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Abstract

Few methods exist to directly install silyl functionality onto olefins. This Synpacts highlights the 

state of the art of the silyl-Heck reaction and our recently developed conditions for preparing allyl 

and vinyl silanes from terminal alkenes using this method.
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Unsaturated organosilanes are extraordinarily useful intermediates in synthetic chemistry. 

Both allyl and vinyl silanes are indispensable nucleophiles in organic synthesis and can be 

applied in a host of transformations.1 Among many notable applications, Hiyama cross-

coupling reactions,2 Fleming-Tamao oxidations, and Hosomi-Sakurai-type crotylations stand 

out as particularly important examples.3 Organosilanes are also particularly useful reagents 

due to their low cost, low toxicity, and high stability.1a

Numerous methods exist for the preparation of both allyl and vinyl silanes,4 however, many 

have limitations that continue to make the preparation of unsaturated organosilanes 

cumbersome. For example, several methods rely on manipulation of prefunctionalized 

substrates, wherein the unsaturated silane product does not have increased complexity 

compared to the starting material (e.g. silyl substitution of allyl ethers or alcohols).5 In some 

cases, these reactions also require the use of aggressive nucleophiles (such as in silylation of 

organo-lithium or magnesium reagents), which limits functional group tolerance.6 

Hydrosilylation is a simple and mild alternative,7 but requires access to an alkyne starting 

material, of which there is limited commercial availability. In addition, as these methods are 

Fax: +1(302) 831-6335 dawatson@udel.edu. 

HHS Public Access
Author manuscript
Synlett. Author manuscript; available in PMC 2017 November 01.

Published in final edited form as:
Synlett. 2013 ; 24(17): 2177–2182. doi:10.1055/s-0033-1339795.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



overall reductive in nature, they waste reactive equivalents of the substrate. Finally, a number 

of methods introduce the silicon center indirectly using C–C bond forming reactions (e.g., 

alkene metathesis and C–C bond-forming cross-coupling reactions),8 but these strategies 

require an unsaturated organosilane coupling partner, which ultimately must be synthesized 

by other means.

In contrast, a method that utilizes alkenes as starting materials for allyl and vinyl silane 

synthesis would be highly attractive. Alkenes are simple, widely available, inexpensive and 

stable. However, to date few methods exist to directly attach silyl groups to alkenes to form 

allyl or vinyl silanes.9

The silyl-Heck reaction is an emerging reaction that allows direct conversion of alkenes into 

allyl and vinyl silanes. Conceptually, this process can be envisioned as a variant to the 

widely utilized Heck arylation reaction (Figure 1).10 Oxidative addition of a low-valent late 

transition metal complex (most often palladium) into a Si-X bond (X = halide or 

pseudohalide) gives rise to a metal silane complex. Migratory insertion into an alkene 

followed by β-hydride elimination then delivers either allyl or vinyl silane, depending on the 

nature of the substrate.

Although the potential of this reaction for unsaturated silane synthesis was recognized over 

20 years ago (see below), it was not until recently that practical protocols for this reaction 

have been developed.11 In its current form, silyl-Heck reactions now proceed at mild 

temperatures (rt to 50 °C), in good to excellent yields, and with excellent functional group 

tolerance. Both allyl and vinyl silanes can now be prepared in this manner using simple 

alkene starting materials.

This review highlights the early developments leading to the silyl-Heck reaction and the 

current state of this area, as well as that of a few related processes. Finally, we discuss future 

directions of this emerging technology, which we believe will become an increasingly 

important method for the preparation of organosilanes and the downstream products derived 

from them.

