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Abstract: 

New silyl hydride activation techniques were developed to provide a means for 

funtionalizing poly(hydro)silane (-(RSiH),-) to make new polymer derivatives with 

potentially technologic utility. Initial attempts to modify the repeating Si-H units of 

poly(pheny1)silane (-(PhSiH),-) and disilane model compounds ((R72SiH)2) were 

generally characterized by unwanted cleavage of Si-Si bonds and consequential substrate 

decomposition. It was found that B(C6F5)3-catalyzed hydrosilylation of carbonyl groups 

and hetero-dehydrogenative coupling of silanes with alcohols proceed with the required 

selectivity to functionalize Si-H bonds in the presence of Si-Si linkages. Further, the 

methodology was extended to Si-S bond formation via B(C6F5)3-catalyzed Si-H addition 

to thiocarbonyl (S=CR2) groups and coupling of silanes and thiols (HSR), providing a 

new route to thiosilanes (Si-S) from silyl hydride precursors. The resulting thiosilanes 

are reactive species, with potential to be modified to other useful functional groups. 

Initial results indicate that these B(C6F5)3-mediated coupling methods should facilitate 

the development of new classes of polysilanes. 
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Chapter 1 

Background 



1.1 Introduction/Research Synopsis 

Polysilanes (-(RSiR'),-), macromolecules with an all-silicon backbone, have 

garnered considerable attention by virtue of their interesting electronic properties and 

potential technological utility. For example, polysilane derivatives have been considered 

for use as semi-' and photo-conductors2, ceramic precursors3, and photoresists in 

microlithography'(a~).4. Much of the interest in silicon polymers stems from the fact that, 

unlike aliphatic carbon polymers, these molecules exhibit a significant degree of 

conjugation within the osisi framework, which accounts for their unique electronic 

characteristics. Theoretical and empirical evidence indicates that delocalization is 

correlated with extended sequences of trans or anti geometries in the polymer backbone. 

However, low rotational barriers about Si-Si bonds favor a statistical distribution of 

conformers in solution and, hence, limited conjugation in the polymer backbone. It is 

therefore desirable to devise techniques to impose conformational control on the polymer 

scaffold with the ultimate goal of tuning the properties of these technologically attractive 

polymers. To this end, we endeavor to incorporate 1,2-bridging cyclic and bicyclic units 

in the silicon chains to increase the rigidity of polymer and thereby influence 

conformational preferences. Our approach has focused on modifying the Si-H bonds of 

poly(pheny1)silane (-(PhSiH),-) generated by transition metal-mediated 

dehydropolymerization of phenylsilane (PhSiH3). Pursuit of this goal has led to the 

development of new, fundamentally useful Si-H activation chemistry and silicon-sulfur 



3 
bonding-forming methods; namely, coupling silyl hydrides with thiobenzophenone 

(Ph2C=S) or thiols in the presence of a Lewis-acidic borane catalyst. 

1.2 Bonding in Silicon Polymers: Theoretical Consideration of a-Conjugation 

Delocalization of o-electrons in polysilanes has been predicted by various semi- 

empirical5 and ab initio6 methods and is supported by experimental observations, 

including decreasing ionization potentials and HOMO-LUMO transition energies with 

increasing chain length7. A qualitative picture of o-conjugation in polysilane chains can 

be obtained by Hiickel-level calculations using approximately sp3 hybridized orbitals 

centered on silicon as a basis set (Sandorfy Model C) (Figure 1.11~. Thus, the 

combination of sp3 lobes on adjacent silicon atoms results in a vicinal resonance integral 

PVi,, which is responsible for Si-Si o bond formation. This overlap splits the two sp3 basis 

contributors into a strongly bonding orbital o, and a strongly antibonding orbital o* 

(Figure 1.1, bottom). A less negative geminal interaction (P,,,) between sp3 orbitals on 

the same silicon atom accounts for electronic communication between otherwise 

localized osisi orbitals. The result is a series of mutually interacting o orbitals and 

electron delocalization throughout portions of the silicon scaffold with continuous anti 

geometries (vide infra). 



e. LUMO 
'1 

Figure 1.1. o-Conjugation in a polymer sequence composed of interacting sp3 orbitals. 

Top: chain segment showing Pprirn and &,,. Bottom: Sandorfy C derivation of molecular 

orbitals for a Si4 polysilane fragment. The silicon atoms are represented as black dots. 

The ratio of Pgem/Pvic reflects the extent of electronic communication between 

contiguous o bonds. That aliphatic carbon polymers do not exhibit a significant degree 

of o-conjugation is a reflection of decreased diffuseness and less p character of the 

frontier orbitals compared to polysilanes. Following periodicity arguments, carbon- 

based orbitals are more spatially confined than their silicon congeners, thereby 

undermining their ability engage in geminal and remote 1, 4 interactions. To illustrate in 

terms of geminal overlap, at the Hiickel Sandorfy C level9, Psm/Pvic is calculated to be 



5 
0.87 and 0.76 for polysilanes and saturated carbon chains respectively, indicating 

significantly more delocalization for catenated silicon chains versus their carbon 

analogues. Therefore, carbon-based hybrid orbitals are less suited to participate in 1, 4 

mixing with remote neighbors. 

More in-depth theoretical analyses (e.g. ab initio SCF and extended Sandorfy 

c)1•‹ show that o-conjugation in polysilanes is sensitive to conformational effects in the 

silicon backbone. The relationship between o-conjugation and chain conformation is 

related to syn versus antiperiplanar interactions that are important in the transitions states 

of bimolecular elimination (E2) and addition reactions in organic chern i~ t r~ l (~)>  l .  The 

relationship between o-conjugation and dihedral angles stems from interactions between 

orbitals separated by two silicon atoms (Dl4) (Figure 1.2), and can be understood in terms 

of the Sandorfy C model. While Pvic and P,,, are cylindrically symmetrical and not 

affected by rotation about Si-Si bonds, interactions require approximately n- 

symmetry for non-zero overlap. Thus, when the dihedral angle described by the 1, 4 

orbitals is between 0-60' (- syn or gauche) or 120-180' (- anti), the 1, 4 basis set 

contributors have the requisite n symmetry for non-zero intereaction, (Figure 1.2), with 

the magnitude of at a maximum for 0' and 180". In the HOMO, where nodes occur at 

each silicon atom, the basis contributors enter into the molecular orbital with opposite 

signs so their 3s and 3py components cancel the resulting MO is of pure p, (see Figure 1.1 

for coordinate axes) character. In the LUMO, nodes occur at bond midpoints, meaning 

that 3p, contributors have opposite signs and thus cancel, so the resulting MO is 

characterized by its 3s and 3py components. As a result, the energy of the HOMO, which 
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is dominated by 3p, character, is more sensitive to conformational effects than the 

LUMO, which is largely 3s in character. So, for small dihedral angles (< 90') in the 

polymer backbone, the HOMO is stabilized by Pvic overlap (Figure 1.2, bottom right) 

while the LUMO is destabilized to a lesser degree (Figure 1.2, top right), which increases 

the energetic separation of the frontier orbitals and thereby hinders electron 

delocalization. Further, Pvic vanishes as the dihedral angle approaches -90•‹, as expected 

for orthogonal symmetry. Conversely, for angles in the vicinity of 180" (antiltrans), the 

HOMO is destabilized (Figure 1.2, bottom left) and the LUMO is somewhat stabilized 

(Figure 1.2, top left). The result is a decreased transition energy (o+o*) for interacting 

trans portions of the chain compared to segments containing gauche or cisoid turns that 

insulate electronic communication between delocalized MOs. Therefore, in polymer 

sections with all-trans geometries, delocalization of o-electrons is at a maximum, while 

the introduction of smaller dihedral angles (- 0-90') causes a barrier to conjugation and 

localization of the HOMO orbital to the longest all-trans segment of the chain'. 



negative: stabilizing positive: destabilizing 

9 

positive: destabilizing PI,,$ negative: stabilizing 

Figure 1.2. Molecular orbital schematic with showing 1, 4 vicinal overlap for HOMO 

and LUMO in anti and syn conformations. Silicon atoms are represented as black dots. 

While the above discussion provides a qualitative model for o-bonding in 

polysilanes, it neglects the contribution of polymer substituents. It should be noted that, 

in addition to a conformational effects, molecular orbital treatments reveal relationships 

between orbital energies (HOMOILUMO) and the electronic nature of the groups 

attached to the polymer scaffold. For example, calculations that incorporate phenyl 

substituents (e.g. -(PhSiMe),-) predict destabilization of the HOMO relative to the 

LUMO, through mixing of the phenyl rr system and polymer-based orbitals'(a', which is 

substantiated by UV spectroscopy'2. However, this influence may be steric in origin, 

rather than electronic; with larger phenyl substituents, larger dihedral angles are sterically 

preferred, which promotes delocalization of o electrons, and a corresponding red-shift in 
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the UV spectrum. The effects of polymer substitution are discussed further in "UV 

Characteristics" (1.3). 

1.3 UV Characteristics 

As discussed above, polysilanes have attracted attention largely due to their 

interesting electronic and spectroscopic properties, which are related to the o- 

delocalization in silicon chains. In particular, the UV characteristics of these molecules 

are of interest. Soluble oligo- and polysilane derivatives absorb strongly in the 300-400 

nrn near-UV region, with extinction coefficients per Si-Si bond ranging from 5000 to 

more than 10,000 ~ - ' c m - '  13. The transition associated with this absorbance has been 

described as primarily Si-Si o-o* in nature, thus invoking orbitals largely localized at 

the silicon backbone7>l5. Since these orbital energies vary with dihedral angles, it is not 

surprising that the UV spectra of polysilanes are sensitive to temperature 

(thermochromism) and substituent effects. For instance, h,,, for unsymmetrical dialkyl 

polysilanes (e.g. poly("hexylmethyl)silane; -(HexSiMe),-) shifts to lower energy with 

decreasing temperature14. Further, symmetrically substituted dialkyl polysilanes, bearing 

bulky aliphatic groups, absorb at lower energies than their less encumbered congeners1. 

These observations have been rationalized by conformational effects in the silicon chain 

(vide supra, 1 .2)'(,). On the grounds of steric predictions, larger dihedral angles between 

1 , 4  silyl groups are expected to be more energetically favorable than gauche- or syn-type 

configurations. Accordingly, at low temperatures, the population of all-trans polymer 
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segments is enhanced relative to room temperature where more gauche twists occur in the 

chains. 

1.4 Silicon-Silicon Coupling: Synthesis of Polysilanes 

Interest in polysilanes has developed dramatically over the past 25 years with the 

advent of viable synthetic routes to these polymers and the exploration of their unique 

electronic  characteristic^'^^). Among the most commonly employed techniques to 

generate silicon polymers16 are Wurtz coupling of dichlorosilanes and transition metal- 

catalyzed homodehydrogenative coupling of silanes. 

1.4.1 Wurtz Reductive Coupling 

The first polysilanes were prepared by reductive condensation of dichlorosilanes 

with sodium metal to form polymers with alkyl and/or aryl substituents and sodium 

chloride (Equation 1) (Wurtz coupling)'(a). This process is usually conducted in 

refluxing toluene and dispersed sodium. The reaction is then quenched by the addition of 

alcohol, which also causes precipitation of the desired polysilane product. 

R a I nR'RSiCI2 + 2nNa - f ~ i i  + 2nNaCl 

R ' 

R, R' = robust alkyl or aryl 
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Other alkali metals systems have been used to promote reductive coupling of 

chlorosilanes, such as lithium or sodium-potassium alloys17. However, these conditions 

generally give lower molecular weights and suffer from the added difficulty in handling 

and disposing of lithium and potassium-containing salt mixtures. As a result, sodium has 

been utilized almost to the exclusion of other alkali metal reductants in Wurtz-type 

coupling. 

Although high molecular weight linear polymers are accessible via Wurtz 

coupling, the rigorous reaction conditions involved generally limit the polymer 

substituents to robust alkyl and aryl groups. For example, attempts to polymerize 

allylmethyldichlorosilane results in a small yield (<2%) of the desired polymer and a 

large amount of insoluble material, which is presumably a 3D matrix of cross-linked 

chains'(a). Similarly, incorporation of pendant chloride groups on the polymer (i.e. - 

(ClSiR),-), through reductive coupling of trichlorosilanes, is prevented by concomitant 

coupling at polymer-bound halogens to form intractable dendrimeric silicon  network^"^'. 

Therefore, polysilanes with reactive functional groups attached to the silicon scaffold are 

generally not accessible by Wurtz methods. In addition to functional group intolerance, 

Wurtz coupling is limited by low yields of tractable polymer, dispersed and variable 

molecular weights, and hazards associated with handling alkali metals. Thus, alternative 

methods to generate polysilanes, based on metal-catalyzed homodehydrogenative 

coupling of silanes, have been developed. 



1.4.2 Homo-Dehydrogenative Coupling 

In the past 20 years, a number of transition metal complexes have been identified 

as active catalysts for the dehydrogenative coupling of hydrosilanes (Equation 2). 

catalyst 
nR1RSiH2 H + (n-I)H2 

R, R' = HI aryl or alkyl R' 

While some late transition metal systems, such as those based on rhodium, promote this 

transformation, they generally give short-chain oligomers (Siz - si6)I8, rather than high 

polymers. The most effective catalysts for obtaining higher molecular weight polysilane 

derivatives are based on group 4 metallocenes of the type Cp*CpMRR', where M = Ti, 

Zr and RR' = Mez, C1H or [ ~ i ( ~ i ~ e ~ ) ~ ] ~ e ' ~ .  Of these, Cp*CpZr[Si(SiMe3)3]Me is most 

active and gives the highest molecular weight products in the polymerization of 

phenylsilane. 

The efficacy of this technique depends not only on the type of catalyst employed, 

but also on the nature of the monosilane substrates. For example, secondary silanes, such 

as Ph2SiH2, are coupled only to dimers or trimers by both early- and late-metals 18(a), 20 , 

while tertiary substrates do not react to form dimers under normal dehydrocoupling 

conditions. The rates associated with the coupling of secondary silanes are slow 

compared to the analogous reactions of primary silanes, an observation that has been 
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ascribed to sterically unfavorable interaction between the bulky metal and silane 

moieties. Similarly, the increased bulk of the molecules produced by dimerization of 2' 

silanes often prevents further coupling of these fragments to higher oligomers. 

Furthermore, silanes bearing aromatic substituents (e.g. PhSiH3) are dehydropolymerized 

more readily and to higher molecular weight than their aliphatic counterparts by early 

metal catalyst systems, indicating that electronic effects, in addition to steric 

considerations, are important in determining the suitability of silane reagents. Thus, 

phenylsilane (PhSiH3) can be polymerized to reasonable molecular weights (4000-6000, 

relative to polystyrene), at relatively low catalyst loadings, by c ~ * c ~ z ~ [ s ~ { s ~ M ~ ~ ) ~ ] M ~ ~ ~  

to afford a phenyllhydride-substituted silicon polymer (Equation 1.3). 

Cp*CpZr[Si(SiMe3)3]Me 
n PhSiH3 H + (n-1)H2 

Neat 
Ph 

Dehydrocoupling is an attractive method for polysilane synthesis in that it allows 

the incorporation of reactive Si-H bonds into the polymer backbone through the 

polymerization of primary silanes. Therefore, unlike Wurtz coupling, this technique 

allows for potential modification of pre-made polymers by manipulation of silyl hydride 

groups. Since electronic and macroscopic mechanical characteristics are influenced by 

groups attached to silicon, functionalized polymers represent a starting point for 

optimizing the properties of these macromolecules. Despite these attributes, 

dehydrogenative techniques are somewhat limited by the low molecular weights 

produced, relative to Wurtz coupling. Further, as seen for Wurtz coupling of 
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unsymmetrically substituted dichlorosilanes (RR'SiC12), dehydropolymerization usually 

leads to a nearly random distribution of stereocenters in the polymerization of primary 

~ i l a n e s ' ~ ~ ~ ' .  In light of these shortcomings, a significant amount of work has been 

conducted to elucidate the mechanism of these processes, with the continuing goal of 

identifying new catalysts to afford higher molecular weights and definite s t e r e o t a c t i ~ i t ~ ' ~ ~  
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1.4.3 Mechanistic Aspects of Group 4 Metallocene Catalysis 

While the mechanisms of dehydrocoupling for all types of metal catalysts have 

been studied in detail, the focus of the following discussion will be limited to the mode of 

operation of highly active group 4 metallocenes. The most convincing mechanistic 

proposal for these transformations implicates o-bond metathesis as the salient feature22 

(Scheme 1.1). The viability of this pathway was demonstrated by kinetic investigations 

and isolation of key intermediates in studies on hafnocene and zirconocene model 

systems23. According to this scheme, the active catalytic species is a metal hydride, 

which is formed in situ through reaction with monomeric silanes. The hydrido-metal 

complex then engages the silyl species in a four-centered arrangement (2, + 2, 

cycloaddition), with contemporaneous breakage of Si-H and M-H bonds, and generation 

of a new Si-M and H-H bonds. The silyl-metal moiety undergoes a second o-bond 

methathesis step with another silyl fragment to regenerate the metal catalyst and to form a 

Si-Si bond. This final step in the catalytic cycle is critical for polymer growth and is 

pivotal for determining the molecular weights of the polymers produced. 



Scheme 1. I 

The Tilley o-metathesis mechanism can be used to gain insight into the 

performance of various catalyst-substrate systems, with the ultimate goal of designing 

catalysts to address low molecular weights and polymer stereostructure. For example, 

molecular weights and reaction rates in these reactions show a marked dependence on the 

size of the silane substrate and the coordination environment at the metal, as expected on 

the basis of a sterically congested four-centered transition state. Thus, metallocene 

catalysts bearing two bulky pentamethylcyclopentadienide units (CP*~M) give slow 

coupling rates and low molecular weight products, presumably because of kinetic 

disinclination of the metal fragment towards binding larger silane species formed in the 

coupling process6~9. Meanwhile, mixed pentamethylcylcopentadienide/ 

cyclopentadienide systems (Cp*CpM) are currently the most effective 

dehydropolyermization catalysts in terms of molecular weights and activity. 
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Interestingly, less hindered metallocenes with two cyclopentadiene ligands (Cp2M) tend 

to form catalytically inactive hydride-bridged dimers6 and, consequently, are not 

particularly effective in promoting dehydrocoupling. 

1.5 Conformational Control in Silicon Chains 

As stated above (1.1), our research efforts have focused on finding methods to 

impose conformational control on polysilane chains through the incorporation of 1, 2- 

silacyclic or - bicyclic moieties into the silicon backbone (Figure 1.3). 

Figure 1.3. Polysilanes with 1,2-cyclic or -bicyclic units that may impose conformational 

rigidity on the polymer chains. 

The motivation for developing cyclically restrained polysilanes issues from the 

correlation between chain conformations and electronic properties. Specifically, to 

maximize o-conjugation, it is desirable to limit the polymer chains to repeating anti 

geometries. The most notable success in this area involves studies on bridged bicyclic 

oligosilanes. For example, Tsuji et al. have synthesized an all-anti-pentasilane unit, with 

conformational control imposed by bridging 2,4-butylene groups25 (Figure 1.4). While 

the investigators were unable to obtain crystals of the permethylated species (Figure 
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1.4(a)), crystallographic data confirm that the dihedral conformations in the related 1,5- 

diphenyl derivative (Figure 1.4(b)) are nearly perfectly anti (a =: 178'). 

Figure 1.4. Conformational control of pentasilanes via 2,4-butylene bridges 

As expected, the UV spectrum of the rigid species (Figure 1 (a)) shows the lowest 

energy transition (o-o*) to be narrowed, intensified and slightly red-shifted relative to 

the electronically similar, conformationally unrestricted permethylated pentasilane 

Me(Me2Si)5Me ((a): A,, = 253 nrn, E =: 4x104 ~ " c m - ' ;  Me(Me2Si)5Me: A,, = 250 nrn, 

E = 2x104 M-lcm-'1. The broadness of the untethered pentasilane signal can be explained 

by a statistical distribution of conformers in solution, each characterized by slightly 

different energies of absorption. On the other hand, the rigid structure of 2,4-bridged 

species restricts the molecule to all-anti geometry, which is associated with the lowest 

possible o+o* transition. These observations give strong empirical evidence for a 

correlation between dihedral angles and electronic properties, thus validating our efforts 

to extend similar methodology to polysilanes. 



1.6 Summary 

A considerable body of semi-empirical and theoretical data describes bonding in 

polysilanes and indicates that o-conjugation plays a fundamental role in determining the 

behavior of these polymers. The origin of remote o interactions was addressed above in 

terms of simple MO theory (Hiickel, Sandofy C) and related to delocalization in terms of 

conformation and its effect on HOMO and LUMO energies. Polysilanes have also been 

studied extensively by spectroscopic methods. In particular, the UV experiments reveal 

strong, temperature dependent absorbance signals for these compounds. The UV 

response to temperature and substituent groups can be rationalized by steric effects that 

dictate conformational preferences. Furthermore, the recent appearance of oligosilanes 

with discrete, rigid conformations has provided unambiguous evidence for the 

importance of conformational effects on the electronic structure of polysilanes. 

In light of these findings, we strive to generate new polysilane derivatives that 

include 1,2-bridging structures in the backbone of the silicon polymers. Initial efforts in 

this vein have utilized poly(phenyl)silane, synthesized by Cp*CpZr[Si(SiMe3)3]Me- 

mediated dehydropolymerization of phenylsilane, as a model substrate. The approach 

has been to utilize Si-H activation chemistry to modify the polymer structure to 

incorporate 1,2-bridging cyclic or bicyclic repeat units (Figure 1.3). However, attempts 

to derivatize pre-fabricated polysilanes using conventional silyl hydride chemistry have 

been frustrated by polymer degradation as a result of Si-Si scission. For example, 

attempts to modify silyl hydrides by halogenation, direct reaction with organolithium 
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reagents and metal-catalyzed oxidation all caused undesirable decomposition of 

poly(pheny1)silane andlor disilane model compounds. Eventually, we found that Lewis 

acidic tris(pentafluoropheny1)borane (B(C6F5)3) catalyzes Si-0 and Si-S bond-formation 

from silyl hydrides without promoting concurrent cleavage of Si-Si bonds. These 

methods should provide new routes to functionalized oligo- and polysilanes. 



Chapter 2 

In Pursuit of Selectivity: Silyl Hydride Modification in the Presence of Si-Si Bonds 



2.1 Introduction 

One strategy for making conformationally restricted polysilanes involves the 

exploitation of Si-H bonds of prefabricated poly(hydro)silanes (e.g. -(PhSiH),-) to 

incorporate cyclic or bicyclic structures in the polymer backbone (Figure 1.3). We have 

explored two complementary approaches towards this goal. The first method requires the 

modification of silyl hydride bonds to more labile groups, such as silyl halides, which can 

then undergo nucleophilic substitution under action of bifunctional organic reagents (e.g. 

Scheme 2.1). Alternatively, the Si-H bonds may react directly with a bifunctional 

substrate, in the presence of an appropriate catalyst, to afford the desired cyclic or 

bicyclic derivatized polymer (e.g. Scheme 2.2). 

n 

Scheme 2.1 



catalyst . 

I 
Ph or 

catalyst 

Scheme 2.2 

In order for these approaches to be effective for polymer modification, it is 

necessary to find selective methods to react Si-H bonds without significantly affecting the 

Si-Si linkages. In the absence of such selectivity, polymer substrates are decomposed by 

Si-Si bond scission and desirable properties associated with high molecular weight 

polymers are compromised. However, finding conditions to effect the transformation of 

Si-H moieties without concomitant scission of Si-Si bonds is not a trivial matter, as might 

be predicted on the basis of similarly low bond enthalpies for these groups (Si-H - 91 

kJImol; Si-Si - 88 k ~ l m o l ) ~ ~ .  Rupture of disilanyl fragments is well-documented in the 

literature. For instance, a number of reports indicate that Si-Si bonds can be cleaved by 

strong electrophiles, nucleophiles, free radicals or transition metal species. Thus, unlike 

its carbon analogue, the Si-Si fragment may be considered a functional group in terms of 

its propensity to react under a variety of conditions. Unfortunately, many of the 

conditions that cause fission of Si-Si bonds are coincident with established methods for 

the modification of silyl hydrides to other useful functional groups. 
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Perhaps unsurprisingly, our initial attempts to modify the Si-H groups in di- and 

polysilanes were characterized by substrate decomposition via cleavage of Si-Si bonds. 

For example, silyl hydride transformations based on halogenation, direct alkylation, 

radical-mediated hydrosilylation and transition metal-catalyzed oxidation were found to 

be unsuitable for oligomer and polymer modification, as Si-Si bond scission occurred in 

all cases. Selectivity for silyl hydrides was finally achieved in the form of borane- 

catalyzed hydrosilylation and heterodehydrogenative coupling reactions. Specifically, 

Lewis-acidic tris(pentafluoropheny1)borane (B(C6F5)3) catalyzes the reaction of 

hydrosilanes with certain ~ a r b o n ~ l ~ ~  and alcohol2' functions to furnish alkoxysilanes (Si- 

OR). We have shown that this methodology readily extends to coupling silanes with 

thiocarbonyl (S=C) and thiol functions to generate thiosilanes (R'R2Si-SR"). 

