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Abstract 

The mechanism for the addition of alkynes to low-valent silicon compounds was 

investigated in this thesis using a cyclopropyl alkyne mechanistic probe 1.31 ((2-ethynyl-3-

methoxy-1-methylcyclopropyl)benzene). The addition of alkyne 1.31 to the asymmetrically-

substituted disilene 1.37 (Tip2Si=SiTipPh) was investigated. The structures of the products 

obtained indicate the reaction proceeds through a stepwise mechanism with a biradical 

intermediate and the dipole moment of the disilene bond was not sufficient to alter the 

reaction mechanism. 

The addition of alkyne 1.31 to the NHC-stabilized silylene 1.38 (tBu3Si(H)Si←NHC) 

was also investigated. The structure of the product formed in the reaction lead to two 

conclusions: that silylene 1.38 acts as a nucleophile in the reaction with alkyne 1.31, and the 

cyclopropyl ring of alkyne 1.31 regioselectively opens toward the phenyl substituent in the 

presence of an α-anion.  

 

Keywords: low-valent, silicon, disilene, silylene, alkyne, cycloaddition, mechanistic probe, 

cyclopropyl 
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Chapter 1  

1 General Introduction 

1.1 History of Alkyne Cycloaddition to Disilenes and 
Silylenes 

 

For the past half century, the chemistry of low-valent silicon compounds has been 

extensively studied.1 Specifically, disilenes and silylenes, the silicon analogues of alkenes 

and carbenes respectively, have been shown to undergo many cycloaddition reactions 

under ambient conditions. When disilenes and silylenes are reacted with alkynes, they 

yield a complex ring system in a clean, high-yielding one pot reaction. As such, the 

reactivity of low-valent silicon compounds with alkynes has been a key focus of research. 

One of the common methods for providing evidence for the formation of transient 

disilene and silylene species is to react the transient species with a trapping agent, a 

species that reacts cleanly and in high yield with the unsaturated silicon species. While 

typical trapping agents such as water, methanol, and ketones are often utilized2 (Scheme 

1.1), alkynes are also commonly employed to provide indirect evidence for the transient 

species. 
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Scheme 1.1: General reactions of trapping agents with a transient disilene and the 

observed products 

 

For example, when the bicycle 1.1 was heated, decomposition was observed.3 One of the 

decomposition products was proposed to result from oligomerization of disilene 1.2. 

Upon co-pyrolysis of 1.1 with phenyltrimethylsilylacetylene or diphenylacetylene, 

disilacyclobutenes 1.3 were formed (Scheme 1.2).4  

 

Scheme 1.2: Reaction of transient disilene 1.2 with diphenylacetylene and 

phenyltrimethylsilylacetylene. 

 

With the discovery of stable, isolable disilenes5 and silylenes,6 the reaction with 

alkynes continued to be one of the first reactions explored in studies of the reactivity of 
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these compounds. The first stable, isolable disilene, tetramesityldisilene 1.4, was reacted 

with various alkynes yielding disilacyclobutenes (Scheme 1.3).7 This study confirmed 

that the addition of alkynes to disilenes provides a reliable, clean route to 

disilacyclobutenes under mild conditions. 

 

Scheme 1.3: Addition of alkynes to tetramesityldisilene 1.4. 

 

The cycloaddition of alkynes continues to be a key reaction examined upon the synthesis 

of a new disilene. For example, in 2013, Scheschkewitz reported the synthesis of disilene 

1.5, with three 2,4,6-triisopropylphenyl (Tip) substituents and the novel 2,4,6-

trimethoxyphenyl (TMOP) protecting group.8 One of the first reactions examined was the 

reaction of 1.5 with phenylacetylene which afforded a disilacyclobutene. Interestingly, 

the addition of phenylacetylene was regioselective to the less hindered silicon. 

 

Scheme 1.4: Addition of phenylacetylene to disilene 1.5. 

 

While disilenes typically afford a disilacyclobutene as the only product upon 

reaction with an alkyne; except in rare cases,9 silylenes give various products. 
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Specifically, the addition of alkynes to transient silylenes afford silacyclopropenes, 

disilacyclobutenes, 1,4-disila-2,5-dienes, and/or siloles (Scheme 1.5).10  

 

Scheme 1.5: Products observed in the addition of acetylenes to transient silylenes. 

 

For example, the transient silylene 1.6, generated by thermolysis of disilene 1.7 at 

70 ºC, reacted with 1,2-diphenylacetylene or 3,3,6,6-tetramethyl-1-thia-4-cycloheptyne to 

give, in both cases, a silacyclopropene (Scheme 1.6).11 

 

Scheme 1.6: Formation of the transient silylene 1.6 and reaction with diphenylacetylene 

and 3,3,6,6-tetramethyl-1-thia-4-cycloheptyne. 
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In cases where the silacyclopropenes are not stabilized by the steric bulk of the ligands 

they can react further. For example, thermolysis of silacyclopropene 1.8 at 250 ºC 

afforded the dimerized 1,4-disilacyclohex-2,5-enes 1.9 and 1.10 (Scheme 1.7).12  

 

Scheme 1.7: Thermolysis of 1.8 to give 1.9 and 1.10. 

 

Thermolysis of 1.11 gave three products: disilacyclobutene 1.12 and two isomers of a 

silole, 1.13 and 1.14 (Scheme 1.8).13 Presumably, thermal decomposition of 

silacyclopropene 1.11 produces an equivalent of dimethylsilylene and 1-

(dimethylphenylsilyl)propyne. The silylene then inserts into another equivalent of 

silacyclopropene 1.11 to form 1.12 or insert into another equivalent of the alkyne to 

afford the isomeric 1.13 and 1.14.  

 

Scheme 1.8: Thermolysis of 1.11 yielding disilacyclobutenes 1.12 and siloles 1.13 and 

1.14. 
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While the addition of an alkyne to a silylene generates a silacyclopropene, the previous 

two examples illustrate that the secondary products, disilacyclobutenes, siloles, and 1,4-

disilacyclohex-2,5-enes are derived from further reactivity of the silacyclopropene. 

The types of products formed upon the reaction of stable silylenes with alkynes is 

less varied in comparison to the more reactive transient species, giving, in general, 

silacyclopropenes. For example, Power reported that the stable silylene, 1.15, reacts with 

phenylacetylene and diphenylacetylene to afford a silacyclopropene (Scheme 1.9).14 

 

Scheme 1.9: Addition of phenylacetylene and diphenylacetylene to silylene 1.15. 

 

Silylenes can also be stabilized by the coordination of Lewis bases. While there 

are limited studies of the reactivity of Lewis base stabilized silylenes, the reaction with 

alkynes does not, in general, give a silacyclopropene. Instead, a silole is the most 

commonly observed product from the reaction. An example is silole 1.16 synthesized 

from the reaction of bis(dimethylamino)acetylene and the diethylamino derivative with 

the N-hetereocyclic carbene (NHC) stabilized silylene 1.17, as reported by Filippou 

(Scheme 1.10).15  
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Scheme 1.10: Cycloaddition of NHC-stabilized silylene 1.17 with 

bis(dimethylamino)acetylene and bis(diethylamino)acetylene to form silole 1.16. 

 

1.2 Applications of Alkyne Cycloaddition Reactions in 
Disilene and Silylene Chemistry 

 

The cycloaddition of alkynes to disilenes and silylenes features prominently in a 

variety of applications. The addition of alkynes to disilenes has been utilized to 

functionalize silicon dimers on surfaces and in the synthesis of organic-inorganic silicon 

hybrid polymers. Silacyclopropenes, derived from the reaction of alkynes with silylenes, 

are utilized as building blocks in the synthesis of a variety of silicon-containing 

heterocycles. The electronic properties of siloles make them promising components of 

solar cells and other electronic devices. Herein, the applications are described. 

There is much interest in the organic functionalization of silicon surfaces for 

applications in electronics.16 As such, understanding the reactivity of these silicon 

surfaces is crucial. Reconstructed Si(100) 2×1 surfaces feature rows of silicon dimer units 
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which are separated by trenches and react similarly to the molecular dimeric analogues. 

One approach to understand the reactivity of the silicon surface dimers is to employ a 

molecular disilene as a model system. Multiple studies on the functionalization of the 

reconstructed surfaces have been conducted.17 For example, the addition of acetylene to 

the Si(100) 2×1 surface generates a disilacyclobutene similar to the molecular system.18 

Buta-1,3-diyne also reacts with the Si(100) 2×1 surface (Scheme 1.11);19 albeit through 

only one alkyne unit. The remaining alkynyl group potentially enables the addition of a 

secondary organic layer to the silicon surface by the reaction with the alkyne moiety. 

 

Scheme 1.11: Formation of the surface adduct between the Si(100) 2x1 surface and buta-

1,3-diyne 

 

The cycloaddition of alkynes to disilenes has also been utilized as the key 

bond-forming reaction in the synthesis of organic-inorganic silicon hybrid polymers.20 

The reaction between the bifunctional phenylene-bridged (bis)disilene 1.18 and 1,4-

diethynyl benzene leads to the formation of the organic-inorganic hybrid polymer 1.19 

(Scheme 1.12). 
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Scheme 1.12: Oligomerization by cycloaddition between bifunctional monomers 

containing disilene and alkyne moieties. 

 

Silacyclopropenes, the product of the reaction between silylenes and alkynes, 

have been shown to undergo various insertion reactions, making silacyclopropenes a 

good precursor to many silicon-containing heterocycles.21 Transition metals have often 

been utilized to catalyze silacyclopropene insertion reactions. For example, the copper-

catalyzed insertion of aldehydes22 or nitriles (Scheme 1.13)23 are high-yielding routes to 

oxasilacyclopentenes and azasilacyclopentadienes, respectively. The former can be 

converted into 1,2,4-triols, while the latter can be converted to allylic amines which are 

useful building blocks for organic synthesis.24 

 

Scheme 1.13: Nitrile insertion into a silacyclopropene. 
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In another example, the palladium-catalyzed insertion of alkynes into the Si-C bond of a 

silacyclopropene is a high-yielding, selective route to siloles.25 Siloles, due to their 

conjugated electronic structures, have been utilized as luminogenic materials. While the 

photoemission of most conventional chromophores is quenched upon aggregation, 

hampering their practical applications, siloles exhibit aggregation-induced emission 

(AIE), fluorescing strongly in the aggregated state.26 AIE, combined with their stability 

and good solubility in organic solvents, make siloles such as 1.20, interesting 

photoelectronic materials (Chart 1.1). 

 

Chart 1.1: 1.20, a silole that exhibits AIE. 

 

Similarly, 1,4-disilacyclohex-2,5-enes, the dimers of silacyclopropenes, exhibit cross-

hyperconjugation which can be tuned to influence their optical and electronic properties 

for specialty applications.27  
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1.3 Mechanistic Overview 

 

Given the importance of the cycloaddition of alkynes to low-valent silicon 

compounds, it is critical that the mechanism of the reaction be understood. The [2πs+2πs] 

cycloaddition of alkynes and alkenes is forbidden by symmetry (Scheme 1.14),28 and 

thus, the facile reactivity of disilenes with alkynes is in stark contrast to their lighter 

congeners. 

 

Scheme 1.14: Illustration of the symmetry forbidden [2πs+2πs] cycloaddition of two 

alkenes. 

 

The mechanism of the addition of alkynes to disilenes has been debated since its 

discovery. In 1985, Sakurai provided the first mechanistic insight into this reaction.29 

Pyrolysis of the bicyclic compound 1.21, with the substituents at silicon in the trans 

orientation, is known to produce the trans disilene 1.22 stereoselectively.30 The 

stereochemistry of the substituents at silicon in disilacyclobutenes 1.23, derived from the 

reaction with diphenylacetylene, was inferred after stereoselective oxidation to 1.24. A 

63:37 ratio of the trans and cis stereoisomers of 1.24, respectively, were isolated by thin 
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layer chromatography (TLC). The same reaction was also performed with the cis isomer 

of 1.21 and yielded a 38:62 ratio of trans and cis stereoisomers of 1.24, respectively, 

demonstrating the reaction was stereoselective, but not stereospecific. Sakurai proposed 

that the reaction proceeds by a stepwise mechanism involving a biradical intermediate 

where the stereochemistry can be altered by Si-Si bond rotation or inversion of the silyl 

radical center (Scheme 1.15). The stereoselectivity of the reaction suggests that the 

scrambling of the stereochemistry, while competitive, is slower than ring closure forming 

the disilacyclobutene ring. 

 

Scheme 1.15: Stepwise addition of diphenylacetylene to 1.22.  

 

 A year later, West reported the addition of acetylenes to two stable disilenes, 

tetramesityldisilene 1.4 and trans-l,2-di-t-butyl-l,2-dimesityldisilene 1.25.31 The latter 

reacted with phenylacetylene and ethoxyacetylene, to afford both the cis and trans 

disilacyclobutenes 1.26 and 1.27 in approximately equal amounts (Scheme 1.16). West 

proposed that the addition of acetylene to 1.26 also proceeds through a biradical 
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intermediate. However, unlike Sakurai’s study, the reaction did not proceed 

stereoselectively. It was concluded that the lifetime of the putative biradical intermediate 

is longer than that of the biradical intermediate proposed by Sakurai, allowing more time 

to scramble the stereochemistry of the substituents before ring closure. 

 

 

Scheme 1.16: Reaction of disilene 1.25 with phenylacetylene and ethoxyacetylene. 

 

In the case of disilene 1.4, reaction with phenylacetylene, ethoxyacetylene, 

carbomethoxyacetylene and trimethylsilylacetylene afforded the corresponding 

disilacyclobutenes 1.28 (Scheme 1.17). 1-hexyne, 1-phenyl-2-trimethylsilylacetylene, 

propyne, acetylene, diphenylacetylene, and 3-hexyne-2,5-dione did not react with the 

disilene.  
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Scheme 1.17: Reaction of disilene 1.4 with various alkynes. 