Early Studies

Early studies from the Tanaka group laid the foundation for silyl-Heck reactions. In 1988, 

they reported the stoichiometric oxidative addition of zero-valent platinum complexes (either 

Pt(PEt3)3 or Pt(PEt3)4) to Me3Si-I and Me3Si-Br.12 These were the first characterized 

examples of transition metal insertion into a silyl-halide bond, and the product from the 

reaction of Me3Si-Br, trans-(PEt3)2Pt(II)(SiMe3)Br (1), was crystallographically 

characterized. Interestingly, Pt(PPh3)4, Pt(PMe2Ph)4, and Pt(dppe)2 were all reported to be 

inert in the reaction. Further, unlike the bromo and iodo analogs, insertion into Me3Si-Cl did 

not occur, even at elevated temperatures. This result was explained by the stronger Si–Cl 

bond strength (98 kcal/mol), compared to those of Si–Br and Si–I (76 and 57 kcal/mol, 

respectively).12–13

Tanaka recognized the potential of 1 and related intermediates in Heck-type reactions. 

However, the reaction of 1 with styrene was found to lead primarily to Me3Si-Br (via 
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reductive elimination), and only trace (ca. 5%) of the desired vinyl silane was observed, in 

this case as an approximate 88:12 E:Z mixture (Scheme 2).14

In a parallel study, however, Tanaka had success in observing Heck-type reactivity with 

Me3Si-I.15 It was found that after prolonged heating at 120 °C in Et3N, PdCl2(PEt3)2 (10 

mol %) catalyzes the reaction of Me3Si–I with excess styrene (4 equiv) to give vinyl silane 2 
in modest yield (54% based on Me3Si–I, 14% based on styrene, Scheme 3). In this case, 2 
was formed as a single regioisomer with >99:1 E:Z selectivity. This seminal report 

represented the first demonstration of a silyl-Heck reaction and highlighted the challenges 

associated with making this reaction synthetically practical: low yield, inverted 

stoichiometry (the more valuable olefin is used in large excess), and limited olefin scope 

(only three simple styrene derivatives were studied).

Recent Advances

Our group recognized the potential importance of Tanaka’s observations as an entry into 

unsaturated organosilanes. We postulated that a general protocol for converting alkenes to 

either allyl or vinyl silanes might emerge if higher yielding, milder reaction conditions were 

developed that did not require excess alkene.

Our initial hypothesis revolved around the identification of a new ligand that would provide 

a more active palladium catalyst for the reaction. As a first step towards identifying such a 

catalyst, we elected to study the silylation of 4-tert-butylstyrene using Me3Si-I. Using the 

conditions outlined in Scheme 4, we rapidly identified tBuPPh2 as a superior ligand for the 

desired transformation. Under these conditions (5 mol % Pd, 2 equiv Me3Si-I, Et3N, 50 °C, 

24 h in PhMe), the vinyl silane was isolated in 98% yield as the E-isomer; the Z-isomer was 

not detected. These reaction conditions are superior to those previously reported in several 

ways. First, and most importantly, they are high yielding and use the alkene as the limiting 

reagent. Second, they operate at much lower temperatures (50 °C) and tolerate the use of 

solvent (PhMe), which increases the substrate scope of the reaction.

In contrast to tBuPPh2, Et3P as well as other common ligands such as Ph3P, Cy3P and tBu3P 

provide only traces of the desired product under these conditions. We believe that tBuPPh2 is 

a superior ligand as it meets the dichotomous need for both a large and small ligand. On one 

hand, the tert-butyl group provides a large, electron-rich phosphine, which leads to a highly 

active catalyst that avoids coordinative saturation of the metal center. On the other hand, the 

flat phenyl groups are able to rotate out of the way, which provides sufficient space around 

the metal center to accommodate the large Me3Si group. This dichotomy of size 

requirements has been termed the “Goldilocks effect” in an article highlighting the 

reaction.16

This palladium-catalyzed silylation is effective for preparing a wide range of vinyl silanes 

from alkenes lacking β-hydrogen atoms. A broad variety of functionalities are tolerated for 

these substrates, including ethers, halides, ketones, esters, and heterocycles. The method is 

highly selective for mono-substituted alkenes. In all cases, high yields and complete 
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selectivity for the E-vinyl silane are observed. Scheme 5 highlights a range of the substrates 

that can be prepared using the silyl-Heck reaction.