Importantly, the transformations occur under mild conditions and without decomposition 

of Si-Si bonds. 

2.2 Literature Methods for Si-Si Bond Cleavage 

To gain insight into the problem of polymer decomposition and Si-H versus Si-Si 

selectivity, it is useful to survey literature-documented modes of Si-Si bond scission. In 

the following section, general cleavage pathways for Si-Si bonds are outlined, with 

examples and mechanistic analysis, where relevant. This information can be used to 

rationalize o w  experimental observations concerning Si-Si bond rupture in attempts to 

functionalize silyl hydrides in disilanes and poly(pheny1)silane (vide infra, 2.3). 



2.2.1 Oxidative/Electrophilic Cleavage of Si-Si Bonds 

One potential method for polymer modification involves the oxidation of silyl 

hydrides to introduce a better leaving group (Scheme 2.1). For instance, silyl halides 

represent attractive targets, as these functions undergo a variety of facile nucleophilic 

substitution reactions (e.g. protection of alcohols with silyl halides)29. However, because 

of inherently low oxidation potentials of Si-Si bonds (1 .O-1.6 V, relative to SCE)~', 

conditions that promote halogenation or other oxidative processes at Si-H moieties are 

often detrimental to Si-Si linkages in higher silanes. In fact, the oxidative susceptibility 

of asi-si bonds has lead to the observation that these groups resemble the IT bonds of 

alkenes in terms of conditions that lead to their cleavage. To illustrate, the Si-Si bonds of 

disilanes readily undergo oxidative cleavage in the presence of dihalogens or peroxyacids 

in a manner analogous to the addition reactions of unsaturated carbon groups (Scheme 

2.31~'. 



Scheme 2.3 

Depending on reaction conditions, radical processes may be important in the 

above examples, as Si-Si bonds are labile to homolytic cleavage to form silyl radicals 

(vide infra, 2.2.3). However, in the present examples, the reactions proceed in the 

absence of UV radiation, at ambient temperature, implying that radical intermediates 

need not be involved. Furthermore, in reactions between disilanes and peroxybenzoic 

acid, second order rate laws were observed as well as increasing reaction rates with 

enhanced electron-donating ability of the silyl sub~t i tuents~~.  These results are consistent 

with a concerted heterolytic pathway, as proposed for olefin epoxidation33. 

While the above examples pertain to rupture of disilanes, it should be noted that 

the tendency of Si-Si fragments towards oxidative cleavage is generally more pronounced 

for systems with extended silicon chains. The increased susceptibility of polysilanes to 

electrophilic cleavage is related to a-conjugation: as silicon chain lengths increase, the 



oxidation potentials of individual Si-Si bonds decease, as the HOMO (osisi) is 

progressively destabilized through positive 1 , 4  interactions in conjugated portions of the 

polymer backbone (Chapter 1, Section 2). Thus, the Si-Si groups of polysilanes are 

generally more prone to rupture than those in disilanes, or other lower oligomers, with 

similar substituents. 

2.2.2 Reductive/Nucleophilic Cleavage of Si-Si Bonds 

Strong nucleophiles and reductants can also break Si-Si bonds. For example, one 

method for the generation of silyl anions involves rupture of the Si-Si linkage of a 

disilane by an anionic nucleophile, such as methyllithum or potassium hydride, to afford 

a metalated s~-M+ species and a monosilane byproduct (Scheme 2.4)34. In these cleavage 

reactions; a metal chelating agent (e.g. HMPA, TMEDA, 18-crown-6) is often necessary 

to coordinate the counter-ion and thereby stabilize the metalated silyl moiety towards 

aggregate f ~ r r n a t i o n ~ ~ .  

MeLi 
Me3Si-SiMe3 - ~ i + ~ i - M e ~  + SiMe4 

HMPA 

KH 
Me3Si-SiMe3 - K + s ~ - M ~ ~  + HSiMe3 

HMPA 

Scheme 2.4 
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Lithium aluminum hydride has also been shown to compromise the Si-Si linkages 

in polysilanes. For instance, in an attempt to reduce polychlorophenylsilane (-(PhSiCl),-) 

with LiA1H4, Waymouth et al. found that the molecular weights of the products were 

greatly reduced compared to the starting polymer (initial: Mw/Mn = 473612569 = 1.84; 

final: MwIMn = 6001 192 = 3 . 1 2 ) ~ ~ .  Presumably, scission proceeds in a manner analogous 

to that described above; nucleophilic attack by LiA1H4 at Si-Si bond to form an abridged 

hydrosilane and a ~ i ' s i -  fragment. 

Reductive alkali metals, such as lithium or sodium, can also induce the cleavage 

of organodisilanes to afford metalated silyl anions ( ~ ' R $ 3 i ~ i l N a + ) ~ ~ .  This process is 

reminiscent of Wurtz coupling of dichlorosilanes (Chapter 1.4.1). However, here the 

germane feature is reductive cleavage of a Si-Si bond, instead of a Si-C1 bond. 

2.2.3 Radical-Mediated Cleavage of Si-Si Bonds 

A number of transformations in organosilicon chemistry involve silicon-based 

radicals as intermediates. Silyl radicals are usually generated by processes analogous to 

those used in carbon chemistry. For example, the most commonly employed method is 

hydrogen atom abstraction from a hydrosilane by an initiator, typically carbon- or 

oxygen-based radicals (e.g. derived from AIBN or t ~ u ~ ~ t ~ u )  (Scheme 2.5). These 

reactive intermediates, in turn, can promote a number of reactions, including hydrogen or 

halide abstraction, metathesis with disilanes, and addition to x systems (e.g. 

hydrosilylation) (Scheme 2.5, left side13'. 



initiator 

R' 

1 
'~i + H-initiator f i  

R',C=CRC / ",_y-SiR3 

. ?IRzR' 1 "R-x R3Si-SiR2R' 

RI2C-CRl2 + 

I R1R2Si-H/X SiR'3 

Scheme 2.5 

However, Si-Si bonds can also undergo homolytic cleavage to form silyl radicals. 

For instance, di-, oligo- and polysilanes can be photolytically decomposed to radicals, 

without the need of a chemical initiator. Again, the resulting intermediates can promote 

radical chain reactions, including further attack of Si-Si bonds and consequential 

substrate decomposition. These processes are probably more facile for oligo- and 

polysilanes, compared to disilanes, where each molecule contains only one Si-Si bond, 

since silyl radicals are stabilized by silyl sub~t i tuents~~.  Further, chain abridgement 

through Si-Si bond homolysis occurs at all wavelengths absorbed by higher silane 

derivatives1("). Since the wavelength of absorption goes to lower energy with increasing 

chain length (Chapter 1.3), higher silanes can be expected to exhibit more sensitivity to 

radical cleavage than lower molecular weight congeners. 
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It should be noted that silylene species (R2Si:) are also generated upon photolysis 

or thermolysis of oligo- and polysilanes. Silylenes will add to alkenes to form 

s i ~ a c ~ c l e s ~ ~ ,  or insert into a variety of o bonds, such as 0-H and Si-E (E = Si, 0 ,  N)~'. 

The extrusion step that generates the silylene also produces silyl radicals, which can 

propagate further homolysis of Si-Si bonds (Scheme 2 .61~~ .  

si R ~ G  .-w see R/ \R + 2 42 above 

silylene 
R R 

radicals 

E = E' = Si R'2C-CR'2 '%I E = O E . = S ~  \ / 
Si E = H. E' = Si Si 

R,E' ' E'R, E = H, E' = 0 R2 
etc. 

Scheme 2.6 

The photochemical lability of Si-Si bonds in polysilanes is in large part 

responsible for the interest in these molecules. Accordingly, polysilanes are used as 

photoresist materials for m i c r o l i t h ~ ~ r a ~ h ~ ~ ~ .  Additionally, polysilanes have potential 

utility as photochemical initiators for radical polymerization processes, as radicals are 

produced upon radiation of these molecules with a broad spectrum of UV radiation. For, 
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example, West et al. have shown that certain polysilane derivatives initiate radical vinyl 

2.2.4 Transition Metal-Mediated Cleavage of Si-Si Bonds 

Many Si-H transformations take advantage of transition metal catalysts'8345. 

Unfortunately for our purposes, both early and late metal complexes can attack Si-Si 

bonds, thereby promoting degradation of oligo- and polysilane substrates. The 

mechanism of bond cleavage varies with the nature of the metal species. However, two 

general pathways can be envisioned for early and late metals. 

Recall that metallocenes of do (group 4) metals are often employed to catalyze the 

polymerization of l o  hydro(ary1)silanes (e.g. PhSiH3). However, these complexes can 

also catalyze breakage of Si-Si bonds. With analogy to the dehydropolymerization 

mechanism for hydrosilanes (Chapter 1.4.3), Si-Si bond cleavage in the presence of early 

do metal complexes likely proceeds through a o-bond metathesis step. As discussed in 

Chapter 1, the coupling of hydrosilanes by early metallocenes entails formation of Si-Si 

bonds in a concerted, four-centered transition state (Scheme 2.7(a)). Moreover, the 

molecular weights of polysilane products generated by these systems are limited by the 

ability of the metal sphere to accommodate growing silicon chains. As the average 

length of silicon chains increases during polymerization, the kinetic barrier to interaction 

between the silyl-metal species and silyl growing chains increases. Consequently, 

reaction between the less hindered metal-hydride intermediate and growing silicon chains 
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may compete with productive coupling in the later stages of polymerization. Thus, an 

alternative metathesis pathway, which closely resembles productive coupling, is 

responsible for furnishing diminished polymer and a new silyl-metal species (Scheme 

2.7(b)). 

(a) L,M(SiHR),H - 1 L n k -  I ;$SiHR)m.IH 

R H 

H(SiHR),,H 

(b) LnM-H - ',AP". w-, 

lLn~------ ;~{~R)x-y. lH LnM(SHRirH 

R H 

Scheme 2.7 

Therefore, Si-H activation catalysts based on early metal (i.e. zirconocenes and 

titanocenes) may induce Si-Si bond cleavage, despite their utility in coupling 

hydrosilanes. Such a conclusion indicates that catalytic methods based on these systems 

may not be applicable to modifying molecules with Si-Si moieties (vide infia, 2.3.3). 

Many complexes of late transition metals are known to activate Si-H bonds 

through oxidative addition. The ability of late metals to activate silyl hydrides has 

important consequences for catalytic hydrosilylation reactions, as the silyl- and hydrido- 

metal bonds formed in this process undergo facile insertion of alkenes, alkynes and 

carbonyls to generate new C-H bonds and Si-C or Si-0 bonds45. Similarly, oxidative 

addition of Si-Si bonds to late metal species is known46. For example, this phenomenon 
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has been exploited synthetically in the palladium-catalyzed bissilylation reactions of 

carbon x systems and some C-X bonds (Scheme 2 . 8 1 ~ ~ .  

Scheme 2.8 

The accepted mechanism for palladium-catalyzed bissilylation involves Pd(O), 

formed in an induction step, followed by oxidative addition of a disilane fragment to the 

metal center48. Subsequent alkyne insertion into one of the resulting M-Si bonds, 

followed by reductive elimination of a bissilylated alkene would yield product and 

regenerated catalyst (Scheme 2.9). In support of such a scheme, mechanistic studies have 

identified bis(silyl)palladium(II) species (L,Pd(SiR2R')2) as intermediates in Pd- 

catalyzed bissilylation processes 49a, 49b . From our perspective, the key point is that a Si-Si 

bond is broken upon reaction with the metal complex. Thus, oxidative addition to late 

metal centers constitutes yet another potential pathway by which oligo- and polysilane 

substrates may be compromised. 



k ' p  p d 0 <  R3Si-SiR3 (oxidative cleavage 

/ 5, of Si-Si) 

Scheme 2.9 

2.3 Selectivity Wanted: 

Silyl Hydride Transformations Coupled with Si-Si Bond Breakage 

The proposed strategy for making new functional polysilanes hinges on our 

ability to derivatize the Si-H groups in these molecules without inducing incidental Si-Si 

bond breakage. As illustrated above, it was shown that Si-Si linkages may be 

compromised under a broad spectrum of conditions. Therefore, many of the commonly 

employed techniques to effect silyl hydride conversions may be unsuitable for our 

purposes. Indeed, a number of our attempts to functionalize the Si-H moieties of di- and 

polysilanes were attended by rupture of Si-Si groups and substrate degradation. These 

observations are discussed in terms of the cleavage pathways presented previously with a 

view to identifying more selective conditions for modification of species with Si-Si 

bonds. 



2.3.1 Halogenation 

Initial attempts at modifying silyl hydrides in the presence of Si-Si bonds focused 

on direct halogenation using chlorine or bromine, with the intention of introducing more 

reactive groups to a silicon scaffold. In these experiments, 1,1,2,2-tetraphenyldislane 

((Ph2SiH)2), 1,1,2,2-tetraisopropyldislane ( ' P ~ ~ S ~ H ) ~ )  or poly(pheny1)silane (-(PhSiH),-) 

was treated with a toluene or chloroform solution of either chlorine or bromine. The Si-H 

bonds of the disilanes and polymer were readily transformed (<0.25h, RT), under these 

conditions, and the hydrolytically senstive silyl halides were trapped by a methyl 

Grignard reagent (MeMgBr) to afford stable, methylated products for characterization 

(Scheme 2.10). The extent of reaction was monitored by the disappearance of 'H signals 

associated with Si-H groups and the emergence of characteristic Si-CH3 signals in the 'H 

NMR spectra. However, gel permeation chromatography (GPC) and 'H NMR analyses 

revealed that, in most cases, Si-H activation occurred concomitantly with Si-Si bond 

cleavage, so that di- and polysilane substrates were diminished in molecular weight. For 

example, chlorination and subsequent methylation of (Ph2SiH)2 resulted in cleavage of 

10-25% of the disilane fragment to furnish unwanted monomeric side-products (Figure 

2.1). Interestingly, ( ' ~ r z ~ i ~ ) ~  proved more resistant to cleavage under these conditions; 

treatment with chlorine gas and methylation gave the target 1,2-dimethyl-l , l,2,2- 

tetraisopropyldisilane ( ( ' p r ~ ~ i ~ e ) ~ )  and virtually no cleavage products. The same 

conditions applied to poly(pheny1)silane furnished methylated products of significantly 

reduced molecular weight compared to the starting polymer. Thus, Mw for the initial 



polymer was approximately 6300 (M,/M, = 1.66)* and the product consisted of 

diminished oligomers and virtually no high polymer. 

R = Ph, ' ~ r ;  X = CI, Br 

Scheme 2.10 
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Figure 2.l(a). GPC data showing (Ph2SiH)2 before and after treatment with C12/MeMgBr. For these and 
following chromatograms, THF was used as eluent, and molecular weights are referenced to polystyrene 
standards, and do not correspond to actual molar mass of the silyl fragments. 
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Figure 2.l(b). 'H NMR data (300 MHz, C6D6) for (Ph2SiH)2 before and after treatment with C12/MeMgBr. 
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Figure 2.2(a). GPC data showing -(PhSiH),- before and after treatment with C12/MeMgBr. 
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Figure 2.2(b). 'H NMR data (300 MHz, C6Ds) for -(PhSiH),- before and after treatment with Cl,/MeMgBr. 
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Disilanes were employed as model compounds by virtue of their discrete structure 

and spectral simplicity in these and the following experiments. Since these molecules 

contain both Si-H and Si-Si bonds, they should prove useful in screening for Si-H versus 

Si-Si selectivity. Thus, methodologies that allow the silyl hydride groups of disilanes to 

be functionalized without cleavage of the disilanyl fragment may potentially be applied to 

the larger goal of modifying polysilane derivatives. However, this model should be 

applied with caution; recall that in extended silicon chains, the susceptibility of individual 

Si-Si bonds to cleavage is greater, relative to lower oligomers. Therefore, strategies 

suited to disilane modification do not necessarily extend to polymer systems. On the 

other hand, conditions that cause rupture of disilanes may be ruled out for application to 

polymer systems. 

In the above examples, substrate decomposition could be mediated by X2 and/or 

MeMgBr, as strong oxidants (e.g. X2) (vide supra, 2.2.1) and carbon nucleophiles (e.g. 

MeMgBr) (2.2.2) can instigate rupture of Si-Si bonds. However, control studies indicate 

that cleavage proceeds primarily through oxidative pathways. For instance, both the Si-H 

and Si-Si bonds of (Ph2SiH)2 failed to react with MeMgBr (18 h, 35OC). Also, 'H NMR 

analysis of the crude product from reaction between (Ph2SiH)2 and C12 prior to 

methylation shows monomeric material to be present in an amount commensurate with 

that seen after treatment of this crude product with MeMgBr (10-25% relative to dimer). 

Similarly, poly(pheny1)silane also showed that oxidative cleavage by X2 poses a greater 

threat to Si-Si bonds than nucleophilic scisson promoted by MeMgBr. To illustrate, 

combination of poly(pheny1)silane and MeMgBr (1 8 h, RT) resulted in some depletion of 
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molecular weight (initial: Mw = 5700, Mw/M, . 2.1 1; final: Mw = 1700, Mw/M,. 1 SO), 

but to a lesser extent than experiments involving direct halogenation. Again, the silyl 

hydride groups were largely unaffected by treatment of the hydrosilane with MeMgBr (< 

20% Si-H bonds methylated determined by 'H NMR). 

The tendency towards Si-Si bond cleavage in the above experiments is easily 

understood within the context of known Si-Si cleavage pathway discussed previously. In 

particular, the cleavage of disilanes by strong oxidants, including dihalogens, is facile by 

virtue of the donor properties of the osisi bond (vide supra, 2.2.1). That 1,1,2,2- 

tetraisopropyldislane ( ( i ~ r 2 ~ i ~ ) 2 )  is more resistant to rupture than its aromatic 

counterparts presumably reflects a greater oxidation potential of the Si-Si bond, relative 

to (Ph2SiH)2 and poly(pheny1)silane. As discussed in Chapter 1.2, both theoretical 

considerations and experimental evidence indicates that the backbone-based HOMO is 

destabilized through mixing with the .n systems of aromatic pendant groups. Thus, 

aliphatic substituents favor higher oxidation potentials for Si-Si bonds, which should 

make these groups less susceptible to oxidative/electrophilic cleavage. Furthermore, the 

relatively bulky isopropyl groups could provide steric protection for the Si-Si linkages so 

that the approach of incoming electrophiles is kinetically prohibitive. 

With analogy to photolytic halogenation of alkanes, radical processes may also be 

important in reactions between silanes and dihalogens under some conditions. Thus, 

homolytic cleavage of a dihalogen, promoted by ambient radiation, could furnish 
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chlorine or bromine radicals, which can react with Si-H and Si-Si bonds (vide supra, 

2.2.3). Finally, hydrogen chloride or hydrogen bromide are certainly formed in the 

halogenation of silanes by X2 (X = C1, Br), regardless of whether a hetero- or homolytic 

mechanism is operative. Strong Bronsted acids can add to Si-Si bonds, providing 

yet another pathway that could lead to substrate degradation5'. However, cleavage of Si- 

Si bonds (15% monomer by 'H NMR) was observed, even when (Ph2SiH)2 was treated 

with C12 in the presence of triethylamine, which should trap HC1 as its ammonium salt 

(HNEt3C1). 

Deployment of n-bromosuccinimide (NBS) as a halide delivery agent5' also 

resulted in cleavage of Si-Si bonds. Reaction between (Ph2SiH)2 or poly(pheny1)silane 

and NBS in a carbon tetrachloride solution resulted in facile conversion (1.5 h, RT) of Si- 

H bonds to silyl bromides, which were trapped by reaction with MeMgBr. The CC14- 

insoluble amide byproduct was conveniently removed from the crude brominated 

material by filtration. However, for reactions of the disilane, 'H NMR showed the crude 

product mixture to contain an appreciable amount of monomeric species (Ph2SiMe2 

-30%). Poly(pheny1)silane was also decomposed by NBS and MeMgBr to afford a 

collection of low molecular weight oligomers. 

Again, the above results fit within the purview of known decomposition pathways 

for Si-Si bonds. The initial step in bromination of Si-H groups by NBS is most likely 

homolytic cleavage of the N-Br bond to furnish radical species. In these reactions, brown 

color appeared, and subsequently dissipated, which suggests the generation and 
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combination of bromine radicals to form Br2. In turn, bromine could react with Si-H and 

Si-Si bonds according to mechanisms discussed above. Additionally, an induction period 

(0.75 h) was seen early in the reaction coordinate where no transformation was apparent 

- a trait common to radical transformations. After this time lapse, however, the 

transformation proceeded quickly, as evidenced by the rapid appearance of arnide 

derivative. Thus, bromination of Si-H is initated by hydrogen abstraction by a 

succinimide radical, formed by the homolysis of NBS. The resulting silyl radical then 

combines with Br' to afford the brominated silane product. 

However, as Si-Si bonds are also prone to radical-mediated cleavage, the process 

is not selective for silyl hydrides. Another potential pathway for substrate decomposition 

is electrophilic cleavage of Si-Si by Br2 and HBr, which are also likely byproducts in this 

process. 

B, +"yy cleavage 
products 

Br\ 7 7 
R'RSl-SiRR' - R ' R s i - s i ~ ~ '  - Br-SiRR' 

desired 
product 

Scheme 2.1 1 



Thionyl chloride, which is known to induce chlorination of Si-H bonds52, also 

failed to exhibit selectivity for Si-H bonds in the presence of Si-Si functions. Upon 

prolonged refluxing (20 h) of (Ph2SiH)2 in excess SOC12, only about 83% of the Si-H 

bonds reacted by 'H NMR. Although the desired dimethyl disilane ((Ph2SiMe)2) was 

formed upon reaction of the chlorinated derivative with MeMgBr, GPC and 'H NMR 

analyses also show significant amounts of cleavage products ((Ph2MeSiH (8%), 

Ph2SiMe2 (40%)) and the monosubstituted disilane Ph2Si(Me)-Si(H)Ph2. The same 

conditions applied to poly(pheny1)silane resulted in only partial conversion of Si-H bonds 

(-80%) and a significant amount of Si-Si bond scission to furnish a collection of low 

oligomers. 

Interestingly, aliphatic 1,1,2,2-tetraisopropyldisilane ( ( ' P ~ ~ S ~ H ) ~ )  proved less 

susceptible to decomposition under these conditions than its aromatic congeners 

(Ph2SiH)2 and poly(pheny1)silane. Treatment of ( ' P ~ ~ S ~ H ) ~  with thionyl chloride (20 h 

reflux in excess SOC12), followed by methylation with MeMgBr, resulted in -80% 

conversion of the Si-H bonds to silyl methyl groups and virtually no degradation to 

monomeric products. The analogous experiment was carried out using 1,1,2,2- 

tetramethyldislane ((Me2SiH)2) as the disilane substrate. However, product analysis was 

frustrated by volatility of the targets, hexamethyldisilane (Me$%-SiMe3 (b.p. 1 13OC)) and 

any of the possible monomeric cleavage products. Thus, crude NMR showed complete 

reaction of the Si-H bonds to give the desired permethylated disilane, but the extent of Si- 

Si bond decomposition could not be ascertained because low molecular weight products 
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were likely lost during work-up. Future experiments should focus on trapping 

(Me2SiC1)2, and monomeric side products, with a larger organometallic fragment (e.g. 

PhMgCl), to give less volatile products, which should be easier to characterize. 

The desired chlorination of silyl hydrides by thionyl chloride may resemble the 

oxidation of 0-H groups by ~ 0 ~ 1 ~ ~ ~ .  If so, the mechanism could involve concerted 

oxidative attack at a silyl hydride moiety by SOC12, accompanied by formation of HC1, so 

that the incipient silylium ion is stabilized by the sulfur-bound oxygen, prior to chloride 

transfer to silicon (Scheme 2.12 (a)). Note that sulfur oxide occurs as a putative 

byproduct in this reaction (see reference 53); however, this molecule is exceeding 

unstable and probably undergoes disproportionation to a more stable species such as SO2. 

Alternatively, the mechanism could proceed through a Si-0S(H)C12 intermediate, 

followed by chloride transfer to silicon, to yield HS(0)Cl as a byproduct, as shown in 

Scheme 2.12(b). 



rc F' 0 s  

-HCI 
CS - RtR2Si-Cl 

RtR2Si-0 - 'SO' 

Scheme 2.12 

Given the low oxidation potential of Si-Si bonds, it is unsurprising that cleavage 

products were observed. With analogy to the chlorination of Si-H by SOU2 (Scheme 

2.12(a)), and the electrophilic cleavage reactions discussed previously, the salient 

mechanistic feature of disilane substrate decomposition is probably electrophilic attack at 

Si-Si by thionyl chloride. This process ultimately produces two chlorinated cleavage 

products, via a SiOSCl intermediate (Scheme 2.13). 



7 

- 'SO' 

cleavage products 

Scheme 2.13 

That 1,1,2,2-tetraisopropyldislane (('PI-~s~H)~) is more resistant to rupture is, 

again, probably a reflection of increased oxidation potential of the Si-Si bond, relative to 

(Ph2SiH)2 and poly(phenyl)silane, in which the silicon atoms bear aromatic substituents. 

