, achieved the coupling of very sterically demanding substrates at high
temperature in high yields.”® The system also allows the coupling of N-heteroaryl chlorides with arylboronic acids, aryl halides
with alkylboron derivates and reactions of aryl chlorides at room temperature.

Another interesting family of phosphine ligands that has been applied to this coupling reaction is the ferrocenylphosphines. Some
air-stable examples are showed in Figure 3. Compound 20 has been used for the coupling of aryl chlorides in combination with a
Pd(0) source,”” while 21 gave excellent results for the coupling of a variety of aryl bromides with aryl and alkylboronic acids.”® The
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Figure 3 Some phosphines used as ligands in the Suzuki-Miyaura reaction.

series of ligands 22 was employed for the coupling of activated and unactivated aryl chlorides with arylboronic acids in high yields.””
Chiral binaphthalenes derivatives were prepared in up to 85% ee using the chiral tertiary amine ferrocenylphosphine ligand 23 and
PdCl,.*° More recently, Chan and co-workers have employed ligand 24 in combination with Pd,(dba); for the coupling of
unactivated and activated aryl bromides or chlorides with a variety of aryl- and alkylboronic acids at 110 °C with excellent yields.®'

Electron-rich amine-functionalized phosphines have also been investigated. Woolins et al. have prepared the series of ligands 25
for the coupling of aryl chlorides,®” while a combination of Pd(OAc), and the air-stable monoamine phosphine 26 has been used
for the coupling of aryl bromides with arylboronic acids.®” Better results were observed when ligands 27a or 27b were used in this
system. The commercially available, very electron-rich ligand 28 has also been successfully employed to catalyze the coupling of a
variety of aryl bromides and chlorides with arylboronic acids in excellent yields.®* Beller and co-workers have shown that
monodentate 2-phosphino-1-arylpyrrole ligands 29a-d, prepared directly from N-aryl pyrroles, allowed highly efficient coupling
reactions of electron-rich as well as electron-poor aryl chlorides with phenylboronic acid under mild conditions.®” They have also
reported on the synthesis of ligands 30 and 31, which were used in combination with Pd(OAc), for the coupling of aryl and
heteroaryl chlorides with phenylboronic acid at 100 °C.%°

Catalytic systems composed of Pd(0) or Pd(i) and N-heterocyclic carbenes
N-heterocyclic carbenes (NHC) have become increasingly popular in the last few years as an attractive alternative to tertiary
phosphines in homogeneous catalysis, due to their strong donating ability and thermal stability.”” Some examples are shown in
Figure 4. For the Suzuki-Miyaura reaction, the first example was reported by Herrmann et al. in 1998.%” Complex 32 was found to
efficiently promote the reaction using unactivated aryl bromides or activated aryl chlorides, in the presence of K,COj5 in toluene at
120 °C. Soon thereafter, the coupling of unactivated arylchlorides in high yields using ligand 33 and Pd,(dba); was reported by
Trudell and Nolan.?' Ligand 33 was generated in situ from the imidazolium chloride 34 by reaction with the base (Cs,CO3). Trudell
also reported on the use of bisimidazolium salt 35 and Pd(OAc), for the coupling of aryl chlorides.®® Fiirstner has reported a very
versatile system for the coupling of 9-substituted borabicyclo[3.3.1]nonanes and aryl chlorides using the imidazolium salt 36 in the
presence of KOMe.®” Arentsen et al. recently reported on the use of this imidazolium salt in combination with Pd(dba), for the
coupling of aryl chlorides or akyl bromides with organoboranes at 40 °C.”°

In early studies, it was observed that when the NHC was already attached to the metal center, reaction times were shortened
since the time for the deprotonation of the salt and coordination to the metal center was no longer required. The use of well-defined



8 C-C Bond Formation by Cross-Coupling

@ N. -
o — —
(/\N N’S @N NJN
’N/I\pd/l\-h{ ®
Me 1I°T1 Me <@ 2c
®
32 33 34 N Ry
\y

r:-»\ @® ‘Bu‘ Bu'\ r_’\
N N N e
N.# N~R
N o
[ )}—Pd——< ] N N " \(
" ?" Pd
=) But But ;. b - |
ci u w N ]

7
36
39a; R = mesityl
39b: § = 2 6-disepropylphenyl
=\ 39¢: R = cyclahexyl
gi-Noy s N=pg! 39d: & = 1-adamantyl
T 39e; R = r-Butyl
l'pd ! -
“pg”
R1"NAN'R‘ 40a: R = mesityl 41
\—=f 40b: R = 2 B-diisoprepyipheny

Figure 4 Some NHCs used as ligands in the Suzuki—Miyaura reaction.

systems also allows for a better understanding of the actual amount of stabilized palladium available in the system. Herrmann
reported on two similar Pd(0) complexes bearing two carbenes, 37°' and 38.”” The latter was used in 2002 as the first example of
coupling of aryl chlorides (activated and unactivated) with arylboronic acids at room temperature, in high yields, and reaction
times between 2 and 24 h in the presence of CsF as base.

Following this concept of well-defined systems, Nolan has reported on the series of air- and moisture-stable NHC-bearing
complexes 39, easily prepared by reaction of [Pd(allyl)Cl], with 2 equiv. of the corresponding carbene.’” The nature of the carbene
was determinant in dictating the activity of this pre-catalyst in the Suzuki-Miyaura reaction. Later, the same group reported on the
use of the commercially available 39b for the coupling of aryl halides and with boronic acids in dioxane at 60 °C in the presence of
NaOBu' requiring very short reaction times.

The system was also shown to be compatible with microwave heating,’* Based on previous findings describing the use of
technical grade isopropanol as solvent for this coupling reaction,’® an investigation on the use of this environmentally friendly
solvent employing 39a, 39b, 40a, 40b and a variety of other NHC- and phosphine-bearing complexes was also reported.’” In most
cases, mild temperature (50 °C) and short reaction times were required for the coupling of 2,6-dimethylphenylchloride with
1-naphthaleneboronic acid leading to high yields of the desired product. In 2003, Glorius and co-workers reported the first system
for the coupling of electron-rich aryl chloride for the synthesis of di- and tri-ortho-substituted biaryls at room temperature making
use of bioxazoline 41 and Pd(OAc),.”° The use of this ‘flexible’ ligand has presumably a beneficial role in the reductive elimination
step by increasing the steric pressure on the palladium center. A more extended report in 2004 on this family of ligands included,
for the first time, the synthesis of tetra-ortho-substituted biaryls with methyl and larger ortho-substituents from aryl chlorides using
the Suzuki-Miyaura method.’”

Ligandless systems
The use of expensive catalysts, sometimes difficult to prepare and recover, is a concern, especially when working in large scale. Also,
as previously mentioned, the very common use of phosphine-based catalysts oftentimes brings along undesired oxidation side-
reactions and formation of difficult-to-remove phosphine oxides.>® To overcome these problems, ligandless systems are of interest
for this and other cross-coupling reactions.

Commercially available Pd(OAc); is the palladium source of choice of many of these ligandless systems. Pd(OAc), is known to
be reduced by arylboronic acids to Pd(0).”® Monteiro and co-workers reported on a system using Pd(OAc), in combination with
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the salt additive tetrabutylammonium bromide (TBAB) to promote the coupling of aryl bromides and electron-deficient aryl
chlorides with arylboronic acids at room temperature in very high yields.”® The role of the additive is not clearly understood, but
might stabilize anionic Pd species such as [Br-Pd-ligand] . A similar system was previously used by Guzzi'°° and Rehborn'®' for
the coupling of aryl bromides and aryl- and 1-alkenylboronic acids in water. Marco used microwave heating for the coupling of
activated aryl iodides, bromides, and chlorides under similar conditions. 102 [ ater, a transition metal-free system was reported for
the coupling of unactivated bromides in the presence of 1 equiv. of TBAB in water, again under microwave irradiation.'% In 2003,
Bedford determined that Pd(OAc), in a mixture of TBAB and water efficiently promote the coupling of deactivated aryl chlorides
and phenylboronic acid.'®* Potassium aryl- and heteroarylflouroborates also couple with aryl- and heteroarylbromides or triflates
in refluxing methanol in the presence of Pd(OAc), and K,COj3.'% Another common Pd source is PdCl,; Deng et al. have recently
reported on the use of PdCl, for the coupling of aryl and alkenyl bromides under very mild conditions'’® while Shen et al. have

described the use of pyridine as solvent for the coupling of aryl bromides in the presence of this Pd salt.'®”

