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The palladium catalysed cross-coupling of organosilicon reagents with organo halides

and pseudo-halides has developed over the past 30 years into an efficient and attractive

carbon–carbon bond forming strategy. Extensive research within this field to expand and

diversify on the scope of the organosilicon coupling reaction will continue to promote its use

in the synthesis of biologically and pharmaceutically important organic molecules. The recent

advances made within this area are explored in this critical review (199 references).

1. Introduction

The synthesis of carbon–carbon bonds by transition metal

catalysed cross-coupling has developed over the past 40 years

into arguably one of the most useful and important classes of

reactions in modern synthetic organic chemistry (Scheme 1).1

Consequently, this vast array of reactions has found numerous

applications in both academic and industrial settings in the

synthesis of complex natural products and biologically active

small molecules.2

In 1972, the independent discovery by Kumada and Corriu

that Grignard reagents, when catalysed by nickel–phosphine

complexes, could participate in cross-coupling reactions with

alkenyl/aryl halides opened up a significant avenue of research.3–5

Later in 1976, Negishi and co-workers developed the cross-

coupling of organoaluminium, rapidly followed by organozinc

and organozironium reagents, reducing the basicity of the

organometallic species and accordingly improving the func-

tional group tolerance of the coupling reaction.6–11

The coupling of organotin reagents was first reported in

1976, but it was Stille et al. who advanced this method with

milder reaction conditions and improved yields.12–16 The Stille

reaction has evolved into a robust and reliable method as a

consequence of the stability and wide functional group tolerance

of the organotin reagent; however, the major drawback of this

procedure remains the high toxicity of the tin by-products.17–19

Suzuki and Miyaura reported the base activated palladium

catalysed reaction of aryl and vinyl halides with vinylboronates

in 1979.20,21 Today the Suzuki reaction is themost widely employed

of the cross-coupling reactions, finding continual application

in the synthesis of drug-like molecules within the pharma-

ceutical industry. The main advantages of the Suzuki reaction

include: mild reaction conditions; ready availability of starting

materials; retention of regio- and stereochemistry during

coupling; excellent functional group tolerance; broad substrate

scope; low toxicity and reliably high reaction yields.22–26

Although the Suzuki reaction has seen widespread application
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some challenges with the procedure still remain these include;

protodeborylation, loss of selectivity in cross-coupling, homo-

coupling of starting reagents and incorporation of the aryl

group from the phosphorus ligand into the coupled product.26

Consequently, further developments in transition metal cata-

lysed cross-coupling reactions are necessary to expand upon the

armoury of tools available to the synthetic organic chemist.

A decade later, the pioneering discovery by Hiyama that

organosilanes can participate in cross-coupling reactions by

activation with fluoride created another viable alternative to

the existing array of organometallic cross-coupling reactions.27

Extensive research over the past 30 years has established

organosilicon reagents as an attractive organometallic species

for palladium catalysed cross-coupling reactions with organic

halides and pseudohalides. The development of new organo-

silanes and modified reaction conditions has expanded the

scope of the reaction enormously. The Hiyama reaction offers

a number of advantages over more traditional organometallic

coupling protocols; excellent substrate, mild reaction condi-

tions, retention of regio- and stereochemistry during coupling,

low toxicity and increased chemical stability.

The objective of this review is to provide a detailed overview

of the various organosilicon species utilised in palladium

catalysed cross-coupling reactions. The evolution of the major

classes of organosilane coupling partner are discussed together

with some selected examples illustrating their synthetic utility.

Some excellent early seminal reviews, those detailing specific

silanes, applications in natural product synthesis and personal

research accounts have all been reported;28–37 however, to date

there has been no comprehensive review broadly encompass-

ing all organosilanes. The scope, typical coupling conditions

and key references for each organosilane is displayed clearly

within an inclusive table allowing the reader to readily com-

prehend the different types of silane available.

2. The advent of organosilicon cross-coupling

2.1 Trialkyl-, triallyl- and halosilanes

The addition of activators is necessary to facilitate the palladium

catalysed cross-coupling of organosilicon reagents. Because of

the low polarisation of the C–Si bond, a promoter is required

to increase the nucleophilicity of the organosilicon species.