PdC12-initiated chlorination in carbon tetrachloride constitutes another commonly 

employed method to effect the transformation of Si-H to Si-Cl in high yields54. Perhaps 

unsurprisingly, these conditions also lead to scission of Si-Si moieties. For example, we 

found that reaction between (Ph2SiH)2 and CC14(excess)/PdC12 (5 mol %) resulted in 

almost instantaneous conversion of all Si-H bonds to silyl halides, but also rupture of 

about 35% of the Si-Si bonds to give Ph2SiC12 and (Ph2SiCl)2. Subsequent methylation 

with MeMgBr resulted in the formation of (Ph2SiMe)2 and Ph2SiMe2 in an approximately 

6:4 ratio as determined by 'H NMR. 

The mechanistic role of the palladium(II)chloride has not been definitively 

established, but the reaction is likely initiated by oxidative processes at a pdO center, 

formed in situ, as was seen for the bissilylation of unsaturated C-C bonds (Scheme 2.9). 
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For instance, oxidative addition of Si-H to the metal would give a H P ~ %  complex 

(Scheme 2.14). Then, side-on coordination of a C-C1 bond (from carbon tetrachloride) to 

the metal center, followed by metathesis between the Pd-Si and C-Cl pairs would afford a 

new metal complex and the desired chlorinated silyl fragment. In the final step, reductive 

elimination of chloroform (a known byproduct of this reaction) regenerates the 

palladium(0) species. Experimentally, the formation of what appears to be palladium 

metal is evident. Presumably, when the Si-H groups are consumed, the catalytic cycle 

stalls at pdO, thus explaining the appearance of colloidal metal. 

Scheme 2.14 

As stated above, Si-Si bonds can also react in this process. Since the addition of 

Si-Si bonds to late transition metals is a possibity (vide supra, 2.2.4), the occurrence of 

silane decomposition is not unexpected. The mechanism is probably related to that 

described above for Si-H activation, where Si-Si addition to pdO competes with Si-H 
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addition (see also Scheme 2.9). Subsequent elimination of Si-H or Si-Cl would yield 

silane fragments of diminished molecular weight. 

The literature also indicates that the chlorination of Si-H can proceed in CC14 

without a chemical initiator or catalyst, with selectivity for Si-H over Si-Si bonds". In 

our hands, only partial conversion of Si-H bonds poly(pheny1)silane (20-50%) was 

observed even upon prolonged reaction time (3-6 d/RT). However, the polymer integrity 

was largely conserved under these conditions, implying that longer reaction times andlor 

elevated temperatures might effect the desired chlorination. Further, presumably ambient 

UV radiation initiates the formation of radicals that mediate this process, in the absence 

of chemical initators, so that reactivity is related to the amount of incident light on the 

reaction medium. 

In brief, a variety of methods based on the halogenation of silyl hydrides were 

considered as means for functionalizing oligo- and polysilanes. However, with the 

exception of halogenation of ( ' P ~ ~ S ~ H ) ~ ,  these approaches instigated Si-Si bond scission 

and consequential substrate degradation. Therefore, it appears that halogenation of Si-H 

groups is not a promising method to make new functional polysilane derivatives with aryl 

substituents, as these species are generally decomposed by the requisite conditions . 



2.3.2 Direct reaction with MeLi 

Given the difficulty in introducing halogen substituents to oligo- and polysilanes, 

we were motivated to explore other approaches to functionalize these molecules. To this 

end, the methylation of Si-H through direct reaction with methyllithium was attempted. 

When a silicon center bears a hydride and at least one aryl substituents (e.g. Ph3SiH), the 

silyl hydride can be substituted directly by lithium alkylsS5 to form organosilanes and 

lithium hydride. Methyllithium was chosen as a model reagent by virtue of its kinetic 

reactivity and the spectroscopic simplicity of the expected products. Our intention was to 

establish this chemistry for the simple case of MeLi and later extend the methodology to 

more complex and synthetically interesting organic fragments. 

Unfortunately, this chemistry was once again characterized by undesirable 

breakage of Si-Si bonds. When poly(pheny1)silane was treated with MeLi (overnight 

reflux in THF) (Scheme 2.15(a), 76% of the Si-H bonds were methylated (determined by 

'H NMR), but the substrate was reduced to much smaller oligomer fragments (Figure 

2.3). Further, early in the reaction coordinate a yellow color was observed, probably 

indicating the presence of silyllithium species resulting from decomposition of the 

polymer structure. These silyl anion species reacted vigorously when water was added to 

the mixture. The reaction was also carried out at reduced temperature with the intention 

of effecting a kinetic preference of the organolithium reagent for Si-H over Si-Si bonds. 

Upon 4h at -78'C, a low extent of silyl hydride conversion was observed (<20% by 'H 

NMR) and the molecular weights of the products were less drastically reduced compared 
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to higher temperature experiments (initial: Mw = 6610, Mw/ M, = 1.91; final: Mw = 3380, 

Mw /M, = 1.54). Again, a small amount of yellow color associated with silyllithium salts 

appeared in the reaction mixture. The Si-H groups of (PhzSiH)z reacted completely with 

MeLi upon 22 h at room temperature, with less marked Si-Si bond rupture, so that the 

product contained -25% monomeric material, based on GPC and 'H NMR (Scheme 

2.15(b)). 

MeLi I 
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\ \ 

(b) Ph2Si-SiPh2 - Ph2Si-SiPh2 + Ph2SiMe2 + LiH 
\ THF or Et20 \ 
H Me minor + silyllithium 

major salts (yellow) 

Scheme 2.1 5 



Figure 2.3. GPC (THF) trace of oligomers produced by reaction between -(PhSiH),- and 

MeLi. Molecular weights are relative to polystyrene standards 

These results are unremarkable in view of established methods for making silyl 

anions by nucleophile-promoted rupture of disilanes (vide supra, 2.2.2). In those 

examples, either strong nucleophiles, including methyllithium, or alkali metals were 

shown to cause reductive cleavage of Si-Si bonds. From our results, it seems clear that 

the same conditions lead to decomposition of (Ph2SiH)2 and poly(pheny1)silane. 

Therefore, transformations of silyl hydrides that utilize potent, anionic nucleophiles can 

also be ruled out as a means of derivatizing oligo- and polysilanes. 



2.3.3 Metal-Catalyzed and Radical-Mediated Si-0 Bond-Formation 

We have explored Si-0 bond formation from silyl hydrides as a possible route to 

oligo- and polysilanes with conformational rigidity. In the presence of an appropriate 

catalyst or initiator, silyl ethers may be formed by dehydrogenative coupling of silanes 

and alcohols or hydrosilylation of carbonyl groups2'. Silyl ethers formed in these 

processes might be useful targets in themselves. For example, catalytic reaction of a 

bifunctional 1,2-ketone or 1,2-alcohol with adjacent Si-H bonds of poly(pheny1)silane 

will incorporate 1,2-silacylic units onto the silicon scaffold (see Scheme 2. I), imposing 

conformational preferences on the Si-Si bonds. Alternatively, the alkoxide groups may 

be displaced from silicon with strong nucleophiles. According to literature reports, 

alkoxysilanes undergo substitution under the action of Grignard and organolithium 

reagents, provided the alkoxy fragment is not too bulky56. However, the foregoing 

discussion indicates that organometallic nucleophiles, MeLi (vide infra, 2.3.2) and, to a 

lesser extent, MeMgBr (2.3.1) can attack Si-Si moieties. Thus, this approach must be 

applied with caution. 

Titanocene-catalyzed dehydrogenative coupling of Si-H and 0 -H constitutes one 

method for generating silyl Following this methodology, we attempted to 

form (Ph2SiOEt)2 by reaction between (Ph2SiH)2 and ethanol (Scheme 2.16). 
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minor 

Scheme 2.16 

Upon 18 h reflux in THF, in the presence of Cp2TiC12/2"BuLi (1.5 mol %), most 

of the Si-H bonds were converted but the majority of the product was monosilane 

derivatives. In particular, Ph2Si(OEt)2 was the major product (-70% by GPC and 'H 

NMR), while the desired dimer composed less than 4% of the product mixture. The 

remaining products appear to be PhzSiH(OEt) and Ph2Si(H)-SiPh2(OEt), based on 'H 

NMR and GPC. 

The reaction of Si-Si bonds in the presence of metallocene derivatives was 

addressed earlier (2.2.4) and has precedent in our own laboratory57. Since titanocene and 

zirconocenes catalyze the formation of Si-Si bonds in homodehydrogenative coupling 

reactions of hydrosilanes (see also Chapter 1.4.2), it was posited that a variation on this 

process leads to Si-Si bond breakage. In particular, the argument suggests that, for larger 

silyl fragments, Si-Si cleavage occurs at a rate competitive with the intended 

dehydrogenative polymerization. Similarly, sterically encumbered silanes (including 

disilanes) are coupled by dehydropolyermization catalysts slowly and to low molecular 

weights. By analogy, we propose that titanocene-catalyzed alcoholysis of (Ph2SiH)2 



involves two competitive pathways. That is, the desired dehydrocoupling reaction 

between silyl hydrides and ethanol competes with the catalytic oxidation of Si-Si bonds. 

In this proposal, the active catalytic species is a hydrido-titanocene moiety, formed by P- 

hydride elimination of 1-butene upon reaction with "BuLi with Cp2TiC12. This species 

can react with a silyl hydride moiety in two a-bond metathesis steps to furnish the desired 

silyl ether (Scheme 2.17(a)). A closely related pathway is also operative, where a Si-Si 

bond is cleaved in the initial 2, + 2, cylcoaddition step so that the product is a diminished 

silyl alkoxide (Scheme 2.17(b)). 

Cp2TiC12 

+ "BuLi 

- H2C=CHCH2CH3 

(a) Desired reaction of 
silyl hydrides 

Scheme 2.17 

OEt 
I I! R'RHSi-SiHRR' 

HsiRR' /Z_ ChTiCl < 

(b) Catalytic decomposition 
of Si-Si bonds 

Our preliminary results indicate Si-0 bond formation, catalyzed by late metals, 

also leads to undesirable Si-Si bond scission. For example, reaction between (Ph2SiH)2 
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and excess benzaldehyde, in the presence of H2PtC16 (2 mol %, refluxing benzene, 1 h), 

gave approximately 65% conversion of the Si-H bonds to silyl ether groups and a number 

of other species, including the cleavage product Ph2Si(H)OCH2Ph (identified by 'H 

NMR). Similarly, we found that R l~ (PPh~)~c l  (2 mol %, refluxing benzene, 18 h) 

catalyzes the hydrosilylation of benzaldehyde by (Ph2SiH)2. Under these conditions, all 

of the silyl hydride groups were consumed but the major product was the monomeric 

species Ph2Si(OCH2Ph)2. 

It was shown previously (2.2.4) that transformations involving late metals can 

lead to cleavage of Si-Si bonds through oxidative addition. Thus, our experimental 

observations are once again in keeping with known cleavage reactions for Si-Si groups. 

Unfortunately, the reactivity of Si-Si moieties towards late metal catalysts precludes their 

use for reactions aimed at derivatizing oligo- and polysilanes. This conclusion has 

significant ramifications, as many hydrosilylation and silane dehydrocoupling catalysts 

2 1 (c-d) are based on late metal systems . 

In yet another attempt to effect the conversion of silyl hydrides to silyl ethers, we 

explored the radical-initiated hydrosilylation of carbonyl functions. Waymouth et a1.58 

have investigated a number of free-radical methods to derivatize polysilanes through the 

Si-H groups. According to their results, AIBN ((2,2'-azo-bis(isobutyronitri1e)) initiates 

the addition of silyl hydrides to alkenes and carbonyls, with conditions mild enough to 

preserve the Si-Si linkages in polysilanes. However, we found that this method also 

promotes cleavage of Si-Si bonds, albeit to a lesser extent than seen in the attempted Si-H 
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transformations previously discussed. Combination of (Ph2SiH)2 with excess acetone 

(reagent and solvent), with 20 mol % AIBN, resulted in slow conversion of the Si-H 

groups to si-oiPr functions. Upon 3 d reflux in acetone, the chief product was the target 

dialkoxydisilane ((Ph2~i0'Pr)z, - 67% by GPC and 'H NMR). Also present were the 

monosubstitutend disilane ( P ~ ~ s ~ ( H ) - s ~ P ~ ~ ( o ' P ~ ) ,  - 25%), monomeric material 

( P ~ ~ s ~ H ( o ' P ~ ) ,  - 6%) and unreacted (PhzSiH)2 (- 2%) (Scheme 2.1 8). 
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Scheme 2.18 

Since cleavage products composed only a small fraction of the product mixture, 

this method shows more promise than those discussed previously. However, the reaction 

occurred on an inconveniently long time scale (3 days), probably because of the steric 

bulk associated with ketone and alkoxysilane products. The steric bulk of the disilane is 

increased significantly by introduction of the alkoxy substituent at the first Si-H bond in a 

disilane molecule, so substitution at the remaining silyl hydride group is comparatively 

slow. Also, the extent of cleavage of Si-Si linkages may prove to be significant when a 

polysilane substrate is utilized, as the susceptibility of individual Si-Si bonds to 

homolytic cleavage increases with increasing chain length (vide supra, 2.2.1 and 2.3.1). 



2.4 Selectivity Achieved: 

Introduction to Borane-Catalyzed Hydrosilylation and Dehydrocoupling Reactions 

Certain Lewis-acidic main group compounds are known to facilitate Si-H addition 

to carbonyl groups59. In fact, the Lewis-acidic borane B(C6F5)3 catalyzes both 

hydrosilylation of C=O functions2 and dehydrocoupling of silanes with alcohols3. 

Further, these borane-catalyzed Si-0 bonding-forming reactions occur under mild 

conditions and are tolerant of the presence of a variety of functional groups. However, 

for mechanistic reasons that will be addressed later (Chapter 3), potential 

carbonyl/alcohol subtrates in these reactions are generally limited to electron-poor 

carbonyl groups and sterically encumbered alcohols. That is, C=O groups that bear 

electron-withdrawing groups react more readily with silyl hydrides in the presence of 

B(C6F5)3. Likwise, 2' and 3' alcohols and phenol derivatizes can be easily 

dehydrocoupled with silanes by B(C6F5)3, while the analogous reaction with 1' alcohols 

is usually prohibitively slow. Despite these limitations, our initial results indicated that 

the requisite conditions do not lead to breakage of Si-Si bonds. We investigated the 

reactions of various carbonyl and alcohol substrates with disilanes and 

poly(phenyl)silane, in the presence of B(C6F5)3, and observed no substrate 

decomposition. Thus, a route to silyl ethers from silyl hydrides was established, with the 

required selectivity for modification of higher silane derivatizes (Scheme 19; X = 0).  

Importantly, we showed that B(C6F5)3 also catalyzes the hydrosilylation of thiocarbonyl 
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(C=S) groups and dehydrogenative coupling thiols and silanes, a heretofore unrecognized 

Si-S bond-forming strategy (Scheme 2.19; X = S). 

As for 0-donor substrates, the conditions for Si-S bond formation do not promote 

cleavage of Si-Si bonds in disilanes and poly(pheny1)silane. Furthermore, the resulting 

thiosilanes are reactive species that may be transformed to other useful functional groups. 

The scope, potential applications and mechanistic details regarding these reactions will be 

discussed in Chapter 3. 

I 
Si-Si bonds intact 

Scheme 2.19 

2.5 Summary 

The foregoing discussion details some common pathways by which Si-Si groups 

may undergo cleavage. Attempts to derivatize the silyl hydride functions in disilanes and 

poly(pheny1)silane were fi-ustrated by substrate decomposition through Si-Si bond 
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scission. These results were rationalized in terms of known reactions of Si-Si moieties. 

Specifically, methods based on halogenation of Si-H bonds were complicated by 

electrophilic/oxidative andlor radical-mediated side reactions involving Si-Si bonds. 

When PdC12 was employed to initiate the chlorination of Si-H in carbon tetrachloride, 

oxidative addition of Si-Si led to degradation of (Ph2SiH)2 to monomeric products. 

Direct reaction between (Ph2SiH)2 or poly(pheny1)silane and carbon-based nucleophiles, 

such as MeLi and MeMgBr also promoted rupture of Si-Si groups to form alkyl silanes 

and silyl anions. Titanocene-promoted heterodehydrogenative coupling of silanes was 

similarly unsuitable for functionalizing oligo- and polysilanes, as early metals apparently 

cause reaction of Si-Si bonds through a o-bond metathesis transition state. Likewise, 

late-metal catalysis gave Si-Si bond cleavage, presumably via an oxidative addition step. 

Finally, AIBN-initiated hydrosilylation also gave decomposition products in reaction 

between acetone and (Ph2SiH)2, although the extent of cleavage was less marked than in 

the reactions previously discussed. Here the salient decomposition pathway is radical 

activation of Si-Si bonds. Thus, it was shown that many established silyl hydride 

conversions are unsuitable for modification of molecules containing Si-Si fragments on 

account of their tendency to facilitate Si-Si bond breakage. However, it was found that 

B(C6F5)3 efficiently catalyzes the formation of Si-0 and Si-S bonds from silyl hydrides, 

under conditions that do not induce Si-Si bond cleavage. This method shows 

considerable promise for creating new classes of functional silanes. 



2.6 Experimental Section 

General: 

Experiments were conducted in an inert ( N 2 )  atmosphere, except where noted, 

using standard glovebox and Schlenk techniques. Toluene, benzene, diethyl ether, 

tetrahydrofuran (THF), and benzene-ds were dried over Nalbenzophenone and distilled 

prior to use. Chloroform was dried over calcium hydride and distilled. Carbon 

tetrachloride was dried over, and distilled from, MgS04. 1,1,2,2-Tetramethyldisilane, 

1,1,2,2-tetraisopropyldisilane and FlorisilB were purchased from Aldrich and used 

without further purification. Titanocene(I1)chloride (Cp2TiC12) was purchased from 

Acros and used as received. 1,1,2,2-~etra~hen~ldisilane~~ and 

~ ~ * ~ ~ ~ r ( ~ i ( ~ i ~ e 3 ) 3 ) ~ e ~ ~  were synthesized according to literature procedures. 'H NMR 

spectra were obtained on Bruker AMX 250 or AMX 300 spectrometers. Residual proton 

1 peaks were used as reference: H (6, ppm, benzene-d6, 7.16); and 1 3 c { ' ~ }  (6, ppm, 

benzene-d6, 128.39). Gel permeation chromatography (GPC) was performed using a 

Waters 5 15 HPLC pump and a Waters 2410 refractive index detector. Three Waters 

Styragel@ columns were employed (HR3, HR2, HR0.5; dimension: 7.8 x 300 rnm). 

Molecular weights were referenced to polystyrene standards (purchased from Polymer 

Laboratories: Mp = 21000, 13 100, 7200, 500, 2960, 2100, 1270, 925, 580). In all cases, 

HPLC grade THF was used as eluent. 



2.6.1 Synthesis of poly(pheny1)silane (-(PhSiH).-) (dehydropolymerization of 

PhSiH3) (modification of literature procedure; see reference 61): 

A Schlenk flask was charged with Cp*C~zr(Si(SiMe~)~)Me (102 mg, 0.18 mmol) (see 

reference 61) and a stir bar. To this vessel was added dry phenylsilane (PhSiH3) (1.00 g, 

9.2 mmol) (distilled over CaH2) by canula, under dynamic N2, with vigorous stirring. 

Rigorous evolution of H2 was immediately evident and, with 10 min, the mixture was 

brown-yellow and tacky (too viscous to stir). This material was left overnight. The 

following was done in air: The brown-yellow crude polymer was dissolved in a minimal 

amount of toluene (- 2 mL). The yellowlorange solution was placed on a florisil column 

(height: 11 cm; inner diameter: 1.3 cm) and eluted with toluene. Enough eluent was used 

to collect 10 mL from the column. The solvent was removed under vacuum from the 

eluent to afford a yellow tacky material. The column purification step was repeated (x2) 

to further rid the product of catalyst residue. After these procedures, the product 

appeared faintly yellow and viscous (620 mg, - 62%). This material was stored under N2 

to prevent slow oxidation to siloxanes. 'H NMR (300 MHz, C6D6) 6 4.19-4.77 (br 

massif, -(PhSiH),- (straight chains; 86%)), 5.00-5.21 (br massif, -(PhSiH),- (cyclic 

oligomers; 14%)), 6.68-7.59 (br m, -(BSiH),-). GPC: M,/ M, = 1027613281 (Mp = 

6268; straight chains), 5301492 (cyclic oligomers). See Chapter 2.3.1, Figure 2.2 for 

schematic 'H NMR and GPC data. 



2.6.2 Chlorination of 1,1,2,2-tetraphenyldislane ((Ph2SiH)z) with Clz: 

(Ph2SiH)2 (200 mg, 0.55 mmol) was placed in a Schlenk flask with a stir bar and 

dissolved in anhydrous CHC13 (7 mL) (Note: Similar results were obtained using toluene 

as the reaction medium). C12 gas was dispensed from a lecture bottle and introduced to 

the reaction vessel by intramedic tubing, so that the gas was forced to bubble through the 

CHC13/(Ph2SiH)2 solution. The Schlenk was vented by intramedic tubing to (a) 

cyclohexene/toluene (1 :6) (1 5 mL) solution and (b) a small flask containing KOH pellets 

(- 4 g) to trap excess C12 and HC1 formed in the chlorination of silyl hydride groups. 

Chlorine gas was allowed to bubble into the solution for 1 min until the solution was 

saturated (i.e. strongly yellow-green in color, with a pall of undissolved gas above the 

solvent level). Upon the introduction of C12, the reaction vessel immediately became 

warm to touch. The mixture was stirred for 35 min at RT until the solution was colorless. 

The solvent was removed under vacuum to yield an oily white semi-solid ((Ph2SiC1)2 + 

Ph2SiC12) (190 mg). 'H NMR (300 MHZ, C6D6) 6 6.94-7.22 (m, ~ 1 2 ~ i ( m , p - ~ 6 ~ 5 ) 2  + 

( C ~ S ~ ( ~ , P - C ~ I & ) ~ ) ~ ) ,  7.61-7.79 (m, 8H, ( C l S i ( ~ - C ~ l l ~ ) ~ ) ~  (81%)), 7.99-8.06 (m, 4H, 

C12Si(o-C6H5)2 (1 8%)). See below for 'H NMR and GPC data for methylated derivatives 

((Ph2SiMe)2 + Ph2SiMe2). 

2.6.3 Methylation of chlorinated products with MeMgBr: 

The chlorinated derivatives ((Ph2SiC1)2 + Ph2SiC12 (1 90 mg, -0.44 mmol)), formed in the 

above reaction were combined in a Schlenk with a stir bar and anhydrous diethyl ether (- 
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6 mL) to afford a slightly cloudy off-white solution. While cooling this mixture at O•‹C, 

MeMgBr (3.0 M in Et20, 0.50 mL, 1.5 mmol) was added by syringe with stirring. The 

solution became more cloudy and white upon addition of the Grignard reagent. The 

mixture was allowed to warm to RT while stirring under dynamic N2 for 0.5 h. The 

reaction vessel was equipped with a condenser and heated to reflux, under a flow of N2 

(NujolB bubbler), for 20 h. The mixture was cooled to RT. The following procedure 

was conducted in air: To the brown-red (Mg salts?) slurry in ether solution was added 

saturated NH4C1 (aq) solution (4 mL). Some bubbling was evident (excess MeMgBr 

reacting with water to form methane). The bilayer mixture was agitated and the layers 

were separated. The organic (ether) layer was washed with additional saturated NH4C1 

(aq) solution (2.5 mL x 2), which diminished the brown-red color to give a faintly brown 

clear solution. The solution was dried over MgS04 and gravity filtered. The volatiles 

were removed from the filtrate under vacuum to afford a faintly brown semi-solid (1 12 

mg). 'H NMR (300 MHz, C6D6) 6 0.48 (s, 6H, Ph2Si(C&)2 (20% by SiMe integration)), 

0.68 (s, 6H, (Ph2SiCH3)2 (go%)), 1.13 (t, JHH = 7.2 Hz, (OCH2CH3)2), 3.27 (q, JHH = 7.2 

Hz, (OC&CH3)2), 7.08-7.23 (m, (CH3)2Si(rn,p-C&)2 + (CH3Si(m,p-C6H5)2)2), 7.45- 

7.59 (m, ( M ~ S ~ ( O - C ~ H ~ ) ~ ) ~  + Me2Si(0-C6H5)2). GPC: M,,/PDI = 304/1.00, 19411.00. See 

2.3.1, Figure 2.1 for schematic 'H NMR and GPC data. 
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2.6.4 Chlorination (C1z)lmethylation (MeMgBr) of 1,1,2,2-tetraisopropyldislane 

('Pr2SiH)2 (200 mg, 0.86 mmol) was combined with anhydrous CHC13 (7 mL) in a 

Schlenk flask with a stir bar. Chlorine was introduced to the solution as described above 

(2.6.2), until the solution was saturated with the gas. The mixture was stirred under 

dynamic N2 until the color dissipated. The solvent was removed under reduced pressure 

to yield a clear, colorless oily residue. To this oil was added dry diethyl ether (6 mL) and 

MeMgBr (3.0 M in Et20, 0.60 mL, 1.80 mmol). The vessel was equipped with a 

condenser and heated to reflux (24 h) under dynamic N2 to eventually afford a white, 

cloudy mixture. The following was done in air: NH4C1 (aq) solution (6 mL) was added 

to the milky white suspension. Some bubbling was observed. Addition of the aqueous 

solution caused the organic phase to become clear and colorless. The layers were 

separated and the organic (ether) portion was washed with additional saturated NH4C1 

(aq) solution (3 mL x 2). Again, the layers were separated and the organic phase was 

dried over MgS04 and gravity filtered. Removal of solvent under vacuum gave clear, 

colorless oil (170 mg, 76%). 'H NMR (300 MHz, C6D6) 8 0.18 (s, 6H, (1Pr2SiC&)2), 

0.95-1.29 (m, 28H, (&SiCH3)2). GPC: MI1/PDI = 365/1.00,270/1 .O1 ( ( i ~ r 2 ~ i ~ ~ 3 ) 2 ) .  