Systems in aqueous media

The use of water-soluble palladium catalysts has attracted considerable attention, since these could be easily separated from the
organic-soluble products and remaining starting materials, once the reaction is complete. The structures of some water-soluble pre-
catalysts and ligands are shown in Figure 5. By utilizing ligand TPPS 42 in combination with Pd(OAc),, Genét et al. were able to
couple a wide range of arylboronic acids with aryl bromides.'°® No loss of activity was observed after reutilizing the catalyst three
times. Recently, Moore and Shaughnessy were able to perform the coupling of aryl bromides using more sterically demanding
modified versions of TPPTS, 43a and 43b.'°” Beller and co-workers reported on a very different class of ligands 44a and 44b bearing
a hydrophilic carbohydrate that, used in combination with Pd(OAc), and in the presence of Na,CO3, performed the coupling of
aryl bromides with phenylboronic acid in ethanol/water/di-n-butylether or ethanol/water/toluene mixtures at 78 °C."'° A similar
approach was taken for the synthesis of 45 by Miyaura.''' Shaughnessy and Booth synthesized the water-soluble alkylphosphine
46 and found it to provide very active palladium catalysts for the reaction of aryl bromides or chlorides with boronic acids.''” The
more sterically demanding ligand 47 was shown to promote the reactions of aryl chlorides with better results than 46. N3jera and
co-workers recently reported on the synthesis of di(2-pyridyl)methylamine-palladium dichloride complexes 48a and 48b and their
use in the coupling of a variety of electrophiles (aryl bromides or chlorides, allyl chlorides, acetates or carbonates) with alkyl- or
arylboronic acids very low catalyst loadings at 100 °C.'"? Palladium-oxime catalysts 8a and 8b have also been developed.
In conjunction with TBAB, these permit the coupling of aryl chlorides with phenylboronic acid in water.””

Supported and heterogeneous systems

Heterogeneous Pd catalysts can activate the C-Cl bond in aryl chlorides for the Suzuki-Miyaura reaction, presumably due
to a synergistic anchimeric and electronic effect that occurs between the Pd surface and the aryl chlorides. Pd on carbon has
been found to be a very effective pre-catalyst for a variety of substrates even under very mild reaction conditions and aqueous
solvent mixtures."'* In 2001, Kabalka and co-workers described that Pd powder and KF as base were useful to couple aryl iodides
with arylboronic acids in methanol.''” At the conclusion of the reaction, Pd metal could be recovered by simple decantation.
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Figure 5 Some water-soluble pre-catalysts and ligands used in the Suzuki-Miyaura reaction.
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Figure 6 Some supported pre-catalysts and ligands used in the Suzuki-Miyaura reaction.

The use of microwave irradiation accelerates the reaction by decreasing reaction times from hours to minutes.''® Catalyst
loadings as low as 0.005 mol% have been reported when using an air-stable Pd on activated carbon catalyst for the coupling of
aryl bromides and boronic acids, with high activity for activated chlorides (TON up to 36000)."'” In recent years, palladium
nanoparticles have also been used as catalysts for Suzuki-Miyaura reactions.''® The high surface/volume ratio makes them ideal
for heterogeneous applications.

Recently, a Pd(0)-Y zeolite system has been reported by Artok and Bulut. In general, aryl bromides coupled with arylboronic
acids at room temperature in a DMF/H,O solvent mixture.''” The catalyst could be recovered by filtration, but in order to obtain
high yields of coupling product the temperature had to be raised to 50 °C. Regeneration of the catalyst by consecutive treatments
with O, and H, was required to obtain high yields after the second use.

Another class of anchored catalysts is linked to the support through the ligand (Figure 6). Poly(ethyleneglycol)-polystyrene
resin-supported palladium monophosphine complex 49 was used to catalyze the coupling of allyl acetates and aryl halides with
arylboron compounds in aqueous media.'’° An N-heterocycle carbene analog, compound 51, prepared from the reaction of
poly(imidazoliummethyl styrene)-sg-PS resin 50 with Pd(OAc), in a DMF/H,O mixture at 50 °C for 2 h is also an efficient system.
In DMF/H,0 mixtures 1:1, compound 51 efficiently catalyzed the coupling of aryl iodides with phenylboronic acid. Catalytic
activity of the recovered catalyst decreased slightly in its second and third use under the same reaction conditions.

Non-palladium-based systems

Along with palladium, several metal-based catalysts have been used for the Suzuki-Miyaura reaction. Zhou and Fu have reported
on the use of Ni(COD), and bathophenanthroline for the coupling of unactivated secondary bromides and arylboronic acids in the
presence of KO'Bu.'?' Unactivated alkyl iodides couple with aryl- or alkenylboronic acids under the same conditions. The same Ni
precursor was used by Yu and Hu in combination with PCy; for the coupling of aryl and alkenyl arenesulfonates and arylboronic
acids at room temperature.'?>'?* Monteiro and co-workers have made use of NiCl,(PCys3), to report the first Ni-based system for
the coupling of aryl tosylates and arylboronic acids.*'” Chang has recently reported on a heterogeneous system consisting of
Ru/Al,O3 and NaOH in a solvent mixture DME/H,O for the coupling of aryl iodides and arylboronate esters at 60 °C."?* Paetzold
has described the catalytic cross-coupling of aromatic carboxylic anhydrides or acid chlorides with triarylboroxines under
decarbonylation, giving rise to the unsymmetrical biaryls rather than the expected diaryl ketones. This new system, which requires
temperatures of 160 °C, is catalyzed by a combination [Rh(ethylene),Cl],/KF, and can be applied to aromatic, heteroaromatic, and
vinylic carboxylic anhydrides.'”® You and co-workers have recently reported on the platinum-catalyzed Suzuki-Miyaura coupling
of aryl iodides and arylboronic acids using Pt(PPhs)4 and Cs,CO5 in DMF at 120 °C."*°

Reactions with Organostannane Reagents: The Migita—Kosugi-Stille Reaction

The palladium-catalyzed cross-coupling of organostannanes, discovered by the Kosugi-Migita'>” and Stille'*® groups, is a very

versatile and general carbon-carbon bond-forming reaction,'”?” a special feature of which is its high chemoselectivity due to the
relative inertness of the C-Sn bond. This is evidenced by the drastic reaction conditions, sometimes required for the cross-coupling.
The growing availability of organostannanes and their stability to moisture and air have contributed to the widespread use of this
coupling reaction. On the other hand, a disadvantage of this reaction is the toxicity of organotin reagents, which makes the
coupling less attractive for large-scale processes. Tin reagents containing more alkyl groups and smaller alkyl chains show an
increased toxicity.'*° This drawback is limited, owing to some recent results showing that tin derivatives of lower toxicity can be
used.””' The tolerance of the Stille reaction toward most functional groups makes it particularly effective for the synthesis of
complex and functionalized molecules,**'** macrocycles,** and polymers.'*” Some examples of compounds that include a Stille
cross-coupling step in their synthesis are shown in Figure 7. Excellent publications are also available in the literature addressing
mechanistic issues of this reaction.'**

New coupling partners

In 1999, the first general method for Stille cross-couplings of aryl chlorides was reported by Fu and co-workers.'*” The reactions
were catalyzed by a combination Pd,(dba)s/P(‘Bu)s in the presence of TBAF and CsF, at 100 °C in dioxane. Phenyliodoinium
dipoles have been described as suitable electrophiles for the coupling with aryltrimethylstannanes'*® and alkylstannanes.'’
Heterobenzylic sulfonium salts have also been used.'*” Recently, Dubbaka and Vogel have reported on the coupling of sulfonyl
chlorides and organostannanes in good yields.'*" A combination of Pd,(dba)s, tri-(2-furyl)phosphine, and CuBr- Me,S was used
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Figure 7 Some compounds that include a Stille cross-coupling step in their synthesis.
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in refluxing tetrahydrofuran (THF) or toluene to carry out the reaction. In a one-step synthesis, Duchéne and co-workers have been
able to prepare o-pirones from acyl chlorides with a Stille coupling,'*> while Guillaumet and co-workers recently reported on the
coupling of vinyl- and arylstannanes with electron-deficient methylthioether heteroaromatics.'* This reaction was carried out with
Pd(PPhs), in the presence of CuBr-Me,S. New organostannanes have been employed by Rodriguez and co-workers in the in situ
preparation and activation of monooganostannanes and their coupling with alkenyl or alkyl triflates in the presence of TBAF as a
fluoride source to generate the ‘hypervalent’ organostannanes species that undergo the transmetallation.'** By using a combination
of Pd,(dba);, PPh;, and TBAF, Kosugi and co-workers were able to couple compounds of the general formula ArSnBu,Cl with aryl
halides.'*® Osio Barcina and co-workers have recently reported on the coupling of hypervalent reagents with formula
(n-BuyN)*(R'3SnF,)~ (R'=aryl, benzyl) with vinyl and aryl triflates.'*® The hypervalent reagents are easily prepared by reaction
of R';SnF and TBAF. Very recently, Kim and Yu reported on the Stille coupling of electron-deficient aryl fluorides with a variety of
organostannanes in the presence of Pd(PPhs), in DMF at 65 °C with yields in the range 28-65%.""