 

The reactivity pattern observed led West to the conclusion that a zwitterionic 

intermediate may be involved in the reaction of 1.4 with polarized alkynes. West 

proposed that the alkyne reacts as the nucleophile in the reaction (Scheme 1.18). Notably 

West stated: “Further studies will be needed to elucidate the mechanism of alkyne 

cycloaddition to stable disilenes.”31  

 

Scheme 1.18: Stepwise addition of various polar acetylenes forming a zwitterionic 

intermediate. 

 

Almost a decade later, the mechanism of the addition of alkynes to disilenes was 

examined utilizing a mechanistic probe. The rapid ring opening reaction of cyclopropyl 

carbinyl radicals has effectively been utilized to determine if a radical is present during 

the course of a reaction.32 To be an effective probe, the rate constant of the ring opening 
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rearrangement must be greater than the rate constant for any other competitive process. 

The incorporation of a phenyl substituent on the cyclopropyl ring increases the rate 

constant for rearrangement of cyclopropyl carbinyl radicals by orders of magnitude.33 

Newcomb reported a cyclopropyl probe with an alkoxy substituent present on the 

cyclopropyl ring, in addition to the phenyl substituent. This cyclopropyl ring opens 

regioselectively depending on whether a cation or a radical is located on the carbinyl 

carbon.34 If a radical is generated adjacent to the cyclopropyl ring, the ring opens 

regioselectively towards the phenyl group. However, if a cation is generated adjacent to 

the cyclopropyl ring, the ring opens towards the alkoxy group. By identifying the location 

of the phenyl and alkoxy substituents in the final product, the nature of the intermediate 

can be determined. Based on Newcomb’s research,33,34 cyclopropyl alkyne 1.31 was 

designed and synthesized.35 The cyclopropyl ring of 1.31 regioselectively opens in the 

presence of a vinylic cation or radical with rate constants in the range of 1010 – 1012 s-1 

(Scheme 1.19).36 

 

Scheme 1.19: Reactivity of 1.31, under radical and cationic conditions. 
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Cyclopropyl alkyne 1.31 was used to study the mechanism of the addition of 

alkynes to disilenes 1.437 and 1.29.38 In both cases, a disilacyclohepta-3,4-diene was 

formed as well as a disilacyclobutene (Scheme 1.20). The regiochemistry of the phenyl 

and methoxy substituents in 1.32 confirms that a biradical intermediate is formed along 

the reaction pathway. The formation of 1.33 illustrates that ring closure of the biradical 

intermediate, to give disilacyclobutenes 1.33, competes with the ring opening 

rearrangement of the cyclopropyl ring.  

 

Scheme 1.20: Formation of disilacyclobutene 1.33 and disilacyclohepta-3,4-diene 1.32 

from the reaction of disilenes with alkyne 1.31. 

 

Cyclopropyl alkyne 1.31 has been used to study the mechanism of the addition of 

alkynes to a variety of (di)tetrelenes. The experimental studies have been complemented 

by computational studies of the mechanism of the addition of alkynes to naturally 
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polarized silenes and germenes.39 A summary of the experimental mechanistic studies is 

presented in Table 1.1. 

Table 1.1: Summary of mechanistic pathways of the reactions between (di)tetrelenes 

with alkyne 1.31. 

(Di)tetrelene Chemical Structure Intermediate 

Disilene (aryl37 or 

silyl38 substituents) 

 

Biradical 

Digermene40 

 

Biradical 

Silene41 

 

Biradical 

 

Understanding the mechanism of the cycloaddition of alkynes to silylenes is 

equally as critical for the development of this area of chemistry.  Silylenes exist in the 

singlet ground state and have a lone pair of electrons and an empty p-orbital. As a 

consequence, they can behave as either a nucleophile or an electrophile. Early 

mechanistic studies were undertaken on the reactivity of transient silylenes. The reaction 

of transient silylene 1.34, generated from either the reaction of dimethylchlorosilane and 

sodium or thermal cleavage of the silicon-silicon bonds in polydimethylsilane, with 

alkynes has been extensively studied. Multiple pathways for the formation of 

disilahexadiene 1.35 have been proposed on the basis of kinetic and product studies 
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which include pathways involving disilene, silacyclopropene, and disilacyclobutene 

intermediates (Scheme 1.21).42  

 

Scheme 1.21: Potential pathways for the formation of 1,4-disilahexadiene 1.35. 

 

While the multiple ways to generate the transient silylene 1.34 and the varying 

substituents on the alkynes makes it difficult to compare all the reports, the overlying 

conclusion is that the transient silylene 1.34 can dimerize and then react with the alkyne 

or add the alkyne to form a silacyclopropene which then undergoes further reactions.  

The cycloaddition of silylenes with alkynes has been studied computationally 

using density functional theory methods. Two different reaction pathways were 

examined: the least motion pathway where the silylene acts as a nucleophile, and the non-

least motion pathway where the silylene acts as an electrophile (Figure 1.1).43  



19 

 

 

Figure 1.1: The two different orientations of orbital overlap between silylene and the π-

orbitals of an alkyne 

 

In the “least motion” pathway, the interaction between the lone pair of the silylene and 

the LUMO of the alkyne is forbidden by symmetry, whereas, the “non-least motion” 

pathway is symmetry-allowed where the filled π-orbitals of the alkyne (HOMO) can 

overlap with the empty p-orbital of the silylene (LUMO). The results indicated that the 

cycloaddition of alkynes to silylenes proceeds through the symmetry allowed “non-least 

motion” pathway where the silylene acts as an electrophile.  

As is well-recognized, the nature of the substituents can greatly influence the 

reaction mechanism. The reactivity of the bis(aryl)silylene 1.36 with a variety of 

acetylenes was examined (Scheme 1.22).44  
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Scheme 1.22: Generation of transient silylene 1.36 and subsequent addition of various 

acetylenes. 

 

A Hammett study provided insight into the philicity of silylene 1.36. The positive 

reaction constant (ρ = +0.85 ± 0.21) was comparable to that of the reaction of 

cycloheptatrienylidene, a nucleophilic carbene, and styrene suggesting that the silylene 

acts as a nucleophile in contrast to previous studies where the silylene acts as the 

electrophile. The nucleophilic character of silylene 1.36 is attributed to coordination of 

the ortho-NMe2 groups with the silicon centre reducing the electrophilicity of the 

silylene.  

 

1.4 Project Overview 

 

Scheschkewitz examined the addition of phenylacetylene to two disilenes, 1.5 and 

1.37 (Scheme 1.23). In each case, disilacyclobutenes were obtained regioselectively. To 

account for the regioselectivity of the reaction, Scheschkewitz proposed the formation of 
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a zwitterionic intermediate during the course of the reaction because of the expected 

polarization of the unsymmetrically-substituted silicon-silicon double bond. The Baines 

group has previously reported that tetramesityldisilene 1.4, a tetraryl-substituted disilene, 

in the reaction with alkynes proceeds through a reaction pathway involving a biradical 

intermediate. Given that 1.5 and 1.37 are also tetraaryldisilenes, it is reasonable that the 

mechanism of the reaction be the same. Chapter 2 describes the addition of 

cyclopropylalkyne 1.31 to disilene 1.37 in an effort to determine the nature of the 

reaction intermediate. 

 

Scheme 1.23: Addition of phenylacetylene to 1.5 and 1.37. Chapter 2 examines the 

addition of 1.31 to 1.37. 

 

 The coordination of Lewis bases is an effective method for the stabilization of 

silylenes. While simple alkyl- and aryl-substituted silylenes react with alkynes to form a 

variety of products derived from silacyclopropenes, base-stabilized silylenes typically 

yield a silole upon reaction with an alkyne. For example, Inoue synthesized the NHC-

stabilized silylene 1.38 and observed the formation of 1.39 upon the addition of 
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diphenylacetylene (Scheme 1.24).45 On the basis of a computational study, Inoue 

proposed that the reaction proceeds through a zwitterionic intermediate where the 

silylene acts as a nucleophile. In Chapter 3, the reaction of silylene 1.38 with alkyne 1.31 

was investigated in an effort to determine the nature of the reaction intermediate. 

 

Scheme 1.24: Addition of diphenylacetylene to silylene 1.38. Chapter 3 examines the 

addition of 1.31 to 1.38. 
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Chapter 2  

2 Investigation into the Mechanism of the Addition of a 
Cyclopropyl Alkyne to an Asymmetrical Disilene 

2.1 Introduction 

 

 The chemistry of disilenes has been studied extensively over the past 40 years. 

The cycloaddition reactions with disilenes have remained a focus of research due to the 

ability to form complex ring structures cleanly and rapidly.1 The cycloaddition of alkynes 

to disilenes has been shown to generate a disilacyclobutene. Due to the favourable 

characteristics of the reaction, it has been used in a variety of applications. For example, 

an organosilicon polymer was synthesized where the cycloaddition between an 

phenylene-bridged bis(disilene) and a phenylene-bridged dialkyne was the key 

oligomerization step (Scheme 2.1).3 

 

Scheme 2.1: Polymerization of the linker bridged tetrasiladiene 1.18 with 1,4-diethynyl 

benzene. 
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Mechanistic studies of the addition of alkynes to disilenes have focused on the 

chemistry of disilenes with four identical substituents, while minimal work has been done 

on polarized silicon-silicon double bonds from asymmetrically-substituted disilenes. In 

2007, Scheschkewitz reported the synthesis of disilenes 1.5 and 1.37, which feature three 

2,4,6-triisopropylphenyl substituents and one different aryl substituent.2 The synthesis of 

asymmetrically-substituted disilenes allowed an examination of the regiochemistry of the 

addition reactions of a variety of reagents. Addition of a terminal alkyne to disilene 1.5 

and 1.37 resulted in the regioselective formation of disilacyclobutene 2.1 and 2.2.3,4 

When compared to the disilene 1.4, the same reactivity is observed (Scheme 2.2).5 

 

Scheme 2.2: Cycloaddition of phenylacetylene to asymmetrically-substituted disilenes 

1.37 and 1.5, and the symmetrically substituted 1.4. 

 

The regioselectivity of the cycloaddition reaction suggests the selective formation 

of an intermediate. Although Scheschkewitz recognized that symmetrically-substituted 

disilenes have been shown to proceed via the formation of a biradical intermediate, he 
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proposed that disilene 1.37, due to the polarization of the silicon-silicon double bond, 

would favour the formation of a zwitterionic intermediate.3 The reversible coordination 

of an N-heterocyclic carbene to cyclotrisilene 2.3 was provided as evidence in support of 

a zwitterionic intermediate in the addition of alkynes to 1.37 (Scheme 2.3).6 Adduct 2.4 

was formed regioselectively with the NHC adding to the less hindered Cp*-substituted 

silicon atom of the disilene.  

 

Scheme 2.3: Reaction of a donor NHC with the asymmetric disilene moiety in 2.3. 

 

 The mechanism of the addition of alkynes to a disilene with four identical aryl 

substituents, 1.4, was examined utilizing the cyclopropyl alkynyl probe 1.31.7 Probe 1.31 

is able to distinguish between the formation of a cyclopropyl vinyl radical or cation by 

undergoing regioselective ring opening towards the phenyl or methoxy group, 

respectively, on the cyclopropyl ring (Scheme 2.4).8  
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Scheme 2.4: Regioselective ring opening of cyclopropyl alkyne probe 1.31 upon addition 

of a radical or a cation. 

 

Thus, by examination of the regiochemistry of the products, one can determine the nature 

of the intermediate formed along the pathway. The addition of alkyne 1.31 to disilene 1.4 

resulted in the formation of three compounds: 2.5 – 2.7 (Scheme 2.5).7  

 

Scheme 2.5: Reaction of tetramesityldisilene 1.4 with alkyne 1.31.  

 

The placement of the phenyl and methoxy substituents in the seven-membered 

cyclic allenes, 2.5 and 2.6, leads to the conclusion that a biradical intermediate was 

formed along the reaction pathway. Similar products were observed with the tetrasilyl-
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substituted disilene 1.29 and, as such, was also shown to proceed through a biradical 

intermediate.9 The mechanism for the formation of 2.5 – 2.7 is illustrated in Scheme 2.6. 

The addition of the alkyne to the disilene results in the formation of the biradical 2.8. 

Closure of the biradical gives the disilacyclobutene, 2.7. Alternatively, the cyclopropyl 

ring opens to give biradical 2.9 which upon closure gives the allenes 2.5 and 2.6.  

 

Scheme 2.6: Mechanism for the addition of probe 1.31 to tetramesityldisilene 1.4. 

 

While mechanistic studies have been done on the addition of alkynes to disilenes 

with four identical substituents, the mechanism of the addition of an alkyne to a disilene 

with a dipole moment has yet to be explored. We hypothesize that a tetraaryl disilene will 

react by the same mechanism with an alkyne despite variations in the nature of the 

substituents on the aryl group. To provide evidence in support of this hypothesis, the 

addition of cyclopropyl probe 1.31 to disilene 1.37 has been examined. 

 



33 

 

2.2 Results and Discussion  

 

Cyclopropyl alkyne 1.31 was added to an equimolar yellow hexanes solution of 

disilene 1.37 at room temperature to give a red-orange solution and a light-yellow 

precipitate.  After separation of the light-yellow precipitate by centrifugation, the solvent 

was removed to yield a red residue. Upon dissolution in DCM and exposure of the 

solution to air, the red colour of the solution disappeared to yield a clear and colourless 

solution. The products were separated by preparative thin layer chromatography. Four 

compounds were isolated, 2.10 -2.13; each compound was determined to be a 1:1 adduct 

between disilene 1.37 and probe 1.31 by mass spectrometry. All compounds were 

characterized by 1H, 13C, 1H-1H gCOSY, 13C-1H gHSQC, 13C-1H gHMBC and 29Si-1H 

gHMBC NMR spectroscopy as well as by ESI-mass spectrometry. Due to the complexity 

of the spectrum in the 0-2 ppm and 6.5-8.5 ppm regions, the analysis focused on the 

region between 2.5 – 6 ppm in the 1H NMR spectra as well as the region between 40 – 

110 ppm in the 13C NMR spectra of the products. 