2.6.5 Chlorination (C12)/methylation (MeMgBr) of poly(pheny1)silane (-(PhSiH)"-): 

Poly(pheny1)silane (-(PhSiH),-) (200 mg, 1.90 mmol) was weighed into a Schlenk flask 

with a stir bar. Anhydrous chloroform (6 mL) was added to dissolve the polymer. 
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Chlorine gas was introduced into the solution as described previously (for 2 min until the 

solution was saturated. The yellow solution was stirred for 0.75 h until the color had 

dissipated. The volatiles were removed under vacuum to yield colorless oil, with visibly 

lower viscosity than the polymer starting material (qualitative evidence for reduced MW). 

To this oil was added diethyl ether (3 mL). Whilst cooling the mixture at O•‹C, MeMgBr 

(3.0 M in Et20, 0.67 mL, 2.0 mmol) was added by syringe. The solution was warmed to 

RT and the reaction vessel was fitted with a condenser. The mixture was heated to reflux 

(17 h) under dynamic N2. Upon 17 h heating, the vessel was cooled to RT. In air, the 

total volume of the solution was increased to - 6 mL by addition of more Et20. To the 

diluted mixture was added an equivolume of saturated NH4C1 (aq) solution. The organic 

phase was separated and the aqueous layer was washed with addition ether (2 mL x 2). 

The ether portions were combined and the solvent was removed under reduced pressure 

to give white, mildly viscous oil (122 mg, 58%). 'H NMR (300 MHz, C6D6) 6 0.29-0.38 

(m, -(PhSiC&),-, oligomers), 0.39-0.52 (m, -(PhSiCH3),-, oligomers), 7.05-7.26 (m, - 

((m,p-H5C6)SiMe),-, oligomers), 7.32-7.49 (m, -((o-H5C6)SiMe),-, oligomers). GPC: 

MJPDI = 60011.01 (6%), 41211.01 (17%), 34311.00 (56%), 25611.00 (19%), 18611.00 

(2%). 

2.6.6 Bromination (Brt)/methylation of poly(pheny1)silane (-(PhSiH)"-): 

Poly(pheny1)silane (-(PhSiH),-) (1 60 mg, 1.5 1 mmol) was weighed into a Schlenk flask 

with a stir bar. The polymer was dissolved in dry benzene (4 mL). The reaction vessel 

was vented to (a) cyclohexeneltoluene and (b) KOH traps by intramedic tubing (see 



above). While stirring, the mixture was cooled to O•‹C and Br2 was added by syringe, as a 

1.0 M solution in anhydrous benzene (1.9 mL, 1.9 mmol). The resulting brown-red 

solution was allowed to warm to RT and stirred for 0.5 h. The solvent was removed 

under reduced pressure, leaving behind gummy brown oil. Anhydrous diethyl ether (5 

mL) was added by canula. Again, the vessel was cooled to O•‹C and MeMgBr (3.0 M in 

ether, 0.60 mL, 1.8 mmol). Upon warming to ambient temperature, the mixture was 

stirred for 1.75 h under dynamic N2. The volume of the solvent was reduced to - 2 mL 

under vacuum giving a nearly colorless suspension. In air, the concentrate was placed on 

a Florisil column (height: 9.5 cm; inner diameter: 1.3 cm). Boilinglfrothing was observed 

upon exposure of the crude reaction mixture to the undried column (i.e. excess Grignard 

reagent reacting with moisture). Et20 (enough to collect -10 mL) was passed through 

the column. The solvent was removed from the eluted solution to afford colorless oil. 'H 

NMR (300 MHz, C6D6) 6 -0.94-0.69 (br m, -(PhSiC&),- (low MW oligomers)), 1.13 (t, 

JHH = 7.2 Hz, (OCH2CH3)& 3.27 (q, JHH = 7.2 Hz, (OC&CH3)2), 4.38-4.84 (br m, 

unreacted Si-fl, -20%), 6.67-7.12 (m, -((m,p-f15C6)SiMe)),- (oligomers)), 7.18-7.62 ((m, 

-((o-f15C6)SiMe)),- (oligomers)). GPC: M,/M, = 133911 2 12 (3 1 %), 7461744 (5%), 

6351634 (3%), 55 11550 (15%), 4731472 (8%), 3931392 (7%), 3 1413 13 (3%), 2551254 

(24%), 2 1212 12 (4%). 

2.6.7 Bromination of (Ph2SiH)2 with NBS: 

(Ph2SiH)2 (300 mg, 0.81 mmol) and NBS (300 mg, 1.86) were combined in a Schlenk 

flask with a stir bar. To these reagents was added anhydrous carbon tetrachloride (10 



6 5 
mL). The disilane dissolved in CC4, while NBS remained insoluble at the bottom of the 

reaction vessel (i.e. NBS is more dense than CC14). The slurry was stirred at RT for 1.5 

h, during which time the medium developed a yellow brown color (Br2?). Also, the 

suspended material became less dense as the reaction progressed, so that all of the 

insoluble material was "floating" upon completion of the transformation. This indicates 

that NBS (more dense than CC14) was consumed to form succinimide, which is also 

insoluble, but less dense than CC4. The mixture was filtered into another dry flask using 

a Schlenk frit (i.e. "filter stick"). The volatiles were removed from the yellow-brown 

supernatant under reduced pressure to furnish off-white, slightly oily solid material (3 15 

mg). 'H NMR (300 MHz, C6D6) 6 6.01 (s, HBrSiPh2 (23%)), 6.93-7.20 (m, (BrSi(m,p- 

C6H5)2)2 (75%) and HBrSi(m,p-C6H5)2), 7.71-7.80 (m, (BrSi(o-C6H5)2)2), 7.84-7.95 (m, 

H B r s i ( ~ - c ~ & ) ~ ) .  

2.6.8 Methylation of brominated products with MeMgBr: 

Crude (Ph2SiBr)2 (250 mg, 0.48 mmol) was placed in a Schlenk flask with dry ether (9 

mL) and a stir bar. While stirring and cooling the solution at O•‹C, MeMgBr (3.0 M in 

ether, 0.37 mL, 1.1 mmol) was added by syringe. White material was observed to 

precipitate upon addition of the Grignard reagent. The vessel was warmed to RT and 

stirred for 16 h, during which time the suspension became faintly brown in color. In air, 

the reaction mixture was washed with saturated NH4C1 (aq) solution (3 x 3 mL). The 

organic portion was separated and dried over MgS04, and gravity filtered. The volatiles 

were removed from the supernatant by vacuum to afford an off-white oily semi-solid 
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1 material. H NMR (300 MHz, C6D6) 6 0.48 (s, 6H, Ph2Si(C&)2 (20% by SiMe 

integration)), 0.51 (d, JHH = 3.0 HZ, CH3HSiPh2, (16%)), 0.68 (s, 6H, (Ph2SiCH3)2 

(51%)), 0.70 (s, PhzSi(C&)-Si(H)Phz, (13%)), 5.19 (q, JHH = 3.0 HZ, HCH3SiPh2), 5.40 

(s, Ph~si(CH3)-Si(H)Ph2), 7.08-7.23 (ov m, m,p-Ar), 7.38-7.59 (ov m, o-Ar). 

2.6.9 Bromination (NBS)/Methylation (MeMgBr) of -(PhSiH),-: 

Poly(pheny1)silane (230 mg, 2.1 mmol) was combined with dry CC14 (9 mL) in a Schlenk 

flask. By canula, this solution was transferred to another vessel containing dry NBS (430 

mg, 2.4 mmol) and a stir bar. The resulting slurry was stirred at RT for 1.5 h. The vessel 

was fitted with a condenser and then heated to 65'C; after 10 min at elevated temperature, 

red-brown color was observed. Heatinglstirring was maintained for an addition 1 h. By 

this time, the suspension appeared less dense than the CC14 solvent, indicating the 

conversion of NBS to succinimide. The solution was canula-filtered into another dry 

vessel, and the solvent was removed to reveal a viscous, white oil. This material was 

dissolved in ether (8 mL) and the resulting solution was cooled to O•‹C. MeMgBr (0.58 

mL, 1.74 mmol) was added by syringe and the reaction medium was warmed to RT. The 

vessel was fitted with a condenser and the mixture was heated at reflux for 13 h. In air, 

the resulting cloudy faint-brown mixture was washed with saturated NH4C1/H20 solution 

(3 mL x 3). The organic layer was separated, dried with MgS04 and filtered by gravity. 

Removal of the solvent from the supernatant solution afforded brown-yellow viscous oil. 

'H NMR (300 MHz, C6D6) 8 0.95-0.74 (br m, -(PhSiC&),- (reduced molecular weight 

oligomers). 6.60-7.18 (m, -(m,p-(HSC6)2SiMe),-), 7.18-7.92 (br m, -(o-(HSC&SiMe),- 
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(oligomers)). GPC: M,lM, = 674/671 (22%), 53 l/532 (2 1 %), 466/467 (23%), 403/403 

2.6.10 Chlorination (SOC12)/methylation (MeMgBr) of (PhzSiH)2: 

(Ph2SiH)2 (200 mg, 0.54 mmol) was placed in a Schlenk vessel with a stir bar. Thionyl 

chloride (5 mL, large excess) was introduced to dissolve the disilane and form a faintly 

yellow hued solution. The Schlenk flask was equipped with a condenser and the mixture 

was heated at reflux for 20 h. After overnight heating, the solution had become more 

yellow in color. The volatiles (including excess SOC12) were removed under reduced 

pressure to give a yellow oil and white semi-solid material. The crude chlorinated 

product was dissolved in dry diethyl ether (7 mL) and to this solution was added 

MeMgBr (3.0 M in ether, 0.40 mL, 1.2 mmol), causing the solution to become off-white 

and cloudy. The Schlenk was fitted with a condenser and the mixture was heated at 

reflux for 18 h. Upon cooling, the mixture was treated with saturated NH&l (aq) 

solution (7 mL). Bubbling was observed. Both layers became clear and colorless. The 

ether portion was separated, dried over MgS04, and filtered by gravity. Removal of 

solvent, under vacuum, afforded white, semi-solid material. 'H NMR (300 MHz, C6D6) 6 

0.48 (s, 6H, P h ~ s i ( C l I ~ ) ~  (22% by SiMe integration)), 0.51 (d, JHH = 3.0 HZ, C&HSiPh2 

(referenced against commercial sample), (18%)), 0.68 (s, 6H, (Ph2SiCH3)2 (32%)), 0.70 

(s, Ph2Si(C&)-Si(H)Ph2, (27%)), 5.19 (q, JHH = 3.0 HZ, HCH3SiPh2), 5.40 (s, 

Ph2Si(CH3)-Si(H)Ph2), 7.08-7.23 (ov m, m,p-Ar), 7.38-7.59 (ov m, o-Ar). 



2.6.11 Chlorination (SOC12)/methylation (MeMgBr) of ( 'P~ZS~H)~: 

('Pr2SiH)2 (200 mg, 0.86 mmol) was weighed into a Schlenk flask with a stir bar. 

Thionyl chloride (5 mL, large excess) was added by syringe. The vessel was equipped 

with a condenser and the mixture was heated at reflux for 20 h. After 20 h reflux, the 

solution was faintly yellow-brown in color. Removal of solvent under high vacuum gave 

yellow oil. This material was dissolved in dry Et20 (7 mL). The mixture was cooled to 

0•‹C and MeMgBr (3.0 M in ether, 0.60 mL, 1.8 mmol) was added by syringe, which 

caused an off-white material to precipitate, causing the solution to become cloudy. The 

vessel was warmed to RT and then fitted with a condenser. The reaction was heated at 

reflux for 18 h. In air: Upon cooling to RT, saturated NH4C1 (aq) solution (6 mL) was 

added to the ether solution. The layers were agitated, then separated and the ether portion 

was dried using MgS04 and gravity filtered. The volatiles were removed from the filtrate 

under reduced pressure to reveal a yellow oil (1 15 mg, 52%). 'H NMR (300 MHz, C6D6) 

6 0.12 (minor s, 6H, (~&)2si('Pr)2, (<lo%)), 0.22 (s, 6H, ( ' P ~ ~ S ~ C H ~ ) ~ ) ,  0.98-1.37 (br m, 

28H, ( '&si~e)z) .  GPC: M,IM, = 5701.559 (16%), 3881387 (18%): 3231322 (17%), 

2651264 (49%). Note: The peaks associated with high molecular fragments (i.e. >265) in 

the GPC chromatogram were also apparent in the starting material, ( ' P ~ ~ s ~ H ) ~ ,  albeit in 

lower concentrations relative to the major components (( 'Pr2si~)2 or ( ' P ~ ~ S ~ C I ~ ~ ) ~ ) .  

Presumably, these signals can be ascribed to higher oligomers, formed incidentally in the 

synthesis of the dihydrodisilane. 



2.6.12 Chlorination (SOClz)/methylation (MeMgBr) of -(PhSiH),-: 

Poly(pheny1)silane (300 mg, 2.8 mmol) was weighed into a Schlenk vessl with a stir bar. 

Thionyl chloride (7 mL, large excess) was added by syringe to dissolve the polymer upon 

stirring. The flask was fitted with a condenser and heated at reflux for 20h. The vessel 

was cooled and the volatiles were removed under vacuum to yield brown oil. Dry diethyl 

ether (7 mL) was added to dissolve this material. Whilst cooling at O•‹C, MeMgBr (3.0 M 

in ether, 1.0 mL, 3.0 mmol) was added by syringe, which caused the solution to become 

cloudy. A condenser was affixed to the Schlenk vessel and the mixture was heated at 

reflux for 1.5 h. In air, saturated NH4C1 (aq) solution was added to the ether solution. 

The evolution of gas was evident upon adding the aqueous solution to the crude reaction 

product (methane, produced by reaction between excess Grignard reagent and water). 

The layers were agitated and separated. The ether portion appeared clear and yellow- 

brown in color. The ether fraction was dried over MgS04 and filtered by gravity. 

Removal of the solvent under vacuum afforded a cloudy brown-yellow oil. 'H NMR 

(300 MHz, C6D6) 6 0.07-0.69 (ov m, -(PhSiCH3),- (oligomers), 4.37-4.86 (ov m, 

unreacted Si-H, (22%)), 6.95-7.28 (m, Ar-m,p), 7.32-7.65 (m, Ar-0). GPC: M,/PDI = 

76111 .OO (I%), 523ll.01 (38%), 41 811 .OO (21%), 36611 .OO (14%), 32011 .OO (23%), 

26111.00 (3%), 



2.6.13 Chlorination of (Ph2SiH)z by PdCldCCL: 

(Ph2SiH)2 (100 mg, 0.27 mmol) was combined with PdC12 (10 mg, 0.054 mmol) and a 

stir bar in a Schlenk flask. Anhydrous carbon tetrachloride (4 mL) was added by canula. 

After solvent addition, a black precipitate was seen (Pd metal). The mixture was stirred 

at RT, for 0.75 h. Under reduced pressure, the volatiles were removed to furnish clear, 

colorless oil. 'H NMR (300 MHZ, C6D6) 6 6.99-7.21 (m, ~h-m,p),  7.60-7.74 (m, XH, (0- 

Ph2SiCl)2, (65%)), 7.75-7.85 (m, 8H, 0-Ph2SiC12, (35%)). 

2.6.14 Partial chlorination (CC14; no catalyst/initiator)/methylation (MeMgBr) of - 

(PhSiH),-: 

Poly(pheny1)silane (94 mg, 0.87 mmol) was placed in a Schlenk flask with a stir bar. 

Anhydrous CCl4 was added by canula to dissolve the polymer. The solution was stirred 

under static N2 for 67 h. The volatile materials were removed by vacuum to give white 

semi-solid product (91 mg, -84%). 'H NMR (300 MHz, C6D6) 6 4.12-4.97 (br massif, 

unreacted Si-H, 60% relative to starting conc.), 6.63-7.93 (br m, S i - a ) .  GPC: MJM, = 

466013066 (53%), 9981964 (26%), 4971487 (17%), 3001299 (5%). 

2.6.15 Methylation of (PhzSiH)z with MeLi: 

(Ph2SiH)2 (200 mg, 0.55 mmol) was weighed into a Schlenk flask with a stir bar and dry 

diethyl ether (7 mL). To the resulting solution was added MeLi (1.6 M in ether, 0.94 mL, 



1.5 mmol), causing the solution to become cloudy and white in color. This mixture was 

stirred for 22 h. In air, water was added to quench the reaction. Evolution of gas was 

seen when water was introduced. The bilayer mixture was agitated until both phases 

were clear and colorless. The layers were separated and the aqueous portion was 

extracted with more ether (3 mL x 2). Removal of solvent from the combined ether 

fractions gave an oily white solid. 'H NMR (300 MHz, C6D6) 6 0.48 (s, 6H, Ph2Si(Cl13)2 

(32% by SiMe integration)), 0.68 (s, 6H, (Ph2SiC&)2 (67%)), 1.13 (t, JHH = 7.2 Hz, 

(OCH2C&)2), 3.27 (q, JHH = 7.2 Hz, (OC&CH3)2), 7.08-7.23 (m, (CH3)2Si(m,p-C6H5)2 + 

(CH3Si(m,~-C6&)2)2), 7.45-7.59 (m, ( M e s i ( ~ - c ~ H ~ ) ~ ) ~  + Me2Si(0-C6H5)2). GPC: Mn 

(PDI) = 304 (1.00) ((Ph2SiMe)2), 194 (1.00) (Ph2SiMe2). 

2.6.16 Methylation of -(PhSiH),- with MeLi: 

In a Schlenk flask, poly(pheny1)silane (337 mg, 3.12 mmol) was dissolved in diethyl 

ether. While cooling the vessel at O•‹C, MeLi (1.0 M in ether, 3.2 mL, 3.2 mmol) was 

added dropwise over five minutes, and the vessel was allowed to return to RT. Upon 

addition of MeLi, a precipitate became evident and the reaction took on a yellow hue 

(silyl lithium salts formed by rupture of Si-Si bonds). The vessel was fitted with a 

condenser and heated at reflux for 3 h, during which time the yellow color intensified. In 

air, H20 (5 mL) was added to the crude mixture. Vigorous evolution of gas (H2 and CH4 

from reaction between water LiH and MeLi) was seen and the yellow color disappeared 

upon introduction of the aqueous medium. Presumably, the dissipation of the yellow 

color was brought about by attack of water by anionic silyl species (~i 'si?. The bilayer 



solution was stirred vigorously for 5 min until the organic layer was clear and colorless. 

The layers were separated and the aqueous phase was washed with additional ether (2 mL 

x 2). The combined organic portions were dried over MgS04 and the slurry was filtered 

by gravity. From the supernatant, the ether was evaporated under vacuum to leave off- 

white semi-viscous oil. 'H NMR (300 MHz, C6D6) 8 0.00-0.63 (ov m, -(PhSiC&),- 

(oligomers)), 6.64-7.20 (m, -(m,p-PhSiMe),-), 7.21-7.83 (m, -(m,p-PhSiMe),-). GPC: 

M,/PDI = 77411 .O4 (33%), 58511 .OO (14%), 50511 .OO (24%), 43211 .OO (13%), 33911 .OO 

(4%), 26511 .OO (1 2%). 

2.6.17 Titanocene (Cp2TiCl2/2"BuLi)-catalyzed alcoholysis of (PhzSiH)2: 

Cp2TiC12 (42 mg, 0.17 mmol) was weighed into a Schlenk flask with a stir bar. Dry THF 

(5 mL) was added to afford a red solution. While cooling the mixture at O•‹C, n- 

butyllithium (1.6 M in hexanes, 0.21 mL, 0.34 mmol) was added by syringe, causing the 

solution to become dark brown in color. This mixture was stirred at O•‹C for 15 min, 

while (Ph2SiH)2 (915 mg, 2.5 mmol) was dissolved in THF (5 mL). The resulting 

disilaneITHF solution was added to the mixture containing the titanocene catalyst, while 

keeping the temperature at O•‹C. Anhydrous ethanol (0.45 mL, 11.8 mmol) was delivered 

by syringe and the resulting system was stirred at RT for 17 h, after which time the color 

was dark brown. The Schlenk was fitted with a drying tube and vacuum (using 60 mL 

syringe, affixed to the side-arm by nitrogen tubing) was applied to the sidearm of the 

Schlenk flask, to introduce atmospheric O2 (but not moisture) to the reaction mixture. 

This process was repeated three times, over 10 min, with stirring, during which time the 
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mixture became clear and pale yellow in color. The volatiles were removed under 

vacuum to yield viscous yellow semi-solid material. In air, this material was dissolved in 

ether (1.5 mL) and the resulting solution was applied to a Celite column (height: 7 cm; 

inner diameter: 1.3 cm). Additional ether (12 mL) was passed through the column. The 

solvent was removed from the eluted solution to give a faintly yellow oily solid material. 

I H NMR (300 MHz, C6D6) 8 1.17 (t, JHH = 7.4 Hz, SiOCH2CH3), 3.80 (q, JHH = 7.4 Hz, 

SiOC&CH3), 5.48 (s, unreacted (Ph2SiH)2 (22%)), 7.05-7.27 (m, Ph-m,p), 7.52-7.63 (m, 

(o-&SiH)2 (22%)), 7.80-7.95 (m, o-&Si(OEt)z (78%)). GPC: M,/PDI = 39411.00 

(4%), 28511 .OO (14%), 23711 .OO (70%), l78ll.01 (12%). 

2.6.18 AIBN-initiated hydrosilylation of acetone by (Ph2SiH)2: 

(Ph2SiH)z (1000 mg, 2.73 mmol) was placed in a Schlenk flask with AIBN (94 mg, 0.57 

mmol) and a stir bar. Dry acetone (10 mL) (distilled from K2CO3) was added and the 

vessel was equipped with a condenser. The mixture was heated at reflux for 95 h. Upon 

cooling to RT, the solvent was evaporated under reduced pressure to reveal cloudy white 

1 oil. H NMR (300 MHz, C6D6) 8 0.08 (d, JHH = 7.0 HZ, Ph2Si(OCH(CH3)2)-Si(H)Ph2 

(24%)), 0.15 (d, JHH = 7.0 HZ, (Ph2SiOCH(C&)2)2 (65%)), 4.13-4.32 (ov m, SiCHMe2), 

5.51 (s, (Ph2Sill)2 (1 I%)), 5.73 (s, Ph2Si(OCH(CH3)2)-Si(H)Ph2), 7.03-7.1 1 (m, Ph-m,p), 

7.1 1-7.22 (m, Ph-m,p), 7.52-7.62 (m, (o-&SiH)2), 7.62-7.70 (m, Ph2Si(OCH(CH3)2)- 

Si(H)o-b),  7.71-7.78 (m, o - ~ S ~ ( O C H ( C H ~ ) ~ ) - S ~ ( H ) P ~ ~ ) ,  7.79-7.88 (m, (o- 

~ h 2 ~ i 0 ' ~ r ) 2 ) .  GPC: M,/PDI = 40911 .OO (64%), 352/l .OO (21%), 28711 .OO (6%), l9OIl .OO 

(6%) (monomer). 



Chapter 3 

B(C6F~)~Catalyzed Coupling Reactions 



3.1 Introduction 

In the previous chapter, the search for gentle methods to effect the conversion of 

silyl hydrides to other functions, without causing scission of Si-Si bonds, culminated with 

the exploration of borane-catalyzed hydrosilylation and dehydrogenative coupling 

reactions. The absence of Si-Si bond scission in these reactions prompted further 

investigation into B(C6Fs)3-catalyzed coupling, with a view to generating new classes of 

functional oligo- and polysilane derivatives, particularly those with conformational 

rigidity. Results from these investigations are presented here. Initial efforts focused on 

forming Si-0 bonds via hydrosilylation of O=C or dehydrogenative coupling of silanes 

and alcohols. The scope of this methodology was expanded to Si-H addition to 

thiocarbonyl groups (S=CR2) and dehydrogenative coupling of silanes and thiols (R'S- 

H), which proceed efficiently in the presence B(C6F5)3, to give reactive thiosilane (R3Si- 

SR) derivatives. In addition to synthetic considerations, preliminary investigations into 

the mechanism of these B(C6F5)3-catalyzed coupling reactions were conducted. These 

results are useful for delineating structure/activity relationships and should provide a 

framework for selecting appropriate oxygen- and sulfur-containing substrates for the 

modification of silane molecules that contain Si-Si bonds. 