Tanaka’s early studies showed that insertion into the Si-Cl bond is challenging due to its 

high bond strength. Our group has found that Me3Si-Cl can be utilized in the silyl-Heck 

reaction if iodide salts are added. For example, 4-tert-butylstyrene can be silylated in high 

yield using Me3Si-Cl/LiI and the tBuPPh2-derived catalyst (Scheme 6). We assume that in 
situ halide exchange occurs, leading to the formation of Me3Si-I. In general, similar yields 

of vinyl silanes are observed with this protocol compared to the direct use of Me3Si-I, and 

may be advantageous due to the less costly silylating reagent.

Prior to our work in the area, only styrene substrates had been examined in the silyl-Heck 

reaction (see above). It was unknown if other types of alkenes could be silylated using this 

manifold. In particular, α-olefins are an interesting class of substrates, as they are widely 

available and readily prepared. They also appeared to be a challenging class of substrates, as 

either allyl or vinyl silanes could emerge as products from the silyl-Heck reaction.

In fact, we found that α-olefins can be used as substrates in the reaction, and that high levels 

of selectivity for E-allyl silanes are observed. Very little vinyl silane was formed in these 

reactions, and good to excellent levels of selectivity for the E-allyl over Z-allyl were found. 

The major competing pathway was isomerization of the substrate to give internal alkenes, 

which were inert to further reaction. Under the conditions developed for vinyl silane 

synthesis, this competing reaction greatly decreased the yield of the allyl silane products. 

However, when the reactions are conducted at room temperature with PhCF3 as the solvent, 

this competitive process is largely suppressed, and good yields of the allyl silane products 

can be achieved. The role of the fluorinated solvent in these reactions remains unclear and is 

the subject of current investigations. Using these conditions, a broad range of terminal 

alkenes can be transformed into allyl silanes (for examples, Scheme 7). As such, the silyl-

Heck reaction provides a very attractive route into this class of high-value nucleophiles.

The power of the silyl-Heck reaction lies in the ability to easily access unsaturated 

organosilanes from widely available starting materials, combined with the vast range of 

products that can be obtained from the organosilane products. For example, in addition to 

Hiyama cross-coupling (not shown),17 vinyl silanes can be readily converted into 

unsaturated ketones18 or vinyl fluorides,19 among many other reactions.1 Likewise, allyl 

silanes are excellent nucleophiles in a wide range of allylation reactions. They can be used in 

Hosomi-Sakurai reactions,20 or oxidized to allylic alcohols.21 Moreover, when the silyl-

Heck reaction is combined with these other protocols, a highly-flexible method for allylic 

and vinyl C-H functionalization emerges (Scheme 8).11

Related Reactions of Alkynes

Beginning in 1991, Murai published a series of two papers describing the three-component 

coupling reaction of terminal alkynes, Me3Si-I, and organometallic nucleophiles (either 

organostannane or organozinc reagents) catalyzed by [Pd(PPh3)4]. These reactions give rise 

to trisubstituted vinyl silanes (Scheme 9). Presumably, this transformation is mechanistically 
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related to the silyl-Heck reaction. The reaction proceeds in good to excellent yield (70 – 

97%) and good stereoselectivity (E/Z ratios 56:44–98:2). Numerous organometallic groups 

can be incorporated, including vinyl-, allyl-, and alkynyl organostannanes and alkylzinc 

reagents, and both Me3Si-I and Me3SiSiMe2-I can be used. A number of terminal aromatic 

and aliphatic alkynes can be functionalized in this transformation; however, the reaction of 

alkenes was not reported.