 

2.2.1 Structure Elucidation 

 

The ESI mass spectrum of compound 2.10 revealed a signal at m/z 951.627 which is 

consistent with the mass expected for a 1:1 adduct between 1.37 and 1.31 (plus a sodium 

ion). The region from 3.5-5.0 ppm in the 1H NMR spectrum of 2.10 is shown in Figure 

2.1. Interestingly, upon comparison to the crude 1H NMR spectrum, 2.10 was not found 
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in the crude mixture and is hypothesized to have formed during chromatography. The 

spectrum contains two doublets at 4.93 and 4.08 ppm which were assigned to the CH-Ph 

and CH-OMe hydrogens, respectively, on the basis of the observed correlations to signals 

at 42.69 ppm and 91.38 ppm in the 13C dimension of the 13C-1H gHSQC NMR spectrum 

of 2.10, respectively. Since disilene 1.37 is a tetraaryl-substituted disilene, a comparison 

of the chemical shifts of the products derived from the addition of alkyne 1.31 to 

tetramesityldisilene 1.4, 2.5 and 2.6, and 2.10 is useful.7 Diagnostic chemical shifts are 

highlighted in Table 2.1. The chemical shifts assigned to the CH-OMe and CH-Ph of 

2.10 are comparable to the analogous shifts in compounds 2.5 and 2.6 (Table 2.1). 

Accordingly, a correlation was observed between the two doublets in the 1H-1H gCOSY 

NMR spectrum of 2.10. The value of the coupling constant for the doublet was 

determined to be 10 Hz which is close in magnitude to the corresponding coupling 

constants of 10 - 12 Hz for the analogous signals in the 1H NMR spectra of 2.5 and 2.6. 

The 1H chemical shift of CH-Ph at 4.92 ppm is similar to the chemical shifts of 

analogous hydrogens in the 7-membered ring compounds, 2.5 and 2.6, and very different 

compared to the chemical shifts of the analogous hydrogen in compound 2.7, suggesting 

that compound 2.10 has a larger ring.  

 

 

 

 



35 

 

Table 2.1: 1H NMR and 13C NMR chemical shifts of 2.5, 2.6, 2.10, and 2.11. 

 

    

1H NMR Chemical Shifts 

HCPh 4.54  

[J = 12 Hz] 

4.49  

[J = 10 Hz] 

4.93 

[J = 10 Hz] 

4.01 

HCOCH3 4.60  

[J = 12 Hz] 

4.17  

[J = 10 Hz] 

4.08 

[J = 10 Hz] 

3.70 

CH3 1.80 1.32 - 1.33 

OCH3 3.00 2.93 2.20 3.02 

C=C=CH 5.50 6.22 - 6.71 

13C NMR Chemical Shifts 

HCPh 52.42 44.1 42.69 54.08 

HCOCH3 77.07 84.4 91.38 92.23 

OCH3 56.62 51.9 57.10 56.80 

C=C=C 213.14 210.2 - 218.32 
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Figure 2.1: a) 1H NMR spectrum (600 MHz, C6D6) of 2.10; b) Expansion from 6.70 – 

7.12 ppm; c) Expansion from 3.8-5.0 ppm. 

 

Correlations in the 13C-1H gHMBC and 13C-1H gHSQC NMR spectra of 2.10 

were utilized to construct the core fragment (Figure 2.2). While the doublet assigned to 

the CH-Ph moiety correlated to signals in the aromatic region of the 13C dimension of the 

13C-1H HMBC spectrum of 2.10, the signal assigned to the CH-OMe group only 

correlated to two singlets in the 1H dimension in the 13C-1H gHMBC NMR spectrum of 

2.10 at 4.65 and 4.48 ppm. The two singlets both correlated to the same 13C at 123.76 

ppm in the 13C dimension of the 13C-1H HSQC NMR spectrum of 2.10.10 Together, the 

assignments lead to the fragment shown in Chart 2.1a. 
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Figure 2.2: Expansion of the 13C-1H gHMBC NMR spectrum of 2.10 (600 MHz, C6D6) 

with 1H ranges of: a) 4.40-5.00 ppm; b) 3.85-4.75 ppm; c) 4.85-5.05 ppm; d) 2.12-2.26 

ppm. 

 

 

Chart 2.1: Fragments of 2.10 highlighting key 1H signals in blue. 
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A correlation between the signals at 4.65 ppm and 4.48 ppm in the 1H dimension 

and a signal at 145.16 ppm in the 13C dimension of the 13C-1H gHMBC NMR spectrum 

of 2.10 was observed and assigned to an alkenyl carbon. The signal assigned to this 

carbon correlates to a doublet at 6.73 ppm in the 1H dimension of the 13C-1H gHSQC 

NMR spectrum. Furthermore, the doublet at 6.73 ppm correlates to a signal at 133.29 

ppm in the 13C dimension of the 13C-1H gHMBC NMR spectrum, and this signal 

correlates to a doublet in the 1H dimension at 7.11 ppm in the 13C-1H gHSQC NMR 

spectrum. While the doublets at 6.73 and 7.11 ppm in the 1H NMR spectrum of 2.10 are 

masked by other signals in benzene-d6, using acetone-d6 as the solvent, allowed for the 

determination of the coupling constant of the doublet (16 Hz). Together, the assignments 

give us the fragment shown in Chart 2.1b. 
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Figure 2.3: Expansion of the 29Si-1H gHMBC NMR spectrum of 2.10 (600 MHz, C6D6). 

The signals at -32 and -12 ppm in the 29Si dimension are noted as Si(1) and Si(2) 

respectively. 

 

Notably, the signals at -12 ppm and -32 ppm in the 29Si dimension of the 29Si-1H 

gHMBC NMR spectrum of 2.10, both correlated to the same signal at 4.93 ppm in the 1H 

dimension which was assigned to the CH-Ph moiety. However, only the signal at -12 

ppm in the 29Si dimension correlated to the signal at 4.07 ppm in the 1H dimension which 

was assigned to the CH-OMe moiety. These correlations, plus the chemical shift of CH-

Ph, provides convincing evidence that the CH-Ph group is bound directly to the Si atom 

with a chemical shift of -12 ppm. Similarly, both 29Si signals correlated to the signal at 

7.11 ppm in the 1H dimension, which was assigned to an alkenyl hydrogen, while only 
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the signal at -32 ppm correlated to the signal at 6.73 ppm in the 1H dimension which was 

also assigned to an alkenyl hydrogen. This leads to the conclusion that the alkenyl moiety 

is bound directly to the Si atom with a chemical shift at -32 ppm. Furthermore, the signal 

in the 29Si dimension at -32 ppm correlates to a doublet at 8.15 ppm in the 1H dimension 

which was assigned to an o-Ph-H on the basis of its splitting pattern, chemical shift, and 

correlations to other signals in the aromatic region of the 13C dimension of the 13C-1H 

gHMBC spectrum of 2.10. Thus, the phenyl group is attached to the Si with a chemical 

shift of -32 ppm (Chart 2.2).  

 

Chart 2.2: Elucidated structure for 2.10 highlighting key 1H signals in blue. 

 

Recrystallization from a minimal amount of acetone yielded single crystals of 2.10 giving 

the molecular structure shown in Figure 2.4 confirming the structure elucidated by NMR 

spectroscopy. Both enantiomers of 2.10 were observed in the asymmetric unit.  
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Figure 2.4: Ellipsoid plot of 2.10 showing naming and numbering scheme. Ellipsoids are 

at the 50% probability level, all ligand-based hydrogen atoms and Tip groups (except the 

i-carbon) were omitted for clarity. Selected bond lengths (Å) and angles (°): Si1-Si2 = 

2.4795(10), C4-C5 = 1.345(4), C3-C13 = 1.340(4), Si1-Si2-C5 = 97.21(8), Si2-C5-C4 = 

136.4(2), C5-C4-C3 = 129.9(3), C4-C3-C2 = 120.8(2), C3-C2-C1 = 115.1(2), C2-C1-Si1 

= 117.05(16), C1-Si1-Si2 = 102.07(7). 

 

The molecular structure confirms the regiochemistry of the phenyl and methoxy 

substituents in 2.10. The phenyl substituent on Si2 and the phenyl substituent on C1 are 

cis to each other, whereas the phenyl and methoxy substituents on C1 and C2, 

respectively, are trans reducing steric interactions. The C4-C5 and C3-C13, bond lengths 

at 1.345(4) Å and 1.340(4) Å, respectively, are consistent with C=C double bonds.  
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The 1H NMR spectrum, of 2.11 is illustrated in Figure 2.5. The ESI mass 

spectrum of 2.11 revealed a signal at m/z 951.627 indicative of a 1:1 adduct between 

alkyne 1.31 and disilene 1.37. A similar strategy to that used in the identification of 2.10 

was applied to elucidate the structure of 2.11. 

 

Figure 2.5: a) 1H NMR spectrum of 2.11 (600 MHz, C6D6); b) Expansion from 6.69 – 

6.71 ppm; c) Expansion from 3.6 – 4.1 ppm; d) Expansion from 1.30 – 1.35 ppm. 

  

Two singlets were observed at 3.70 and 4.01 ppm in the 1H NMR spectrum of 

2.11. The two singlets correlated to signals at 92.23 and 54.08 ppm in the 13C dimension 

of the 13C-1H gHSQC NMR spectrum of 2.11, respectively. A strong correlation between 
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the two 1H signals was also observed in the 1H-1H gCOSY NMR spectrum. On the basis 

of the 13C chemical shifts, as well as the strong correlation observed in the 1H-1H gCOSY 

NMR spectrum, the singlets at 3.70 and 4.01 ppm were assigned to the CH-OMe and 

CH-Ph moieties, respectively. A correlation between the signal at 3.70 ppm in the 1H 

dimension and signals at 17.59 ppm and 56.80 ppm in the 13C dimension of the 13C-1H 

gHMBC NMR spectrum of 2.11 were observed (Figure 2.6).  

 

Figure 2.6: Expansion of the 13C-1H gHMBC NMR spectrum of 2.11 (600 MHz, C6D6) 

with 1H ranges of: a) 3.00-4.10 ppm; b) 3.60-3.80 ppm (13C range of 17.5-18.0 ppm); c) 

3.60-3.80 ppm (13C range of 218.0-218.6 ppm); 
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The signal at 17.59 ppm correlated to a masked signal at 1.35 ppm in the 1H dimension of 

the 13C-1H gHSQC NMR spectrum while the 13C signal at 56.80 ppm correlated to a 1H 

singlet at 3.02 ppm. As such, the singlet at 1.33 ppm in the 1H NMR spectrum was 

assigned to the methyl substituent derived from 1.31, while the singlet at 3.02 ppm was 

assigned to the methoxy group on the basis of the chemical shifts and observed 

correlations in the 13C-1H gHMBC NMR spectrum of 2.11. The correlation critical to the 

elucidation of the structure of 2.11 was observed in the 13C-1H gHMBC NMR spectrum 

between the signal at 3.70 ppm in the 1H dimension and the signal at 218.32 ppm of the 

13C dimension. The signal at 218.32 ppm was assigned to an allenic carbon on the basis 

of the chemical shift and by comparison to the chemical shifts of the allenic carbon in 2.5 

and 2.6 at 213.1 ppm and 210.2 ppm, respectively (Table 2.1). A correlation in the 1H-1H 

gCOSY NMR spectrum of 2.11 between the signals at 1.33 ppm, assigned to the methyl 

substituent and 6.70 ppm was observed. The signal at 6.70 ppm also correlated to a signal 

at 92.32 ppm in the 13C dimension of the 13C-1H gHSQC NMR spectrum of 2.11. By 

comparison of the correlations observed, as well as the analogous chemical shifts of 2.5 

and 2.6, the signals at 6.70 ppm and 92.32 ppm in the 1H and 13C NMR spectra, 

respectively, were assigned to the allenic moiety. These assignments led to the fragment 

presented in Chart 2.3. 

 

Chart 2.3: Fragments of 2.11 highlighting key 1H signals in blue and key 13C signals in 

red. 
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Figure 2.7: Expansion of the 29Si-1H gHMBC NMR spectrum of 2.11 (600 MHz, C6D6). 

The signals at -31 and -28 ppm in the 29Si dimension are noted as Si(1) and Si(2), 

respectively. 

 

To determine the regiochemistry of the phenyl and methoxy substituents the 29Si-1H 

gHMBC NMR spectrum of 2.11 was recorded. The resulting spectrum is illustrated in 

Figure 2.7. Similar correlations were observed in the 29Si-1H gHMBC NMR spectra of 

2.10 and 2.11. The signal at -31 ppm in the 29Si dimension of the 29Si-1H gHMBC NMR 

spectrum of 2.11 correlated with a doublet in the 1H dimension at 7.60 ppm, assigned to 

an o-Ph-H, and a singlet at 4.02 ppm in the 1H dimension which was assigned to the CH-
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Ph moiety of the ring. The other signal in the 29Si dimension of the 29Si-1H gHMBC 

NMR spectrum of 2.11, at -28 ppm, correlated to both the CH-Ph and CH-OMe signals at 

4.01 and 3.70 ppm, respectively, in the 1H dimension. These correlations establish the 

regiochemistry of the phenyl and methoxy substituents on the seven-membered ring and 

the phenyl substituent of the disilane fragment to yield the final elucidated structure 

shown in Chart 2.4. 

 

Chart 2.4: Elucidated structure of 2.11 highlighting key 29Si signals in green. 

 

Compound 2.12 was also identified and is the major compound in the 1H NMR 

spectrum of the crude residue. The region from 2.5 – 4 ppm in the 1H NMR spectrum of 

2.12 is shown in Figure 2.8. The ESI mass spectrum of 2.12 revealed a signal at m/z 

951.625 suggesting that 2.12 is an isomer of 2.10 and 2.11. 
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Figure 2.8: a) 1H NMR spectrum of 2.12 (600 MHz, C6D6); b) Expansion from 3.56 – 

3.64 ppm; c) Expansion from 2.80 – 2.90 ppm. 