3.2 B(C6F&-Catalyzed Si-0  Bond Formation 

3.2.1 Background 

The Lewis-acidic borane B(C6F5)3 catalyzes both hydrosilylation of carbonyl 

groups27 and dehydrocoupling of silanes with alcohols28. Piers et a1.27,28 have established 

a mechanistic pathway for these reactions that invokes partial silyl hydride abstraction by 

the borane ((c~F~)~"B-H--s~"R~), followed by nucleophilic attack of the oxygen reagent 

at the nascent silylium ion. This proposal is a departure from previous mechanistic 

schemes that implicated carbonyl-borane adduct formation (e.g. F~"B+o=c"RR')~~ as 

the key mechanistic feature of Lewis acid-catalyzed Si-H addition to carbonyl groups. In 

fact, Piers et al. have demonstrated that complexation of the borane by the oxygen species 

competes with the operative Si-H activation step. Consequently, the rates of these 

reactions diminish sharply with increasing Lewis basicity of the alcohol or carbonyl 

moiety towards to the borane, as less borane is available for productive catalysis. For 

example, electron-poor 4-nitrobenzaldehyde (4-N02(C6H4)C(0)H), is reduced by 

triphenylsilane (Ph3SiH), in the presence of B(C6F5)3, with much larger turnover 

frequencies than the relatively Lewis-basic benzaldehyde ( (c~H~)c(o )H)~~(~) .  Similarly, 

tertiary alcohols undergo dehydrocoupling with triphenylsilane more readily than primary 

alcohols because the steric encumbrance about the hydroxyl group reduces the extent of 

borane-alcohol complexation, thus leaving more catalyst available for Si-H activation2'. 



3.2.2 Hydrosilylation of Carbonyl Groups 

Our investigations into borane-catalyzed hydrosilylation of C=O were consistent 

with the mechanistic proposal described above, as less Lewis-basic carbonyl substrates 

reacted faster with hydrosilanes than electron-rich derivatizes. For instance, reaction 

between benzaldehyde and (Ph2SiH)2, in the presence of B(C6F5)3, is slower than the 

analogous reaction with 4-nitrobenzaldehyde. Combination of (Ph2SiH)2 with 

benzaldehyde (3 mol % B(C6F5)3) gave less than 20% conversion of Si-H bonds (by 'H 

NMR), and gave only monosubstituted product (Ph2Si(OCH2Ph)-Si(H)Ph2), after 24 h at 

RT. Heating the reaction mixture at 65OC for an additional 17 h afforded more Si-H 

addition products, so that 63% of the silyl hydride groups were consumed. Also, the 

disubstituted ((Ph2SiOCH2Ph)2) derivative was present (26 %) after further reaction at 

elevated temperature. The disubstituted species forms more slowly, as substitution at the 

first Si-H bond in each disilane molecule renders the second group less reactive through 

steric encumbrance provided by the alkoxy group (Scheme 3.1). Interestingly, we found 

that comparatively bulky and electron-rich benzophenone (Ph2C=O) undergoes 

quantitative hydrosilylation by the monosilane Ph3SiH at low catalysts loading (0.5 mol 

% B(C6F5)3) in 4 . 5  h. This result indicates that monosilane substrates are more reactive 

than electronically similar, but bulkier disilanes (c.f. (Ph2SiH)2 and Ph3SiH)), especially 

when compared to monosubstituted disilanes (e.g. (Ph2(ArCH20)Si-Si(H)Ph2)), where 

remaining Si-H bond is sterically shielded by the new alkoxy substituent. 



H 0 d 
\ B(C6F5)3(3 mo' %) \ 

Ph2Si-SiPh2 + Hb KO* 
\ toluene 
H Ph2Si-SiPh2 0 

\ 
/ 

PhH2C 
H 

monosubstituted 

17% (RT, 24 h) 

50% (RT, 24 h + 
6 5 ' ~ ,  17 h) 

disubstituted 

0% (RT, 24 h) 

26% (RT, 24 h + 

6 5 ' ~ ,  17 h) 

Scheme 3.1 

Meanwhile, 42% of the Si-H bonds of (Ph2SiH)z were transformed by addition to 

4-nitrobenzaldehyde in 18 h at ambient temperature (3 mol % B(C6F5)3), again giving 

only monosubstituted product, but in higher concentration than observed for the 

analogous reaction of benzaldehyde. Further, the target bis(a1koxy)disilane (1) was 

eventually isolated as small brown crystals, in moderate yield, after 92 h at RT (Scheme 

3.2). Since mono-substitution occurs considerably faster than di-substitution, it should be 

possible to manipulate conditions to selectivity form either the mono- or disubstituted 

product (vide infra). 

0 
CH2(C6H4)N02 

H (3  mol%) fH2(C6H4)N02 / 
\ B (W5)3  0 

Ph2Si-Sip.. + - 0 B(c6F5)3 
_____t 

\ 
\ toluene \ 

+ NO2(C6H4)C(O)H 
Ph2Si-SiPh;, 

H NO2 
Ph2Si-SiPh2 

\ 
H slow ' k l l  I 

02N(C6H4)H2C 

monosubstituted 

42 % (RT, 18 h) 

disubstituted 

0 % (RT, 18 h) 

<50 % isolated yield 
(RT, 92 h) 

Scheme 3.2 
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Significantly, the 'H NMR spectra for the borane-catalyzed hydrosilylation of 

benzaldehyde and 4-nitrobenzaldehyde by (Ph2SiH)z show only mono- and disubstituted 

products, as well as unreacted starting materials, with no evidence of Si-Si bond cleavage 

in any of the aforementioned cases. Preliminary results indicate that similar conditions 

may be applied to poly(pheny1)silane to introduce alkoxy substituents without polymer 

decomposition. Thus, combination of polymer and 4-nitrobenzaldehyde, in the presence 

of borane (4 mol %), led to 75% conversion (by 'H NMR) of the Si-H groups to alkoxy 

functions (48 h, RT) (GPC: Mw/M, (initial) = 523012712 (straight chains), 4891481 

(cyclic species); Mw/M, (final) 5 14313 139,64 1/63 8). 

Reaction between (Ph2SiH)z and benzil (PhC(O)C(O)Ph), catalyzed by B(C6F5)3, 

also proceeded smoothly to afford a new 1,2-bicyclic disilane derivative in high yield. 

Interestingly, 'H and 13c NMR spectra show that only one product is formed to the 

exclusion of other disatereomers. The possible products are the meso derivative ((S, R) - 
(R, S) (2)) or a racemic mixture of (R, R) and (S, S) (Scheme 3.3). Since the diagnostic 

methyne protons and carbons are equivalent in both cases, NMR methods cannot easily 

establish which isomer is formed (see Scheme 3.3 for symmetry operations). However, 

the product was recovered as fine white crystals, so it should be possible discern the 

structure by x-ray crystallography. Meanwhile, analysis of the putative intermediates 

andlor transition states in this bis-hydrosilylation reaction points to the meso (S, R) (2) 

isomer as the most likely product. Within the context of Piers' Si-H activation pathway 

(vide supra, 3.3. 1)27,28, the borane catalyst must form a weak adduct with silyl hydride 

group in order to activate the silicon center for nucleophilic attack. In the second Si-0  
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bond-forming step that closes the six-member ring, the bulky borane-hydride adduct 

should be preferentially situated trans to the phenyl substituent on the cr carbon. If Si-H 

addition proceeds in a concerted syn fashion, the stereostructure of the product will be 

determined by this conformational preference to give the (S, R)/(R, S) isomer (Scheme 

3.4). 

I 

H Ph %) Phyi?ph H , :  H 2 
\ &\P h 
Si-Si' 

Ph* \ toluene 0 0 (S, R) (R, S) 
ph' H Ph Ph \ : /  

Ph2Si-:-SiPh;, 

Scheme 3.3 
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Ph 

exclusive product 

(R. R) 4+ I 

not observed 
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Scheme 3.4 

An alternative two-step mechanism also points to (S, R) isomer as the expected 

product. In this scheme, nucleophilic attack by the carbonyl oxygen at the activated 

silicon atom gives borohydride (HB(C6F5)3-) and carbocation intermediates. In a second 

step, the borohydride attacks the carbonium species from the least hindered side of the 

molecule, again leading to the (S, R) product (Scheme 3.5). However, B(C6F5)3- 
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catalyzed hydrosilylation proceeds most efficiently in non-polar solvents27, implying that 

a concerted mechanism is more probable than a pathway involving ionic intermediates. 

Ph (c6F5)3T (CG~S)  

H% Ph , B(C6F5J3 
* /(c6F5) 

Ph ~h 

0 % #. (",HJ ___t H 
- 

Ph2Si-SiPh2 - less hindered 0 0 - 
approach 

exclusive product 

Scheme 3.5 

Chapters 1 and 2 described our proposal to make polysilanes with repeating 1,2- 

cyclic units in the polymer backbone, to impose conforrnational rigidity on the polymer 

backbone. The hydrosilylation of benzil shows potential for this purpose, as the 1,2- 

bifunctional ketone reacts with the adjacent Si-H functions of (Ph2SiH)2, in the presence 

of B(C6F5)3, to afford a 1,2-disilacyclic product (see Scheme 2.2). Indeed, when benzil 

was reacted with poly(phenyl)silane, most of the Si-H groups were consumed (- 75%, by 
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1 H NMR) to give a new functional polymer, again without significant reduction of 

molecular weight (Equation 3.1) (GPC: M,lM, (initial) = 5230127 12 (straight chains), 

4891481 (cyclic species); MwlM, (final) = 4432951412457 (0.83%), 9824141 39 (91%), 

6411638 (4.1%), 4541452 (0.9%), 3491348 (0.4%), 1061106 (2.3%)). Note that benzil has 

the potential to cross-link polymer chains, which likely accounts for the highest 

molecular weight peak (Mw/M, = 44329514 12457). However, the general shape and 

average molecular weights of the product chromatogram closely resembles that of the 

starting polymer (i.e. both chromatograms characterized by a broad, polymodal peak and 

a smaller monomodal peak associated with cyclic species; see Figure 2.2(a), right side), 

implying that the degree of chain scission and/or cross-linking is minor. 

H H 4 m o ~  % CH-CH 

+i-+b2 + - B(C6F5)3 
/ 

0 
\ 

toluene 
Ph Ph Ph Ph 

\ P f si-si j- 
I 1 "I2 

3.2.3 Dehydrogenative Coupling of Silanes and Alcohols 

We found that alcohol substrates also exhibited an inverse relationship between 

Lewis basicity of the hydroxyl group and reactivity in B(C6F5)3-catalyzed 

dehydrogenative coupling reactions with silanes. That is, less Lewis-basic substrates 

coordinate the borane catalyst to a lesser degree, leaving more catalyst available to 

participate in the silyl hydride activation step (vide supra, 3.3.1). To illustrate, less basic 

phenol derivatives were coupled readily with mono- and disilanes, while l o  aliphatic 
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alcohols failed to react under similar conditions. For example, ethanol failed to react 

with (Ph2SiH)2, in the presence of B(C6F5)3 (4 mol %, >24 h, RT). Similarly, 1-propanol 

did not react with triphenylsilane (Ph3SiH) under the conditions we explored (2 mol % 

B(C6F5)3, 12 h, RT). On the other hand, reaction between aromatic p-cresol 

(HO(C6H4)CH3) and Ph3SiH was facile, even at low catalyst loading (0.5%) so that all Si- 

H groups underwent conversion to silyl alkoxides in <1 h (Scheme 3.6) to furnish 3. 

H 
\ Si-Si.""\ 

p h\\\] \ e 
Ph H (4 ~ O I  %) 

RT, 24 h 

RT, 12 h 

HO~TOI 

B(C6F5)3 
(0.5 rnol %) 

RT, 4 h 

Ph 
\ 
.Si-0 

3 
P t-p\$ 

quantitative 
conversion 

Q + 
CH3 

Scheme 3.6 

Reaction between catechol and (Ph2SiH)2 (B(C6F5)3 4 m01 %) gave the expected 

1,2-bicyclic product (4) (Equation 3.2). As with benzil, this bifunctional reagent should 

provide a means to make conformationally rigid polymer structures. For example, 

borane-catalyzed alcoholysis of -(PhSiH),- with catechol should give a new polysilane 

with repeating l,2-bicyclic units in the polymer backbone, which, in turn, should impose 

conformational preference about the repeating Si-Si bonds. 



RT, 1 h, >80% conversion 
of Si-H by 'H NMR (3.2) 

3.3 B(C6F5)3-Catalyzed Si-S Coupling Reactions 

3.3.1 Background 

The implications of Piers' silyl hydride activation mechanism27328 motivated us to 

screen sulfur substrates for activity in borane-catalyzed hydrosilylation and 

dehydrogenative coupling reactions. On the basis of hardlsoft Lewis acidlbase 

arguments, we reasoned that thiocarbonyl (S=C) and thiol derivatives should exhibit 

decreased affinity for B(C6F5)3 relative to their oxygen counterparts and, consequently, 

should be highly reactive, relative to their oxygen counterparts, in B(C6F5)3-mediated 

coupling reactions. We found that thiobenzophenone (Ph2C=S) and a variety of thiols are 

readily coupled with hydrosilanes in the presence of B(C6F5)3, providing a new and mild 

technique to access thiosilanes. 

Silicon-sulfur bonds have been traditionally achieved through nucleophilic 

substitution at silyl halidesb2, such as substitution by alkali metal thiolates at silyl 
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chlorides. However, there remains a paucity of techniques to generate thiosilanes from 

silyl hydrides. For instance, formation of Si-S bonds by Si-H addition to the thiocarbonyl 

function had been largely overlooked prior to our investigations, despite the ubiquity of 

the analogous reduction of C=O-containing s~bst ra tes~ ' (~) .  Likewise, transition metal- 

catalyzed dehydrogenative coupling has been employed to make a variety of silicon- 

element bondsI8 (Equation 3.3) but very few of these examples involve Si-S bond 

formation by reaction between silanes and thiols. Furthermore, complexes of early and 

late metals often promote breakage of Si-Si bonds and, therefore, are not useful for 

modifying higher silanes (Chapter 2.2.4). In addition to problems with selectivity, 

catalyst poisoning by sulfur has been cited as an obstacle in metal-catalyzed 

dehydrocoupling of silanes and thiolsl'@). The analogous borane-catalyzed coupling 

reactions of silanes and thiols, on the other hand, proceed efficiently and with complete 

selectivity for Si-H over Si-Si bonds. Thus, we have developed two selective routes to 

thiosilanes, with the requisite selectivity for modifying higher silanes. 

R\ catalyst 
Si-H + H-ER,, 

R I c  

"\ 
Si-ER, + Hz # RI.' # 

E = 0 ,  N, P, Si, (S) 



3.3.2 Hydrosilylation of Thiobenzophenone 

Our early investigations into B(C6F5)3-mediated Si-S bond formation focused on 

the reduction of thiobenzophenone (S=CPh2) by Si-H addition63. Hydrosilylation of 

thiobenzophenone by tertiary monosilanes occurs readily at room temperature in the 

presence of B(C6F5)3 (Table 3.1). The reactions give quantitative conversion to the 

product silyl thioethers 5-8. Not surprisingly, given the steric bulk of the substrate 

thioketone, the activity of this hydrosilylation reaction is quite sensitive to the size of the 

nonhydrogen substituents at silicon in the 3" silanes studied. Turnover frequencies range 

from 17 mol~mol~ 'h~ '  for Ph3SiH to 30,000 mol-mol-'h-' for the less sterically hindered 

MezPhSiH. 



88 
Table 3.1. Reactions of 3" monosilanes with thiobenzophenone in the presence of 

catalytic amounts of B(C6F5),. Conversions quantitative by 'H NMR 

R\ S B(C6F5)3 R\ ,CHPh2 
Si-H + ), - 

4: ph hexanes or ,p-S R *  
R 

Ph 
toluene R *  

R 

Silane [Catalystl, mol % Time, h Product 

Ph3SiH 4 1.5 Ph3Si-SCHPh2 (5) 

Ph2MeSiH 0.01 3 Ph2MeSi-SCHPh2 (6) 

Et3SiH 0.01 2 Et3Si-SCHPh2 (7) 

PhMe2SiH 0.006 0.5 PhMe2Si-SCHPh2 (8) 

Similar results were obtained with disilanes in the B(C6F5)3-catalyzed 

hydrosilylation of thiobenzophenone (Table 3.2). While 1,1,2,2-tetramethyldisilane 

readily reduces 2 eq of thiobenzophenone (TOF 50,000 mol.mol-'h-') in the presence of 

borane, to yield the 1,2-dithiodisilane 9, the electronically similar, but bulkier, 1,1,2,2- 

tetraisopropyldisilane gave no reaction with the thioketone, even at high catalyst 

concentration and with prolonged reaction times. A steric and electronic balancing point 

is achieved with 1,1,2,2-tetraphenyldisilane: this substrate does react with 

thiobenzophenone but requires more catalyst and longer reaction times than does 1,1,2,2- 

tetrarnethyldisilane, and reaction occurs at only one Si-H bond per disilane molecule to 

yield the unsymmetrically thiodisilane 10 (TOF 9 mol.mo1-'h-'). Of particular relevance 



to the potential use of these reactions in the derivatization of oligosilanes is the absence 

of any products resulting from Si-Si bond cleavage. To illustrate, an x-ray crystal 

structure of compound 9 shows an intact Si-Si bond (Figure 3.1). In this structure, the Si- 

Si bond and Si-S bonds are of typical lengths (235 pm, 215 pm, respectively). 

Interestingly, however, the torsion angle about the SSiSiS bond is only 51 .lo, so that the 

two sulfur atoms are arranged in a gauche arrangement. The small torsion angle between 

the bulky SCHPh2 is presumably governed by energetically favorable crystal packing in 

this conformation; the relatively long Si-Si and Si-S bonds (compared to C-C and C-S 

bonds) mitigate Van der Waals repulsion, allowing the crystal packing forces to dictate 

this seemingly unusual solid state structure. 

Table 3.2. Reactions of 1,2-dihydridodisilanes with 2 equiv of thiobenzophenone in the 

presence of catalytic amounts of B(C6F5)3. Conversions quantitative by 'H NMR 

H R R  
\ 5) s B(C6Fd3 Ph2HCS\ R Ph2HCS\ $R 
Si-Si + 2 - Rq \ APh hexanes or Si-Si or si-si 

H Ph /< 
R 

\ R 8  H toluene SCHPh2 

Disilane Jcatalystl, mol % Time, h Product 

(Me2SiH)2 0.004 1.5 (Me2SiSCHPh2)2 (9) 

(Ph2SiH)2 8 3 Ph2(H)Si-Si(SCHPh2)Ph2 (10) 

('Pr2SiH)2 8 48 No reaction 



Figure 3.1. Molecular structure of 9. Non-hydrogen atoms are represented by ORTEP 

thermal ellipsoids at the 50% probability level. See Appendix 1 for additional 

crystallographic data for 9. 

The catalytic reactions described here give quantitative conversion to products 1- 

9. The 'H NMR spectra of the crude product mixtures show only product thiosilanes 

and, early in the reaction coordinate, unreacted starting materials. Further, for the 

syntheses of compounds 6-8, the requisite catalyst loading is so low that the products can 

be used in further reactions (or submitted for microanalysis), without removal of the 

residual catalyst. Where higher catalyst loadings are necessary (e.g. for the more 

sterically hindered silanes used in the synthesis of 5 and 10) the residual B(C6F5)3 is 

easily removed by filtration, as its pentane-insoluble PPh3 adduct (Equation 3.4). 



7SF5 Ph 
c 6 F 5  Ph 

B - \ / 

~ 6 ~ 5 '  'c6F5 
B-P,, 

c6F$ k ~ h  

soluble in hexanes ~ 6 %  Ph 
at low concentration insoluble in hexanes - 

removed by filtration (3.4) 

3.3.3 Dehydrogenative Coupling of Thiols and Silanes 

Having established the reactivity of thiobenzophenone towards B(C6F)3-catalyzed 

Si-H addition, we turned our attention to dehydrogenative coupling reactions of silanes 

and thiols. Tertiary monosilanes readily undergo dehydrocoupling with both aromatic 4- 

methylbenzenethiol (HSPTol) and 1 -propanethi01 (HSnPr) in the presence of B(C6F5)3, at 

low catalyst loadings (0.01 - 0.5 mol %). These reactions give quantitative conversion to 

thiosilanes 11-19 (Table 3.3). For preparatory purposes, these experiments were 

conducted in hexanes (used to deliver catalyst as 0.5 mg1mL solution) or toluene 

solutions, although reactions involving liquid silane substrates (entries 11-13 and 15-17) 

can actually be carried out in the absence of solvent, at extremely low catalyst loadings, 

thereby circumventing even the most trivial work-up procedures (samples sent for 

elemental analysis without catalyst removal). All experiments were carried out at 

ambient temperature and pressure, with individual reaction times/conditions shown in 

Table 3.3. The progress of these transformations was monitored conveniently by the 

visible evolution of dihydrogen. Where higher catalyst loading was required (i.e. 

synthesis of 14 and 18), the borane was removed by filtration as its toluenelhexanes- 
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insoluble triphenylphosphine adduct, as seen in the purification of the thiobenzophenone 

derivatives 5 and 10 (vide supra, Equation 3.4). 

Table 3.3. Reactions of 3' monosilanes with p-thiocresol and I-propanethiol in the 

presence of catalytic B(C6F5)3 

Product 

Me2PhSi-SPTol (11) 

Silane 

Me2PhSiH 

H - S R  

H S ~ T O ~  

[catalystl, mol % 

0.01 

Conditions 

<0.25WRT 

Hexanes 

<0.25h/RT 

Hexanes 

0.25h/RT 

Hexanes 

IWRT 

Toluene 

<0.25h/RT 

Hexanes 

<0.25WRT 

Hexanes 

0.25hlRT 

Hexanes 

1.25WRT 

Toluene 
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A selection of disilanes were examined as substrates for B(C6F5)3-catalyzed 

dehydrocoupling with HSPTol, HSnPr and bifunctional 1,2-benzenedithiol. With the 

exception of 1,1,2,2-tetraisopropyldisilane ( ( ' ~ r z s i ~ ) ~ ) ,  these reactions proceeded under 

mild conditions, to efficiently give thiodisilanes 19-25 (Table 3.4). The experiments 

were conducted in hexanes or toluene, depending on the solubility of the disilane 

substrate, at ambient temperature and pressure. 1,1,2,2-tetramethyldisilane ((Me2SiH)l) 

proved exceptionally reactive towards coupling with HSPTol, HSnPr and 1,2- 

benzenedithiol. Treatment of this disilane with two equivalents of either monothiol or 

one equivalent of 1,2-benzenedithiol resulted in rapid formation of dithiodisilanes 19 and 

22 or the 1,2-bicyclicdisilane 24 at exceedingly low catalyst loading. 1,1,2,2- 

tetraphenyldisilane ((Ph2SiH)z) also reacts with 1,2-benzenedithiol to afford the new 1,2- 

bicyclic disilane 25, albeit at higher catalyst concentration than required for the 

dehydrocoupling reactions of (Me2SiH)2. Interestingly, (Ph2SiH)2 will react with one or 

two equivalents of HSPTol, depending on conditions, to afford either 20 or 

asymmetrically substituted 21, again at higher catalyst loadings than required for 

(Me2SiH)z. Treatment of (Ph2SiH)z with one equivalent of HSnPr also resulted in 

reasonably selective formation of the mono-substituted disilane 23. However, for the 

aliphatic thiol, formation of the disubstituted disilane was exceptionally slow. Even upon 

six days, at high catalyst loading (4 mol %), the reaction mixture still contained a mixture 

of mono- (52 %) and disubstituted (48 %) derivatives. 