Hiyama first achieved this in 1988 by the addition of fluoride

ions, such as tetrabutylammonium fluoride (TBAF, nBu4N
+F�)

and tris(diethylamino)sulfonium difluorotrimethylsilicate (TSAF

((Et2N)3S
+(Me3SiF2)

�) to vinyl, alkynyl or allyl substituted

trimethylsilanes (see Table 1, silane 1).27,37 Subsequently, tri-

alkylsilanes have been utilised in the synthesis of polyenynes,38

styrenes,39 enynes40 and aryl-substituted alkynylamides.41

The cross-coupling of 2-trimethylsilylpyridines 1 possessing

electron withdrawing substituents was developed by Pierrat et al.

allowing access to arylated pyridine derivatives 2 (Scheme 2).42

The electron withdrawing substituent was necessary to increase

the polarisation of the C–Si bond facilitating formation of the

ate complex on addition of a fluoride source.42 To expand the

scope of the reaction further the coupling of unsubstituted

2-tri-methylsilylpyridine 3 with aryl iodides and bromides to

furnish pyridines 4 has been achieved after additional reaction

optimisation (Scheme 3).43 The presence of Ag2O in addition

to TBAF was critical, as without the additive no cross-coupling

product was observed.43 On applying the optimised conditions

good conversion to the biaryl products was observed with a

variety of aryl iodides; however, only electron deficient aryl

bromides resulted in moderate yields of the cross-coupled

product.

The successful arylation of 2-trimethylsilylbenzofuran 5 to

form derivatives of the general form 6 was accomplished by

activation with AgF (Scheme 4). The promoter could be used

directly or generated in situ with the combination of AgNO3

and KF.44 Homocoupling of the silane was observed (75%

isolated yield) under similar conditions in the absence of the

aryl iodide. Additional substitution of the benzofuran was not

explored.

Base induced activation conditions were developed by

Shindo et al. specifically for the coupling of (Z)-b-(trimethyl-

silyl)acrylic acids 7 with aryl iodides (Scheme 5).45 The stable

trimethylsilyl group was activated through intramolecular

donation from the carbonyl oxygen of the carboxylic acid to

the silicon, forming the necessary intramolecular pentacoordi-

nate transition state. Electron rich, neutral and poor aryl iodides

were coupled to produce a selection of tetra-substituted alkenes 8

in moderate to good yields.45 To demonstrate the value of these

substrates, compound 8d was subsequently transformed into

the anti-cancer drug, tamoxifen. A similar intramolecular acti-

vation approach has been described by Takeda and co-workers.

Alkenyl- and aryl(trimethyl)silanes having a proximal hydroxyl

group were found to undergo transmetallation from silicon to

copper upon treatment with copper(I) tert-butoxide; the result-

ing copper species then underwent palladium-catalysed cross-

coupling with aryl iodides.46,47 A drawback of these examples is

Scheme 1 Metal catalysed cross-coupling reactions.
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that one of the groups present in the products (i.e. a transferable

group on the silicon) is always the oxygen-based activating

functionality.47 Hiyama et al. have introduced alkenyl- and aryl

[2-(hydroxymethyl)phenyl]dimethylsilanes 9; these stable tetra-

organosilicon reagents possess an activating hydroxyl group

which is independent of the transferable group on the silicon,

allowing a diversity of groups on the silicon atom.47 These silanes

have been shown to couple with a broad range of aryl and

alkenyl iodides in the presence of K2CO3 and Cu(I)I without any

fluoride activators. The residual silicon species 10 is readily

removed and resusable (Scheme 6).47–50 Akai et al. have

subsequently described fluoride free coupling reactions where

a TBDMS group was substituted with an aryl group through

intramolecular activation from a phenolic hydroxy group.51

The introduction of halogens on the silyl group of alkenyl-

silanes accelerated the fluoride-activated cross-coupling;52

however, halosilanes have not seen widespread application

despite their thermal stability possibly because of their hydrolytic

sensitivity and difficulty in handling. Early research focused on

expanding the scope of the fluoride-induced coupling of halo-

silanes to include; reactions with aryl halides and triflates,52–54

development of solid supported synthesis55,56 and employment of

alkenyl, alkynyl and aryl halosilanes (see Table 1, silane 3).52–54,57

Particular attention was also paid to understanding the mecha-

nism in order to control the extent of isomerisation of the double

bond observed when coupling alkenylhalosilanes.37,58 The sensi-

tivity to water was successfully exploited by Huang and Li for the

development of base induced aryl-aryl coupling conditions in

air and water.59 A selection of aryl iodides and bromides were

Scheme 2 Cross-coupling of substituted pyridyltrimethylsilanes.

Scheme 3 Cross-coupling of unsubstituted pyridyltrimethylsilane.

Scheme 4 Cross-coupling of 2-trimethylsilylbenzofuran.

Scheme 5 Cross-coupling of (Z)-b-(trimethylsilyl)acrylic acids.