 

 Once again, two doublets, at 2.84 and 3.60 ppm, in the 1H NMR spectrum of 2.12 

were found to correlate to signals at 41.24 ppm and 73.37 ppm in the 13C dimension of 

the 13C-1H gHSQC NMR spectrum of 2.12, respectively, and thus, were assigned to CH-

Ph and CH-OMe moieties. The 1H-1H gCOSY NMR spectrum of 2.12 shows a 

correlation between these two signals with a coupling constant 4 Hz. The coupling 

constant is significantly different than the corresponding coupling constant in 2.10. 

Furthermore, the chemical shifts of the signals at 2.84 and 3.60 ppm are similar to those 

assigned to the analogous hydrogens in compound 2.7 (Table 2.1). On the basis of these 
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data, the structure of compound 2.12 is a disilacyclobutene with the cyclopropyl ring 

intact. 

Table 2.2: 1H NMR and 13C NMR chemical shifts of 2.7, 2.12, and 2.13.  

  

 

   

1H NMR Chemical Shifts 

HCPh 2.31 

[J = 5 Hz] 

2.84 

[J = 4 Hz] 

2.65 

[J = 4 Hz] 

HCOCH3 3.98 

[J = 5 Hz] 

3.60 

[J = 4 Hz] 

3.79 

[J = 4 Hz] 

CH3 1.60 1.25 1.59 

OCH3 3.17 3.13 3.26 

C=CH 6.88 7.46 7.00 

13C NMR Chemical Shifts 

HCPh 43.06 41.24 39.42 

HCOCH3 73.06 73.37 72.76 

OCH3 57.79 57.25 58.30 

Cq 37.32 37.08 32.53 
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The signal at 37.08 ppm in the 13C NMR spectrum of 2.12 was assigned to the 

quaternary carbon of the cyclopropyl ring by comparison with the chemical shift of the 

analogous carbon in compound 2.7 (37.32 ppm). The signal assigned to the quaternary 

carbon showed correlations to singlets in the 1H dimension at 7.46 ppm and 1.25 ppm in 

the 13C-1H gHMBC NMR spectrum of 2.12. 

 

Figure 2.9: Expansion of the 13C-1H gHMBC NMR spectrum of 2.12 (600 MHz, C6D6) 

with 1H ranges of: a) 7.38-7.50 ppm (13C range of 36.5-37.5 ppm); b) 1.17-1.31 ppm (13C 

range of 36.5-37.5 ppm); c) 1.0-7.5 ppm (13C range of 176.0-178.0 ppm); 

 

The former correlated to a signal at 152.57 ppm in the 13C dimension of the 13C-1H 

gHSQC NMR spectrum of 2.12, and was assigned to the vinylic hydrogen of the 4-
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membered ring, while the latter was assigned to the methyl group of the cyclopropyl ring. 

Both singlets showed correlations to a quaternary carbon at 177.19 ppm in the 13C 

dimension of the 13C-1H gHMBC spectrum which was assigned to disubstituted vinylic 

carbon of the 4-membered ring. These data further support the assigned structure of 2.12.  

The 29Si-1H gHMBC NMR spectrum of 2.12 showed two signals in the 29Si 

dimension at -16 and -12 ppm (Figure 2.10).  

 

Figure 2.10: Expansion of the 29Si-1H gHMBC NMR spectrum of 2.12 (600 MHz, 

C6D6). The signals at -16 and -12 ppm in the 29Si dimension are noted as Si(1) and Si(2), 

respectively. 
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Correlations were observed between the signal at -16 ppm in the 29Si dimension and a 

doublet at 7.24 ppm in the 1H dimension which was assigned to an phenyl ortho-

hydrogen. Since no similar correlation was observed to the signal at -12 ppm, the signal 

at -16 ppm was assigned to the silicon atom bearing the phenyl substituent. In addition, a 

correlation was observed between the signal at -16 ppm and the signal assigned to the 

vinylic hydrogen of the disilacyclobutene ring at 7.46 ppm in the 1H dimension. The 

correlation was unresolved; however, is consistent with having a coupling constant 

estimated to be ~6 Hz, indicative of a 2-bond 29Si-1H coupling in disilacyclobutenes 

(Table 2.3).10 The signal at -12 ppm in the 29Si dimension also shows a correlation to the 

signal at 7.46 ppm with a coupling constant of 29 Hz. The magnitude of the coupling 

constant is indicative of a 3-bond 29Si-1H coupling in disilacyclobutenes.10 As such, the 

unsubstituted vinylic carbon is bound to the silicon with a chemical shift of -16 ppm 

while the substituted vinylic carbon is bound to the silicon at -12 ppm. 

 

 

 

 

 

 

 



52 

 

Table 2.3: 3JSi-H coupling constants for known disilacyclobutene compounds 

Disilacyclobutene 2JSi-H, Hz 3JSi-H, Hz Reference 

 

7 Hz 30 Hz 7 

 

8 Hz 23 Hz 9 

 

- 29 Hz 3 

 

On the basis of these data, the structure of 2.12 was elucidated as shown in Chart 2.5. 

 

Chart 2.5: Elucidated structure for 2.12. 

 

 The 1H NMR spectrum of 2.13 was very similar to that of 2.12 and, as such, the analysis 

and elucidation of 2.13 was identical. The diagnostic signals for 2.13 are listed in Table 

2.2. Due to correlations in the 29Si-1H gHMBC NMR spectrum of 2.13 that are similar to 
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those observed with 2.12, 2.13 was determined not to be a regioisomer of 2.12; 2.12 and 

2.13 are stereoisomers.  While the difference in stereochemistry for 2.12 and 2.13 has not 

been unambiguously determined, we believe that the stereochemistry of the phenyl-

substituted silicon differs giving rise to the two isomers (Scheme 2.7). The coupling 

constant between the two hydrogens on the cyclopropyl ring is 4 Hz for both 2.12 and 

2.13 implying the hydrogens on the cyclopropyl ring are trans to one another; however, 

complete conversion of the stereochemistry of these hydrogens or the cyclopropyl ring of 

1.31, from cis to trans, seems implausible.  

 

Scheme 2.7: The addition of alkyne 1.31 to 1.37 yielding two stereoisomers. 
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2.2.2 Mechanistic Insights 

 

Upon addition of the cyclopropyl alkyne probe 1.31 to disilene 1.37, compounds 

2.12 and 2.13, featuring a 4-membered ring, and 2.10 and 2.11, featuring a 7-membered 

ring, were formed (Scheme 2.8). In all four isolated compounds, the less hindered carbon 

of the alkyne 1.31 adds to the less hindered silicon of disilene 1.37, the silicon with a 

phenyl substituent.  

 

 Scheme 2.8: The reaction of disilene 1.31 with alkyne 1.37. Isolated yields are shown 

under the compound numbers. 

 

Our results are consistent with those reported by Scheschkewitz for the addition of 

phenylacetylene to disilenes 1.37 and 1.5 where the terminal end of the alkyne is attached 

to the less sterically hindered silicon (Scheme 2.2). In compounds 2.10 and 2.11, the 

phenyl substituent derived from 1.31 is located α to the nearest silicon, whereas the 

methoxy substituent is located β to the nearest silicon. The regiochemistry of the phenyl 

and methoxy substituents in compounds 2.10 and 2.11 provide strong evidence for the 

formation of a biradical intermediate during the addition of alkyne 1.31 to disilene 1.37. 

The mechanism for the formation of 2.10-2.13 is illustrated in Scheme 2.9. Addition of 
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1.31 results in the formation of biradical 2.14. Regioselective ring-opening towards the 

phenyl substituent results in the formation of the biradical 2.15. Ring closure in 2.15 

generates the 7-membered-ring allene 2.11. A hydrogen shift from the methyl to the 

central allenic carbon gives 2.10.  

 

Scheme 2.9: Mechanism of the reaction between cyclopropyl alkyne probe 1.31 and 

1.37.  

 

The mechanism for the reaction of alkyne 1.31 with disilene 1.37 and 1.4 

proceeds through a biradical intermediate in each case. This is not surprising given both 

are tetraaryl-substituted disilenes. Our results are not consistent with the proposal 

suggested by Scheschkewitz: that addition of an alkyne to a polarized disilene will 

proceed through a zwitterionic intermediate. Scheschkewitz based his hypothesis on two 

assumptions: 1) disilene 1.37 is polarized, and 2) the formation of stable dipolar 

intermediates observed upon coordination of an NHC to a disilene.6 We believe that the 
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polarization of the Si=Si bond in 1.37 with one phenyl and three triisopropylphenyl 

substituents is not sufficient to change the reaction pathway from one favouring a 

biradical intermediate to one favouring a zwitterionic intermediate. The nature of the 

reagent plays a critical role in a reaction mechanism. Scheschkewitz made the assumption 

the mechanism of the addition of an alkyne to a disilene will be comparable to that of an 

NHC. However, NHCs are far better nucleophiles/donors compared to alkynes as 

established quantitatively by the Mayr-Patz equation and listed in Table 2.4.11,12 The 

higher the nucleophilicity parameter N, the better the nucleophile. As such alkynes are 

weak nucleophiles while NHCs are strong nucleophiles. Therefore, the comparison made 

by Scheschkewitz, is not valid. 

Table 2.4: Literature reported nucleophile-specific parameters for various alkynes and 

NHC compounds. 

Compound Solvent N (𝒔𝑵) value Compound Solvent N (𝒔𝑵) value 

 CH2Cl2 -0.04 (0.77) 

 

THF 16.54 (0.47) 

 

CH2Cl2 3.12 (0.85) 

 

THF 21.50 (0.45) 

 

CH2Cl2 5.16 (0.85) 

 

THF 21.72 (0.80) 

 

While the nature of the intermediate in the reaction between an alkyne and a 

disilene has not been altered by changing the disilene substituents to polarize the Si=Si 
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double bond, it has been reported that changing the substituents on the alkyne has altered 

the reaction mechanism.13 For instance, in addition of phenylacetylene to silene 2.16 

(Scheme 2.10), the silacyclobutene 2.17 was observed. It was concluded, on the basis of 

computational results, that the addition was initiated with the formation of the Si-C bond, 

between the silenic silicon and the unsubstituted carbon of the alkynyl, and proceeded 

through a biradical intermediate. Similar products were observed with the addition of 1-

ethynyl-4-(trifluoromethyl)benzene and 4-ethynylanisole to silene 2.16. In contrast, the 

addition of ethoxyacetylene to silene 2.16 (Scheme 2.10) formed silacyclobutene 2.18 

which has the opposite regiochemistry compared to the silacyclobutenes formed from the 

arylalkynes. The reaction between 2.16 and the ethoxyacetylene was proposed to proceed 

through a concerted mechanism via a hypercoordinated transition state. Thus, the 

mechanism of the reaction was clearly influenced by the substituent on the alkyne. 

 

Scheme 2.10: Addition of phenylacetylene and ethoxyacetylene to silene 2.16. 
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Similarly, the addition of alkynes to the fluorylidene germane 2.19 showed a 

comparable result.14 While the addition of phenylacetylene to 2.19 resulted in the 

formation of the cycloadduct, 2.20; the addition of ethoxyacetylene to 2.19, while 

producing the analogous cycloadduct 2.21, also generated germacyclobutene 2.22 

(Scheme 2.11). Interestingly, the regiochemistry of the ethoxyacetylene addition in 2.22 

is opposite to that observed in the addition of ethoxyacetylene to 2.19. DFT calculations 

suggest that the reaction proceeds through a zwitterionic pathway where the negative 

charge would be stabilized by delocalization through the fluorenyl group and the positive 

charge would be stabilized by the ethoxy group.14  

 

Scheme 2.11: Addition of phenylacetylene and ethoxyacetylene to germene 2.19. 

 

2.3 Conclusions  

 

In summary, the addition of 1.31 to 1.37 was examined. The reaction yielded 

compounds 2.10-2.13 and their structures were elucidated by both one-dimensional and 
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two-dimensional NMR spectroscopy, mass spectrometry, and X-ray crystallography. Of 

the identified compounds, two compounds, 2.12 and 2.13, were isomeric 

disilacyclobutenes, and the other two compounds, 2.10 and 2.11 were isomeric seven-

membered ring compounds. Compound 2.11 is an allene and 2.10 appears to be derived 

from 2.11 from a rearrangement which occurs during isolation. The regiochemistry of the 

phenyl and methoxy substituents originating from 1.31, in 2.10 and 2.11 with phenyl 

substituent α to the nearest silicon atom reveals that the addition of 1.31 to the 

asymmetrically-substituted disilene 1.37 proceeds through a biradical intermediate. The 

structures of 2.10 and 2.11 are consistent with the analogous products, 2.5 and 2.6, and 

the results contradict Scheschkewitz’s proposal of a zwitterionic intermediate in the 

addition of an alkyne to an asymmetrically substituted disilene.3,7  

The mechanism for the addition of alkynes to disilenes using alkyne 1.31 as a 

mechanistic probe has been studied for three different disilenes: the symmetrically-

substituted tetraaryldisilene 1.4, the symmetrically-substituted tetrasilyldisilene 1.29, and 

the asymmetrically-substituted tetraaryldisilene 1.37. For all cases, the addition has been 

determined to proceed through a biradical intermediate. The proposed intermediate by 

Scheschkewitz was based on the observation of a stable dipolar intermediate formed from 

the reaction of an asymmetrically-substituted disilene and an NHC. However, in 

comparison to an alkyne an NHC is a much stronger nucleophile, and thus, the 

comparison was not valid.  
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2.4 Experimental 

 

2.4.1 General Procedure 

 

All reactions were conducted under a nitrogen atmosphere using an MBraun 

Labmaster 130 glovebox. Pre-coated silica glass plates suitable for preparative thin-layer 

chromatography were purchased from Millipore Sigma. Solvents and reagents were 

purified by standard methods.15 Disilene 1.37 was obtained from Prof. Dr. D. 

Scheschkewitz, Saarland University. Cyclopropyl alkyne 1.31 was synthesized by Nada 

Tashkandi in the Baines lab. 

1H and 13C NMR data were obtained on a 600 MHz INOVA NMR spectrometer. 

The standards used were as follows: residual C6D5H (7.15 ppm) for 1H NMR spectra; 

C6D6 (128.00 ppm) and (29.80 ppm) for 13C NMR spectra. J values are reported in Hertz. 