94 
Table 3.4. Reactions of 1,2-dihydridodisilanes with p-thiocresol and 1 -propanethi01 

H R 
\ hR B(C6F5)3 
Si-Si + H-SR" f' 

I? 
\ 
H or 

Disilane Icatalystl, H-SR" Conditions Product 

mol % 

(Me2SiH)l 0.005 HSPTol (2 eq) <0.25h/RT (Me2SiSPTol)2 (19) 

Hexanes 

(Ph2SiH)2 3 HSPTol (2 eq) 72 h/RT (Ph2SiSPTol)2 (20) 

Toluene 

(PhzSiH)2 2 HSPTol ( I  eq) 1 h/RT Ph2(H)Si-SiPh2(SPTol) (21) 

Toluene 

(Me2SiH)2 0.007 HSnPr (2 eq) <0.25h/RT (Me2SiS"Pr)2 (22) 

Hexanes 

(Ph2SiH)2 2 HSnPr (1 eq) 1 h/RT Ph2(H)Si-SiPh2(SnPr) (23) 

Toluene 

(MezSiH)2 0.004 1,2-benzenedithiol <OSh/RT 

(1 eq) Hexanes a 
S S 
\ I 

Me2Si-SiMe2 (24) 

(Ph2SiH)2 3 1,2-benzenedithiol 48hlRT 

(1 eq) Toluene 
S 
\ 7 

Ph2Si-SiPh2 (25) 

('Pr2SiH)2 4 HSPTol (4 eq) 4 8 h/RT No reaction 

Toluene 



As was the trend observed for the hydrosilylation of the thiobenzophenone, the 

activities in these dehydrocoupling reactions diminish with increasing steric bulk at 

silicon. However, this trend is less marked than observed for thiobenzophenone, 

presumably because of the decreased steric significance of the thiols screened, relative to 

thiobenzophenone. For example, monosilanes Me2PhSiH, PhMe2SiH and Et3SiH 

undergo B(C6Fs)3-catalyzed coupling with HSPTol or HSnPr with exceptionally high 

activities (TOF > 40,000 mol.mo1-'h-I). Meanwhile, Ph3SiH also reacts with HSPTol and 

HSnPr, although higher catalyst loadings are required for convenient rates (TOF > 200 

mol-mole'h-'). These activities exceed those observed for the borane-mediated reduction 

of thiobenzophenone for the same silane substrates (e.g. Me2PhSiH: TOF = 30,000 

mol~mol~'h", Ph3SiH: TOF = 50 mol.mo1-'h-I). 

The catalyst activities for disilane substrates are also affected by the size of the 

substituents at silicon. As shown in Table 3.4, (Me2SiH)2, the least encumbered disilane, 

readily reacts with two equivalents of HSPTol or HSnPr to furnish dithiodisilanes 19 and 

22, at very low catalyst concentrations (TOF > 100 000 mol.mo1-'h-'). Similarly high 

activity is observed in the reaction between (Me2SiH)2 and 1,2-benzenedithiol to give 

bicyclic 24. On the other hand, more hindered ( ' ~ r 2 ~ i ~ ) z  does not react with HSPTol or 

HSnPr under the conditions we explored (see Table 3.4). (Ph2SiH)2 is an intermediate 

case; this substrate will react upon prolonged reaction time, at relatively high catalyst 

loading, with two equivalents of HSPTol to afford the disubstituted dithiosilane 20. 

However, by limiting the amount of thiol and lowering the catalyst loading, 

monosubstituted derivative 21 is also cleanly accessible. Similarly, the monosubstituted 
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1 -propane thiol derivative (Ph2(~)si-siph2(SnPr)) is formed by reaction between HSnPr 

(1 eq) and (Ph2SiH)2, in the presence of B(C6F5)3. These molecules constitute a new type 

of unsymmetrically substituted difunctional disilanes with potential synthetic value for 

generating new classes of oligosilanes. That the disubstituted derivative ((Ph2SiSnPr)2) 

formed slowly compared to 20 is probably a reflection of increased steric bulk of the n- 

propyl group relative to the rigid p-tolyl sulfur fragment. Thus, the remaining Si-H bond 

in the monosubstituted species (23) is rendered unreactive by the aliphatic chain, while 

the p-tolyl group provides less steric bulk to hinder reaction at the second silyl hydride 

group. It was also shown that (Ph2SiH)2 couples with 1,2-benzedithiol (B(C6F5)3 3 mol 

%) to form the 1,2-bicyclic species 25 in high yield. Note that this transformation 

provides another potential route to new polysilanes with rigid bicyclic units in the 

polymer backbone. 

3.4 Mechanistic Investigations Into B(C6F5)3-Catalyzed Si-S/Si-0 Coupling 

Reactions 

As described above, the mechanistic studies by Piers et al. indicate that the 

reactivity of carbonyl and alcohol substrates in B(C6F5)3-catalyzed hydrosilylation and 

dehydrocoupling reactions bears an inverse relationship to their affinity for the borane, as 

more Lewis-basic groups coordinate the borane catalyst to a larger extent, inhibiting its 

27, 28 participation in the critical silyl hydride activation step (vide supra, 2.4 and 3.3.1) . 

On the basis of hardlsoft Lewis acidbase arguments, we reasoned that thiocarbonyl and 

thiol compounds should exhibit decreased affinity for B(C6F5)3 relative to their oxygen 
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counterparts and, consequently, should exhibit high activities in B(C6F5)3-catalyzed 

hydrosilylation and dehydrocoupling reactions. Our experimental results support this 

hypothesis to some extent. For instance, aliphatic primary alcohols did not react under 

conditions we explored, while 1-propanethiol reacted readily in borane-catalyzed 

dehydrocoupling reactions (Scheme 3.7). However, we also found that benzophenone 

undergoes reduction by Ph3SiH in the presence of borane with catalytic activities 

comparable to or greater than the analogous reaction with the sulfur substrate (S=CPh2). 

A similar anomaly was noted for the activities of B(C6F5)3-catalyzed dehydrocoupling 

reactions of phenol versus thiophenol derivatives with Ph3SiH. The more Lewis-basic 

(vide infra, 3.4.2) p-cresol (HOPTol) reacts more quickly with Ph3SiH than does p- 

thiocresol (HSPTol) under the same conditions. Furthermore, in a 1: 1: 1 mixture of 

0=CPhz/S=CPhz/Ph3SiH (B(C6FS)3, 1 mol %), the ketone is hydrosilylated selectively. 

Likewise, the same silane reacts exclusively with p-cresol in a 1:l:l mixture 

HO(C6H4)CH3/ HS(C6H4)CH3/Ph3SiH (B(c6F5)3, 0.5 mol %) (Scheme 3.8). To gain 

mechanistic insight into these observations, we conducted a series of stoichiometric 

competitive binding experiments to assess the relati.ve B(C6F5)3 binding affinities for 

sulfur and oxygen substrates. Further studies are on-going to definitively establish 

whether Piers' Si-H activation proposal holds for sulfur substrates, or if a different 

pathway is operative. 



(0.5 mol %) 
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Scheme 3.7 

quantitative conversion 
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Scheme 3.8 

3.4.1 Mechanism of B(C6Fs)3-Catalyzed Hydrosilylation 

3.4.1.1 Competitive Binding Experiments: S=CPh2/0=CPh2/B(C6Fs)3 Observed 

by IFUUV Spectroscopy 

Complementary IR and UV spectroscopic data from competitive binding 

experiments suggest that in 1 : 1 : 1 mixtures of B(C6F5)3, 0=CPh2, and S=CPh2 the borane 

is largely, but not completely, complexed by the ketone. Thus, when 0=CPh2 is 

combined with B(C6F5)3 in a 1 : 1 ratio, the strong benzophenone carbonyl stretch at 1660 
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cm-I in the infrared spectrum is shifted to lower frequency (1646 cm-I, Figure 3.2(a) and 

(b)), consistent with borane complexation. Upon addition of 1 eq of S=CPh2, to give a 

1 : 1 : 1 B(C6F5)3/0=CPh2/S=CPh2 mixture, a weak shoulder reappears at 1660 cm-' (Figure 

3.2(c)). Similarly, a characteristic UV-vis absorption for thioketone (S=C n --, o*, A,,, = 

603 nrn), which is greatly reduced by Ph2C=S--,B(C6F5)? adduct formation in a 1:l 

mixture of thioketone and borane, regains most of its intensity upon the addition of 1 eq 

of benzophenone (Figure 3.3), consistent with significant replacement of thioketone- 

borane adduct by ketone-borane adduct. It is interesting that the wavelength of 

absorption (h,) for S=C apparently does not change upon complexation to the the 

borane. The above IR and UV spectroscopic results support the decreased Lewis basicity 

of thiobenzophenone relative to its C=O analogue, which may be responsible for the high 

hydrosilylation activities we have observed, although they do not directly support a 

borane-Si-H activation mechanism for the hydrosilylation. 



cm-3 I SOD 

(a 

(c) expanded 

Figure 3.2. Infrared spectroscopy results from ketonelthioketone competitive borane- 

bonding experiments. (a) Free 0=CPh2 (b) B(C6F5)310=CPh2 (c) 

B(C6F5)3/0=CPh2/S=CPh2, all 0.025M in benzene 
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Figure 3.3. UV-vis spectroscopic data for (a) free S=CPh2, (b) S=CPh2/0=CPh2/B(C6FS)3 

(c) S=CPh2/B(C6F5)3. All samples 0.019 M in benzene 

3.4.1.2 Dynamic Behavior in the Hydrosilylation of S=CPh2 by (MezSiH)2 

Evidence for borane-catalyzed proton exchange between S=CPh2 and (Me2SiH)2 

and reversible formation of hydrosilylated product were obtained by 'H NMR 

spectroscopic examination of 1 :2 and 1 : 1 mixtures (toluene-d8) of (Me2SiH)2/Ph2C=S in 

the presence of high borane concentration (4 mol %; i.e. much higher conc. than needed 

to effect conversion to product (Table 3.2, entry 9)). For instance, the 'H NMR spectrum 

of a 1 :2 (Me2SiH)2/S=CPh2 (4 mol % B(C6F5)3) mixture shows a diagnostic signal for the 

expected product ((Me2SiSCHPh2)2, 5.36 ppm) (Figure 3.4(a)(i)), but also two singlets 
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(3.73 ppm, 4.82 ppm) (ratio: 10:5:2) (Figure 3.4(a)(i) and (ii)) that do not coincide with 

free starting materials (Figure 3.4(a)). When another equiv of (Me2SiH)2 is added to 

make a 1:l (Me2SiH)2/S=CPh2 mixture, the resonance at 3.73 ppm (Figure 3.4(b)(iii)) 

gains intensity, while the peak due to disubstituted product disappears. Note that the 

signal at 4.83 ppm (Figure 3.4(b)(ii)) persists as a minor component in the equimolar 

mixture. 

1 Figure 3.4. H NMR (300 MHz, toluene-ds) spectra of (a) 1 :2 (Me2SiH)2/S=CPh2 (b) 1 : 1 

(Me2SiH)2/S=CPh2 

The disappearance of the singlet at 5.36 ppm in spectrum of the 1:1 mixture 

suggests that formation of the dithiodisilane product is reversible at high catalyst loading. 

Interestingly, when two equiv of thiobenzophenone are combined with (Me2SiH)z at 

much lower catalyst concentration (0.007 mol %), the disubstituted product 
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((Me2SiSCHPh2)2, Table 3.1, entry 9) is formed exclusively and no dynamic behavior is 

observed. 

A borane-catalyzed equilibrium between starting materials and product(s) could 

account for the observed 'H NMR spectra. When 2 equiv of thioketone are present per 1 

equiv of (MezSiH)z, an equilibrium is established where the disubstituted product 

(SCHPh2, 5.36 ppm) (Figure 3.4(a)(i)) is the chief component (Scheme 3.9). The smaller 

signal at 3.73 ppm (Figure 3.4 (iii)) may be assigned to (Me2Si14)2 engaged in a rapid 

equilibrium with b ~ r a n e ~ ' ( ~ ) .  Note that the chemical shift of Si-H groups for free disilane 

3 is 3.88 ppm in the same solvent. However, in the absence of borane and thioketone, JHH 

coupling of the disilane Si-H to the silyl methyl protons is evident, so the silyl hydride 

resonance appears as a septet. It is probable that 3~~~ coupling is lost due to rapid 

exchange of Si-H protons, facilitated by B(C6F5)3 and S=CPh2. In support of this 

conclusion, 3~~~ and 'JHSi couplings normally seen in the 'H NMR spectrum of Et3SiH 

were not observed in a 1 : 1 mixture of Et3SiH and B ( c ~ F ~ ) ~ ~ ' ( ~ ) .  The remaining singlet at 

4.83 ppm (Figure 3.4 (ii)) is tentatively ascribed to monosubstituted disilane, which is in 

equilibrium with both borane-activated (Me2SiH)2 and (Me2SiSCHPh2)2. In the absence 

of B(C6F5)3, the 'H NMR spectrum of the monosubstituted derivative would be expected 

to have distinct proton environments for Si-H and SCHPh2. Presumably, rapid catalytic 

exchange betweens these sites render the protons equivalent by 'H NMR. If the 

remaining equilibria are slow on the NMR time scale, this scheme could account for the 

spectroscopic data. Variable temperature 'H NMR experiments may be useful to probe 

this phenomenon. If the Si-EJ and SCHPh2 sites appear equivalent by NMR at RT, at 
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lower temperature, where catalytic proton exchange is slowed, it should be possible to 

observe the distinct resonances for the two chemical environments. Similarly, at higher 

temperature (i.e. >RT) the distinct species seen by 'H NMR (Figure 3.4(i), (ii) and (iii)) 

in a 1 :2 (Me2SiH)2/S=CPh2 mixture may appear as a single peak. That is, if the equilibria 

between the unsubstituted, monosubstituted and disubstituted species are fast on the 

NMR timescale, the spectrum should show a single peak as weighted averaged of the 

these three contributors (Scheme 3.9 (i), (ii) and (iii)). 

Me H Ph2HCS\ Me 
Me/,,$ I + S=CPh2 

PhZHCS Me 
+ S=CPh2 

Si-Si Si-Si 
!\\!M e - - 

P Me/; \ - Si-SI 
1 ?Me 

H Me slow H slow Me' SCHPh2 
Me+ \ 

I monosubstituted disubstituted 

Scheme 3.9 

In the 1 : 1 (Me2SiH)2/S=CPh2 mixture, the equilibrium generating borane- 

activated (Me2SiH)2 (Figure 3.4(b)(iii) and Scheme 3.9(iii)) dominates the product 

distribution. Only a small trace of tentatively assigned monosubstituted product was seen 

by 'H NMR (4.83 ppm) (Figure 3.4(b)(ii) and Scheme 3.9(ii)). Addition of more 

(Me2SiH)2 shifts the equilibrium in the expected direction, relative to the 1:2 

(Me2SiH)2/S=CPh2 mixture; away from disubstituted disilane ((Me2SiSCHPh2)2), and 

towards the primary component, Lewis-acid activated (Me2SiH)2 (Figure 3.4(b)(iii) and 
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Scheme 3.9(iii)). These results indirectly support the mechanistic importance of borane 

activated Si-H species in the hydrosilylation of S=CPh2, as proposed for B(C6F5)3- 

catalyzed addition of Si-H to carbonyl functions (vide supra, 3.3.1). The absence of Si-H 

coupling in the 'H NMR spectra and reversibility of product formation indicate that 

borane-activated Si-H species ((F~c~):-B--H-s~ 6 + ~ 3 )  are being generated in these 

systems. Thus, when the concentration of (Me2SiH)2 is increased, the effective 

concentration of the borane-hydride species also increases, which apparently facilitates 

the reverse reaction to unsubstituted disilane (i.e. Scheme 3.9(iii)). Furthermore, the 

reversibility of hydrosilylation of S=CPh2 sheds light on the results of competition 

experiments in which 0=CPh2 is selectively hydrosilylated in the presence of S=CPh2 

(B(C6F5)3 (1 mol %) (see 3.4); if the formation of Si-SCHPh2 bonds is reversible in the 

presence of borane, more stable Si-0CH2Ph should eventually form as the sole 

hydrosilylation product in these competitition experiments. 

3.4.2 Mechanism of B(C6Fs)3-Catalyzed Dehydrocoupling 

3.4.2.1 Probing Relative B(C6FS)3-Binding Affinities of Thiols and Alcohols by 

'H NMR Spectroscopy 

The interactions between B(C6F5)3 and thiols/alcohols were also investigated, 

using 'H and ' 9 ~  NMR methods. In these studies, B(C6F5)3 was combined with 2 equiv 

of thiol and/or the analogous alcohol (in C6D6 - concentrations of borane, alcohols and 

thiols were kept constant in all experiments) and the resulting systems were analyzed by 
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NMR spectroscopy. For example, in a 1 :2 mixture of B(C6F5)3/HOPTol, 'H NMR shows 

the OH signal to be significantly perturbed relative to the free alcohol = 4.32 ppm in 

1 :2 system vs. 3.77 ppm for free HOPTol at same concentration in C6D6). A downfield 

shift is expected, since the hydroxyl proton is relatively deshielded when the oxygen 

atom is coordinated to a Lewis acid. When the analogous experiment is carried out with 

a 1 :2 mixture of B(C6F5)3:HSPTol, a less patent shift for the SH resonance = 3.14 

( 1 :  3.03 (free thiol)) was observed. In a tertiary 1:2:2 mixture of 

B(C6F5)3/HSPTol/HOPTol, the perturbations of the SH and OH resonances were similar to 

those seen for the 1:2 boranelthiol and borane/alcohol systems (60H = 4.26, 6sH = 3.12). 

Since only half a molar equivalent of borane is present relative to thiol and alcohol, the 

foregoing observations imply that the OH and SH resonances represent an average of free 

and borane-bound substrates, and association/disassociation from the borane is rapid on 

the NMR time scale for these aromatic substrates. That is, for the competing equilibrium 

shown in Scheme 3.10, if k,, k i l ,  kb and kc1 were slow on the NMR time scale, four 

distinct signals would be expected for free and bound substrate (60H/SH(bound), 80H/SH(free)). 

Further support for this .conclusion is given by 'H NMR studies on a 1:l 

B(C6F5)3/HOPTol mixture. AS seen for the 1:2 borane:alcohol situation, the OH signal is 

shifted downfield; however, the magnitude of the shift is greater for the 1 : 1 mixture (60H 

= 4.03 ppm (free OH), 4.60 ppm (1:2), 5.85 ppm (1 :I)), thus giving evidence for a rapid 

equilibrium between substrate and borane, where A6 varies with relative concentrations 

of borane and substrate and on the stability of the resulting adduct. 
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The corresponding experiments to those described above for aromatic substrates 

were performed with HSnPr and HOnPr, and the resulting 'H NMR spectral shifts were 

used to assess the degree of borane complexation for each aliphatic substrate. As shown 

in Figure 3.5, the SH resonance was displaced to 1.91 ppm in a 1 :2 B(C6F5)3/HSnPr 

mixture, relative to 1.04 ppm for free thiol, a considerably larger perturbation than seen 

for HSPTol (A6 = 0.1 1 ppm), giving qualitative evidence for a larger equilibrium binding 

constant with borane. Also, a significant upfield shift was observed for the protons on the 

aliphatic chain (Figure 3.5) upon combination with borane, while the effect of 

complexation on protons bound directly to carbon was less prominent for the aromatic 

thiol and alcohol. This observation is interesting in the sense that dative donation by the 

oxygen moiety to the LUMO of the borane would be expected to cause a deshielding 

effect and downfield shift in the 1-aliphatic resonances. However, given the steric 

congestion at the boron center, it is possible that the carbon-bound protons nearest to the 

donor atom experience shielding from the perfluorinated phenyl rings. The upfield shift 
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is even more pronounced for the 1:2 ~ ( c 6 F ~ ) ~ : H o " P r  mixture, where the signals 

associated with the protons in the 1 and 2 positions on the propyl chain appear as broad 

massifs = 34.5 Hz, 27.0 Hz) and the OH resonance is not observed (Figure 3.6). 

Figure 3.5. 'H NMR (300 MHz, C6D6) spectra of (a) HSnPr + 1/2B(C6F5)3 and (b) free 

HSnPr in C6D6. Note: The SH signal in (a) is overlapped by the resonance due to the 

aliphatic protons in the 1 -position of the propyl chain (SCk) .  



Figure 3.6. 'H NMR (300 MHz, C6D6) spectra spectra of (a) HOnPr + 1/2B(C6FS)3 and 

(b) free HOnPr in C6D6. Note: The OH signal is not observed in the presence of % eq of 

borane (a). 

The relatively pronounced impact of borane-coordination on the carbon-attached 

protons for the 1/2B(C6F5)3/HOnPr system can be rationalized on the basis of a shorter B- 

0 coordinate bond compared to the B-S linkage, and also by a larger equilibrium 

constant. Also, broadening or fine splitting of 1-aliphatic protons has been observed in 

the 'H NMR spectra for more stable of 3' amine adducts of Lewis acidic boranes (e.g. 

Et3N--t B13; Me3N-r ~ 1 3 ) ~ ~ .  



3.4.2.2 Probing Relative B(CsF&-Binding Affinities of Thiols and Alcohols by 

NMR 

' 9 ~  NMR spectroscopy provides more insight into the relative binding affinities of 

the thiols and alcohols we screened. The resonance of the fluorine atoms in the para 

position on the aromatic rings is particularly sensitive to the coordination environment at 

boron27, 64. The sensitivity of this signal is explained by a large shielding effect at the 

para position as the .n interaction between the B 2p orbital and the aromatic rings is 

undermined by a trigonal to tetrahedral reconfiguration at boron. Thus, a qualitative 

picture of relative binding affinities was obtained by monitoring this signal in 1:2 

borane:thiol and borane:alcohol systems, and referencing the observed A6 values to the 

spectrum of uncomplexed borane. The results are summarized in Table 3.5. 

Table 3.5. Summary of ' 9 ~  NMR data 

Analyte(s) 

Free B(C6F5)3 

1 /2B(C6F5)3+ HSPT0l 

1/2B(C6F5)3+ HOPTOl 

1/2B(C6F5)3+ HSnPr 

1 /2B(C6F5)3+ HOnPr 

para-F (6) A6 (rel. to free B(C&h) 

- 141.73 -- 

- 144.15 2.42 

- 144.67 2.94 

- 153.27 11.54 

- 155.38 13.65 

Of the analytes screened, HOnPr causes the largest shift in the para fluorine 

signal, implying it exhibits the greatest binding affinity for B(C6F5)3. This result is 
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consistent with its lack of reactivity in borane-catalyzed dehydrocoupling reactions, 

within the context of an Si-H activation pathway. The aromatic thiol and alcohol 

(HSPTol and HOPTol) perturb this signal to a lesser degree compared to both HOnPr and 

HSnPr. On the basis of ' 9 ~  NMR, it would appear that adduct formation between HOnPr 

and borane is favored over the (F5C&B-OHPTol adduct, suggesting that aromaticity 

mitigates the Lewis-basicity of this alcohol, as would be predicted based on the greater 

acidity of phenolic protons versus aliphatic hydroxyl protons. Examination of 1 9 ~  NMR 

spectra of the mixed systems reveals that, in addition to a downfield shift for para-F, 

adduct formation causes a narrowing of the fluorine signals to an extent that seems to 

parallel the stability of the adduct. For example, in the spectrum for free borane, the 

aromatic fluorine resonances are characterized by broadness = 237.2 Hz for p-F), 

while the systems involving the aliphatic thiol and alcohol show well-resolved spectra, 

with decipherable multiplicity (Figure 3.7). The presence of HSPTol or HOPTol cause 

some line narrowing = 196.2 Hz and 99.4 Hz for p-F), but to a lesser extent than the 

aliphatic substrates, presumably because of their lower binding affinities for the borane 

(Figure 3.8). 
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Figure 3.7. ' 9 ~  NMR (C6D6) spectra of (a) HOnPr + 1/2B(C6F5)3, (b) HSnPr + 

1/2B(C6F5)3 and (c) free B(C6F5)3 
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Figure 3.8. NMR (339.52 MHz, C6D6) spectra of (a) HOPTol + 1/2B(C6Fj)3, (b) 

HSPTol + 1/2B(C6F5)3 and (c) free B(C6F5)3 

The above data indicate an inverse correlation between reactivity in 

dehydrocoupling reactions and borane affinity for HSPTol, HSnPr and HOnPr, as expected 

on the assumption that a hydride activation mechanism is operative. However, 

monitoring of A6 and line width analysis from by 1 9 ~  NMR suggest that HOPTol forms 

more stable adducts with B(C6F5)3 than HSPTol, although catalytic runs show that 

HOPTol (vide supra, 3.2.3) reacts with Ph3SiH at a rate slightly faster than HSPTol in the 

presence of borane under the same conditions. Also, benzophenone (3.2.2) reacts with 

Ph3SiH more quickly than S=CPh2, under the same conditions. These seemingly 

anomalous results can be explained if the rate-limiting step in these reactions is 

nucleophilic attack of the oxygen or sulfur substrate at the activated silylium center 

(Scheme 3.1 1). A similar scheme may be envisioned for the hydrosilylation of S=C and 
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O=C. That is, attack at the pseudo-silylium center occurs at a higher rate for carbonyls 

compared to their sulfur congeners. 

'5 , c6F5. / c6F5  "RS-H + B 

HXR" 
G6t5 

6' & 6 ~ 5  

R3Si- -H- -B: 

- - 
Fast for X = 0 

Slower for X = S 

Scheme 3.1 1 

In this model, the oxygen reagent is assumed to add to the R3Si--H-B(C6F5)3 

adduct faster than the sulfur analogue. So, in some cases, B(C6F5)3-catalyzed coupling 

reactions may occur with higher rates for more basic oxygen substrates, despite the 

inverse correlation between basicity and active catalyst concentration (vide supra). Thus, 

there appears to be a fine balance between substrate Lewis basicity towards the borane 

and nucleophilicity towards the activated silicon species in these Si-S coupling reactions; 

reagents are rendered less active with increasing borane affinity, as the catalyst is 

deactivated by adduct formation, while decreasing nucleophilicity towards si6+ also 

diminishes the substrates' activity. 