Palladacycle complexes as catalysts precursors

In 1996, Louie and Hartwig demonstrated that palladacycle 1 (Figure 2) could also be used in the Stille coupling of aryl bromide
substrates.'*” A turnover of 1650 could be achieved in the reaction of 4-bromoacetophenone and PhSnMes. Complex 1 turned out
to be very active for solid-phase Stille reaction of aryl bromides with polystyrene-bond stannyl components.'*® Bedford reported in
2002 that a combination of palladacycle 3a and PCyj; in the presence of K3PO, in dioxane allowed for the coupling of unactivated
aryl chlorides and aryl and vinyl stannanes at 100 °C in very high yields. Interestingly, the same results were obtained when the Pd
source employed was Pd(OAc), in the same ratios Pd:P."*’ Recently, Taylor and co-workers have reported on the synthesis of a
series of palladacyclopentadiene complexes 52 (Figure 8) with mono- and didentate imidato ligands.'*® A screening for the
coupling of benzyl bromide and (Z)-vinnylstannyl carboxylate at 60 °C showed that the tetrahydrothiophene ligand was the best
for all of the imidate complexes, indicating that ligand dissociation is probably crucial for the reaction to proceed.

Catalytic systems composed of Pd(0) or Pd(n) and phosphines

A variety of palladium(0) or palladium(i)/phosphine systems have been used as catalyst precursors (Figure 9). Triphenylpho-
sphine was usually the ligand of choice until Farina showed in 1991 that the use tri-(2-furyl)phosphine enhanced reaction rates." '
The positive effects of additives such as copper salts'*? and diethylamine'>* have been described. In 1997, Shirakawa and Hiyama
reported on the use of the iminophosphine 53 in combination with [Pd(allyl)Cl], in THF at room temperature for the coupling of
aryl halides and alkynylstannanes.'®* Mechanistic studies showed that the reaction of an alkynylstannane proceeds through an
unprecedent catalytic cycle, which involves an oxidative addition of the organostannanes to the Pd(0)-iminophosphine complex.
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Figure 8 Palladacyclopentadiene complexes with mono- and didentate imidato ligands.
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Figure 9 Palladium/phosphine systems used as catalyst precursors in Stille coupling.
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Maleczka and co-workers have performed very extensive work on systems catalytic in the organnostannane reagent.'*> In 2002,
Scrivanti and co-workers reported on the synthesis of iminophosphine-palladium(0) complexes 54a-d as catalysts for the Stille
reaction of iodobenzene with tributylvinylstannane or tributylphenylethynylstannane.'>® In most cases, the addition of 1 equiv. of
the corresponding free ligand 55a-d to the reaction mixture increased the reaction rate. Interestingly, very similar results were
obtained when combinations of Pd(OAc), and free ligand were used. In 2004, Verkade and co-workers reported on a system for
the coupling of activated and unactivated aryl chlorides and aryl and vinylstannanes: a combination Pd,(dba);/28 or 56 in the
presence of CsF of Me,NF in dioxane at 100-110 °C.**”

Cheng and co-workers reported on an efficient method for the coupling allenylstannanes with aryl or alkenyl iodides for the
preparation of various monosubstituted arylallenes, disubstituted allenes, and alkenylallenes.'>® The reactions were carried out in
the presence of Pd(PPhs), and LiCl using DMF as solvent at very mild temperatures (25-50 °C). The same year, Larebours and Wolf
described the use of complex 58 for the coupling of aryl bromides and chlorides and phenyltrimethylstannane in water at
135-140 °C in the presence of Cy,NMe.'*’

One of the major breakthroughs in the Stille reaction was reported by Fu and co-workers in 2002. They used Pd/P(‘Bu); in a 1:2
ratio as a very reactive catalyst for Stille reactions of aryl bromides and chlorides.'°® An unprecedented array of aryl chlorides could
be cross-coupled with a range of organotin reagents, including SnBu,. Tetra-ortho-substituted biaryls could be synthesized using this
system, and aryl chlorides could be coupled in the presence of aryl triflates. When the commercially available Pd(P(‘Bu)s), was
used, excellent yields were obtained. Pd/P(‘Bu)s also functions as an active catalyst for Stille reactions of aryl bromides with vinyl-,
alkynyl-, and arylstannanes, furnishing the first general method at room temperature for these cross-couplings. Later, these
researchers established that, in the presence of PCy(pyrrolidinyl), (pyrrolidinyl = 1-pyrrolidinyl), Stille cross-couplings of alkyl
bromides and iodides not only with vinyl stannanes, but also with aryl stannanes could be accomplished.'®' Changing the
phosphine to P(‘Bu),Me or to the corresponding phosphonium salt, the Stille cross-soupling of alkenyltin reagents and functio-
nalized alkyl bromides possessing B-hydrogens at room temperature was also possible.'

In 2003, Fairlamb and co-workers reported on the synthesis of complex 57 as a novel catalyst for Stille reactions.'®* The complex
is prepared in one step from Pd,dba; - CHCl;, PPhs, and N-bromosuccinimide, and catalyzes the coupling of allylic and benzylic
bromides with a variety of organostannanes in toluene at 60 °C.

Catalytic systems composed of Pd(0) or Pd(n) and N-heterocyclic carbenes

In 2001, Nolan described the palladium/imidazoilium salt-catalyzed coupling of aryl halides with hypervalent organo-
stannanes.'® The imidazolium salt 36 in combination with Pd(OAc), and TBAF was found to be most effective for the
cross-coupling of aryl bromides and electron-deficient aryl chlorides with aryl and vinyl stannanes. The same year, Herrmann
and co-workers prepared a series of mixed palladium (1) complexes bearing N-heterocyclic carbenes and alkyl or arylphosphines. '
Complex 59 was identified as the most active catalyst for the coupling of aryl bromides, but failed in the case of aryl chlorides.

Other systems

Triphenylarsine is commonly used as a replacement for phosphines.''® In 1995, Roth and Farina described the coupling reaction of
aryl and vinyl iodides, triflates, and bromides with organostannanes using Pd on carbon in the presence of Cul and triphenylar-
sine.'®® Recently, Handy and Scott reported on the Stille coupling of aryl iodides and bromides with a variety of organostan-
nanes.'®” The reaction was carried out in 1-butyl-3-methylimidazolium tetrafluoroborate, at room temperature, in an ionic liquid,
in the presence of PdCl,(PhCN),, Cul, and AsPhj; at 80 °C. The facile recycling of solvent and catalyst system allowed for its use, at

least five times with little loss of activity.

Reactions of Terminal Alkynes

In 1968, Stephen and Castro reported on the direct introduction of sp?-carbon to alkynes by the reaction of Cu acetylides with aryl
and alkenyl halides to arylalkynes and alkenylalynes.'®® Cassar'®” and Heck,'”® and later Sonogashira'”" found that the coupling
of terminal alkynes with halides can proceed smoothly by using Pd catalysts. Sonogashira and Hagihara found that the addition of
Cul as co-catalyst gave better results; this is the basis for what now is known as the Sonogashira reaction.''”? The reaction follows
the general Scheme 1; the transmetallating species, Cu-acetylide, is formed from the in situ reaction of Cul and the 1-alkyne
(Scheme 3, path A). Alternatively, a less likely Cu-free mechanism can also be involved. In this case, carbopalladation (or insertion)
of a triple bond with R-Pd-X generates an alkenylpalladium intermediate that undergoes dehydropalladation (path B).

Trialkylsilanes are commonly used as protecting groups for terminal alkynes. The low polarization of the C-Si bond makes
them stable to classical Sonogashira reaction conditions. An added advantage is that many alkynylsilanes are commercially
available, for example, trimethylilylacetylene (TMSA), triethylsilylacetylene (TESA) and triisopropylsilylacetylene (TIPSA).'
Once the coupling reaction with a haloarene is complete, the trialkylsilyl group can easily be removed in situ with aqueous or
methanolic KOH or K,COs,'”? affording a new enlarged terminal alkyne that can be coupled again if necessary. Alkynylsilanes can
also be used for direct cross-coupling with haloarenes (see Alkynylsilicon reagents).

The Sonogashira coupling reaction
The Sonogashira reaction has become the most widely used of the palladium-catalyzed alkynylation methods due to its generality
and reliability, particularly in the context of total synthesis. Some recent examples are shown in Figure 10.'7*
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Figure 10 Some compounds that include a Sonogashira coupling step in their synthesis.