ESI mass spectra were recorded on a Bruker microTOF II mass spectrometer with an 

electrospray interface in positive ion mode (reported in mass-to-charge units, m/z). 

 

2.4.2 Addition of Probe 1.31 to Asymmetric Disilene 1.37 

 

Disilene 1.37 (180 mg, 0.24 mmol) and alkyne 1.31 (44 mg, 0.24 mmol) were dissolved 

in hexanes (~10 mL) to give a deep red-orange solution. The mixture was allowed to stir 
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for 18 h. During this time, the deep red-orange colour of the solution faded to orange with 

a pale-yellow precipitate. The precipitate was removed by centrifugation before the 

solvent was removed in vacuo (mass recovery = 96.5%). The 1H NMR spectrum of the 

crude mixture revealed the presence of compounds 2.11, 2.12, and 2.13 in a ratio of 1.0 : 

0.8 : 1.5, respectively. During preparation for TLC, the mixture was dissolved in DCM 

under the ambient atmosphere which caused a colour change from red to colourless. After 

separation of the sample by preparative TLC (hexanes:CH2Cl2, 70:30), compounds 2.10 – 

2.12 were obtained. Approximately 40% of the sample applied to the plate was 

recovered. 

 

Compound 2.10 

Yield = 8%, 1H NMR (C6D6, 600 MHz):  = 8.16 (d, J = 7.6 Hz, 1 H, 

o-Ph-H), 7.31 - 6.66 (m, 9 H, Ph-H), 7.29 (m, 1 H, m-Tip-H), 7.12 (d, 

J = 16 Hz, 1 H, Si-CH=C), 7.11 (d, J = 1.6 Hz, 1 H, m-Tip-H), 7.04 

(d, J = 1.6 Hz, 1 H, m-Tip-H), 7.00 (d, J = 1.6 Hz, 1 H, m-Tip-H), 6.93 (d, J = 1.6 Hz, 1 

H, m-Tip-H), 6.73 (d, J = 16 Hz, 1 H, C=CH-C), 6.58 (d, J = 1.6 Hz, 1 H, m-Tip-H), 4.93 

(d, J = 10 Hz, 1 H, CH-Ph), 4.66 (s, 1 H, C=CH2), 4.48 (s, 1 H, C=CH2), 4.36 (sept, J = 

6.6 Hz, 1 H, iPr CH), 4.08 (d, J = 10 Hz, 1 H, CH-OMe), 3.88 (sept, J = 6.6 Hz, 1 H, iPr 

CH), 3.62 (sept, J = 6.6 Hz, 1 H, iPr CH), 3.56 (m, 1 H, iPr CH), 3.34 (sept, J = 6.6 Hz, 1 

H, iPr CH), 2.82-2.70 (m, 4 H, iPr CH), 2.20 (s, 3 H, CH3) 1.65 (d, J = 6.4 Hz, 3 H, iPr 

CH3), 1.62 (d, J = 6.4 Hz, 3 H, iPr CH3), 1.46 (d, J = 6.4 Hz, 3 H, iPr CH3), 1.46 (d, J = 

6.4 Hz, 3 H, iPr CH3), 1.34 (d, J = 6.4 Hz, 3 H, iPr CH3), 1.28 (d, J = 6.4 Hz, 6 H, iPr 

CH3), 1.24 (d, J = 6.4 Hz, 3 H, iPr CH3), 1.18 (d, J = 6.4 Hz, 3 H, iPr CH3), 1.17 (d, J = 
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6.4 Hz, 3 H, iPr CH3), 1.10 (d, J = 6.4 Hz, 3 H, iPr CH3), 1.08 (d, J = 6.4 Hz, 3 H, iPr 

CH3), 1.02 (d, J = 6.4 Hz, 3 H, iPr CH3), 0.79 (d, J = 6.4 Hz, 3 H, iPr CH3), 0.65 (d, J = 

6.4 Hz, 3 H, iPr CH3),  0.61 (d, J = 6.4 Hz, 3 H, iPr CH3), 0.48 (d, J = 6.4 Hz, 3 H, iPr 

CH3), 0.36 (d, J = 6.4 Hz, 3 H, iPr CH3), 0.15 (d, J = 6.4 Hz, 3 H, iPr CH3). 
13C NMR 

(151 MHz, C6D6) δ = 155.57, 155.31, 154.76, 154.27, 154.16, 152.76, 149.41, 149.15, 

148.13, 145.21, 143.44, 141.27, 139.73, 138.48, 137.93, 135.08, 127.98, 127.77, 126.68, 

125.67, 125.18, 124.73, 124.64, 123.96, 123.89, 123.27, 123.19, 123.02, 122.95, 122.63, 

122.57, 122.45, 120.03, 91.24, 67.83, 57.42, 37.85, 37.83, 37.76, 35.82, 35.76, 35.69, 

35.59, 34.55 (br), 30.79, 30.66, 26.71, 26.66, 26.16, 25.95, 25.82, 25.71, 25.55, 25.50, 

24.80, 24.78, 24.10 (br), 23.41, 23.36, 21.01, 20.99. 29Si-1H gHMBC NMR (C6D6, 119 

MHz):  = -12 (SiTip2), -32 (SiPhTip). ESI-MS: m/z 951.6279 (calcd for C64H88NaOSi2, 

951.6271). 

Data Collection and Processing. The sample (n18010) was submitted by Andrew Henry 

of the Baines research group at the University of Western Ontario and run by Jeremy 

Bourque. The sample was mounted on a Mitegen polyimide micromount with a small 

amount of Paratone N oil. All X-ray measurements were made on a Nonius Bruker 

KappaCCD Apex2 diffractometer at a temperature of 110 K. The unit cell dimensions 

were determined from a symmetry constrained fit of 9995 reflections with 7.12° < 2q < 

128.02°. The data collection strategy was a number of w and j scans which collected data 

up to 128.808° (2q). The frame integration was performed using SAINT.16 The resulting 

raw data was scaled and absorption corrected using a multi-scan averaging of symmetry 

equivalent data using SADABS.17 
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Structure Solution and Refinement. The structure was solved by using a dual space 

methodology using the SHELXT program.18 All non-hydrogen atoms were obtained from 

the initial solution. The hydrogen atoms were introduced at idealized positions and were 

allowed to ride on the parent atom. Several regions of disorder were found at the para 

isopropyl groups of the Tip ligands. Most involved an inversion at the methine carbon of 

the isopropyl groups and refined to various normalized occupancies (0.607(12) for C23; 

0.545(11) for C87'; 0.65(3) for C11A).  The structural model was fit to the data using full 

matrix least-squares based on F2. The calculated structure factors included corrections for 

anomalous dispersion from the usual tabulation. The structure was refined using the 

SHELXL-2014 program from the SHELXTL suite of crystallographic software.19 

Graphic plots were produced using the XP program suite.20  Additional information and 

other relevant literature references can be found in the reference section of this website 

(http://xray.chem.uwo.ca). 

Table 2.5: Summary of Structural Parameters for 2.10.  

Formula C64H88OSi2 

Formula Weight (g/mol) 929.52 

Crystal Dimensions (mm ) 0.309 × 0.214 × 0.134 

Crystal Color and Habit colourless prism 

Crystal System triclinic 

Space Group P -1 

Temperature, K 110 

a, Å 11.657(2) 

b, Å  22.035(4) 

c, Å  24.824(4) 

,° 64.488(9) 

,° 77.996(10) 

,° 81.660(7) 

V, Å3 5617.9(18) 

Number of reflections to determine final unit cell 9995 

Min and Max 2 for cell determination, ° 7.12, 128.02 

Z 4 
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F(000) 2032 

 (g/cm) 1.099 

, Å, (CuK) 1.54178 

, (cm-1) 0.858 

Diffractometer Type Nonius Bruker KappaCCD Apex2 

Scan Type(s) phi and omega scans 

Max 2 for data collection, ° 128.808 

Measured fraction of data 0.985 

Number of reflections measured 69911 

Unique reflections measured 18577 

Rmerge 0.0646 

Number of reflections included in refinement 18577 

Cut off Threshold Expression I > 2sigma(I) 

Structure refined using full matrix least-squares using F2 

Weighting Scheme w=1/[sigma2(Fo2)+(0.0622P)2+2.812

1P] where P=(Fo2+2Fc2)/3 

Number of parameters in least-squares 1246 

R1 0.0527 

wR2 0.1295 

R1 (all data) 0.0724 

wR2 (all data) 0.1419 

GOF 1.048 

Maximum shift/error 0.001 

Min & Max peak heights on final F Map (e-/Å) -0.392, 0.447 

 

Where: 

R1 = ( |Fo| - |Fc| ) /  Fo 

wR2 = [ ( w( Fo
2 - Fc

2 )2 ) / (w Fo
4 ) ]½ 

GOF = [ ( w( Fo
2 - Fc

2 )2 ) / (No. of reflns. - No. of params. ) ]½ 

 

Compound 2.11  

Compound 2.11 could not be fully isolated and still contains 

impurities. Yield = 8%, 1H NMR (C6D6, 600 MHz):  = 8.28 (d, 1 H, 

o-Ph-H), 7.63 – 6.12 (m, 9 H, Ph-H), 7.36 (d, J = 1.9 Hz, 1 H, m-Tip-

H), 7.27 (m, 1 H, m-Tip-H), 7.10 (s, 1 H, m-Tip-H), 7.06 (s, 1 H, m-Tip-H), 7.27 (d, J = 



65 

 

1.9 Hz, 1 H, m-Tip-H), 6.93 (d, J = 1.9 Hz, 1 H, m-Tip-H), 6.90 (d, J = 1.9 Hz, 1 H, m-

Tip-H), 6.71 (q, J = 3.5 Hz, 1 H, Si-CH=C), 4.75 (sept, J = 6.4 Hz, 1 H, iPr CH),  4.02 (s, 

1 H, CH-Ph), 3.93 - 6.80 (m, 2 H, iPr CH), 3.71 (s, 1 H, CH-OMe), 3.61 (sept, J = 6.4 

Hz, 1 H, iPr CH), 3.36 - 3.22 (m, 2 H, iPr CH), 3.15 (m, 1 H, iPr CH),  3.02 (s, 3 H, 

OCH3), 2.76 (m, 1 H, iPr CH), 2.52 (sept, J = 6.4 Hz, 1 H, iPr CH), 1.74 (d, J = 6.9 Hz, 3 

H, iPr CH3), 1.61 (d, J = 6.9 Hz, 3 H, iPr CH3), 1.55 (d, J = 6.9 Hz, 3 H, iPr CH3), 1.47 

(d, J = 6.9 Hz, 3 H, iPr CH3), 1.43 (d, J = 6.9 Hz, 3 H, iPr CH3), 1.37 (d, J = 6.9 Hz, 3 H, 

iPr CH3), 1.33 (s, 3 H, CH3), 1.33 (m, 3 H, iPr CH3), 1.30 (m, 3 H, iPr CH3), 1.25 (m, 6 

H, iPr CH3), 0.92 (d, J = 6.9 Hz, 3 H, iPr CH3), 1.74 (d, J = 6.9 Hz, 3 H, iPr CH3), 0.69 

(d, J = 6.9 Hz, 3 H, iPr CH3), 0.66 (d, J = 6.9 Hz, 3 H, iPr CH3), 0.65 (d, J = 6.9 Hz, 3 H, 

iPr CH3), 0.34 (d, J = 6.9 Hz, 3 H, iPr CH3), 0.30 (d, J = 6.9 Hz, 3 H, iPr CH3), 0.20 (d, J 

= 6.9 Hz, 3 H, iPr CH3). 
13C NMR (151 MHz, C6D6) δ = 156.75, 154.59, 153.21, 152.38, 

150.27, 149.28, 149.12, 147.75, 144.63, 141.50, 138.86, 136.25, 134.56, 132.28, 131.48, 

130.91, 127.61, 127.45, 127.05, 126.90, 126.26, 126.22, 125.14, 124.43, 124.12, 123.98, 

123.16, 122.89, 121.91, 120.04, 92.60, 57.11, 54.37, 37.96, 37.84, 36.17, 35.53, 35.18, 

34.81, 34.75, 34.62, 34.51, 34.46, 34.33, 34.11, 29.25, 28.24, 27.87, 26.67, 26.59, 26.49, 

26.45, 26.12, 25.80, 25.64, 25.27, 25.15, 24.89, 24.08 (br) 23.49, 22.23, 17.87. 29Si-1H 

gHMBC NMR (C6D6, 119 MHz):  = -28 (SiTip2), -31 (SiPhTip). ESI-MS: m/z 951.6272 

(calcd for C64H88NaOSi2, 951.6271). 
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Compound 2.12 

Yield = 15% 1H NMR (C6D6, 600 MHz):  = 7.46 (s, 1 H, Si-

CH=C), 7.40 (d, J = 1.5 Hz, 1 H, m-Tip-H), 7.34 (d, J = 1.5 Hz, 1 

H, m-Tip-H), 7.30 – 6.82 (m, 9 H, Ph-H), 7.27 (d, J = 1.5 Hz, 1 H, 

m-Tip-H), 7.25 (d, J = 6.4 Hz, 1 H, o-Ph-H), 7.10 (d, J = 1.5 Hz, 1 H, m-Tip-H), 7.02 (d, 

J = 1.5 Hz, 1 H, m-Tip-H), 6.99 (d, J = 1.5 Hz, 1 H, m-Tip-H), 4.04 (sept, J = 6.5 Hz, 1 

H, iPr CH), 3.99 (sept, J = 6.5 Hz, 1 H, iPr CH), 3.93 (sept, J = 6.5 Hz, 1 H, iPr CH), 3.60 

(d, J = 4.7 Hz, 1 H, CH-OMe), 3.34-3.24 (m, 3 H, iPr CH), 3.13 (s, 3 H, OCH3), 2.91 

(sept, J = 6.5 Hz, 1 H, iPr CH), 2.84 (d, J = 4.1 Hz, 1 H, CH-Ph), 2.74 (sept, J = 6.5 Hz, 2 

H, iPr CH), 1.60 (d, J = 6.8 Hz, 3 H, iPr CH3), 1.59 (d, J = 6.8 Hz, 3 H, iPr CH3), 1.55 (d, 