Scheme 6 1 alkenyl- and aryl [2-(hydroxymethyl)phenyl]dimethyl-

silanes 9 have been employed in fluoride free cross-couplings.
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coupled with arylhalosilanes to produce the unsymmetrical

biaryls in good to moderate yields.59

A recent report by Fu et al. described the coupling of

activated and unactivated secondary alkyl halides with aryl

fluorosilanes 12 by nickel/amino alcohol based catalysts

(Scheme 7, unactivated and activated alkyl halides 13a–13d

and 13e–13h respectively).60 The addition of alkyl halides to

the list of viable electrophilic partners for the coupling reac-

tion offers a significant advance in the scope of the Hiyama

reaction by expanding upon the nature of the substrates

available.60

To increase the stability of the organosilyl species to moisture,

acid and base, Hiyama et al. developed triallylsilanes as all-

carbon-substituted silanes that readily cleave on the addition

of a fluoride source (see Table 1, silane 2).61,62 Aryltriallylsilanes

were found to be an efficient coupling partner in the Hiyama

reaction with a wide range of aryl/heteroaryl bromides61,62 and

chlorides.61 Further research into differentially substituted

triallylsilanes, expansion of the substrate scope and fluoride

free coupling conditions would promote further use and appli-

cations of triallylsilanes.

2.2 Oxysilanes

Tamao was the first to develop the more robust and stable

mono-, di-, or trialkoxysilanes as effective organonucleophiles

in fluoride-promoted cross-coupling (see Table 1, silane 4).63

Extensive research in the formative years enabled the devel-

opment of milder and more efficient fluoride induced cross-

coupling conditions; these were increasingly tolerant to a diverse

range of alkoxysilanes including those containing sensitive func-

tional groups.64–70 The next notable advance was the develop-

ment of alternative methods to active the oxysilane; to alleviate

the requirement for the corrosive fluoride anions. ‘Fluoride-free’

approaches permit the use of silicon protecting groups common

in natural product synthesis and are more compatible with

industrial processes.71,72

Research has focused over the past few years on expanding

the scope of the coupling reaction with alkoxysilanes to include

reactions with aryl chlorides, bromide, triflates and mesylates as

the organoelectrophile.73 The use of triflates and mesylates is an

important advance as it allows access to a broader substrate

scope by the derivatisation of substituted phenols. A report

by Zhang et al. describes an efficient and general method to

synthesise biaryls via a Hiyama coupling reaction between aryl

tosylates and arylsilanes.74 In a similar approach the first

Hiyama cross-coupling with aryl mesylates was later reported

by Zhang et al. (Scheme 8).75 The trialkoxyaryl silanes 13 used

were tolerant to a wide substrate scope including the presence of

electron donating and electron withdrawing groups; addition-

ally, those containing an ortho-substituent also produced the

biaryls 14 in a good yield.75 The electronic nature of the mesylate

had a moderate effect on the biaryl formation, with electron

donating groups leading to higher yields; however, the ortho-

substituted 2-methylphenyl mesylate only yielded trace amounts

of the coupled product.75

The first asymmetric Hiyama coupling of racemic a-bromo

esters 15 to form derivatives of the general form 16 was

reported recently by Fu and co-workers (Scheme 9).67,76 The

use of the sterically demanding ester (2,6-di-tert-butyl-4-

methylphenol–BHT), TBAT ([F2SiPh3]
�[NBu4]

+) as the fluoride

source, the silane as well as the chiral ligand itself all significantly

influenced the enantioselectivity and efficiency of the reaction.

The yields obtained range between 64–84% with ee’s of 75–99%

for the 17 examples disclosed.76

A number of palladium catalysts have been developed and

subsequently employed in the Hiyama reaction with the added

advantage of lowering the catalyst loadings, recovery and recycling

of the catalyst and creation of milder reaction conditions. These

benefits have been achieved by a careful balance between main-

taining the catalyst stability whilst increasing the reactivity. As a

result excellent yields for the coupled products were generally

obtained with a wide range of substrates.71,77 For example the

pincer-type palladium catalyst was employed in neat water under

both fluoride and base induced conditions (Fig. 1, 17),78 the

reactions with oxime-derived palladacycles were carried out in

aqueous sodium hydroxide under ligand-free conditions (Fig. 1,

18 & 19)79–81 and palladium nanoparticles were reacted under

Scheme 7 Cross-coupling of activated and unactivated secondary

alkyl halides with arylhalosilanes.