3.5. On-Goingmuture Work 

3.5.1 Reactions of the Si-S bond 

Having established a mild and general route to thiosilanes, we are now beginning 

to assess reactivity of the Si-S bond, which may render these compounds useful reactive 

intermediates in organosilicon and organosulfur chemistry. Thiosilanes are generally 

more reactive than their alkoxysilane counterparts. To illustrate, most Si-SR bonds can 

be readily hydrolyzed to form silanols (Si-OH) and the corresponding thiol under mild 

 condition^^^. Similarly, the Si-S bonds of thiosilanes can be cleaved by action of 

alcohols, often giving quantitative conversion to alkoxysilane and thi01~~,  again 

illustrating the lability of thiosilanes relative to their oxygen analogues. In addition to 

solvolysis by protic reagents, Si-S linkages will react with a variety of inorganic halides, 

giving halosilanes and the corresponding byproducts. Examples include reactions 

between thiosilanes and bromine65 and inorganic acids such as hydrogen chloride 66(b), 68 

and hydrogen iodide69 to afford bromo-, chloro- and iodosilanes respectively. 

Thiosilanes are also reactive towards halides of mercury7', boron, phosphorous and tin7'. 

To assess the reactivity of thiosilanes synthesized in the above studies, we 

subjected selected substrates to ethanolysis and found that the silicon-sulfur bonds are 

efficiently cleaved to give ethoxysilanes and thiol, at rates dependent upon the steric 

environment at silicon. For instance, Me2PhSiSR" (11, 15) and the disilanes 

(Me2SiSR")2 (19, 22) (R" = PTol, "Pr) are quantitatively converted to alkoxysilanes, at 
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ambient temperature, in <0.5h. Meanwhile, Ph3SiSR" also undergoes solvolysis at room 

temperature, but reaction times are >5h, owing to the increased bulk at the silicon center. 

In cases where R = "Pr, the thiol byproduct is volatile and can be easily removed from the 

alkoxylated silane (Equation 3.5). Recall that lo  aliphatic alcohols generally react slowly 

in B(C6Fs)3-catalyzed dehydrocoupling with silanes because these unhindered, Lewis- 

basic 0-donors form stable adducts with the borane so its effective concentration is low 

for productive catalysis. However, our studies show that lo  n-propylthiol and p-cresol 

(HSPTol) are smoothly coupled with silanes in the presence of low B(C6F5)3 

concentrations (Tables 4 and 5). Further, the resulting Si-S bonds are easily cleaved by 

unhindered alcohols to furnish alkoxysilanes not conveniently accessible by B(C6F5)3- 

catalyzed dehydrocoupling. 

excess EtOH R ' 
\ 

.sI-SR" - , ~ i - O E ~  + HSR" 
~ ' 4  

R 
~ ' 4  

R 

We also considered thiosilanes as precursors to silyl halides, since sulfur- 

functionalized polysilanes should be accessible by methods described above (3.3.2 and 

3.3.3). The goal would be to generate synthetically versatile poly(ha1o)silanes (- 

(PhSiX),-) via thiosilanes formed from poly(hydro)silanes. If Si-S bonds can be 

selectively modified to silyl halides, without polymer degradation, this method might 

prove useful in creating new functional silicon polymers. To this end, various thiosilane 

substrates were tested for reactivity with zinc chloride. Ether solutions of the metal 
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halide reacts quickly with monosilanes, such as Me2PhSiSR" (11, 15) and more bulky 

Ph3SiSR"(14,18), to give chlorinated products and an insoluble byproduct (presumably 

zinc sulfide salt), which may be conveniently removed by filtration (Equation 3.6). 

Thionated disilanes were also employed as substrates to screen for Si-S versus Si- 

Si selectivity in these metathesis reactions. Our initial results indicate that 2 equiv of zinc 

chloride effects the chlorination the dithiodisilane (Me2SiSPTol)2 (19) (Equation 3.7). 

Similarly, anhydrous hydrogen chloride reacts with (Me2SiSnPr):! (22) to form the 

chlorinated disilane (Equation 3.8). In both cases, 'H NMR of the products shows only 

the target dimer ((Me2SiC1):! (8SiMe referenced to commercial sample). However, if Si-Si 

cleavage did occur, the expected product (Me2SiC12, bp -69OC) is volatile and would be 

lost during work-up. Also, the desired product is moderately volatile (bp 149OC), so yield 

by mass could not be accurately determined on the small scale we examined. 

Consequently, further studies are needed to ascertain the extent, if any, of Si-Si bond 

cleavage in these reactions. 



HCI (anhydrous) Me 
H3CH2CH2CS Me (,\,~e 

\ K\&le - Si-Si' 
Si-Si' Et20 ~ ~ 4 ;  \ Me(.' M$ \ SCH2PU-PU- M$ CI 

Chlorination of the unsymmetrically substituted thiodisilanes (Ph2(H)Si- 

SiPh2(SR)) is also of interest, since it may allow selective synthesis of the difunctional 

chlorohydrodisilane Ph2(H)Si-SiPh2(C1). This molecule is of potential interest for make 

new classes of oligosilanes, as it contains two different but reactive functions. 'H NMR 

data show that reaction between Ph2(H)Si-Si(SPTol)Ph2 and HC1 results in the 
'. 

chlorination of the Si-S bond to generate a halosilane product and an involatile thiol 

byproduct (HSPTol) (Equation 3.9). A singlet at 5.54 ppm in the 'H NMR spectrum, 

which does not coincide with starting disilane, indicates that the Si-H bond survived these 

conditions. Again, it remains to be seen whether Si-Si bonds are conserved in this 

process, or the substrate is decomposed to monomeric materials (e.g. Ph2SiC12 and/or 

' Ph s HCI (anhydrous) 
Ph 

\ &\P h - (,,\ph + H S P T ~ ~  
Si-Si Si-Si' 

ph+ \ Et20 p h 9  \ 
Pt? H P h' H 

+ cleavage 
products? 



3.5.2 Application of B(C6F+Catalyzed Coupling Reactions to Polymers 

As stated in Chapter 1, the initial impetus to develop new Si-H activation 

chemistry issued from our desire to generate functionalized polysilanes and exploit this 

functionality to construct new polymer architectures. Therefore, on-going efforts will 

focus on using the chemistry described above to achieve this end. Of particular interest 

for polymer modification are the borane-catalyzed dehydrogenative coupling reactions of 

thiols, as these reactions proceed at high rates to form labile and potentially useful Si-S 

bonds. To this end, borane-catalyzed dehydrogenative coupling reactions of disilanes, 

which give no products arising from Si-Si bond cleavage, represent a promising route to 

new functional polymers. Preliminary experiments suggest that similar methods may 

indeed be applied to poly(pheny1)silane without polymer decomposition. Thus, when - 

(PhSiH),- was combined with HS(C6H4)CH3, in the presence of B(C6F5)3 (4 mol %), H2(g) 

evolution was immediately visible, and more than 70% of the Si-H bonds were converted 

to Si-SPTol groups in 2 h (determined by 'H NMR). Further work will focus on using 

these poly(thio)silanes to access other functional polymers. Also, 1,2-difunctional thiols 

(e.g. 1,2-benzenedithiol) will be reacted with -(PhSiH),- to form 1,2-disilylcyclic units in 

the polymer backbone, with a view creating a more rigid polymer structure. 



3.6 Summary 

The overall goal of making conformationally restricted polysilanes has led to the 

development of new Si-S bond forming methods. In particular, we have shown that the 

Lewis-acidic borane, B(C6F5)3, catalyzes hydrosilylation of S=C and dehydrogenatively 

coupling of thiols and silanes. While the analogous reactions of O=C and OH provide a 

route to Si-0 bonds, the choice of substrates is limited by the higher Lewis-basicity of 

oxygen substrates. Thioketones and thiols, on the other hand, appear to form 

comparatively weak adducts with the borane, leaving more borane available to activate 

silyl hydride groups for productive catalysis. Interestingly, the reactivity of a given 

substrate in these B(C6FS)3-mediated Si-O/Si-S coupling reactions is governed by a fine 

balance between affinity for the borane and by nucleophilicity towards the silyl hydride- 

borane adduct. Thus, we found that O=CPh2 and HO(C6H4)CH3 compete with their 

sulfur congeners in terms of reactivity, even though these species exhibit higher binding 

affinity for B(C6F5)3. This result was rationalized, within the context of Piers' Si-H 

activation mechanism, by supposing that nucleophilic attack of the substrate at the 

activated pseudo silylium center is rate limiting. The Si-S bond-forming reactions 

describe here are exceptionally clean, and do not cause cleavage of Si-Si bonds, in 

contrast to a variety of methods discussed in Chapter 2. Also, the resulting thiosilanes 

show considerable promise as synthons; initial investigations suggest that these groups 

may be conveniently modified to alkoxide or halide substituents. 



3.7 Experimental Section 

General: 

Triphenylsilane, methyldiphenylsilane, dimethylphenylsilane, triethylsilane, 

1,1,2,2-tetramethyldisilane, 1,1,2,2-tetraisopropyldisilane, benzaldehyde, 4- 

nitrobenzaldehyde, benzophenone, catechol, 4-methylbenzenthiol (p-thiolcresol. 

HSPTol), 1 -propanethiol, 1,2-benzenedithiol, 4-methylphenol (p-cresol, HOPTol) were 

purchased from Aldrich and used without further purification. B(C6F5)3 (sublimed x2 at 

80•‹C, full dynamic were synthesized according to literature procedures. 

Zinc chloride was dried by refluxing in thionyl chloride for 18h. Hexanes, benzene and 

d6 -benzene and diethyl ether were dried over Ndbenzophenone and distilled prior to use. 

Ethanol was dried over and distilled from Mg/12. Experiments were conducted in an inert 

(Nz) atmosphere using standard glovebox and Schlenk techniques. 'H and I3c{'H) NMR 

spectra were collected on a Bruker AMX 300 MHz or 250 MHz FT-NMR spectrometer. 

1 Residual proton peaks were used as reference: H (6, ppm, benzene-d6, 7.16); and I3c (6, 

ppm, benzene-d6, 128.39). 2 9 ~ i { ' ~ )  NMR spectra were recorded on a Bruker AV 500 

MHz instrument using an INEPT pulse sequence (IJSiH = 185 HZ, 'JSiH = 7 HZ, 3 ~ ~ i ~  = 3.5 

Hz). ' 9 ~  NMR spectra were acquired using a Bruker AMX 360 MHz spectrometer and 

referenced to external CFC13. IR spectra were recorded on a Perkin Elmer Spectrum 

1000 FT-IR spectrometer using NaCl solution cells. UV-vis data was obtained using a 

Varian Cary 50 UV-vis spectrophotometer. Low-resolution mass spectrometry data were 
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obtained on a Kratos Concept H spectrometer. Microanalyses were performed by 

Canadian Microanalytical Service, Delta, B.C. 

3.7.1 B(CsF5)3-Catalyzed Si-0  Bond Formation 

3.7.1.1 B(C6F5)3-catalyzed hydrosilylation of benzaldehyde with 1,1,2,2- 

tetraphenyldisilane (see Scheme 3.1): 

1 ,l,2,2-tetraphenyldisilane ((Ph2SiH)2) (250 mg, 0.68 mmol) was combined with 

tris(pentaf1uoro)phenyl borane (B(C6F5)3) (21 mg, 0.04 mmol) and toluene (6 mL). 

Benzaldehyde (0.14 mL, 1.36 mmol) was added by syringe and the mixture was stirred 

for 26 h at RT. After 25h, an aliquot (0.5 mL) was removed from the mixture by syringe. 

From this portion, the volatiles were removed under vacuum to give whitish, cloudy oil. 

In air, the oil was dissolved in benzene-d6 (1.5 mL) and passed through a short column of 

Florisil (3 cm, in Pasteur pipet). The sample was submitted for NMR analysis. 

1 
(a) H NMR (300 MHz, C6D6) 8 4.84 (s, SiOCkPh (monosub.), 14%), 5.48 (s, 

(Ph2SiH)z (starting material), 26%), 5.59 (s, SiH (monosub.)), 6.90-7.3 1 (ov m, Ph), 7.52 

(d, Ph (benzaldehyde)), 7.54-7.63 (m, o-Ph, (&SiH)2), 7.62-7.69 (m, o-Ph (monosub.)), 

7.69-7.77 (m, o-Ph (monosub.)), 9.67 (s, benzaldehyde, 60%). 



The reaction vessel was fitted with a condenser and the remainder of the mixture was 

heated to reflux for 17 h. An aliquot was removed and prepared for NMR analysis as 

described above. 

I 
(b) H NMR (300 MHz, C6D6) 8 4.84 (s, SiOCbPh (monosub.), 37%), 4.97 (s, 

SiOCbPh (disub.), 26%), 5.59 (s, SiH (monosub.)), 6.90-7.31 (ov m, Ph), 7.47-7.56 (d, 

Ph (benzaldehyde)), 7.62-7.69 (m, o-Ph (monosub.)), 7.69-7.77 (m, o-Ph (monosub.)), 

7.78-7.85 (m, o-Ph (disub.)), 9.67 (s, benzaldehyde, 37%). 

Note: Heating at 1 1 O•‹C for an additional 24 h did not promote further reaction. 

3.7.1.2 B(C6F+-catalyzed hydrosilylation of 4-nitrobenzaldehyde with 1,1,2,2- 

tetraphenyldisilane (see Scheme 3.2) to generate 1: 

(Ph2SiH)z (125 mg, 0.34 mmol) was combined with tris(pentaf1uoro)phenyl borane 

(B(C6F5)3) (15 mg, 0.03 mmol) and toluene (3 mL). 4-Nitrobenzaldehyde (105 mg, 0.69 

mmol) was dissolved in toluene (2 mL) and the resulting orange-yellow solution was 

transferred, by syringe, to the (PhzSiH)2/B(C6F5)3/tol~ene solution. The mixture was 

stirred at RT for 18 h. An aliquot was removed and prepared for NMR analysis as 

described above. 

1 
(a) H NMR (300 MHz, C6D6) 6 4.59 (s, SiOCbAr (monosub.), 41%), 5.48 (s, 

(PhSiH)2, 11%), 5.53 (s, SiH (monosub.)), 6.82 (d, JHH = 8.0 HZ, Ar (4- 
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nitrobenzaldehyde), 6.95-7.23 (ov m, Ph), 7.52-7.62 (m, Ph), 7.62-7.74 (m, Ph), 7.80 (d, 

JHH = 8.0 HZ, Ar (4-nitrobenzaldehyde)), 9.37 (s, HC(0) (4-nitrobenzaldehyde), 48%). 

The remainder of the crude reaction mixture was stirred at RT for an additional 74 h 

during which time brown solid material precipitated from the orange solution. The 

volume of the solvent was reduced by half and the solid material (1) was recovered by 

suction filtration. The yellow-brown solid was washed with pentane (1 mL x 3) and dried 

under vacuum. Note that the product was sparingly soluble in benzene-d6, so 

chloroform-d was employed as the NMR solvent. 

1 
(b) H NMR (300 MHz, CDC13) 6 4.78 (s, 4H, SiOChAr (disub.)), 7.14-7.34 (m, 

12H, m,p-Ph), 7.34-7.42 (m, 8H, o-Ph), 7.47 (d, JHH = 8.0 HZ, 4H, SiOCH2(C6H4)NO2 

(disub.)), 8.07 (d, JHH = 8.0 HZ, 4H, SiOCH2(C6H4)No2 (disub.)). I3c (62.896 MHz, 

CDC13) 6 65.39, 77.23 (t, CDC13), 123.67, 126.81, 128.02, 128.42, 130.58, 134.66, 

135.28, 136.32. 

3.7.1.3 B(C6F5)3-catalyzed hydrosilylation of 4-nitrobenzaldehyde with 

poly(pheny1)silane: 

4-Nitrobenzaldehyde (166 mg, 1.1 mmol) and B(C6F5)3 (23 mg, 0.045 mmol) were 

combined. A toluene solution of -(PhSiH),- (117 mg, 1.1 mmol/SiH, in 3 mL) was 

added by syringe. The mixture was stirred at RT for 48 h. After this time, the mixture 

appeared cloudy and orange-brown in color. The solvent was removed under reduced 
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pressure to yield brown, brittle amorphorous solid (73 % conversion of Si-H by 'H 

NMR). 'H NMR (300 MHz, CDC13) 6 2.38 (s, toluene), 3.87-4.88 (br massif, unreacted 

Sill) 6.31-7.05 (br massif, Ar), 7.05-7.14 (m, Ar), 7.14-7.22 (m, Ar), 7.22-7.51 (br 

massif, Ar), 7.99 (d, J H ~  = 8.0 HZ, Ar (4-nitrobenzaldehyde)), 8.34 (d, JHH = 8.0 HZ, Ar 

(4-nitrobenzaldehyde)), 10.03 (s, HC(0) (4-nitrobenzaldehyde, 48%). GPC: M,/M, = 

4432951412457 (0.83%), 982414139 (91%), 6411638 (4.1%), 4541452 (0.9%), 3491348 

3.7.1.4 B(CsF5)3-catalyzed hydrosilylation of benzil with 1,1,2,2-tetraphenyldisilane 

(see Scheme 3.3) to make 2: 

A toluene-d8 solution of ( P h ~ s i H ) ~  (0.38 mL, 0.182 M, 0.069 mmol) was combined with 

a toluene-d8 solution of B(C6F5)3 (0.38 mL, 0.0146 M, 0.0055 mmol). To the resulting 

solution was added benzil (PhC(O)C(O)Ph) (14 mg, 0.68 mmol) in a flame-sealable 

NMR tube, to give a faintly yellow solution. The tube was sealed under vacuum. After 

one hour, the yellow color had almost entirely dissipated and 'H NMR showed the 

reaction to be >90% complete. Upon 20 h at RT, the reaction was complete and NMR 

showed only cyclic product. 'H NMR (300 MHz, C6D6) 6 5.81 (s, 2H, 2SiCHPhR), 6.82- 

7.22 (ov m, 18H, m-Ph), 7.36-7.44 (m, 4H, Ph), 7.60-7.83 (m, 8H, Ph). 13c (75.47 MHz, 

tol-d8)6 81.46, 130.17, 130.24, 130.58, 134.68, 135.26, 135.51, 137.20, 137.50, 139.27. 
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3.7.1.5 B(C6F5)3-catalyzed hydrosilylation of benzil with poly(pheny1)silane (see 

Equation 3.1): 

Benzil (1 16 mg, 0.55 mmol) and B(C6F5)3 (23 mg, 0.045 mmol). A toluene solution of - 

(PhSiH),- (1 17 mg, 1.1 mmolISiH, in 3 mL) was added by syringe to give a yellow 

solution. The mixture was stirred for 48 h at RT to give a red-pink colored solution. An 

aliquot (0.5 mL) was removed from the solution. Removal of the volatiles from this 

portion afforded a brittle brown solid (80% conversion of Si-H by 'H NMR). 'H NMR 

(300 MHz, C6D6) 6 2.09 (s, toluene), 3.87-4.60 (br massif, unreacted SiH), 6.36-8.00 (br 

massif, Ar). GPC: MJM, = 371311843 (70.3%), 5301525 (1.6%), 3671364 (1 .I%), 

2491247 (3.0%), 1831182 (8.2%), 1391135 (9.7%), 94193 (6.2%). 

B(C6F5)3-catalyzed hydrosilylation of benzophenone by triphenylsilane: 

(See below, 3.7.3.1) 

B(CsF5)3-catalyzed hetero-dehydrogenative coupling of p-cresol (HO(C6H4)CH3) 

and triphenylsilane (Ph3SiH) to make 3: 

(See below, 3.7.3.2) 
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3.7.1.6 B(CsF5)3-catalyzed hetero-dehydrogenative coupling of catechol and 1,1,2,2- 

tetraphenyldisilane (see Equation 3.2) to make 4: 

(Ph2SiH)z (100 mg, 0.28 mmol) and catechol (30 mg, 0.28 mmol) (finely ground dried 

under high vacuum for 3 h), were combined with B(C6F5)3 (6 mg, 0.01 1 mmol). Toluene 

(1 mL) was added by canula to give a slurry (catechol did not completely dissolve). The 

vessel was sealed under static vacuum and heated to 45OC for 1 h during which time the 

solution became homogenous and slightly yellow in color. The mixture was allowed to 

cool to RT and stirred for an additional 20 h. The volatiles were removed under vacuum 

to afford a faintly yellow semi solid. This material was dissolved in a minimal amount of 

warm toluene (0.25 mL). To this concentrated solution was added pentane (7 mL), 

giving a vaguely yellow, cloudy solution. The mixture was cooled at -22OC for 48 h to 

promote crystal growth. The white crystalline solid was recovered by vacuum filtration. 

1 H NMR (300 MHz, C6D6) 8 6.77-6.86 (m, 2H, 1,2-(Si0)2(C6&)), 6.96-7.13 (m, 12H, 

m,p-Ph), 7.18-7.27 (m, 2H, 1,2-(Si0)2(C6&)), 7.56-7.68 (m, 8H, o-Ph). 

3.7.2 B(CsF5)3-Catalyzed Si-S Bond Forming Reactions 

3.7.2.1 Hydrosilylation of Thiobenzophenone (S=CPht): Synthesis of thiosilanes 5- 

10 for purposes of characterization (See Tables 3.1 and 3.2): 

5: Triphenylsilane (261 mg, 1.00 mmol) and thiobenzophenone (199 mg, 1.00 mmol) 

were combined with toluene (2 mL). To the resulting strongly blue-colored solution 
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(thiobenzophenone is strongly royal blue in color), B(C6F5)3 (20 mg, 0.040 mmol, 4 mol 

%) was added, giving the mixture a dark green color. The solution was stirred for 1.5 hrs 

at RT, after which time the color had dissipated to give a clear/colorless solution. 

Triphenylphosphine (1 1 mg, 0.041 mmol) was added to coordinate the borane catalyst. 

To the resulting solution, hexanes (2 mL) were added and the borane-phosphine adduct 

was observed to precipitate as a fine white suspension. The mixture was cooled at -22OC 

for 0.5 hr, then filtered through a 0.5 cm plug of Celite in a Pasteur pipet. Removal of the 

volatiles from the mother liquor under reduced pressure afforded 5 as a white solid (445 

mg, 97%). Anal. Calc. for C31H26SSi: C 81.17, H 5.71; Found: C 81.29, H 5.69. 'H NMR 

(250 MHz, C6D6) 8 5.22 (s, 1 H, SCHPh2), 6.95-7.19 (m, 15H, Ar), 7.29 (d, JHH = 7.0 HZ, 

4H, Ar), 7.68 (dd, JHH = 5.0 Hz/2.5Hz, 6H, Ar); I 3 c { ' ~ }  NMR (62.90 MHz, C6D6) 8 

51.48, 126.87, 128.23, 128.49, 128.54, 130.28, 

133.56, 136.29, 144.46. 2 9 ~ i { 1 ~ }  NMR (99.36 MHz, C6D6) -1.84. MS (ESI) mh: 458 

(M), 199 (M -SiPh3), 167 (M - SSiPh3), 152, 82, 51. 

6:. Diphenylmethylsilane (151mg, 0.76 mmol) and thiobenzophenone (150 mg, 0.76 

mmol) were combined in hexanes (1.5 mL). To the resulting strongly blue-colored 

solution, B(C6F5)3 was added (0.05 mg, 9.6 x rnmol, 0.10 mL of 0.5 mg/mL 

B(C6F~)~Ihexanes solution) using a 1 mL graduated pipet. The mixture was stirred at RT 

for 3 hrs until the color of the solution dissipated to a faint blue. The solvent was 

removed under reduced pressure to afford 6 as a light blue oil (298 mg, 99%). Anal. Calc. 

For C2(jH2&k C 78.73, H 6.10; Found: C 78.93, H 5.75. 'H NMR (250 MHz, C6D6) 6 

0.46 (s, 3H, SiCH3), 5.12 (s, lH, SCHPh2), 6.91-7.1 1 (m, 6H, Ar), 7.1 1-7.21 (m, 6H), 
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7.32 (d, JHH = 8.2 Hz, 4H, Ar), 7.62 (m, 4H, Ar); I 3 c { ' ~ )  HMR (62.90 MHz, C6D6) 8 - 

1.30, 51.60, 127.41, 128.68, 128.92, 128.97, 130.59, 135.52, 144.98. 2 9 ~ i { ' ~ )  NMR 

(99.36 MHz, C6D6) 2.79. MS (ESI) m/z: 396 (M), 167 (M - SSiMePh2), 152. 