J = 6.8 Hz, 3 H, iPr CH3), 1.38 (d, J = 6.8 Hz, 3 H, iPr CH3), 1.34 (d, J = 6.8 Hz, 3 H, iPr 

CH3), 1.34 (d, J = 6.8 Hz, 3 H, iPr CH3), 1.34 (d, J = 6.8 Hz, 3 H, iPr CH3), 1.25 (s, 3 H, 

CH3), 1.24 (d, J = 6.8 Hz, 3 H, iPr CH3), 1.22 (d, J = 6.8 Hz, 3 H, iPr CH3),  1.17 (m, 9 H, 

iPr CH3), 1.03 (d, J = 6.8 Hz, 3 H, iPr CH3), 0.99 (d, J = 6.8 Hz, 3 H, iPr CH3), 0.83 (d, J 

= 6.8 Hz, 3 H, iPr CH3), 0.71 (d, J = 6.8 Hz, 3 H, iPr CH3), 0.58 (d, J = 6.8 Hz, 3 H, iPr 

CH3) 
13C NMR (151 MHz, C6D6) δ = 177.41, 156.97, 156.32, 156.26, 155.87, 154.79, 

154.42, 150.71, 150.38, 150.23, 140.05, 138.29, 138.00, 136.58, 129.37, 129.29, 127.55, 

122.95 (br), 120.02, 73.37, 57.70, 41.47, 37.31, 36.79, 36.33, 35.65, 35.02, 34.93, 34.73, 

27.09, 25.86, 25.30, 24.83, 24.50 (br), 22.31, 22.09, 20.77. 29Si-1H gHMBC NMR (C6D6, 

119 MHz):  = -12 (SiTip2), -16 (SiPhTip). ESI-MS m/z 951.6279 (calcd for 

C64H88NaOSi2, 951.6271). 
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Compound 2.13 

Yield = 6% 1H NMR (C6D6, 600 MHz):  = 7.48 (d, J = 7.6 Hz, 1 

H, o-Ph-H), 7.35 (d, J = 1.8 Hz, 1 H, m-Tip-H), 7.32 (d, J = 1.8 

Hz, 1 H, m-Tip-H), 7.25 (d, J = 1.8 Hz, 1 H, m-Tip-H), 7.20 - 6.85 

(m, 9 H, Ph-H), 7.19 (s, 1 H, m-Tip-H), 7.12 (d, J = 1.8 Hz, 1 H, m-Tip-H), 7.08 (m, 1 H, 

J = 7.0 Hz, m-Tip-H), 7.00 (s, 1 H, HC=C), 3.94 (sept, J = 6.4 Hz, 1 H, iPr CH), 3.80 

(masked d, 1 H, CH-OMe), 3.75 (sept, J = 6.4 Hz, 1 H, iPr CH), 3.63 (br sept, 1 H, iPr 

CH), 3.38 (m, 1 H, iPr CH), 3.26 (s, 3 H, OCH3), 3.24 (sept, J = 6.4 Hz, 1 H, iPr CH), 

3.21 (sept, J = 6.4 Hz, 1 H, iPr CH), 2.86 (m, 1 H, iPr CH), 2.80 – 2.70 (m, 2 H, iPr CH), 

2.66 (d, J = 5.8 Hz, 1 H, CH-Ph), 1.59 (s, 3 H, CH3), 1.57 (d, J = 6.7 Hz, 3 H, iPr CH3), 

1.43 (d, J = 6.7 Hz, 6 H, iPr CH3), 1.39 (d, J = 6.7 Hz, 3 H, iPr CH3), 1.32 (d, J = 6.7 Hz, 

3 H, iPr CH3), 1.31 (d, J = 6.7 Hz, 3 H, iPr CH3), 1.29 (d, J = 6.7 Hz, 3 H, iPr CH3), 1.21 

– 1.15 (m, 12 H, iPr CH3), 1.03 – 0.97 (m, 9 H, iPr CH3), 0.78 (d, J = 6.7 Hz, 3 H, iPr 

CH3), 0.72 (d, J = 6.7 Hz, 3 H, iPr CH3), 0.57 (d, J = 6.7 Hz, 3 H, iPr CH3). 
13C NMR 

(151 MHz, C6D6) δ 155.67, 153.48, 150.41, 149.87, 146.41, 136.36, 135.74, 130.22, 

129.93, 128.82, 127.88, 127.14,125.85, 125.37, 122.70 (br), 121.30, 122.40, 121.36, 

122.42, 119.56, 71.61, 58.17, 38.23, 35.73, 35.12, 35.12, 34.58 (br), 33.22, 28.67, 27.13, 

26.27, 26.11, 25.48, 25.46, 24.07 (br), 22.89, 22.82, 21.71, 21.50, 13.60. 29Si-1H gHMBC 

NMR (C6D6, 119 MHz):  = -14 (SiTip2), -16 (SiPhTip). ESI-MS m/z 951.6296 (calcd for 

C64H88NaOSi2, 951.6271). 
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Chapter 3  

3 Investigation into the Mechanism of the Addition 
Alkynes to an NHC-Stabilized Silylene 

3.1 Introduction 

 

Silylenes, the silicon analogue of carbenes, are an important class of compounds 

which are utilized as ligands for transition metal complexes,1 in the activation of small 

molecules,2 and as building blocks for many silicon-containing heterocycles.3 With both 

an empty p-orbital and a lone pair, silylenes are ground state singlets and ambiphilic: they 

can act as either nucleophiles or electrophiles. The cycloaddition of alkynes to silylenes 

has been extensively studied.4 While transient silylenes produce numerous products upon 

the addition of an alkyne, stable silylenes with bulky or electronically-stabilizing 

substituents, react with alkynes to afford silacyclopropenes.5 Through DFT studies, the 

silylene was determined to act, in general, as an electrophile.6  However, the coordination 

of Lewis bases to silylenes (Chart 3.1) has been shown to reduce the electrophilic 

character of silylenes and to alter their reactivity.7 With the recent increase in the interest 

in Lewis base-stabilized silylenes, it is important to understand their reactivity. In this 

work, a brief history of the development of the chemistry of base-stabilized silylenes will 

be discussed with a focus on N-hetereocyclic carbene-stabilized silylenes and their 

reactions with alkynes. 
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Chart 3.1: Representation of a Lewis-base stabilized silylene. 

 

 While the chemistry of base-stabilized silylenes dates to the late 1980’s,8 the first 

base-stabilized silylenes were quite reactive and were only observed directly at low 

temperatures or indirectly through trapping reactions.9 The first stable base-stabilized 

silylene was reported by Okazaki and coworkers (Scheme 3.1).10  

 

Scheme 3.1: Synthesis of stable Lewis base-stabilized silylenes 3.3. 

 

Disilene 3.1, which features bulky aromatic substituents, easily dissociates at mild 

temperatures to give the transient silylene 3.2. Heating disilene 3.1 in the presence of an 

aryl isocyanide led to the formation of complexes 3.3a-c. While silylene 3.2 was not 
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observed directly, the Lewis base-stabilized silylene 3.3a-c, although air- and moisture-

sensitive, are stable in solution for several hours at 60 °C.  

The first example of an NHC-stabilized silylene was reported in 2008 by 

Robinson and co-workers.11 The reduction of the neutral hypercoordinate silicon-carbene 

complex 3.4 with potassium graphite yielded the NHC-stabilized bis(silylene) 3.5 as well 

as the NHC-stabilized disilicon fragment 3.6 (Scheme 3.2).  

 

Scheme 3.2: Synthesis of the first NHC-stabilized silylenes 3.5 and 3.6. 

 

 A mechanistic study by Belzner illustrates the effect of a Lewis base on the 

reactivity of silylenes. The reactivity of the bis(aryl) silylene 1.36 with a variety of 

acetylenes was examined (Scheme 3.3).12 A Hammett study provided insight into the 

philicity of the silylene 1.36. The positive reaction constant (ρ = +0.85 ± 0.21) was 

comparable to the reaction of cycloheptatrienylidene, a nucleophilic carbene, and styrene. 

Normally, stable silylenes act as electrophiles in the cycloaddition with alkynes. The 

nucleophilic character of silylene 1.36 is attributed to coordination of the NMe2 groups on 

the Ar substituents with the silicon centre reducing the electrophilicity of the silylene.  
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Scheme 3.3: Generation of transient silylene 1.36 and subsequent addition of various 

acetylenes. 

 

The reactivity of NHC-stabilized silylenes with alkynes was not examined until 

this past decade. Roesky and Stalke examined the addition of an alkyne to the NHC-

stabilized dichlorosilylene 3.7 in 2009.13 Complex 3.7 was reacted with 

diphenylacetylene which afforded the 1,2,3-trisilacyclopent-4-ene 3.8 (Scheme 3.4).  

 

Scheme 3.4: Addition of diphenylacetylene to NHC-stabilized silylene 3.7. 

 

Filippou reported the synthesis of the NHC-stabilized silylene 3.9 which features 

two iodide substituents on silicon.14 The addition of bis(dimethylamino)acetylene or 
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bis(diethylamino)acetylene to silylene 3.9 resulted in the formation of silole 3.10 

(Scheme 3.5).  

 

Scheme 3.5: The reaction between bis(amino)acetylenes and silylene 3.9. 

 

Filippou proposed two possible pathways for the formation of 3.10 (Scheme 3.6): the first 

involves the substitution of the NHC by the ynediamine to give silacyclopropene 3.11 

and the second involves substitution of an iodide by a ynediamine to give the 

silacyclopropenium intermediate 3.12. While these are plausible mechanisms, there was 

no experimental or computational evidence to support either proposal. 

 

Scheme 3.6: Proposed mechanisms for the formation of 3.10. 



75 

 

 The formation of a silole in the reaction between a silylene and an alkyne was 

also observed by Inoue.15 The NHC-stabilized silylene 1.38 was reacted with both 

phenylacetylene and diphenylacetylene. In the latter case, silole 1.39 was isolated. When 

silylene 1.38 was reacted with the terminal alkyne, the formation of a silole was not 

observed; compound 3.13 was isolated from the reaction. 

 

Scheme 3.7: Reaction of phenylacetylene and diphenylacetylene with silylene 1.38. 

 

The mechanism of formation of silole 1.39 was studied using DFT calculations. The 

energetics of three distinct pathways were calculated: the formation of a silacyclopropene 

and the formation of a silacyclopropenium intermediate, both of which were described 

previously by Filippou, and a third pathway where silylene 1.38 undergoes nucleophilic 

addition to the alkyne, forming the ionic intermediate 3.14. Nucleophilic addition of the 

zwitterion to another equivalent of alkyne followed by ring closure and loss of the NHC 

gives silole 1.39. The latter was determined to be the lowest energy pathway for the 

formation of 1.39 (Scheme 3.8). 
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Scheme 3.8: The favoured pathway to silole 1.39. 

 

Cui et al. reported the synthesis of silylene 3.15, an NHC-stabilized 

silacyclopentadienylidene.16 Upon addition of two equivalents of phenylacetylene, the 

formation of the 1-alkenyl-1-alkynylsilole 3.16 was observed (Scheme 3.9). The reaction 

is proposed to proceed through the zwitterion 3.17, which subsequently abstracts a 

hydrogen from another equivalent of the terminal alkyne, followed by substitution of the 

NHC by the alkynyl anion yielding 3.16. 

 

Scheme 3.9: Addition of phenylacetylene to silylene 3.15 and the proposed zwitterionic 

intermediate. 
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Cui et al. recently revisited the addition of alkynes to silylene 3.15;17 the addition of 

internal alkynes to 3.15 was examined. The addition of one equivalent of 

diphenylacetylene to 3.15 yielded the 1:1 adduct 3.18 as a dark green solid (Scheme 

3.10). Compound 3.18 slowly decomposes in solution and could not be characterized by 

X-ray crystallography. The formation of a second compound, a 1:2 silylene:acetylene 

adduct, was also observed by NMR spectroscopy. Reaction of silylene 3.15 with 2 

equivalents of diphenylacetylene at 100 °C, or the reaction of 3.18 with 1 equivalent of 

diphenylacetylene at 100 °C, led to the formation of the spirocyclic bis(silole) 3.19. The 

proposed intermediate was analogous in structure to the zwitterionic intermediate 3.14 as 

reported by Inoue. 

 

Scheme 3.10: Addition of an internal alkyne to silylene 3.15. 
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 While the mechanism of the addition of alkynes to NHC-stabilized silylenes has 

been studied using computational methods, there have been no experimental studies. The 

Baines group has studied the mechanism of the cycloaddition of alkynes to disilenes, the 

dimer of silylenes, utilizing a mechanistic probe, alkyne 1.31.18 1.31 features a phenyl 

and methoxy substituent on the cyclopropyl ring. If a vinyl cation is present α to the 

cyclopropyl ring, then the ring regioselectively opens towards the methoxy substituent. 

However, if a radical is α to the cyclopropyl ring, then the ring regioselectively opens 

towards the phenyl substituent (Scheme 3.11).19 These ring opening processes have a rate 

constant of 1010 – 1012 s-1 which is greater than other competitive processes. If an anion is 

generated adjacent to the cyclopropyl ring (as modelled by the vinyllithium derivative), 

the ring does not open. The regiochemistry of the phenyl and methoxy substituents in the 

products of the reaction reveal the nature of the intermediate during the reaction. 

 

Scheme 3.11: The regioselectivity of cyclopropyl ring opening. 
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In this study, the addition of alkyne 1.31 to the NHC-stabilized silylene 1.38, synthesized 

by Inoue, was examined to determine the nature of the intermediate formed when 1.38 

reacts with alkynes. 

 

3.2 Results and Discussion 

 

Cyclopropyl alkyne 1.31 was added to an equimolar red solution of silylene 1.38 

in toluene at room temperature and left to stir overnight. The colour of the solution 

deepened to dark red within a few minutes of addition. The solvent was removed to yield 

a dark red oil. A precipitate was removed by washing with hexanes. The residue from the 

mother liquor was separated by preparative thin-layer chromatography. Compound 3.20 

was isolated and characterized by 1H, 13C, 1H-1H gCOSY, 13C-1H gHSQC, 13C-1H 

gHMBC and 29Si-1H gHMBC NMR spectroscopy as well as ESI-mass spectrometry.  