Scheme 8 Cross-coupling of aryl mesylates with aryl silanes.
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aqueous fluoride-free conditions or fluoride induced conditions

with benzyl halides.82–84 Palladium nanoparticles have been

generated in situ from Na2PdCl4/sodium dodecyl sulfate82 or

formed using K2PdCl4 and a Fischer carbene complex as the

reductant with PEG as the capping agent.83 Similarly, complexes

of the formula [PdCl2L2], where L was a crown-ether containing

triarylphosphane ligand were found to effectively cross-couple

arylsiloxanes with a wide range of heterocyclic and aryl bromides

in water under air.85 Lee et al. have recently reported a novel

b-diketiminatophosphane palladium catalyst 20which was found

to be highly effective in the mono and double Hiyama coupling

reactions of unactivated aryl chlorides with aryltriethoxysilanes

in water.86

Mild reaction conditions were developed by Shi and Zhang

for the Pd(OAc)2-catalysed coupling of para-substituted aryl-

siloxanes 21 with a range of aryl bromides promoted by base

in a H2O-PEG medium (Scheme 10).87 The electronic nature

and substitution of the aryl bromide did not affect the reaction

outcome as yields of the biaryl products 22 obtained range

from 60–99% for the 36 reactions highlighted.87

Alternative ligands have also been explored which are air-

and moisture stable and facilitate the generation of catalyst-

recyclable systems. For example, the cyclic thiourea ligands

are easily recovered by column chromatography88 and cationic

bipyridyl ligands assist by transporting the palladium(II)

complex into the aqueous phase (Fig. 2, ligands 23 & 24

respectively).89 Phosphite ligands were effectively used with

TBAF as the additive to cross-couple electron deficient aryl

bromides and chlorides as well as electron rich aryl bromides

to form the biaryl products in good yields; however, ortho-

substituents were not well tolerated (Fig. 2, 25).90 Similarly,

the use of an H-phosphonate ligand facilitated the cross-

coupling of aryl chlorides forming the 8 biaryls reported in yields

ranging from 60–79% (Fig. 2, 26).91 A screen of phosphine

ligands revealed that the bisphosphine ligand, iPr-DPEphos

(Fig. 2, 27) gave the highest product yields when aryl bromides

and chlorides were reacted under fluoride conditions.92 The

phosphine-free hydrazone ligand was also successfully employed

in the fluoride induced coupling of aryl bromides with aryl-

siloxanes (Fig. 2, 28).93 Modification of the reaction conditions

has led to improvements in the yield and efficiency of the Hiyama

cross-coupling reaction.94,95

The success of coupling alkoxysilanes rapidly led onto the

development of methodologies where the Hiyama reaction was

Scheme 9 Examples of the asymmetric synthesis of a-substituted esters.

Fig. 1 Some palladium catalysts used for the coupling of siloxanes.

Scheme 10 Mild arylsiloxane-aryl bromide cross-coupling conditions.

Fig. 2 Some ligands used in the coupling of siloxanes.
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telescoped with other reactions to generate interesting and