Related Early Metal-Catalyzed Transformations

In 1998, Terao and Kambe reported the zirconocene-catalyzed silylation of alkenes with 

chlorosilanes (Scheme 10).9b, 22 The reaction employs a stoichiometric Grignard reagent to 

achieve catalyst activation and turnover. The mechanism of the reaction was later shown to 

be distinct from the silyl-Heck reaction. However, it is included here as the overall 

transformation is similar, and it utilizes chlorosilanes. The reaction is believed to involve the 

formation of a Zr(II)-alkene complex, which is subsequently silylated. Notably, this 

mechanism does not involve insertion into the Si-Cl bond, and likely explains why a large 

range of chlorosilanes are able to participate in the reaction (including Me3Si-Cl, Et3Si-Cl, 

and nPr3Si-Cl).

In general, both styrenes and α-olefins give rise to vinyl silanes. In some cases, the E vinyl 

silane is favored, but in other cases the Z isomer is reported to be major. In most cases, 

selectivity is moderate. An exception to the formation of vinyl silanes is for reactions 

involving allyl benzene, which give rise to the allyl silane wherein the alkene is conjugated 

to the arene. This transformation has the advantage of utilizing inexpensive chlorosilanes, 

but the need for stoichiometric Grignard reagent limits the substrate scope of the reaction.

Summary and Future Outlook

Although the initial reports of silyl-Heck reactions now date back over 20 years, only 

recently has the reaction been developed into a practical method for preparing unsaturated 

organosilanes. The protocol reported by our group allows for the direct conversion of 

terminal alkenes to allyl and vinyl silanes in an efficient and functional group tolerant way. 

The products from these reactions are highly useful nucleophiles in a wide variety of 

reactions; as such, they allow for rapid entry into a broad range of products. Yet, despite the 

recent progress in this area, challenges remain. First, with the exception of a few disilane 

examples reported by Murai, to date all methods have been limited to installation of 

symmetric trialkylsilyl groups. While the vinyl and allyl silanes derived from these products 

are useful, silyl-Heck reactions that incorporate benzylic, heteroatomic or aromatic silane 

substituents would be a significant advance. Such products have been shown to be highly 

versatile reagents in synthesis.2 Second, although the recent advances from our group have 

demonstrated for the first time that allyl silanes can be prepared from terminal alkenes using 

silyl-Heck reactions, more remains to be done. In particular, while the yields of the current 

protocol are synthetically useful, the reactions continue to suffer from competitive 

isomerization of the starting material. Improved catalysts that avoid this side reaction need 

to be developed. Third, and finally, within the Heck-type manifold, unassisted activation of 

Si-Cl bonds has not yet been achieved. This is an important goal, which we expect will 
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further increase functional group tolerance while increasing abundance and reducing cost of 

the silylating reagent. All these goals, as well as others, are currently under active 

investigation within the Watson lab.
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Statement of significance of work

This work reviews the direct preparation of allyl and vinyl silanes using the silyl-Heck 

reaction. This reaction allows for the preparation of highly useful unsaturated 

organosilanes from inexpensive, abundant alkenes.
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Figure 1. 
Mechanistic Outline of the Silyl-Heck Reaction.
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Scheme 1. 
Oxidative Addition of Pt(0) Complexes to Si-X bonds.
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Scheme 2. 
Stoichiometric Reaction of 1 with Styrene.
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Scheme 3. 
First Example of A Silyl-Heck Reaction (Tanaka).
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Scheme 4. 
Improved Silyl-Heck Reaction (Watson).
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Scheme 5. 
Preparation of Vinyl Silanes Using the Silyl-Heck Reaction.
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Scheme 6. 
Conditions for Silyl-Heck Reaction Using TMSCl/LiI.
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Scheme 7. 
Preparation of Allyl Silanes Using the Silyl-Heck Reaction.
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Scheme 8. 
Formal C-H Functionalization Based Upon Silyl-Heck Reactions and Subsequent 

Functionalizations.
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Scheme 9. 
Murai’s Three-Component Couplings.
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Scheme 10. 
Kambe’s Zirconocene-Catalyzed Silylation of Alkenes.
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