Palladacycle complexes and systems composed of Pd(0) or Pd(i) derivatives and N-heterocyclic carbenes as catalysts precursors
Herrmann reported using 0.1 mol% of palladacycle 60 (Figure 11) for the coupling of aryl bromides and terminal acetylenes at
90 °C with no added Cul.'”” The Néajera group reported on two different systems for the Sonogashira reaction. The first system
consisted in the use of the oxime palladacycles 7a-f at elevated temperatures, without the aid of Cul or an amine base, for the
coupling of aryl iodides and bromides."”® They also reported on the use of complex 48b in aqueous media for the coupling of aryl
iodides and bromides and terminal acetylenes in excellent yields.''**

Regarding the use of N-heterocyclic carbenes, complex 32 was used by Herrmann and co-workers for the coupling of activated
aryl bromides with phenylacetylene in the presence of Et;N at 90 °C.%” Cavell and McGuiness made use of complexes 61 and 62 for
the coupling of activated aryl bromides under the same conditions.'”” Complex 61 performed better than the biscarbene 62,
presumably due to a less crowded environment around the palladium center. Complex 63 was designed by Crabtree and co-
workers, and tested in combination with Cul for the coupling of aryl iodides and bromides. Iodobenzene coupled in very high yield
and short reaction time, while the activated bromide 4-bromoacetophenone did not lead to any coupling product.'”® An additional
example of the use of NHC-bearing complexes for the Sonogashira reaction is complex 64, which allowed for the coupling of
deactivated bromides with a variety of terminal acetylenes in the presence of Cul and PPh; in DMF at 80 °C.'”? The reactions could
be carried out at room temperature, when coupling activated and unactivated aryl iodides. Andrus and co-workers recently reported
on the coupling of unactivated aryl iodides and bromides with a variety of terminal acetylenes using a combination of phenantryl
ligand 65 and Pd(PPhs),Cl,, in the presence of K'OBu in refluxing THF in good yields (Figure 11).'%°
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Figure 11 Palladacycle complexes and Pd/ N-heterocyclic carbene systems as catalysts precursors.

Catalytic systems composed of Pd(0) or Pd(i1) and phosphines

The most common utilized ligands for the Sonogashira reaction are phosphines, especially PPh;. For example, Draper and Bailey
reported on the use of Pd(PPh;),Cl, for the coupling of aryl iodides and phenylacetylene at room temperature in the presence of
Cul and Et;N using THF as solvent.'®' The same catalyst was used by Novak and Kotschy for the first cross-coupling reactions on
chlorotetrazines to furnish a variety of alkynyl tetrazines in good to moderate yield."®*

Due to their success in other coupling reactions, electron-rich and/or phosphines have been applied with great success.
Buchwald and Fu reported on the use of P(‘Bu); in combination with Pd(PhCN),Cl, and Cul for the coupling of electron-rich
aryl bromides and phenyl and alkylacetylenes using 'Pr,-NH in dioxane at room temperature,'®* and Herrmann used the same
phosphine, this time simply with Pd,(dba)s, in EtzN at room temperature, for the coupling of aryl bromides.'®* Recently, Plenio
and co-workers have used the phosphonium salt (1-Ad),PBn- HBr in toluene at 120 °C in the presence of Na,CO5 and Cul, with
Na,PdCl, as the palladium source.'®> Netherton and Fu also used a phosphonium salt in combination with Cul, [PH(‘Bu)3]|BE,,
for the coupling of 4-bromoanisole and phenylacetylene in nearly quantitative yield at room temperature.®®

Acetylene surrogates

Acetylides of other main group metals such as B (Suzuki-Miyaura coupling), Mg (Kumada-Corriu coupling), Si (Hiyama
coupling), Sn (Kosugi-Migita-Stille coupling), and Zn (Negishi coupling) have been found to be suitable partners. In-,'*°
Ag-,"%" Al-,"*® and Ge-'* containing acetylides have also been investigated for potential cross-coupling capabilities. The coupling
of these species with halides proceeds without Cu. As in most of the literature regarding the reactions of terminal alkynes, these
couplings will be discussed in this section since the same products are obtained by this method and the Sonogashira reaction.

Alkynylsilicon reagents
As previously mentioned, organosilicon reagents have been used extensively for the protection of terminal acetylenes, due to their
stability to classical Sonogashira reaction conditions. On the other hand, in the presence of fluoride ions, pentacoordinate silicate
intermediates are formed, which undergo transmetallation in the presence of palladium catalysts (see section ‘Reactions with
Organosilicon Reagents: The Hiyama Reaction’). More recently, it has been found that alkynylsilanes cross-couple with organo-
halides in the presence of catalytic amounts of CuCl and Pd(PPhs), in DMF through an organocopper intermediate as in the
Sonogashira reaction. This modification is known as the ‘sila-Sonogashira-Hagihara’ coupling, and it has been used for the
coupling of aryl'*° and alkynyl'”" triflates at 80 °C in modest yields. Activated chlorides can be coupled, also in modest yields, by
increasing the temperature to 120 °C and using Pd(dppb)Cl, as palladium source. Under similar conditions but in the absence of
palladium catalyst, the couplings of arylchloroethynes,'*” acyl chlorides,'”> and alkenyl halides'** with alkynylsilanes have also
been reported.

Nolan and co-workers reported on the coupling of arylbromides with TMS acetylenes making use of the imidazolium salt 34 in
combination with Pd(OAc), and Cul.'”” Slightly lower yields were obtained in the absence of the copper salt. Ag,O and Agl,
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instead of copper salts, have also been used with Pd(PPhs),4 for the coupling of aryl iodides with bis(TMS)alkynes'’® and the
coupling of vinyltriflates with a variety of alkynylsilanes,'”” respectively.

Alkynyltin reagents

Preparation of alkynyltin reagents is typically achieved by lithiation of the corresponding terminal acetylene or by formation of
the alkynylmagnesium reagent, followed by transmetallation with trialkyltin chloride.'® The process can be performed to generate
the tin species in situ, prior to the coupling with the organic electrophile. Alternatively, these can be prepared by reaction of the
acetylene with RSnNR',."”"

Some of the most common catalysts for this coupling are Pd(PPhs), and Pd(PPh;),Cl,. The first one has been used for the
coupling of alkenyl,”°*?°" aryl,”°? and heteroaryl’®* iodides and alkenyl’** and aryl triflates”*>>°® with alkenyltin reagents under
mild reaction conditions (50-80 °C) leading to high yields, while Pd(PPhs),Cl, has been used for the coupling of alkenyl*®”*%%
and aryl’® iodides at room temperature. Other palladium reagents have been used in this reaction: Pd(MeCN),Cl,,”'%*"!
Pd(PhCN),Cl,,?"? Pd,(dba);,>"? PdBn(PPh;),Cl,*'* and iminophosphino catalyst 66.>'°

Alkynylmagnesium reagents

In addition to their use as precursors for alkynylboron, tin or zinc compounds, alkynylmagnesium reagents show a moderate
reactivity toward the coupling with haloarenes and haloalkenes.?'® They are often commercially available, or easy to prepare. Their
main drawback is their low chemoselectivity and high nucleophilicity, which implies incompatibilities with functional groups such
as nitro and carbonyl.

Aryl and heteroaryl iodides coupling with alkynylmagnesium reagents can be performed in the presence of Pd(PPhs),, in
THF, at room temperature,”’” while the coupling of aryl triflates has been reported to proceed smoothly using Pd(alaphos)Cl,
as catalyst, in combination with LiBr in Et,O in toluene achieving high yields at mild temperature (30 °C) (where alaphos=
(2-dimethylamino)propyldiphenylphosphine).?'® With the same system, the coupling of aryl iodides can be performed with no
LiBr added. Very recently, Luh and co-workers reported on a system that uses a combination of Pd,(dba); and PPh; for the
coupling reactions of unactivated alkylbromides and iodides with an alkynylmagnesium reagent in THF at 65 °C.”"°

An example of a non-palladium-based system was reported by Madec et al. They made use of Ni(PPhjs),Cl, for the coupling of
vinylcarbamates and alkynylmagnesium reagents in benzene at higher temperatures (70 °C), and obtained good yields of
product.”*°