challenging scaffolds. Gordillo et al. recently reported the

synthesis of unsymmetric (E)-1,2-diarylethenes by a con-

secutive one-pot Hiyama vinylation-Heck arylation reaction

involving vinyl silanes 29 (Scheme 11).96 Generally excellent

selectivity and high yields were obtained for the unsymmetrical

(E)-stilbenes 30; only trace amounts of the symmetrical

(E)-stilbene and/or 1,1-diarylethene were observed.96 In an

alternative approach Marciniec et al. synthesised derivatives of

(E)-1,2-diarylethenes via a tandem cross-metathesis and Hiyama

coupling.97–99

The versatile synthesis of a,b-unsaturated carbonyl motifs

32 was successfully accomplished by a sequential Hiyama/

Narasaka acylation process starting with (E)-1,2-disilylethene

31 (Scheme 12).100 The innate reactivity of the differentially

substituted silyl groups was utilised to effectively react each

group in a chemoselective manner. The use of a polymer-

supported fluoride source for the Hiyama reaction followed by

filtration was crucial in order to achieve good yields for the

subsequent Narasaka acylation reaction. A diverse selection of

a,b-unsaturated ketones were synthesised in yields ranging

from 40–87% for the sequential two step procedure.100

2.3 Silacyclobutanes

After the initial research into trialkylsilane, halosilane and

oxysilanes, the heteroatom surrogate, silacyclobutanes (other-

wise known as siletanes), were designed to have better chemical

stability and enhanced reactivity (see Table 1, silane 11).101

Vinylsiletanes cross-coupled with aryl halides with retention

of stereochemistry and in good yields under standard fluoride

conditions; ligandless palladium catalysts were superior and

the selection of TBAF as the fluoride source was essential.101

During the study of siletanes Denmark made the significant

discovery that the four-membered siletane rapidly ring opened

under the reaction conditions to reveal the corresponding

silanol and disiloxane.102 Subsequently, silanol and disiloxane

analogues were synthesised and both were found to be effective

partners in cross-coupling with TBAF�3H2O, reacting via the

pentacoordinate silicon intermediate.102–104

3. The development of organosilanols and its

analogues as cross-coupling partners

3.1. Organosilanols

Building on the discoveries made during the research into

silacyclobutanes, Denmark and Hiyama were fundamental in

evolving silanols into effective organosilicon cross-coupling

partners (see Table 1, silane 5). Initially alkenyl and aryl silanols

were activated for cross-coupling with alkenyl or aryl halides

under fluoride102,105–107 or silver oxide108,109 conditions.110 To

increase the scope and utility of the Hiyama cross-coupling

further, investigations led onto the search for alternative methods

of activation. The use of TBAF activation is incompatible for large

scale synthesis and with silicon protecting groups commonly used

in multi-step synthesis, it is also costly and can be problematic to

handle.111

The significant breakthrough came with the discovery by

Denmark et al. that vinylsilanols could be activated by base

as a substitute for the conventional TBAF nucleophile, to

promote the efficient ‘fluoride free’ palladium catalysed coupling

of organosilanols.111 The introduction of heteroatoms on the

silicon species was critical to the success of the fluoride free

cross-coupling reaction. The base induced cross-coupling of

organosilanols has grown in scope to include the coupling of

substituted and unsubstituted alkenyl,111 aryl,112,113 alkynyl114

and heteroaryl115,116 silanols with alkenyl, aryl and hetero-

aryl iodides and bromides. The metal silanolate is the active

species in the cross-coupling and can be successfully generated

using a number of bases, including; NaOtBu, NaH, Cs2CO3,

KOTMS and K3PO4.
29,32 The cross-coupling of organo-

silanols typically occurs under mild conditions, for example,

a base, Pd(dba)2 or [allylPdCl2] as the catalyst at room

temperature, to obtain the products in good yields generally

with retention of stereochemistry.29,30

The synthesis of heterocyclic silanols followed by their

sequential cross-coupling has successfully led to the generation

of numerous interesting substituted heterocycles. A series of

3,4,5-trisubstituted isoxazoles were synthesised via a sequential

[3+2] cycloaddition and Hiyama cross-coupling.117 The ethyl

or phenyl nitrile oxides 33 required for the cycloaddition were

generated in situ from 1-nitropropane and phenyl isocyanate

Scheme 11 Examples of products generated by a one-pot Hiyama-Heck

reaction.

Scheme 12 Synthesis of a,b-unsaturated ketones by a sequential

Hiyama/Narasaka acylation process.
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or chlorooxime and KHCO3 respectively. The [3+2] cyclo-

addition between ethyl or phenyl nitrile oxides 33 and a

silicon-substituted dipolarophile 34 occurred with reasonable

regioselectivity to furnish derivatives 35. The sequental Hiyama

cross-coupling provided heterocyclic products 36 in yields

ranging from 52–78%; however, sterically encumbered systems

proved difficult to couple producing high proportions of proto-

desilylation by-products (Scheme 13).117 Expanding upon this

concept the successive Larock heteroannulation between anilines

37 and alkynyl silanes 38 and cross-coupling of the resulting

indoles 39 produced 2,3-disubstituted indoles 40 in overall yields

ranging from 44–63% (Scheme 14).118

Recent investigations by Denmark et al. have identified that

the direct use of the silanolate can be advantageous in the

palladium catalysed cross-coupling even though the formation

of the silanolate constitutes an additional step (see Table 1,

silane 6).30,119 Silanolates avoid the use of an activator, either

base or fluoride, in the reaction mixture, therefore limiting the

possibility of isomerisation of alkenyl silicon reagents, redu-

cing the likehood of disiloxane formation and allowing the use

of base sensitive substrates in the organic electrophile.30,119 A

wide range of nucleophilic substrates undergo efficient cross-

coupling including alkenyl-,120 allyllic-,121 aryl-30,119,122 and

heteroaryl silanolates30,119,123 with aryl chlorides, bromides

and iodides.