 

3.2.1 Structure Elucidation 

 

The 1H NMR spectrum of 3.20 is shown in Figure 3.1. Two isomers are evident in 

a ratio of approximately 2:1 (Figure 3.1e). The ESI mass spectrum of 3.20 revealed a 

signal at m/z 665.4 which corresponds to a 2:1 adduct of silylene 1.38 and alkyne 1.31 

(plus a sodium ion). 
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Figure 3.1: 1H NMR spectrum of 3.20 (C6D6, 600 MHz). Expansions from a) 1.9-6.9 

ppm b) 5.31-5.43 ppm c) 2.98-3.06 ppm d) 2.39-2.45 ppm e) 6.75-6.89 ppm.  

 

The two equivalents of silylene was consistent with the number of signals observed in the 

29Si-1H gHMBC spectrum of 3.20; four signals were observed. Two of the four signals, at 

5 ppm and 16 ppm, correlated to signals in the 1H dimension at 1.29 ppm and 1.17 ppm, 

respectively. On the basis of the chemical shift and the integration of the 1H signals (27 

H), the signals at 5 and 16 ppm in the 29Si dimension were assigned to SitBu3 groups.  In 

addition, the signal at 5 ppm in the 29Si dimension correlated to a doublet at 5.38 ppm in 

the 1H dimension, while the signal at 16 ppm in the 29Si dimension correlated to a singlet 

at 5.36 ppm in the 1H dimension.  
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Figure 3.2: Expansion of the 29Si-1H gHMBC NMR spectrum of 3.20 (600 MHz, C6D6) 

with 1H ranges of: a) 5.25-5.60 ppm; b) 2.00-3.40 ppm; c) 6.65-6.90 ppm; d) 0.8-1.4 

ppm. 

 

The 1H signals at 5.38 ppm and 5.36 ppm integrate to one hydrogen and show no 

correlations in the 13C-1H gHSQC spectrum of 3.20, and thus, the 1H signals were 

assigned to silicon hydrides. The doublet at 5.38 ppm in the 1H dimension correlates in 

the 1H-1H gCOSY spectrum of 3.20 to a doublet of doublets at 3.02 ppm. The signal at 

3.02 ppm also correlates to a doublet at 2.43 ppm in the 1H-1H gCOSY spectrum (Chart 

3.2). A correlation was observed in the 13C-1H gHSQC spectrum of 3.20 between the 

signals at 3.02 ppm and 2.43 ppm in the 1H dimension, and a signal at 25.8 ppm in the 

13C dimension. Since both the 1H signals at 3.02 and 2.43 ppm correlate to the same 
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carbon signal, and integrate to 1H each, the signals at 3.02 and 2.43 ppm were assigned to 

a CH2 group. The unassigned 29Si signals, at -43 and 3 ppm in the 29Si-1H gHMBC 

spectrum of 3.20, correlate to the signals at 3.02 ppm and 2.43 ppm in the 1H dimension. 

On the basis of these data, the structure of the fragment shown in Chart 3.2 was deduced. 

 

Chart 3.2: Fragment of 3.20 based on correlations in the 29Si-1H gHMBC and 1H-1H 

gCOSY NMR spectra. 

 

The 13C-1H gHMBC spectrum of 3.20 revealed that several signals in the 1H 

dimension, including the signals assigned to the CH2 group, correlated to a small subset 

of signals in the 13C dimension (Figure 3.3). These correlations are outlined in Table 3.1. 



83 

 

 

Figure 3.3: Expansion of the 13C-1H gHMBC NMR spectrum of 3.20 between 2.0-7.0 

ppm in the 1H dimension and 135.0-151.0 in the 13C dimension (600 MHz, C6D6). 

 

Table 3.1: 13C-1H HMBC correlations utilized in elucidating the core structure of 3.20. 

Multiplicity & 

Integration 

1H NMR Chemical 

Shift 

Correlations evident in the 13C-1H HMBC 

spectrum 

s, 1H 6.80 ppm 135.44 ppm, 142.69 ppm, 148.88 ppm 

dd, 1H 3.02 ppm  135.44 ppm, 148.88 ppm 

d, 1H 2.43 ppm  135.44 ppm, 148.88 ppm 

s, 3H 2.05 ppm 135.44 ppm, 148.88 ppm, 150.60 ppm 
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The 1H NMR signals at 6.80 ppm and 2.05 ppm correlated to signals in the 13C dimension 

of the 13C-1H gHSQC spectrum of 3.20 at 150.60 ppm and 17.48 ppm, respectively. On 

the basis of the chemical shifts and the correlations, the signal at 6.80 ppm in the 1H 

NMR spectrum was assigned to a C=CH- group, while the signal at 2.05 ppm was 

assigned as a methyl group. The 13C chemical shifts of the signals listed in Table 3.1 are 

sp2-hybridized carbons on the basis of their chemical shifts. The alkenyl hydrogen, at 

6.80 ppm in the 1H dimension correlated to the 29Si signal at -43 ppm in the 29Si-1H 

gHMBC spectrum of 3.20.  On the basis of this correlation and the chemical shift of the 

29Si signal, the signal at -43 ppm in the 29Si dimension was assigned to a silole silicon. 

From the 29Si and 13C chemical shifts, as well as correlations in the 13C-1H gHMBC NMR 

spectrum of 3.20, the silole fragment, illustrated in Chart 3.3, was elucidated.  

 

Chart 3.3: Fragment of 3.20 with silole ring 1H and 13C chemical shifts listed. 

 

A comparison of the 1H, 13C, and 29Si chemical shifts for 3.20 and 1.39 (Table 3.2) 

reveals that the 1H chemical shifts assigned to the Si-H differ only by 0.33 ppm, and the 

chemical shifts of the 29Si signals in the silole rings differ only by 7.8 ppm. The 13C 

signals in 3.20 were assigned on the analysis of 13C-1H HMBC NMR spectrum of 3.20. 
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The trend in chemical shifts is similar to that observed for 1.39. The signals at higher 

field were assigned to the carbons adjacent to the silicon in the silole ring and the signals 

at lower field were assigned to the carbons β to the silicon. 

Table 3.2: 1H, 13C, and 29Si chemical shifts for 3.20 and 1.39. 

 

 

3.20 

 

1.39 

 1H Chemical Shifts 

Si-H 5.36 ppm 5.69 ppm 

 13C Chemical Shifts 

α to Si 142.69 ppm (C-Ph) 

135.56 ppm (C-CH2) 

143.3 ppm (C-Ph) 

β to Si 150.60 ppm (C-H) 

148.80 ppm (C-CH3) 

157.6 ppm (C-Ph) 

 29Si Chemical Shifts 

Silole Si -43 ppm -34.2 ppm 

SitBu3 16 ppm 18.3 ppm 

 

One substituent remains unidentified in the fragment as shown in Chart 3.3. A singlet, 

with an integration of three, was observed at 3.39 ppm in the 1H NMR spectrum of 3.20. 

This signal correlates to the signal at 56.10 ppm in the 13C dimension of the 13C-1H 
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gHSQC NMR spectrum of 3.20, and the signal at 3 ppm in the 29Si dimension of the 29Si-

1H gHMBC NMR spectrum of 3.20. On the basis of the 1H and 13C chemical shifts and 

the integration, these signals were assigned to a methoxy group. The only correlation to 

either the 1H signal at 3.39 ppm or the 13C signal at 56.10 ppm in the 13C-1H gHMBC 

NMR spectrum, was between the signal at 56.10 ppm in 13C dimension and the signal at 

5.38 ppm in the 1H dimension, which was assigned to the silicon hydride. Thus, the 

methoxy group is bound to the silicon with a chemical shift of 3 ppm. The final 

elucidated structure is shown in Chart 3.4. 

 

Chart 3.4: The final elucidated structure for 3.20. 

 

3.2.2 Mechanistic Insights 

 

 

Scheme 3.12: The reaction of silylene 1.38 with alkyne 1.31. 
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3.20 was in an isolated in a yield of 2 %. While this yield is low, a mass loss of 

83% was observed after the plate and 3.20 made up 10 % of the material recovered from 

the plate.  A proposed reaction mechanism for the formation of 3.20 is presented in 

Scheme 3.13. 

 

Scheme 3.13: The proposed mechanism for the formation of 3.20. 

 

 Nucleophilic addition of silylene 1.38 to alkyne 1.31 leads to the formation of 

zwitterion 3.21. Regioselective ring opening of the cyclopropane towards the phenyl 

substituent leads to 3.22 which reacts with another equivalent of silylene 1.38 to form 

intermediate 3.23 accompanied by the loss of two equivalents of NHC. Although the 

formation of 3.23 is shown as a concerted process, a multi-step transformation is 
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possible. Loss of methanol from 3.23 would give the silole-substituted silene, 3.24. 

Subsequent addition of methanol to the silene moiety of 3.24 results in the formation of 

3.20.  

The addition of alkyne 1.31 to silylene 1.38 can reasonably proceed through two 

pathways: with the silylene acting as the nucleophile or with the silylene acting as the 

electrophile. If the reaction proceeds with 1.38 acting as an electrophile, then the 

cyclopropyl ring of alkyne 1.31 would be expected to open towards the methoxy 

substituent as has been demonstrated previously.19,20 However, the regiochemistry of the 

phenyl substituent in the final product, 3.20, suggests this is not case. The formation of 

3.20 is most reasonably explained by silylene 1.38 acting as a nucleophile in the first 

step, generating an α-anion, and regioselective opening of the cyclopropyl ring towards 

the phenyl substituent. The structure of the first intermediate formed, 3.21, is analogous 

to those proposed by Inoue and Cui (Chart 3.5) and provides supporting evidence that the 

silylene is the nucleophile in the reaction with alkynes. 

 

Chart 3.5: Comparison of the structure of 3.21 with the analogous zwitterionic 

intermediates proposed by Inoue and Cui. 
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The behaviour of 3.21 with a negative charge of a zwitterion on the vinylic carbon 

adjacent to the cyclopropyl ring contrasts with the behaviour of vinyllithium 3.26 which 

did not undergo ring opening (Scheme 3.14). The difference in reactivity is attributed 

having a full charge with a covalently bound Li in contrast to a negative charge in a 

zwitterion. 

 

Scheme 3.14: Reaction of 3.25 with butyllithium. 

 

 The formation of silole 3.20 is reminiscent of the formation of a cyclopentadiene 

that was observed in the reaction of tetramesityldigermene 3.28 and cyclopropyl alkyne 

1.31 (Scheme 3.15). In addition to undergoing ring closure to give a 7-membered allene 

compound (not shown), the biradical 3.29 undergoes ring closure to give 3.30 which, 

after hydrogen abstraction gives 3.31. Loss of methanol gives 3.32. 
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Scheme 3.15: Mechanism for the addition of cyclopropyl probe 1.31 to 

tetramesityldigermene 3.28. 

 

Interestingly, the loss of methanol proposed during the formation of 3.20 was also 

proposed in the formation of 3.32 (Scheme 3.15). The regioselective addition of methanol 

to the silenic moiety of 3.24 gives 3.20. The regioselective addition of methanol to 

silenes to give methoxysilanes is a well-known reaction in silene chemistry (Scheme 

3.16).21  

 

Scheme 3.16: Addition of methanol to a silene. 
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3.3 Conclusions 

 

To summarize, the reaction between NHC-stabilized silylene 1.38 and alkyne 1.31 

was studied. 3.20 was isolated from the crude mixture and a mechanism for the formation 

was proposed. The most reasonable pathway to silole 3.20 includes silylene 1.38 acting 

as a nucleophile. The reaction pathway proposed is consistent with previous studies of the 

reaction of alkynes with base-stabilized silylenes.12 Combining all studies to date, there is 

increasing evidence that base-stabilized silylenes act as nucleophiles, particularly in the 

reaction with alkynes. 

The results of this study provide important implications for understanding the 

chemistry of probe 1.31. Early studies demonstrated that the cyclopropyl ring of 1.31 

opens regioselectively in the presence of an α-cation or α-radical;18 however, no evidence 

for ring opening in the presence of α-anion was observed. All experiments where the 

alkyne 1.31 was used as a mechanistic probe were analyzed under the assumption the 

cyclopropyl ring would not open if an α-anion was formed. The results herein call into 

question this assumption and, as such, it is concluded that ring opening of 1.31 towards 

the phenyl substituent during the course of a reaction can indicate the presence of  either 

a radical or a negative charge from a zwitterion developing  on the α-carbon during the 

reaction.  

Interestingly, we observe silylene 1.38 acting as a nucleophile in the reaction with 

alkyne 1.31 and not as a base. 3.20 only makes up 10% of the products isolated by thin-

layer chromatography; other compounds from the plate were not fully characterized. As 
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such, 3.20 is not completely indicative of the reactivity between silylene 1.38 and alkyne 

1.31. The 1H NMR spectrum of a compound also isolated by chromatography, showed 

signals that can be assigned to a phenyl substituent, and thus, is likely derived from 

alkyne 1.31. However, due to time constraints, the compound was not isolated cleanly 

and could not be characterized. Thus, definitive conclusions regarding the reactivity of 

silylene 1.38 cannot be made at this time. 

 

3.4 Experimental 

 

3.4.1 General Procedure 

 

All reactions were conducted under a nitrogen atmosphere using an MBraun 

Labmaster 130 glovebox. Pre-coated silica glass plates suitable for preparative thin-layer 

chromatography were purchased from Millipore Sigma. Solvents and reagents were 

purified by standard methods.22 Silylene 1.38 was obtained from Dr. S. Inoue, 

Technische Universität München. Alkyne 1.31 was synthesized by Nada Tashkandi in the 

Baines lab. 

1H and 13C NMR data were obtained on a 600 MHz INOVA NMR spectrometer. 