Alkynylboron reagents
In 1995 Soderquist®®' and Fiirstner’*” independently reported that alkynylborates 67, prepared in situ from 9-OMe-9-BBN and
alkynylmetals, effectively cross-couple with aryl and alkyl bromides using a Pd catalyst under base-free conditions at 60 °C.
Soderquist and co-workers also reported on the synthesis of alkynylborinates 68, which are easier to isolate (Figure 12).7%’
Lithium alkynyl(trialkoxy)borates have also been found suitable partners for this reaction, and have been successfully coupled
with aryl bromides,”**?*° iodides,”*® and allyl carbonates.””” Molander recently reported on the coupling of alkynyltrifluorobo-
rates with aryl bromides, triflates, and chlorides in moderate yields using Pd(dppf)Cl, as catalyst and Cs,CO5 as base, in THF or
water at 60 °C.”**

Alkynylzinc reagents
In the late 1970s, Negishi and co-workers found that alkynylzincs gave superior yields and increased reaction rates over other
alkynylmetals in cross-coupling reactions with organic electrophiles,””” making this cross-coupling commonly referred to as the Negishi
coupling (see Pd- or Ni-catalyzed Reactions with Organozinc Reagents: The Negishi Coupling). This protocol should be considered
especially in cases involving electron-withdrawing groups conjugated to the alkyne, where it has been proved superior to the Sonogashira
protocol.”*° The alkynylzinc reagent can also be prepared in situ form terminal alkynes by addition of ZnCl, as a co-catalyst.”*’
Alkenyl iodides can be coupled with organozinc reagents in moderate to good yields at room temperature using
Pd(MeCN),Cl,,>*? Pd(PPh;),,**” or a combination of Pd(dba), and P(2-furyl);.>>* Alkenyl bromides can be coupled in very
good yields using Pd(DPEphos)Cl, in THF at 0 °C,”** and alkenyl triflates using Pd(PPhs), at room temperature.”*° This last
example also included the coupling of heteroaryl and alkynyl iodides with alkynylzinc reagents.
Aryl iodides also couple with organozinc reagents at room temperature in the presence of Pd(PPhs), in THF.?'? An increase in
temperature is required when multiple electron-donating groups are present.””” Acyl chlorides also couple at room temperature

R R o)
__OMe s PMe “PPri,
B M* B-0 M* Pd
\
V% V% TR
67 68 69

Figure 12 Alkynylboron reagents 67 and 68 and pincer palladacycle 69.



C-C Bond Formation by Cross-CGoupling 17

using the same catalyst/solvent system.””® As an example of an in situ system, Eberhard and co-workers were able to couple a variety
of aryl chlorides with phenylacetylene using pincer palladacycle 69 (Figure 12) in the presence of ZnCl and Cs,COj at 160 °C, in
19-91% yield.”*” Very recently, Sad and co-workers reported on the synthesis of ynamines in high yields by Negishi coupling of
terminal alkynyl amides with heteroaryl iodides in the presence of Pd,(dba); and PPh;.”*°

The Cadiot-Chodkiewicz reaction

Haloalkynes can cross-couple with alkynylcopper species to give unsymmetrical 1,3-butadiynes, with or without the need of Pd
complexes. This cross-coupling takes place in a pyridine solution at room temperature, being analogous to the Stephen-Castro
coupling.”*" The reaction between a terminal alkyne and a haloalkyne using a catalytic amount of Cu(1) salt in an amine base is
known as the Cadiot-Chodkiewicz reaction.”*? Slow addition of the halide is often required to minimize homocoupling as a side-
reaction, and usually NH,OH - HCl is added as a reducing agent. A list of recent examples in the literature is shown in Table 3.743-48
The amount of homocoupling byproducts can be reduced by introducing a palladium co-catalysts such as Pd(OAc),,**’
Pd(PPh;),Cl,,**° or PA(PPhs),,”*" and carrying out the reactions under anaerobic conditions.

Reactions with Organomagnesium Reagents: The Kumada-Tamao—Corriu Reaction

The first organomagnesium reagents were prepared over 100 years ago by Grignard, and still occupy an important place in organic
chemistry.””> Kumada®>® and Corriu”>** independently reported on their application in nickel-catalyzed cross-coupling reactions
with aryl and alkenyl halides. Thus, this coupling reaction is nowadays recognized as the Kumada-Tamao-Corriu reaction.' >’

Table 3 Recent examples of Cadiot—Chodkiewicz reactions in the literature

Haloalkyne Terminal alkyne Conditions References
Ph Br Bu'MesSi —=—H CUCH,EtNH,,NH,OH-HCL,BUNH, H,0
HOQ, o | EtNHy ,NH, OH-HC1,BUNH, H,0 243
=B PrySi —=—H CuCl,EtNH;,NH, OH-HCI,BuNH, H,
Me;N EtyS| —=—H CUCHEtNH,,NH,OH-HCIBUNH, H,0
A ——- 3 ’ 2,112 ’ 22112
HO HO OM
>%3, ,—< CuCl, EtNH,, NH,0H - HCI, MeOH 244
= Hex =H
HO TBOMSO,
Hex =—gr )TH CUCH, EtNH,, NH,0H - HCI, H,0, MeOH 244
H H
x> __F (i) MeLi, THF, CuCl, =78 °C "
7 N (il) pyridine
Me_],Si' Br
SiPr'y
V4 (i) BuLi, THF, 78 °C
Me,Si————©6r _ (i) CuBr, pyridine 247
N =—H
H &7 _H
— . Z (i) BuLi, THF, =78 °C
Pr'ySi—=——8r \%/ (ii) CuBr, PrNH, 28
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As previously mentioned, organoboron, tin, and zinc reagents are usually prepared from organolithium or organomagnesium
reagents. Therefore, the direct couplings of these reagents are more atom economical and convenient. However, the limited access
to functionalized organomagnesium reagents considerably lowered the interest and development of this reaction, since no method
was available for preparing polyfunctional organomagnesium reagents. The halogen-magnesium exchange reaction,”*° developed
in the 1930s, has recently resurfaced as a general method for preparing a wide range of functionalized organomagnesium
compounds.””” Also, work in the late 1990s proved the compatibility of the C-Mg bond with a number of sensitive electrophilic
functional groups.””® Because of these two factors, an impressive amount of very significant contributions have appeared in the last
5 years with very exciting improvements in the Kumada-Tamao-Corriu cross-coupling reaction.

Nickel-based systems

In 2000, Hermann and co-workers reported on the nickel-catalyzed cross-coupling of unactivated aryl chlorides with aryl Grignard
reagents at room temperature in excellent yields.””” The system consisted in the use of Ni(acac), in combination with either
P('Bu)s, 34, or 36 in a 1:1 ratio of Ni to ligand in THF. Li and Marshall showed that air-stable phosphine sulfonides or oxides in
combination with Ni(COD), were suitable ligands to catalyze the cross-coupling of unactivated aryl chlorides with aryl
Grignards.”*°

By using a variety of chiral ligands 70-72 (Figure 13), Hayashi and co-workers reported on the asymmetric cross-coupling of
dinaphtothiophene with a variety of Grignard reagents to give axially chiral 1,1’-binaphthyls.”®' These reactions were carried out at
room temperature using Ni(COD), as the nickel source, with 54-97% yield and 14-95% ee. They later reported on the asymmetric
synthesis of axially chiral biaryls with the same system, but this time using dibenzothiophenes as the starting materials.”®”

Grignard reagent 73 (Figure 13) in ca. 90% ee was coupled with vinyl bromide using either Ni(0) or Pd(0) catalysts in THF
at —78 °C to give the corresponding product with full retention of configuration (ee =88-89%).?°* The use of Fe- or Co(acac);
leads to considerable racemization. Also, Ni complexes allowed for higher yields than when their Pd congeners were used.

Alkyl bromides and tosylates can be efficiently coupled with a variety of R-MgBr (R=primary or secondary alkyl, aryl) in the
presence of NiCl, and 1,3-butadiene as additive instead of a phosphine ligand.?** Alkyl fluorides can couple with the same types of
Grignard reagents in similar conditions, even when using CuCl, as catalyst.”®” It was shown later that the selection of the additive is
critical, since the use of N,N-bis(penta-2,4-dienyl)benzylamine as additive allowed for a drastic reduction in catalyst loading for the
coupling of n-nonylfluoride and n-PrMgBr.>*°

Dankwardt and Miller reported on the coupling of modified alkyl and alkenyl Grignard reagents with aryl and heteroaryl nitriles
for the preparation of styrene and alkyl arene derivatives. The reactions were carried out using NiCl,(PMes), in refluxing THF.”®’
Alkyl tosylates have also been reported to couple with aryl Grignards in the presence of Ni(dppf)Cl, in refluxing THF leading to
moderate to good yields (43-85%).°® Dankwardt also described the use of NiCl,(PCy), for the coupling of aromatic alkyl ethers
with aryl organomagnesium reagents.”®” The reaction supported functionalities such as alcohols, amines, enamines, and N-
heterocycles in the aromatic ether substrate. It was also found that alkyl and alkenyl Grignard reagents were not suitable partners
for this system.