The allylation of electron rich and neutral substituted aryl

bromides 41 with silanolates 42 to furnish compounds of the

general form 43 proceeded smoothly in yields ranging from

71–95% (Scheme 15).121 The desired product resulting from

the allylation of electron deficient systems rapidly isomerised

and underwent polymerisation, limiting the scope of the reac-

tion to some extent.121 After extensive optimisation the cross-

coupling of electron rich and electron deficient aryl bromides

with 2-butenyldimethylsilanolate (E/Z 80 : 20) proceeded in

moderate yields and good selectivity for the g-isomer.121 Those

bromides containing a-substituted coordinating groups resulted

in lower yields and selectivity for the desired product.121

The cross-coupling of a wide range of aryl silanolates 44

(Scheme 16) and five-membered heterocyclic silanolates 47

(Scheme 17) with aromatic iodides, bromides and chlorides

containing functional groups such as esters, ketones and silyl

ethers 45 to furnish derivatives of the general form 46 and 48

respectively has recently been reported by Denmark et al.119,123

In the cross-coupling reactions the isolated silanolate salt was

used directly or was preformed in situ. The reactions typically

proceed in high yields; however, lower yields were obtained with

more sterically challenging substrates (yields range between

34–99%).119,123

Silanolates with nitrogen containing five-memberd ring

heterocycles were significantly affected by the electronic nature

of group attached to the nitrogen with electron withdrawing

groups (such as Boc) reducing the reactivity.123 A standard

protocol was developed for the cross-coupling of aryl silanolates;

Scheme 13 Sequential [3+2] cycloaddition and Hiyama heteroaryl-

aryl cross-coupling to synthesis 3,4,5-trisubstituted isoxazoles.

Scheme 14 Sequential Larock heteroannulation and Hiyama coupling.
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however, a separate protocol is needed for each heteroaromatic

silanolate because of the variations in reactivity.119,123

3.2. ‘Masked’ silanols

Siletanes, phenyl-, 2-pyridyl, 2-thienyl- and benzylsilanes were

all established as viable organosilicon nucleophiles, which under

appropriate hydrated fluoride reaction conditions unmasked

to reveal the active silanol; consequently, these reagents were

dubbed ‘safety-catch’ silanols or ‘masked’silanols. Table 1

summarises these and various other ‘masked’ silanols, their

scope and typical reaction conditions used in Hiyama coupling.

‘Masked’ silanols have the advantage of increased stability

relative to silanols and therefore offer the possiblity of being

carried through multiple synthetic steps, which could facilitate

the application of silicon-based cross-coupling in complex

molecule synthesis.

There are numerous examples illustrating the synthetic

utility of ‘masked’ silanols. For example, Denmark et al. have

reported the synthesis of unsymmetrical 1,4-butadienes by the

sequential cross-coupling of 1,4-bissilylbutadienes.124 The best

arrangement of silicon groups comprised of a silanol and a

2-thienylsilane. For example, silanol 49 was reacted under

basic conditions to form 50 followed by the introduction of

fluoride induced conditions required for the cross-coupling of

the 2-thienylsilane with the aryl iodides to generate products

of the general form 51 (Scheme 18).124 The sequential cross-

coupling methodology was successfully applied to the total

synthesis of RK397.125

Spring and co-workers have developed a method for the

diversity-oriented synthesis (DOS) of (E)- (Z)- and a-disubstituted

Scheme 15 Cross-coupling of allylic silanolate salts. nbd =

norbornadiene.

Scheme 16 Cross-coupling of aryl silanolates.

Scheme 17 Cross-coupling of five-membered ring heterocyclic silanolates.

Scheme 18 An example of the sequential cross-coupling of 1,4-

bissiylbutadienes.



This journal is c The Royal Society of Chemistry 2012 Chem. Soc. Rev., 2012, 41, 1845–1866 1861

alkenes 57 from terminal alkynes 55 utilizing pentafluorophenyl-

dimethylvinylsilanes 56 (generated via selective hydrosilylation

with silane 58) as ‘masked’ silanol intermediates (Scheme 19).126

The organosilicon intermediates were formed with excellent

regio- and stereoselectivity and could be transformed into the

corresponding alkenes without loss of selectivity.

Fluoride free coupling using ‘masked’ silanols has also been

reported. For example, Anderson et al. have described the

base-mediated, palladium-catalysed vinylation of phenyl iodide

to form products 60 using vinyldimethylphenylsilanes 59 as

‘masked’ silanols under fluoride free conditions (Scheme 20).127

Denmark et al. have also reported the vinylation of 4-iodo-

anisole using 1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetra-

siloxane (61, D4
V), a ‘masked’ silanol without the need for

fluoride activation (Scheme 21, Cyclic silane derivatives are

discussed in more detail in Section 3.3).128

In recent years the use of disiloxanes as masked silanols in

cross-coupling reactions has been reported. Disiloxanes have

been shown to exist in equilibrium with the corresponding

silanolate species under basic conditions (Scheme 22).113,128,129

This phenomenon has been exploited by the research group of

Denmark for the development of methods which allowed the

cross-coupling reaction of vinyldisiloxanes with aryl iodides

using fluoride activation130 and also the coupling of divinyl-

tetramethyldisiloxane with aromatic halides under fluoride free

conditions to furnish styrene derivatives.128 Spring et al. have

reported the development of operationally simple protocols for

the base-induced cross-coupling of a range of aryl substituted

vinyldisiloxanes 62 with aryl and heteroaryl bromides under

fluoride free conditions, providing access to (E)-stilbene deri-

vatives 63 in good-to-excellent yields with excellent levels of

geometric purity (Scheme 22).129,131

3.3. Cyclic variants

In addition to silacyclobutanes (Section 2.3) various other

organosilicon species containing a silicon moiety embedded in

a ring system, including cyclic silyl ethers (Table 1, silanes 27

and 28), cyclic siloxanes (Table 1 silanes 7 and 8) and silatranes

(Table 1 silane 24) have been employed as substrates in palladium

catalysed cross-coupling reactions.