The standards used were as follows: residual C6D5H (7.15 ppm) and (CD3)CO(CD2H) 

(2.04 ppm) for 1H NMR spectra; C6D6 (128.00 ppm) and (CD3)2CO (29.80 ppm) for 13C 

NMR spectra. J values are reported in Hertz. ESI mass spectra were recorded on a Bruker 
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microTOF II mass spectrometer with an electrospray interface in positive ion mode 

(reported in mass-to-charge units, m/z). 

 

3.4.2 Addition of Alkyne 1.31 to Silylene 1.38 

 

Alkyne 1.31 (26 mg, 0.14 mmol) was added to an orange-red solution of silylene 1.38 (50 

mg, 0.14 mmol) dissolved in toluene (~5 mL). The colour of the solution deepened to a 

dark red. The mixture stirred overnight for 18 h before the solvent was removed under 

vacuum. The resulting oil was washed with hexanes. The precipitate was separated by 

centrifugation and the solvent was removed under vacuum. The red residue was dissolved 

in EtOAc under ambient conditions to give a red solution which quickly faded to light 

pink. Preparative TLC (100% hexanes, 17% material recovered) was performed and 

compound 3.20 (in a 2:1 ratio with a second isomer with similar NMR data) was 

characterized (8 mg, 2 % yield). 3.20 was present as a minor product in the crude product 

mixture.  

 

Compound 3.20 

Isolated Yield = 2%, 1H NMR (C6D6, 600 MHz):  = 7.36 (dd, J = 

8.4 Hz, J = 1.4 Hz, 2 H, o-Ph-H), 7.19 (masked m, 2 H, m-Ph-H), 

7.08 (m, 1 H, p-Ph-H), 6.80 (s, 1 H, C-CH=C), 5.38 (d, J = 8.2 Hz, 

1H, HSi-CH2), 5.36 (s, 1H, silole SiH), 3.39 (s, 3H, OCH3), 3.02 

(dd, J = 8.2 Hz, J = 13 Hz, 1 H, CH2), 2.42 (d, J = 13 Hz, 1 H, CH2), 2.05 (s, 3 H, CH3), 
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1.29 (s, 27 H, tBu CH3), 1.17 (s, 27 H, tBu CH3).
13C NMR (151 MHz, C6D6) δ = 150.70, 

144.87, 142.74, 135.49, 129.01, 128.35, 128.22, 128.06, 127.90, 126.35, 56.41, 31.63, 

31.61, 31.59, 31.54, 31.45, 25.98, 24.39, 24.33, 23.40, 23.34, 17.75. 29Si-1H gHMBC 

NMR (C6D6, 119 MHz):  = 16 (SitBu3), 5 (SitBu3), 3 (Si-CH2), -43 (Silole Si). ESI-MS: 

m/z 665.4 (calcd for C37H70NaOSi4, 665.44).  



95 

 

3.5 References 

 

1. a) Benedek, Z.; Szilvási, T.; RSC Adv., 2015, 5, 5077; b) Waterman, R.; Hayes, P. G.; 

Tilley, T. D.; Acc. Chem. Res. 2007, 40, 712; c) Raoufmoghaddam, S.; Zhou, Y.; Wang, 

Y.; Driess, M.; J. Organomet.Chem., 2017, 829, 2. 

2. a) Driess, M.; Nature, 2012, 4, 525; b) Blom, B.; Driess, M.; Structure and Bonding 

(Berlin, Germany), 2014, 156; c) Yao, S.; Xiong, Y.; Driess, M.; Organometallics, 2011, 

30, 1748. 

3. a) Ishikawa, M.; Asian, J. Org. Chem., 2015, 4, 1192; b) Ghadwal, R. S.; Azhakar, R.; 

Roesky, H. W.; Acc. Chem. Res., 2013, 46, 444. 

4. Atwell, W. H.; Organometallics, 2009, 28, 3573. 

5. a) Suzuki, H.; Tokitoh, N.; Okazaki, R.; Bull. Chem. Soc. Jpn.,1995, 68, 2471; b) Lips, 

F.; Mansikkamaki, A.; Fettinger, J. C.; Tuononen, H. M.; Power, P. P.; Organometallics, 

2014, 33, 6253. 

6. a) Koch, R.; Bruhn, T.; Weidenbruch, M.; Organometallics, 2004, 23, 1570; b) 

Tanaka, H.; Kondo, Y.; Shoita, Y.; Naka, A.; Ishikawa, M.; Yoshizawa, K.; 

Organometallics, 2011, 30, 3160. 

7. Belzner, J.; Dehnert, U.; Ihmels, H.; Tetrahedron, 2001, 57, 511. 

8. Belzner, J.; Ihmels, H.; Adv. Organomet. Chem., 1998, 43, 1. 



96 

 

 

9. Gillette, G. R.; Noren, G. H.; West, R.; Organometallics, 1989, 8, 487. 

10. Takeda, N.; Suzuki, H.; Tokitoh, N.; Okazaki, R.; J. Am. Chem. Soc. 1997, 119, 1456. 

11. Wang, Y.; Xie, Y.; Wei, P.; King, R. B.; Schaefer III, H. F.; Schleyer, P. R.; 

Robinson, G. H.; Science, 2008, 321, 1069. 

12. Belzner, J.; Dehnert, U.; Ihmels, H.; Tetrahedron, 2001, 57, 511. 

13. Ghadwal, R. S.; Roesky, H. W.; Merkel, S.; Henn, J.; Stalke, D.; Angew. Chem. Int. 

Ed., 2009, 48, 5683. 

14. Lebedev, Y. N.; Das, U.; Chernov, O.; Schnakenburg, G.; Filippou, A. C.; Chem. 

Eur. J., 2014, 20, 9280. 

15. Eisenhut, C.; Szilvási, T.; Breit, N. C.; Inoue, S.; Chem. Eur. J., 2015, 21, 1949. 

16. Gao, Y.; Zhang, J.; Hu, H.; Cui, C.; Organometallics, 2010, 29, 3063. 

17. Li. T.; Zhang, J.; Cui, C.; Chem. Asian J., 2017, 12, 1218. 

18. Milnes, K. K.; Pavelka, L. C.; Baines, K. M.; Chem. Soc. Rev., 2016, 45, 1019. 

19. Gottschling, S. E.; Grant, T. N.; Milnes, K. K.; Jennings, M. C.; Baines, K. M.; J. 

Org. Chem., 2005, 70, 2686. 

20. Le Tadic-Biadatti, M.-H.; Newcomb, M. J. Chem. Soc., Perkin Trans. 2 1996, 1467. 

21. Brook, A. G.; Baines, K. M.; Adv. Organomet. Chem. 1986, 25, 1. 



97 

 

 

22. Armarego, W. L. F.; Perrin, D. D. Purification of Laboratory Chemicals; 4th Ed.; 

Oxford; Boston: Butterworth Heinemann, 1996. 

 



98 

 

Chapter 4  

4 Conclusions and Future Work 

4.1 Summary and Conclusions 

 

The mechanism of the addition of alkynes to low-valent silicon compounds has 

been studied using a mechanistic probe approach.1 When the reactivity of disilene 1.5 

with phenylacetylene was reported, the authors stated: “Although the mechanism of the 

addition reaction of phenylacetylene to 1.5 is unclear, we favor the ionic path in our case 

because of the polarized nature of the unsymmetrically substituted disilene”.2 Likewise, 

when the reactivity of 1.37 with phenylacetylene was reported, although a biradical 

mechanism was considered, the authors still hypothesized the formation of a zwitterionic 

intermediate.3 Using a mechanistic probe approach, the cycloaddition of alkynes to 

disilenes has been shown to proceed through a stepwise mechanism involving a biradical 

intermediate.4 Until this work, only the addition of alkynes to disilenes with four identical 

substituents had been studied; the influence of the polarity of the Si=Si double bond, 

however so slight, on the mechanism of the addition of alkynes was unknown. Thus, the 

reaction of disilene 1.37 and cyclopropyl alkyne 1.31 was examined (Scheme 4.1). 
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Scheme 4.1: Reaction of disilene 1.37 with 1.31. 

 

The reaction of 1.37 with 1.31 afforded four 1:1 cycloadducts. Compounds 2.12 

and 2.13 are isomeric disilacyclobutenes. On the basis of the magnitude of the coupling 

constants between the ring silicons and the vinylic hydrogen, 2.12 and 2.13 have the 

same regiochemistry, and thus, they are stereoisomers of one another. While the 

stereoisomers could result from a change in the stereochemistry at any one of the chiral 

centres of the cyclopropyl ring, the coupling constants of the hydrogens on the 

cyclopropyl ring in both 2.12 and 2.13 are similar in both isomers, and thus, the 

stereochemistry about the CH-OMe and CH-Ph groups in the cyclopropyl ring is the 

same. Notably, in the reaction of 1.4 and 1.29 with alkyne 1.31, the stereochemistry of 

the cyclopropyl ring did not change. As such, in the absence of further evidence, we 

attribute the stereoisomerism of 2.12 and 2.13 to a change in stereochemistry at the chiral 

silicon atom. Compounds 2.10 and 2.11 are both derived from the ring opening of the 
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cyclopropyl ring of 1.31. The regiochemistry of the phenyl and methoxy substituents in 

2.10 and 2.11 reveal the nature of the intermediate formed along the reaction pathway: a 

biradical (Scheme 4.2).  This study provides convincing evidence for the formation of a 

biradical intermediate, which complements the mechanistic studies of disilenes 1.4 and 

1.29 with the cyclopropyl alkyne 1.31 and is not consistent with a zwitterionic 

intermediate as suggested by Scheschkewitz.2 

 

Scheme 4.2: Mechanism of the reaction between cyclopropyl alkyne 1.31 and disilene 

1.37. 

 

Simple silylenes with sterically bulky dialkyl or diaryl substituents react with 

alkynes to give silacyclopropenes, where the silylene is believed to act as the 

electrophile.5 The coordination of a Lewis base to silylenes can be used to stabilize 

silylenes by presumably reducing the electrophilic character of the silylene. Base-
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stabilized silylenes exhibit different reactivity than simple silylenes; in particular, the 

reactivity of disubstituted alkynes with NHC-stabilized silylenes, such as 1.38, afford 

siloles and not silacyclopropenes.6 The mechanism for the reaction has been proposed to 

involve a zwitterion generated by the silylene acting as the nucleophile. While this 

mechanism is supported by DFT computational studies,6 there have been no experimental 

studies to determine the nature of the intermediate. The reaction of silylene 1.38 with 

cyclopropyl alkyne 1.31 was examined and compound 3.20 was isolated (Scheme 4.3).  

 

Scheme 4.3: Reaction of 1.38 with 1.31. 

 

Nucleophilic attack of silylene 1.38 at the terminal end of the carbon-carbon triple bond 

of 1.31 to give a zwitterionic intermediate followed by opening of the cyclopropyl ring 

toward the phenyl substituent is consistent with the formation of 3.20. The results provide 

experimental evidence for the formation of a zwitterionic intermediate as was proposed in 

the computational study of the reaction.6  



102 

 

 

Scheme 4.4: The proposed mechanism for the formation of 3.20. 

 

The mechanism also revealed the ability of the cyclopropyl ring of 1.31 to open 

towards the phenyl substituent when a negative charge is present on the α-vinyl carbon. 

This reactivity was not seen in the vinyllithium analogues of 1.31. Protonation of the 

vinyllithium reagent derived from 1.31 gave only the cyclopropyl alkene and no ring-

opened product. The results have revealed an important aspect of the reactivity of 

cyclopropyl alkyne 1.31: ring-opening towards the phenyl group must always be 

interpreted as a consequence of the formation of a vinylic radical or a negative charge 

from a zwitterion α to the cyclopropyl ring. To distinguish between these two choices, 

other factors must be taken into consideration, if possible.  
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 The results presented herein lead to numerous conclusions. First, the addition of 

alkynes to disilenes, whether symmetrically or unsymmetrically-substituted with aryl or 

silyl groups, proceeds through a biradical intermediate. Secondly, the formation of a 

zwitterion with an anion at the α-vinylic carbon derived from 1.31 will open 

regioselectively toward the phenyl substituent. Lastly, Lewis base-stabilized silylenes act 

as nucleophiles in the addition to alkynes. 

 

4.2 Future Work 

 

On the basis of the results presented herein, the dipole moment caused by the 

difference between a Tip group and a Ph group on a Si=Si double bond was not sufficient 

to alter the nature of the intermediate which is formed in the reaction between alkynes 

and disilenes. However, with a sufficiently polarized disilene, a change in the nature of 

the intermediate may be expected. To test this hypothesis, the reaction between alkyne 

1.31 and the phosphinodisilene 4.1 should be examined. Disilene 4.1 features one 

phosphorus and three aryl substituents.7 The dipole moment of the Si=Si double bond, as 

a result of the three aryl substituents and an electron-donating PPh2 substituent, is 

expected to be greater than that of disilene 1.37 and, as such, would be an interesting 

candidate to test for the purported change in mechanism. 
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Scheme 4.5: The proposed reactivity between the polar disilene 4.1 and alkyne 1.31. 

 

Also of interest would be the study of the reaction between a simple dialkyl- or 

diarylsilylene with alkyne 1.31. On the basis of a computational study, simple silylenes 

are expected to react as electrophiles with alkynes.8 If in the reaction with 1.31 the 

silylene acted as an electrophile and the reaction was stepwise, then a vinyl cation would 

be generated next to the cyclopropyl ring and result in regioselective ring-opening toward 

the methoxy substituent. However, if the reaction is concerted, ring opening is not 

expected. 

 

Scheme 4.6: Possible reaction pathways of a simple silylene with alkyne 1.31. 
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Appendices  

Appendix A1.1: 13C NMR spectrum (119 MHz, C6D6) of 2.10. 

 

Appendix A1.2: 13C NMR spectrum (119 MHz, C6D6) of 2.11. 
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Appendix A1.3: 13C NMR spectrum (119 MHz, C6D6) of 2.12. 

 

Appendix A1.4: 1H NMR spectrum (600 MHz, C6D6) of 2.13. 
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Appendix A1.5: 13C NMR spectrum (119 MHz, C6D6) of 2.13. 

 

Appendix A1.6: 13C NMR spectrum (119 MHz, C6D6) of 3.20. 
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