Iron-based systems

The use of iron salts as catalysts for cross-coupling reactions was already reported by Kochi and co-workers in 1971,%’® although
little attention was given to this possibility in the following decades. A renewed interest has risen in the last 5 years in the use of
cheap, stable, commercially available, and toxicologically benign iron salts in the Kumada-Tamao-Corriu reaction. In 1998,
Cahiez showed that organomagnesium reagents readily reacted with alkenyl iodides, bromides, or chlorides in the presence of
Fe(acac); and NMP at —5 to 0 °C, with high stereo- and chemoselectivity and group tolerance.””' The method is of special interest
when functionalized arylmagnesium reagents are used, since Ni(0)- or Pd(0)-catalyzed reactions require temperatures above 20 °C,
resulting in the destruction of sensitive functions either in the substrates or the product.?’*

Recently, Alami, and Figadere reported on the iron(i)-catalyzed cross-coupling of chloroenynes with alkyl Grignards to
synthesize a variety of substituted quinolines, using very mild conditions, using Fe(acac)s.””> The same system was later used for
the cross-coupling reaction of 1,1-dichloro-1-alkenes with Grignard reagents,”’* leading mainly to the dicoupled products in good
to excellent yields. Fe(acac); was also used by Nagano and Hayashi for the coupling of aryl organomagnesium reagents with
primary and secondary alkyl bromides possessing B-hydrogens in refluxing diethyl ether.””> Nakamura and co-workers reported on
the FeCls-catalyzed coupling of primary and secondary alkyl halides with the same Grignard reagents in THF, using N,N,N’,
N'-tetramethylethylenediamine (tmeda) as additive, leading to excellent yields.?”®

PPh2 PPhZ PPh, MgCl
/- Ph
73

70 7 72
Figure 13 Chiral ligands (70-72) and reagent (73) used in Kumada reactions.
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Firstner has most recently contributed to the development of iron-catalyzed Kumada-Tamao-Corriu reactions. A series of key
articles have appeared addressing different aspects of the reaction: mechanism, scope, and applications. In 2002, taking recent
advances in the field of ‘inorganic Grignard reagents’ into consideration,””” Fiirstner suggested the catalytic cycle depicted in
Scheme 4 (spatial distribution of the ligands is arbitrary for sake of clarity).””® The mechanism depicts the reaction of FeCl, with 4
equiv. of RMgX to produce a new species of formal composition [Fe(MgX,)], which implies that the reduction process generates
Fe(11) centers, very nucleophilic, that insert into the aryl halide to initiate the cycle. The reactions carried out for the coupling of aryl
chlorides, tosylates, and triflates showed to be virtually independent of the chosen iron salt, and the authors decided to use
Fe(acac); for sake of convenience. On the other hand, the system was found to be highly dependant on the nature of the
nucleophile; secondary alkyl Grignards reacted better with Fe(salen)Cl complex 74 (Figure 14). In all cases, the couplings were
performed in THF/N-methylpyrrolidone (NMP) mixtures, and the products were obtained in very good yields. A more extended
report was published shortly after remarking on the compatibility of a large variety of functional groups.””” Enol triflates, acid
chlorides, and dichloroarenes are also suitable partners for the reaction.?®® This catalytic system was used in the total synthesis of
the natural product latrunculin B*®' and the inmunosuppresive agent FIY720 (Figure 15).>%*

Following these results with the salen complex, Bedford reported on the synthesis of a series of Fe(1)-salen-type complexes and
the use of one of them, 75 (Figure 14), for the coupling of aryl Grignard reagents with primary and secondary alkyl halides, in Et,O
at 45°C.”® Firstner subsequently reported on the use of the tetrakis(ethylene)ferrate complex [Li(tmeda)],[Fe(C,Hy)4] to
effectively catalyze the cross-coupling of alkyl halides with a variety of aryl Grignard reagents in THF at —20 °C in excellent
yields.?%*

Palladium-based systems

In 1999, Huang and Nolan reported the first example of cross-coupling of unactivated aryl chlorides, bromides, and iodides with
aryl Grignard reagents in excellent yields. The reactions were mediated by a combination of Pd,(dba); and imidazolium salt 36 in a
1 : 4 ratio, in a THF/dioxane mixture at 80 °C.”° Li reported on the use of a combination of Pd,(dba); and phosphine oxide
P(‘Bu),0, generated in situ from the reaction of P(Bu'),Cl and H,O, for the coupling of unactivated aryl chlorides with

FeCI2
= 4RCH,CH,MgX

N\ RCH,CH + RCH=CH,
+ RCHzCHzCHzCHzR * 2MgX2

Fe(MgX), R
R-R!
ng2
i R-Fe— (MgX)
R —ff‘e-(MgX)
(MgX)

R'MgX

Scheme 4 Catalytic cycle for the iron-catalyzed Kumada reaction suggested by Fiirstner.
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Figure 14 Fe(salen)-type complexes (74,75) and chiral ligand 76.
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Figure 15 Latrunculin B and the inmunosuppresive agent FTY720.
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Scheme 5 Pd(dppf)Cl, catalyzed synthesis of polyconjugated polymers.

o-tolylmagnesium bromide at room temperature.”” For the first time, lithium triarylmagnesates were coupled with heteroaryl
bromides by Dumouchel et al. in the synthesis of 2-, 3-, and 4-quinolines, using Pd(dba), and dppf in THF at room temperature.”*°

Beller and co-workers developed a novel method for the palladium-catalyzed cross-coupling of alkyl chlorides and aryl Grignard
reagents with good functional group tolerance.”®” The system consisted of a combination of Pd(OAc), and PCys in a THF/NMP
mixture; the reactions were carried out at room temperature in very good yields. They also reported the first Kumada reaction of
alkyl chlorides catalyzed by a well-defined NHC-bearing complex, 40a.?*® The reactions were carried out using the same conditions
as the previous example.

Sato and co-workers described the site-selective coupling of 1,4-diiodo-1,3-alkadienes with Grignard reagents for the synthesis
of fulvenes, catalyzed by Pd(PPh;),.”*” The couplings proceeded selectively at the least hindered vinylic carbon. Asymmetric
couplings in good yields and ee were reported by Horibe et al. for the reactions of 1-phenylethylmagnesium chloride and (E)-B-
bromostyrene derivatives using the axially chiral ligand 76 and Pd,(dba)s - CHCl5.>*° Chemoselective reaction of the vinyl bromide
instead of the aryl bromide, when both are present in the substrate, was also described. Naso and co-workers recently made use of
the Kumada-Tamao-Corriu reaction as a general route to polymers.””' By using a variety of dibrominated halides and bis-
organomagnesium reagents in the presence of Pd(dppf)Cl, in refluxing THF, they were able to synthesize a series of polyconjugated
polymers (Scheme 5).

Other systems

In 2001, Knochel and co-workers described the CuCN - 2LiCl-mediated cross-coupling of functionalized arylmagnesium reagents
with functionalized alkyl and benzylic halides.?”? Stoichiometric amounts of the copper reagent, in combination with 1.9 equiv. of
P(OMe)s, were required, although the reactions could be carried out with catalytic (20 mol%) amounts of copper, but in lower
yields. Later, they reported on the CoCl,-catalyzed cross-coupling involving a variety of arylmagnesium halides and heterocyclic
chlorides, in diethyl ether and at —40 °C, achieving the desired coupling products in good yields.?’? The use of CoBr, or Col,
reduced the reaction times, but led to lower yields. Oshima and co-workers reported that Co(dppp)Cl, effectively catalyzes the
cross-coupling reaction of primary, secondary, and teriary alkyl halides with allylic Grignard reagents in THF at room tempera-
ture.””* A more detailed study was reported shortly after which included benzylic Grignard reagents.’>

Reactions with Organosilicon Reagents: The Hiyama Reaction

In contrast to other organometallic compounds, organisilicon reagents are inert to normal palladium-catalyzed conditions,
because of the low polarization of the carbon-silicon bond. Tetracoordinate organosilanes are not capable of transferring even
one of their groups to palladium, as is possible with tetracoordinate organostannanes, although Si and Sn do not differ much in
their location in the periodic table and possess similar electronegativities (1.96 for Sn, 1.90 for Si).”’° The low nucleophilic
character of organosilicon compounds is important when considering tolerance toward a wide variety of functional groups.
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One of the first indications that higher valent silanes could be useful donors in palladium-catalyzed cross-coupling reactions
was reported by Kumada and Tamao, when they observed that the dipotassium salt of pentafluorosilicate 70 could transfer its
vinylphenyl group for the palladium-catalyzed coupling with iodobenzene at high temperature (Scheme 6).%°”

The coupling of organosilicon compounds with organic electrophiles was not disclosed until 1988 by Hatanaka and Hiyama,*”®
when they demonstrated that through the addition of an appropriate silicophilic nucleophile, those desired pentacoordinate
species can be generated in situ and transfer an unsaturated group. Nucleophilic fluoride sources were found to be the additive of
choice, typically TASF, TBAF, and, in some cases, KF and CsF. These are the fundamental concepts of what is nowadays called the
Hiyama reaction.">’? The use of fluoride activation has some drawbacks such as the cost and corrosiveness of the fluoride ion
sources and their incompatibility with common protective groups. Several fluoride-free systems have been reported that employ
either other activators or other organosilicon reagents. Very recently, Denmark and co-workers have done very extensive work in
this area describing mechanistic details of the fluoride-promoted and the fluoride-free cross-coupling reactions of organosilicon
reagents with aryl and alkenyl iodides.**%*"!