Pawluc et al. have reported a strategy for the stereoselective

synthesis of unsymmetrical (E)-stilbenes 64 and (E,E)-1,4-diaryl-

buta-1,3-dienes 65 based upon the use of cyclic 1,1-bis(silyl)ethene

Scheme 19 Diversity-oriented synthesis of alkenes using masked silanols.

Yields refer to Hiyama cross-coupling step.

Scheme 20 Fluoride free cross-coupling using vinyldimethylphenyl-

silanes 59 as ‘masked’ silanols.

Scheme 21 Fluoride free cross-coupling using D4
V.

Scheme 22 Disiloxanes used as ‘masked’ silanols in fluoride free

cross-couplings.
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66 as a ‘platform’ onto which aryl groups could be sequentially

installed onto the alkene core using both Heck and fluoride-

activated Hiyama couplings (Scheme 23).98 A related protocol

for the one-pot, stereoselective synthesis of (E)-poly(arylene-

vinlene)s has also been described.132

Unsaturated cycloalkenylsiloxanes have proven to be viable

coupling partners in Hiyama-type cross-coupling reactions

(Table 1 silane 28). The ease with which the oxasilyl group

can be introduced into organic structures with concomitant

formation of geometrically defined alkene geometries has been

highlighted as a significant feature of cross-coupling strategies

employing organosilicon nucleophiles of this sort.133,134

Denmark et al. have reported three such methods: (1) intra-

molecular hydrosilylation of homopropargyl alcohols, (2)

intramolecular silylformylation of homopropargyl alcohols

and (3) ring-closing methathesis.134 The siloxane derivatives

resulting from these transformations have been successfully

employed in fluoride-activated cross-coupling reactions which

typically proceeded with high levels of stereoselectivity.134 In

addition cycloalkenyldisiloxanes have been shown to undergo

cross-coupling reactions with a range of aryl iodides to afford

trisubsituted allylic alchohols with high levels of stereoselectivity

(Table 1 silane 29).134

Palladium-catalysed vinylation of aryl halides using cyclic

siloxanes has been reported (Table 1 entry 7). For example,

D4
V (61) has been shown to be a competent vinyl donor in

fluoride-activated cross-coupling reactions with aryl bromides

to furnish derivatives 67,135 as well as fluoride free reactions

with aryl iodides (Scheme 24).128 Organosilicon reagents of this

sort are typically inexpensive, air stable and widely available.128

Hexaaryltrisiloxane derivatives have also been utilised as aryl

donors in fluoride-free palladium-catalyzed cross-couplings with

aryl iodides and bromides (Table 1 entry 7). In most cases, both

of the aryl groups attached to the silicon atom can be utilised for

the desired carbon–carbon bond forming process; consequently

the rest of the reagent becomes inorganic during the course of the

reaction, facilitating product isolation and purification.136

Aryl- and alkynylsilatranes have also been employed as

viable organosilicon nucleophiles in cross-coupling reactions.

Riggleman et al. have described the use of phenylsilatrane in

fluoride-induced cross-couplings with aryl triflates and halides

to furnish unsymmetrical biaryl derivatives (Table 1 entry 23).137

Pidaparthi et al. have also reported the preparation of a silatrane-

substituted 1,3-diene derivative which readily participated in a

Diels–Alder reaction with N-phenylmaleimide; the resulting

silicon-substituted cycladducts 68 in turn served as a viable

substrate in TBAF-assisted palladium-catalyzed Hiyama

cross-coupling reactions with aryl iodides to form arylated

derivatives 69 (Scheme 25). A similar reaction sequence employ-

ing a catechol-subsituted silane analogue (Table 1, silane 26)

has also been reported.138,139

Mechanistic considerations

The high affinity of silicon and fluoride ions for one another

assists in lowering the activation barrier for transmetallation

by promoting the formation of a stable pentacoordinate silico-

nate intermediate (Scheme 26, 70), which then readily parti-

cipates in palladium catalysed cross-coupling; it was long

assumed that formation of this pentacoordinate intermediate

is essential for cross-coupling to occur, though recent studies

suggest that this is not the case (vide infra).193 The catalytic

cycle follows a similar path to other transition metal catalysed

reactions: oxidative addition, facile transmetallation of the

activated pentacoordinate siliconate and finally reductive

Scheme 23 Cyclic 1,1-bis(silyl)alkenes 66 as building blocks in alkene

synthesis. Yields refer to the Hiyama coupling step.

Scheme 24 Cross-coupling of aryl bromides using D4
V as a vinyl donor.

Scheme 25 Hiyama coupling using silyl substituted cycloadduct 68.
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elimination (Scheme 26). Detailed studies to build upon the

understanding of the mechanism of allylic coupling were

conducted by DeShong and co-workers.143 They discovered

that formation of both the p-allyl palladium complex and the

hypercoordinate silicate species were rapid and reversible;

therefore, the rate-determining step was either the transmetal-

lation or reductive elimination.143 Although it was not possi-

ble to unambiguously determine which of these two was the

rate determining step, on examining additional evidence it was

postulated that transmetallation is the likely slower process.143

In depth studies on the Hiyama coupling of alkenylsilano-

lates have revealed that reactions activated using a nucleophilic

base proceed via a different mechanism (Scheme 27) to those

which are activated by fluoride.194 Following a general catalytic

cycle the first step is the oxidative addition of the palladium to

the organo halide. The transmetallation step is initiated by the

silanolate species obtained through deprotonation of the silanol

or the direct use of a silanolate salt. This activated silanolate

species rapidly adds to the palladium to form a tetracoordinate

palladium-silanolate complex 71 containing a covalent Pd–O–Si

bond, without further activation needed. This is followed by

reductive elimination to form the cross-coupled product. Through

extensive kinetic studies, a clearer picture of the transmetallation

process has evolved, highlighting that breakdown of the tetra-

coordinate complex 71 is the rate limiting step within the catalytic

cycle (Scheme 27).32,194 An X-ray crystal structure of 71 has been

provided by Denmark as further evidence for this modified

mechanism.29

Applications

The transition metal catalysed cross-coupling of organosilicon

reagents has emerged only more recently as a viable alternative

to the more established C–C bond forming techniques; con-

sequently, there are limited applications of this methodology

to natural product and pharmaceutical synthesis. However,

there are some examples which illustrate the synthetic utility of

Hiyama coupling in these contexts. (Fig. 3).

Denmark effectively used the fluoride-promoted coupling of

a vinyl silanol with a (Z)-alkenyl iodide and found the equiva-

lents of water were critical to the success of the reaction; using

TBAF�8H2O (nBu4N
+F�) resulted in a 92% yield of the fully

protected natural product Isodomoic acid H (72).195 In the

synthesis of (+)-Papulacandin D (73), Denmark et al. described

the base-activated coupling of an elaborate silicon-protected

silanol; thus, clearly demonstrating the beneficial advantages of

developing fluoride-free silicon cross-coupling methodology.196

The synthesis of Picropodophyllin analogues (74) was achieved

by a sequential intramolecular allylic alkylation and subsequent

fluoride-activated Hiyama cross-coupling of the (2-thienyl)-

vinylsilane lactone intermediate.172 The coupling of a sterically

hindered di-ortho-substituted siloxane was successfully achieved

during the synthesis of N-acetyl colchinol-O-methyl ester (73),

using Pd(OAc)2, PPh3 with TBAF as the activator.146,197

Scheme 26 Proposed mechanism for the fluoride promoted cross-

coupling of organo halides with organonsilanes and TBAF as the

fluoride source.

Scheme 27 Proposed mechanism for the fluoride-free cross-coupling

of alkenylsilanolates using a base as the activator.32

Fig. 3 Hiyama reactions in the synthesis of Isodomoic acid H (72),

(+)-Papulacandin D (73), Picropodophyllin analogues (74) N-acetyl

colchinol-O-methyl ester (75). Bonds formed via Hiyama reaction are

highlighted in red.
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Conclusion

The Hiyama coupling has evolved over the past three decades into

an attractive alternative to existing cross-coupling methods.198

The Hiyama reaction has a number of advantages, including

mild reaction conditions, functional group tolerance, stability

to be carried through a number of transformations, retention

of stereochemistry and non-toxic by-products.29,30,198 This is

an active area of research with numerous silanes and alter-

native reaction conditions continuing to be developed. For

example, the use of p-acidic alkene ligands in Hiyama-type

reactions involving palladium nanoparticles has recently been

reported.199 Advancements of this sort should help to expand

the scope and applicability of silicon-based cross-coupling

reactions even further.
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