Coupling of arylsilanes

In 1996, Hiyama and co-workers reported on the cross-coupling of activated aryl chlorides with aryl- and alkenylchlorosilanes 71
(Figure 16).°%? The high temperatures required to activate the aryl chlorides did not affect the organosilanes; an added advantage
that can be attributed to their relative inertness. The system could be catalyzed by a variety of phosphine-bearing palladium
complexes in the presence of either KF or TBAF as promoters.

Mowery and DeShong reported on the use of siloxanes 72 (Figure 16) as versatile transmetallation agents for Pd(dba)s-
catalyzed couplings with aryl halides and allylic alcohol derivates, in the presence of TBAF and at high temperature (95 °C).*°*
They later used aryl silatrane 73 (Figure 16) as a suitable partner for the fluoride-promoted cross-coupling with aryl triflates,
since attempts to couple siloxanes with triflates had led to hydrolysis of the aryl triflate. The system was palladium based, in
the presence of a phosphine ligand and TBAF. Interestingly, the coupling with iodides and bromides led to lower yields than the
analogous siloxane.

In 2000, Lee and Nolan described the use of the imidazolium salt 36 in combination with Pd(dba), and TBAF for the coupling
of aryl chlorides and bromides with phenyl or vinyltrimethoxysilane, using a solvent mixture 1,4-dioxane/THF at 80 °C, leading to
good yields.’*” Lee and Fu recently reported the first method for achieving Hiyama couplings of unactivated alkyl bromides and
iodides at room temperature.’’° The system worked with a combination of PdBr,, P(‘Bu,)Me, and TBAF in THF. Fu and co-workers
also reported the first metal-catalyzed cross-coupling of organosilicon reagents with secondary alkyl bromides and iodides.*°” In
this case, the catalyst of choice was NiBr, - diglyme, using bathophenantroline as ligand and in the presence of CsF as fluoride
promoter. The system also allowed for the coupling with primary alkyl halides in good yields.
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Scheme 6 Early example of the cross-coupling with an organosilicon reagent.
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Following work by Hosomi and co-workers on the use of pentavalent bis(catechol)silicates 74 for Hiyama cross-couplings with
electro-deficient aryl iodides, bromides, and triflates,’*® Seganish and DeShong reported on the palladium-catalyzed cross-
coupling of a series of aryl bis(catechol)silicates with a large variety of electron-rich and electro-poor aryl iodides and triflates.>*”
The reactions were carried out either in refluxing THF or refluxing dioxane.

Coupling of alkenylsilanes

Based on previous studies that demonstrated the ability of silacyclobutanes to access a hypercoordinate state in the presence of
Lewis bases,’'” Denmark and Choi investigated the coupling of alkenylsilacyclobutanes 75 with aryl and alkenyl iodides.’'' The
reactions were carried out in the presence of Pd(dba), and TBAF, at room temperature in THF, with excellent yields. They later
reported on the use of 1-methyl-1-vinyl 76 and 1-methyl-1(prop-2-enyl)silacyclobutane 77 as new class of alkene donors for the
coupling with aryl and alkenyl iodides.’’” The compatibility with a variety of functionalities revealed these organosilicon
compounds as very useful vinylation reagents. Vinylpolysiloxanes 78-80 (Figure 16) were found to be very useful precursors for
this reaction as well.”'* Compound 78 was selected, on the basis of cost and efficiency of vinyl transfer, for coupling with a variety
of aryl iodides in the presence of Pd(dba), and TBAF, at room temperature in THF, a selection that led to product formation in
good yields.

Alkylidenesilacyclopentanes 81, formed by intramolecular hydrosilylation of homopropargyl alcohols, are proved to be
efficient partners for the coupling with aryl or alkenyl iodides or bromides (Scheme 7).>'* The couplings led to a series of
trisubstituted homoallylic alcohols 82 in high stereoselectivities in moderate to good yields. When substrates of the type 83 are
used, o,B-unsaturated aldehyde coupling products 84 can be obtained in high yields, although the coupling conditions must be
reoptimized, as shown in Scheme 8 and the use of a hydrosilane SiH is required to initiate the catalytic cycle.’'” In a similar
fashion, cycloalkenylsiloxanes ethers 85, formed by ring-closing metathesis of alkenyldimethylsilylethers of w-unsaturated alco-
hols, can couple with various aryl and alkenyl halides in the presence of Pd(dba), and TBAF, at room temperature in THF, to yield
highly substituted unsaturated alcohols (Scheme 9).>'°

A route to synthesize medium-sized rings with an internal 1,3-cis-cis-diene unit was also developed by Denmark in good yields
and high stereospecificity.”'” Silylation of the alcohols 86 followed by ring-closing metathesis leads to substrates 87, that undergoes
an intramolecular cross-coupling reaction in the presence of [Pd(allyl)Cl], and TBAF at room temperature. Medium-sized ring
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Scheme 7 Cross-couplings with alkylidenesilacyclopentanes.
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Scheme 8 Cross-couplings with modified alkylidenesilacyclopentanes.
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Scheme 9 Cross-couplings with cycloalkenylsiloxanes ethers.
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Scheme 10  Synthesis of medium-sized ether rings with an internal 1,3-cis-cis-diene unit.

ethers 89a and 89b can also be prepared, using this approach, in good yields. No difference in rate or efficiency was observed for the
intramolecular reaction of diasteroisomers 88a and 88b (Scheme 10). The system was later applied to the total synthesis of the
natural product (4)-brasilenyne.’"®

Yoshida and co-workers have reported on the use of alkenyldimethyl(2-pyridil)silanes as versatile platforms for olefin
synthesis.”’” The combination of Mizoroki-Heck-type coupling®®’ and Hiyama cross-coupling provided a diverse range of
stereodefined polysubstituted olefins.

Fluoride-free systems

Hiyama and co-workers reported on the NaOH-promoted cross-coupling reactions of aryl and alkenylchlorosilanes with organic
halides (activated aryl and alkenyl bromides, iodides, and chlorides) in very good yields.>”" The reaction appeared to be very
sensitive to variation of the base with LiOH, KOH, and Na,COj, affording only traces of desired coupling products. The coupling
reactions took place in the presence of an excess of NaOH (6 equiv. per equivalent of silane) and catalytic amounts of Pd(OAc),
and PPh;. Phosphine-bearing palladium complexes such as Pd(dcpe)Cl, and Pd(P'Prs),Cl, also were quite effective in the coupling
of alkenylchlorosilanes with aryl chlorides.

Mowery and DeShong used the commercially available hypervalent silicate complex TBAT as a phenylating agent for the cross-
coupling reaction with allylic esters.’>*” They later reported on the use of the same organosilane for the coupling with aryl iodides
and triflates and electron-deficient aryl bromides.””* The reactions were catalyzed by either Pd(dba), or [Pd(allyl)Cl], without the
need of added phosphine ligands.

Silver(1) oxide has been used as promoter for the cross-coupling reactions of aryl- and alkenylsilanols, aryl- and alkenylsilane-
diols, and arylsilanetriols with aryl iodides.>?* Silanediols and silanetriols were, in general, more reactive than silanols. XRD
analyses revealed that Ag,O was transformed into Agl during the reaction, so the authors suggested the species 90 (Figure 17) as
intermediate of the reaction after the oxidative addition of the aryl iodide to the palladium center. Yoshida and co-workers also
used Ag,0 as additive for the cross-coupling of benzyl(2-pyridyl)silanes with aryl iodides, to synthesize a variety of diarylmethanes
in moderate yields (34-71%).%"

The scope of the use of the inexpensive, commercially available KOSiMe; as base was examined by Denmark and Sweis.*® High
yields and high stereospecificities were obtained for the coupling of a variety of alkenyldimethylsilanols and aryl iodides, in DME at
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Figure 17 Potential intermediate in the Ag,0-catalyzed cross-coupling of silanols.
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Scheme 11 Proposed catalytic cycle for the the coupling of alkenyldimethylsilanols and aryl iodides in the presence of KOSiMes.

room temperature, in very short reaction times. TBS-protected alcohols are not affected by the presence of this base. The authors
proposed the formation of a silicon-oxygen-palladium linkage as a pre-association step prior to the transmetallation (Scheme 11).

Later, Denmark and Ober reported on the use of Cs,COj3 in combination with water for the palladium-catalyzed cross-coupling
of aryl iodides and bromides with aryl silanols.””” Although the system was not very general, since ligands, ratios, and solvents
varied depending on the substrate, good yields were obtained in most cases.

Pd- or Ni-catalyzed Reactions with Organozinc Reagents: The Negishi Coupling

The cross-coupling of organozinc reagents with electrophilic halides proceeds generally with high yields and tolerates a wide range
of functionalities, since organozinc reagents are inert to ketones, amino, esters, and cyano groups. The most convenient way to
prepare organozinc reagents is in situ from organomagnesium, lithium, or aluminum reagents and ZnCl,.**® The cross-coupling
reactions can be catalyzed by palladium, nickel (Negishi coupling),' or copper. Organozinc reagents are an excellent choice for the
introduction of alkyl substituents with B-hydrogens in a substrate, since the couplings can proceed smoothly without B-elimina-
tion. Also, several reports on microwave-assisted Negishi cross-coupling have appeared in the literature.' > Some recent examples
of compounds that include a Negishi cross-coupling step in their synthesis are shown in Figure 18.%*°

Arylzinc reagents

In 2001, Dai and Fu reported the first general method for the Negishi cross-coupling of sterically demanding vinyl and aryl
chlorides with a wide range of aryl and alkylzinc reagents, using the commercially available Pd(P(‘Bu)s), in THF/NMP mixtures at
100 °C.**! High TONSs could be obtained for the synthesis of hindered biaryls. Very recently, Milne and Buchwald used phosphine
ligand 91 (Figure 19) in combination with Pd,(dba); to prepare tri- and tetra-ortho-substituted biaryls.>*” Excellent yields were
obtained even at low catalyst loadings (0.1-1 mol% Pd), with a good tolerance for group functionalities.

Yang and co-workers investigated the cross-coupling of 4-tosylcoumarins and arylzinc reagents for combinatorial purposes,
using Pd(PPhs), as catalyst in mild reaction conditions and high yields.””’ The same catalyst was used by Wei for the coupling of
phenyl-, ethyl- or dibenzylzinc bromide with a variety of 4-phenylsulfinyl-2-iodo-2(E)-alkenols in high yields,*** and by Backvall
and co-workers for the cross-coupling reaction of a zinc-metallated ferrocenyl p-tolyl sulfoxide and highly substituted aryl
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Figure 19 Ligands for the coupling of organozing reagents.

bromides, to synthesize a series of ligands to be used in asymmetric oxidation reaction.’”> A similar system was described by
Pedersen and Johannsen involving aryl iodides.**°

A method for the synthesis of symmetrical and unsymmetrical ketones in good yields from the cross-coupling of organozinc
reagents and anhydrides or mixed anhydrides, generated in situ from the corresponding carboxylic acids or their sodium salts and
ethyl chloroformate, was developed by Wang and Zhang,**” The reactions were catalyzed by Pd(PPhs), and carried out in
refluxing THF.

Aryl and alkyl organozincate reagents, generated in situ by reaction of Grignard reagents and sub-stoichiometric amounts of
ZnCl,, cross-couple smoothly in refluxing THF with functionalized aryl and alkenyl as well as primary and secondary alkyl
chlorides in the presence of Pd(dppf)Cl,.***

Knochel and co-workers prepared a series of nitro-containing biphenyls in moderate to good yields by Negishi cross-coupling of
various aryl iodides and nitro-substituted arylzinc reagents.’*” Heteroarylzinc chlorides can couple with vinylic and aryltellurides
(R-TeBu) with in the presence of PdCl, and Cul, in THF and at room temperature, in high yields and with high

stereoselectivities.**?
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Alkenyl- and alkylzinc reagents

In 1997, Dunn and Jackson reported on a new approach to the synthesis of di- and tripeptides with unnatural amino acids by
converting di- and tripeptides into organozinc reagents and coupling them with aryl iodides or acyl chlorides in the presence of
Pd,(dba); and either PPhs or P(o-tol); under mild reaction conditions, with no loss of optical purity.**' The synthesis of - and
y-amino acids in an analogous fashion was reported shortly after (Scheme 12).**?

Knochel and co-workers developed the Ni(acac);-catalyzed cross-coupling reaction between polyfunctional primary iodoalk-
anes and a variety of primary diorganozinc compounds in the presence of m-trifluoromethylstyrene as a promoter.*** The addition
of this unsaturated promoter is required in order to coordinate to the nickel center and remove electron density from the metal
atom, to facilitate the reductive elimination step.’** The scope of the reaction is extended, when Ni(acac), is used in the presence of
BuyNI and fluorostyrene (Scheme 13).>*° With these modifications, primary and secondary alkylzinc iodides cross-couple with a
variety of primary alkyl iodides or bromides in good yields. Dialkylzincs, more reactive, can couple in the absence of Bu,NI. The
same concept was used by Kambe and co-workers for the coupling of alkyl bromides and tosylates with aryl and alkyl organozinc
reagents in the presence of NiCl, and N,N-bis(penta-2,4-dienyl)benzylamine.”*°

Fu and co-workers reported that unactivated secondary alkyl halides can be coupled in good yields with alkylzinc reagents at
room temperature in dimethylacetamide (DMA) in the presence of Ni(COD), and ligand 92 (Figure 19).’*° They later reported a
general method for the cross-coupling of a range of B-hydrogen-containing primary alkyl iodides, bromides, chlorides, and
tosylates with a large variety of alkyl-, alkenyl- and arylzinc halides.”” The system consisted of a combination of Pd,(dba)s,
P(Cyp)s/NMI in THF/NMP, allowed for the couplings to be performed at 80 °C, but required 14 h.

Herbert made use of either Pd(dppe)Cl, or Pd(dppf)Cl, for the the cross-coupling of activated and unactivated aryl bromides
with dimethylzinc in refluxing dioxane, in short reaction times and high yields.?*®

Very recently, Negishi and co-workers have reported two related systems for the synthesis of stereodefined conjugated dienes: a
cross-coupling reaction of (Z)-2-bromo-1,3-dienes with organozinc reagents, catalyzed by a variety of phosphine-bearing
palladium complexes, that proceeds with clean stereoinversion of the Br-bearing CC bond,”*” and a stereoselective synthesis of
(1E)-2-methyl-1,3-dienes by the palladium-catalyzed trans-selective cross-coupling of 1,1-dibromo-1-alkenes with alkenyl- and
phenylzinc reagents, with full retention of configuration, using a combination of Pd,(dba); with either 36 or P(Bu')s
(Scheme 14).%°°

Closing Remarks

It should be fairly evident that more than 10 years of metal-catalyzed cross-coupling chemistry cannot be summarized in the
limited number of pages allocated to this review. The amount of activity and literature in this area is still rapidly growing! One
would be hard pressed to open any chemistry journal and not find at least one cross-coupling reaction, used in one form or other.
We have attempted to include the most recent reviews and references.

i, Zn (0), DMF, RT
MeOzC‘H,ﬁ/\I : MeOQC'H,,\(\Ar
ii, Pdy(dba);, P(o-tol)3
NHBoc Ar—l, RT NHBoc

Scheme 12 Synthesis of B- and y-amino acids using organozinc reagents prepared in situ.
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Scheme 13 Ni(acac),-catalyzed cross-coupling reaction between primary iodoalkanes and primary and secondary diorganozinc compounds.

e Ref: 349 Ref: 350
2 Br R 5 Re
R Re XZnR® RWL XZnR*® R1 i /R
3 -
R~ RS cat. PdL, e 3 R cat. Pdy(Bu'sP), \NRS
H H R or [Pda(dba)NHC systems H R

PdL, = [Pd{PPha),), [PAClyidpepphos))...
Scheme 14 Synthesis of (2)-2-bromo-1,3-dienes and (1£)-2-methyl-1,3-dienes.
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Obviously, we owe much to the pioneers of this area and it is a testimony of the importance of their work to find cross-coupling

affecting so many areas of chemistry. Much progress has been made in the last decade, and at the look of things much will emerge in
the very near future to solidify the crucial importance of metal-mediated cross-coupling in modern synthetic chemistry.
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