7: Triethylsilane (100 mg, 0.85 mmol) and thiobenzophenone (169 mg, 0.85 mmol) were 

combined in hexanes (2 mL). To the resulting strongly blue-colored solution, B(C6F5)3 

was added (0.05 mg, 1 x 1 o4 mmol, 0.1 mL of 0.5 mg/mL B(C6Fj)3/hexanes solution) 

using a 1 mL graduated pipet. The mixture was stirred under static N2 for 4 hrs until the 

color changed to faint blue. The solvent was removed under reduced pressure to afford 7 

as a lightly blue-tinged oil (262 mg, 98%). Anal. Calc. for CI9H2&Si: C 72.52, H 8.35; 

Found: C 72.64, H 8.12. 'H NMR (250 MHz, C6D6) 6 0.60 (q, JHH = 7.7 Hz, 6H, 

Si(CH2CH3)3), 0.91 (t, JHH = 7.7 Hz, 9H, Si(CH2CH3)3), 5.21 (s, lH, SCHPh2), 6.97 (t, 

JHH = 7.8 Hz, 2H, SCH(p-C6Hj)2), 7.08 (t, JHH = 7.8 HZ, 6H, SCH(m-C6Hj)2), 7.48 (d, 

JHH = 7.8 HZ, 4H, s c H ( ~ - c ~ H j ) ~ ) ;  ' 3 ~ { ' ~ )  HMR (62.90 MHz, C6D6) 8 5.93, 7.79, 50.12, 

127.39, 128.89. 128.95, 145.51. 2 9 ~ i { 1 ~ }  NMR (99.36 MHz, C6D6) 22.19. MS (EST) m/z: 

3 14 (M), 167 (M - SSiEt3), 152. 

8: Dimethylphenylsilane (1 03 mg, 0.76 mmol) and thiobenzophenone (1 50 mg, 0.76 

mmol) were combined in hexanes (1.5 mL). To the resulting strongly blue-colored 

solution, B(C6F5)3 was added (0.03 mg, 5 x 10-5 mmol, 0.05 mL of 0.5 mg/mL 

B(C6Fj)3/hexanes solution) using a 1 mL graduated pipet. The mixture was stirred under 

static NZ for 0.5 hr until the color changed to faint blue. The solvent was removed under 

reduced pressure to afford 8 as a light blue oil (25 1 mg, 99%). Anal. Calc. for C21H22SSi: 
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C 75.39, H 6.63; Found: C 75.26, H 6.62. 'H NMR (250 MHz, C6D6) 6 0.25 (s, 6H, 

Si(CH3)2), 5.07 (s, lH, SCHPh2), 6.94-6.98 (m, 2H, Ar), 6.99-7.08 (m, 4H, Ar), 7.13-7.22 

(m, 3H, Ar), 7.34 (d, JHH = 7.3 Hz, 4H, Ar), 7.5 1-7.58 (m, 2H, Ar); 1 3 c { ' ~ )  HMR (62.90 

MHz, C6D6) 6 -0.07, 51.33, 127.37, 128.60, 128.91, 128.95, 130.42, 134.74, 137.11, 

144.96. 2 9 ~ i { 1 ~ )  NMR (99.36 MHz, C6D6) 8.47. MS (ESI) m/z: 167 (M - SSiMe2Ph), 

152. 

9: 1,1,2,2-tetrarnethyldisilane (90 mg, 0.76 mmol) and thiobenzophenone (300 mg, 1.5 1 

mmol) were combined in toluene (4 mL). To the resulting strongly blue-colored solution, 

B(C6F5)3 was added (0.03 mg, 6.6 x mmol, 0.07 mL of 0.5 mg/mL B(C6F5)3/toluene 

solution) using a 1 mL graduated pipet. The mixture was stirred under static N2 for 

approx. 0.5 hr until the blue color dissipated to clear/colorless. The solvent was removed 

under reduced pressure to afford a white solid. This material was dissolved in toluene 

(0.5 mL) and precipitated, at -22OC, with hexanes (1.5 mL) to yield 9 as white needles 

(356 mg, 91%). Anal. Calc. for C3~H34S2Si2: C 69.98, H 6.66; Found: C 70.00, H 7.04. 'H 

NMR (300 MHz, C6D6) 8 0.22 (s, 12H, (Si(CH3)2)2), 5.41 (s, 2H, SCHPh2 (x2)), 6.99 (t, 

JHH = 7.6 Hz, 4H, SCH(P-C~H~)~) ,  7.06 (t, JHH = 7.2 Hz, 8H, SCH(m-C6H5)2), 7.50 (d, 

JHH = 7.2 HZ, 8H, SCH(0-C6H5)2); 1 3 c { ' ~ )  HMR (75.47 MHz, C6D6) 6 -0.58, 51.27, 

127.50, 128.99, 129.03, 145.15. 2 9 ~ i { ' ~ )  NMR (99.36 MHz, C6D6) -2.23. MS (ESI) m/z: 

199 (M - MezSiSiMe2(SCHPh2)), 167 (M - Me2Si(S)SiMe2(SCHPh2)), 121, lO5,69,55. 

10: 1 ,l,2,2-tetraphenyldisilane (179 mg, 0.48 mmol) and thiobenzophenone (97 mg, 0.49 

mmol) were combined with hexanes (4 mL). B(C6F5)3 (10 mg, 0.020 mmol, 4 mol %) 
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was added to this blue solution. The mixture was stirred under static N2 for 3 hrs until 

the solution was clear and colorless. Triphenylphosphine (5 mg, 0.21 mmol) was added 

to coordinate the borane catalyst. The boranephosphine adduct was observed to 

precipitate as a fine white suspension in hexanes. The mixture was cooled at -22OC for 

0.5 hr, then filtered through a 1.5 cm diameter glass frit funnel with the aid of vacuum. 

The volatiles were removed under high vacuum (whilst heating at 80•‹C for 12 hrs) from 

the mother liquor to give 10 as a clear/colorless viscous oil ( 257 mg, 95%). Anal. Calc. 

for C37H32SSi2: C 78.66, H 5.72; Found: C 78.40, H 5.52. 'H NMR (250 MHz, C6D6) 6 

5.25 (s, lH, SCHPh2), 5.49 (s, lH, SiH, Ar), 6.87-7.12 (m, 18H, Ar), 7.25 (dd, 7.8 Hz11.8 

Hz, 4H, Ar), 7.57-7.67 (m, 8H, Ar); 1 3 ~ { 1 ~ ) ~ ~ ~  (62.90 MHz, C6D6) 6 52.20, 127.27, 

128.68, 128.87, 128.98, 130.20, 130.48, 132.85, 136.71, 137.03, 144.77. 2 9 ~ i { ' ~ )  NMR 

(99.36 MHz, C6D6) -9.93, -36.26 (inverted). MS (ESI) m/z: 294, 182 (M- 

Ph2SiH(SCHPh2)), 167 (M - Ph2Si(S)SiPh2(SCHPh2)), l52,83,69. 

3.7.2.2 Dehydrocoupling of Thiols and Silanes: Synthesis of Thiosilanes 11-25 

for characterization (see Tables 3.3 and 3.4): 

11 (Me2PhSiSPTol): Dimethylphenylsilane (100 mg, 0.73 mmol) and 4- 

methylbenzenethiol (91 mg, 0.73 mmol) were combined. To the resulting mixture, 

B(C6Fs)3 (0.05 mg, 9.7~10" mmol, 0.1 mL of 0.5 mg/mL B(C6Fs)3/hexanes solution) and 

the mixture was stirred under dynamic N2 for 0.5h. Bubbling (evolution of H2) was 

observed immediately upon addition of catalyst. The residual solvent was removed under 

reduced pressure to yield clear, colorless oil (184 mg, 98%). Anal. Calc. for CISHIISSi: 
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1 C 69.69, H 7.02; Found: C 69.61, H 7.07. H NMR (300 MHz, C6D6) 8 0.42 (s, 6H, 

Si(CH3)2), 1.95 (s, 3H, S(C6H4)C&). 6.72 (d, JHH = 8.1Hz, 2H, S(C6H4)CH3), 7.16 (m, 

3H, Si(rn/p-C6H5)), 7.29 (d, , J H ~  = 8.3 Hz, S(C6a4), CH3), 7.55 (m, 2H, Si(o-C6H5)); 

l 3 c { ' ~ )  NMR (62.90 MHz, C6D6) 8 -0.28, 21.23, 128.07, 128.39, 128.54, 128.71, 

134.59, 135.81, 137.12, 137.55. 2 9 ~ i { ' ~ )  NMR (99.36 MHz, C6D6) 8 8.70. 

12 (MePh2SiSPTol): Diphenylmethylsilane (145 mg, 0.73 mmol) and 4- 

methylbenzenethiol (91 mg, 0.73 mmol) were combined. To the resulting mixture, 

B(C6F5), (0.1 mg, 1.9xi0-~ mmol, 0.2 mL of 0.5 mg/mL B(C6F5)3/hexanes solution) was 

added and the mixture was stirred under dynamic N2 for 0.5h. Bubbling (evolution of 

H2) was observed immediately upon addition of catalyst. The residual solvent was 

removed under reduced pressure to yield clear, colorless oil (222 mg, 95%). Anal. Calc. 

for C20H20SSi: C 74.93, H 6.29; Found: C 74.88, H 6.29. 'H NMR (300 MHz, C6D6) 8 

0.68 (s, 3H, Sic&), 1.89 (s, 3H, S(C6H4)CH3), 6.66 (d, JHH = S.lHz, 2H, S(C&)CH3), 

7.15 (m, 6H, Si(m/p-C6H5)2), 7.27 (d, JHH = 8.2 HZ, 2H, S(C6H4)CH3), 7.67 (m, 4H, Si(o- 

C6145)2); 1 3 c { l ~ )  NMR (62.90 MHz, C6D6) 8 -1.42, 21.20, 127.90, 128.39, 128.63, 

128.71, 129.20, 130.59, 135.60, 135.70, 135.85. 2 9 ~ i { ' ~ )  NMR (99.36 MHz, C6D6) 8 

2.66. 

13 (Et3SiSPTol): Triethylsilane (85 mg, 0.73 mmol) and 4-methylbenzenethiol (91 mg, 

0.73 mmol) were combined in a cold vial (-22•‹C). To the resulting mixture, B(C6F5)3 (0.1 

mg, 1 . 9 ~ 1 0 ' ~  -01, 0.2 rnL of 0.5 mg/mL B(C6F5)3/hexanes solution) and the mixture 

was stirred under dynamic N2 (small vial with cap pierced by hypodermic needle 
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(20G1/2), in glovebox) for 0.5h while the vessel warmed to RT. Bubbling (evolution of 

H2) was observed immediately upon addition of catalyst. The residual solvent was 

removed under reduced pressure to yield clear, colorless oil (157 mg, 90%). 'H NMR 

(300 MHz, C6D6) 8 0.66 (q, JHH = 9.0 HZ, 6H, Si(C&CH3)3), 0.98 (t, JHH = 9.0 HZ, 9H, 

Si(CH2C&)3), 1.99 (s, 3H, S(C6H4)C&), 6.81 (d, 2H, JHH = 8. ~ H z ,  S(C&)CH3), 7.43 

(d, 2H, J I I ~  = 8. ]HZ, S(C6H4)CH3); 1 3 c { l ~ )  NMR (62.90 MHz, c6D6) 8 5.97, 7.75, 

21.26, 128.07, 128.39, 128.71, 130.22, 135.92. 2 9 ~ i { ' ~ )  NMR (99.36 MHz, C6D6) 6 

2.83. 

14 (Ph3SiSPTol): Triphenylsilane (171 mg, 0.66 mmol) and 4-methylbenzenethiol (82 

mg, 0.66 mmol) were combined in toluene (1.5 mL). To this solution, B(C6F5)3 (6 mg, 

0.012 mmol) was added and the mixture was stirred under dynamic N2 for 1 h. Bubbling 

(evolution of HZ) was observed immediately upon addition of catalyst. The volume of 

the solvent was reduced to approx. 0.5 mL under vacuum and hexanes (3 mL) were 

added to give a cloudy suspension. This mixture was cooled at -22OC overnight to afford 

a white crystalline material. The solid was recovered by filtration using a glass frit funnel 

with the assistance of vacuum. The solid was washed with cold (-22OC) pentane (1 mL x 

3). The residual volatiles were removed under vacuum (227 mg, 90%). 'H NMR (300 

MHz, c6D6) 8 1.87 (s, 3H, S(C6H4)C&), 6.57 (d, 2H, JHH = 8.1Hz, S(C6H4)CH3), 7.06- 

7.18 (m, 9H, Si(m/p-C6&)), 7.24 (d, 2H, J H ~  = 7.8Hz, S(C6E&)CH3), 7.72 (m, 6H, Si(o- 

C6U5)3); 1 3 c { ' ~ )  NMR (62.90 MHz, C6D6) 8 21.19, 128.07, 128.39, 128.63, 128.71, 

130.16, 135.89, 136.77. 2 9 ~ i { ' ~ )  NMR (99.36 MHz, C6D6) 8 - 3.22. 
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15 (Me2PhSiSnPr): Dimethylphenylsilane (100 mg, 0.73 mmol) and 1-propanethiol (56 

mg, 0.73 mmol) were combined and B(C6F5)3 (0.05 mg, 9 . 7 ~ 1 0 ~ ~  mmol, 0.1 mL of 0.5 

mg/mL B(C6F5)3/hexanes solution) was added. Immediate bubbling (evolution of HZ) 

was observed upon catalyst addition. The mixture was stirred under dynamic N2 (small 

vial with cap pierced by hypodermic needle (20G1/2), in glovebox) for 0.5h. The 

volatiles were removed under vacuum to afford clear, colorless oil (152 mg, 100%). 

Anal. Calc. for Cl1Hl8SSi: C 62.78, H 8.62; Found: C 62.45, H 8.54. 'H NMR (300 MHz, 

C6D6) 8 0.46 (s, 6H, Si(CFl3)2), 0.78 (t, JHH = 7.2 Hz, 3H, S(CH2)~C&), 1.44 (sextet, JHH 

= 7.2 Hz, 2H, SCH2CbCH3), 2.28 (t, JHH = 7.2 Hz, 2H, SCbCH2CH3), 7.17-7.24 (m, 

3H, Si(m,p-C6H5)), 7.59-7.66 (m, 2H, Si(o-C6H5)); 1 3 c { l ~ )  NMR (62.90 MHz, C6D6) 8 

1.03, 14.73, 27.64, 30.42, 128.08, 128.40, 129.60, 129.71, 131.26, 135.54, 138.94. 

2 9 ~ i { ' ~ )  NMR (99.36 MHz, C6D6) 8 8.20. 

16 (Ph2MeSiSnPr): Diphenylmethylsilane (145 mg, 0.73 mmol) and 1-propanethiol (56 

mg, 0.73 mmol) were combined and B(C6F5)3 (0.1 mg, 1.9x10-~ mmol, 0.2 mL of 0.5 

mg/mL B(C6Fs)3/hexanes solution) was added. Immediate bubbling (evolution of H2) 

was observed upon catalyst addition. The mixture was stirred under dynamic N2 (small 

vial with cap pierced by hypodermic needle (20G1/2), in glovebox) for 0.5h. The 

volatiles were removed under vacuum to afford clear, colorless oil (189 mg, 95%). Anal. 

Calc. for CI6H2&i: C 70.51, H 7.40; Found: C 70.26, H 7.09. 'H NMR (300 MHz, 

C6D6) 8 0.72 (s, 3H, SiCH3), 0.75 (t, JHH = 7.2 Hz, 3H, Si(CH2)2CH3), 1.43 (sextet, JHH = 

7.2 Hz, 2H, SiCH2C&CH3), 2.32 (t, JHH = 7.2 Hz, 2H, SiC&CH2CH3), 7.13-7.20 (m, 

6H, Si(m,p-C&) 2), 7.65-7.74 (m, 4H, Si(0-CgH5)2); 1 3 c { ' ~ }  NMR (62.90 MHz, C6D6) 



NMR (99.36 MHz, C6D6) 8 2.95. 

17 (Et3SiSnPr): Triethylsilane (100 mg, 0.85 mmol) and 1-propanethiol (0.66 mg, 0.85 

mmoi) were combined and B(C6F5)3 (0.1 mg, 1.9x10-~ mmol, 0.2 mL of 0.5 mg/mL 

B(C6F5)3/hexanes solution) was added. Immediate bubbling (evolution of HZ) was 

observed upon catalyst addition. The mixture was stirred under dynamic N2 (small vial 

with cap pierced by hypodermic needle (20G1/2), in glovebox) for 0.5h. The volatiles 

were removed under vacuum to afford clear, colorless oil (130 mg, 80%; some product 

was lost under vacuum due to moderate volatility). 'H NMR (300 MHz, C6D6) 8 0.66 (q, 

JHH = 7.2 Hz, 6H, Si(C&CH3)3), 0.89 (t, J H ~  = 7.2 Hz, 3H, S(CH2)2CH3), 1.00 (t, JHH = 

7.2 Hz, 9H, Si(CH2C&)3), 1.54 (sextet, JHH = 7.2 Hz, 2H, SCH2C&CH3), 2.33 (t, JHH = 

7.2 HZ, 2H, SC&CH2CH3); 1 3 c { ' ~ )  NMR (62.90 MHz, C6D6) 8 6.10, 7.90, 13.85, 

27.07,28.33, 128.07, 128.39, 128.71. 2 9 ~ i { 1 ~ )  NMR (99.36 MHz, c6D6) 6 21.72. 

18 (Ph3SiSnPr): Triphenylsilane (342 mg, 1.32 mmol) and 1 -propanethi01 (1 32 mg, 1.32 

mmol) were combined in toluene (2 mL). B(C6F5)3 (13 mg, 0.028 mmol) was added to 

this solution and gentle bubbling (evolution of H2) was observed. The mixture was 

stirred under dynamic N2 (small vial with cap pierced by hypodermic needle (20G1/2), in 

glovebox) for 2 hours and the volatiles were removed under reduced pressure to give a 

white solid. The solid material was dissolved in hexanes (4 mL) and triphenylphosphine 

(PPh3; 7 mg, 0.028 mmol) was added to precipitate the borane catalyst as a hexanes- 

insoluble phosphine adduct. The adduct was seen as a fine white suspension in the 



hexanes solution. This suspension was filtered through a lcm plug of Celite in a Pasteur 

pipet to give a clear, colorless solution. The hexanes were removed under vacuum to 

1 afford a white solid (375 mg, 85%). H NMR (300 MHz, C6D6) 6 0.74 (t, JHH = 7.2 Hz, 

3H, SiS(CH2)2CH3), 1.40 (sextet, JHH = 7.2 Hz, 2H, SiSCH2C&CH3), 2.40 (t, JHH = 7.2 

Hz, 2H, SiSC&C2H5), 7.12-7.18 (m, 9H, S i ( m , ~ - c ~ H ~ ) ~ ) ,  7.77-7.91 (m, 6H, Si(0-C6H5)3) 

; 1 3 c { ' ~ )  NMR (62.90 MHz, C6D6) 6 13.63, 26.36, 30.19, 130.64, 134.57, 136.52. 

2 9 ~ i { ' ~ )  NMR (99.36 MHz, c6D6) 6 1.37. 

19 ((Me2SiSPTol)2): 1,1,2,2-tetramethyldisilane (1 00 mg, 0.85 mmol) and 4- 

methylbenzenethiol (21 1 mg, 1.7 mmol) were combined in hexanes (3 mL). B(C6F5)3 

(0.05 mg, 9.7x10-~ rnrnol, 0.1 mL of 0.5 mg/mL B(C6F5)3/hexanes solution) was added 

and the mixture was stirred under dynamic N2 (small vial with cap pierced by 

hypodermic needle (20G1/2), in glovebox) for lh. Upon addition of catalyst, bubbling 

(evolution of Hz) was observed. As, the reaction proceeded, white crystals formed in the 

reaction vessel. After I h of stirring, this white material was recovered by filtration using 

a glass frit funnel with the assistance of vacuum. The solid was washed with cold (- 

22•‹C) pentane (1 mL x 3). The residual volatile~ were removed under vacuum (293 mg, 

95%). Anal. Calc. for C18H26S2Si2: C 59.59, H 7.22; Found: C 59.48, H 7.24. 'H NMR 

(300 MHz, CsD6) 6 0.35 (s, 12H, 2Si(C&)2), 1.99 (s, 6H, 2S(C6H4)C&), 6.79 (d, 4H, 

JHH = 7.8 HZ, 2S(C6H4)CH3), 7.39 (d, 4H, JHH = 8.1Hz, 2S(C6H4)CH3); 1 3 c { ' ~ )  NMR 

(62.90 MHz, c6D6) 6 -0.129, 21.24, 130.29, 135.89, 137.32. 2 9 ~ i { ' ~ )  NMR (99.36 MHz, 

c6D6) 6 0.77. 
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20 ((Ph2SiSPTol)2): l,l,2,2-tetraphenyldisilane (0.200 mg, 0.54 mmol) and 4- 

methylbenzenethiol (136 mg, 1.08 mmol) were combined in toluene (2 mL). To this 

faintly yellow solution, B(C6F5)3 (20 mg, 0.039 mmol) was added and the mixture was 

stirred under dynamic N2 for 72h. Upon addition of catalyst, a small amount of bubbling 

(evolution of H2) was observed. After stirring for 72h, a white suspension was observed 

in the solvent. The toluene was removed under vacuum and the white solid was washed 

with cold pentane (1 mL x 3) in a glass frit funnel, with the aid of vacuum. The residual 

volatiles were removed under vacuum (290 mg, 94%). Anal. Calc. for C38H34S2Si2: C 

1 74.69, H 5.61 ; Found: C 74.66, H 5.80. H NMR (300 MHz, C6D6) 8 1.84 (s, 6H, 

2S(C6H4)C&), 6.49 (d, 4H, JHH = 8.1Hz, 2S(C6&)CH3), 7.03-7.12 (m, 12H, 2Si(m/p- 

C6H5)2), 7.20 (d, 4H, JHH = 7.9 Hz, 2S(C6u4)CH3), 7.76-7.84 (m, 8H, 2si(0-C6H5)2); 

' 3 ~ { ' ~ )  NMR (62.90 MHz, C6D6) 8 21.13, 128.71, 130.06, 130.50, 133.61, 135.33, 

136.95, 137.15. 2 9 ~ i { ' ~ }  NMR (99.36 MHz, C6D6) 8 - 10.56. 

21 (Ph2Si(H)-SiPh2(SPTo1)): 1,1,2,2-tetraphenyldisilane (0.200 mg, 0.54 mmol) and 4- 

methylbenzenethiol (68 mg, 0.54 mmol) were combined in toluene (1.5 mL). To this 

faintly yellow solution, B(C6F5)3 (12 mg, 0.024 mmol) was added and the mixture was 

stirred under dynamic N2 for lh. Upon addition of catalyst, a mall amount of bubbling 

(evolution of H2) was observed. After one hour of stirring, triphenylphosphine (PPh3; 6 

mg, 0.023 mmol) was added to deactivate the catalyst by forming a phosphine-borane 

adduct. The toluene was removed under vacuum to give a semi-clear, faintly yellow oil. 

This oil was redissolved in hexanes (1.5 mL) to give a cloudy solution, with the hexanes- 

insoluble borane-phosphine adduct (Ph3P-+BAr3) visible as a fine, white ppt. The 
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resulting suspension was filtered through a 1 cm plug of Celite in a Pasteur pipet to give a 

clear solution. The volatiles were removed under reduced pressure to afford faintly 

yellow, viscous oil (238 mg, 90%). Anal. Calc. for C31H28S2Si2: C 76.16, H 5.77; Found: 

C 75.99, H 5.45. 'H NMR (300 MHz, C6D6) 8 1.86 (s, 3H, S(C6H~)CH3), 6.55 (d, 2H, 

JHH = 8. ~ H z ,  S(C6B4)CH3), 7.01-7.12 (m, 12H, ~ S ~ ( I ~ ~ / P - C ~ H ~ ) ~ ) ,  7.24 (d, 2H, JHH = 7.0 

Hz, S(C6H4)CH3), 7.56-7.62 (m, 4H, Si(o-C6H5)2), 7.73-7.78 (m, 4H, Si(o-CgH5)2); 

1 3 c { ' ~ }  NMR (62.90 MHz, c6D6) 8 21.19, 128.07, 128.39, 128.71, 130.11, 130.15, 

130.57, 132.78, 134.55, 135.29, 136.70, 136.97. 2 9 ~ i { 1 ~ )  NMR (99.36 MHz, C&) 6 - 

8.92, -35.05 (SiH, inverted). 

22 ((Me2SiSnPr)2): 1,1,2,2-tetramethyldisilane (75 mg, 0.64 mmol) and 1 -propanethi01 

(194 mg, 1.27 mmol) were combined in cold hexanes (1 mL, -22OC; reactants volatile). 

As the mixture was allowed to warm to RT, B(C6F5)3 (0.05 mg, 9.7x10-~ mmol, 0.1 mL of 

0.5 mg/mL B(C6F5)3/hexanes solution). Immediately, vigorous H2 evolution was 

apparent. The mixture was stirred under dynamic vacuum (small vial with cap pierced 

by hypodermic needle (20G1/2), in glovebox) for 0.5 h. The volatiles were removed 

gently (suspicion of product volatility) to give 12 as clear, colorless oil (157 mg, 92%). 

Anal. Calc. for C10H26S2Si2: C 45.03, H 9.83; Found: C 74.66, H 5.80. 'H NMR (300 

MHz, C6D6) 8 0.41 (s, 12H, 2Si(C&)2), 0.89 (t, JHH = 7.2 Hz, 2SiS(CH2)2C&), 1.49 

(sextet, JHH = 7.2 Hz, 2SiSCH2C&CH3), 2.36 (t, JHH = 7.2 Hz, 2SiSC&C2H5); I 3 c { ' ~ )  

NMR (62.90 MHz, C6D6) 8 -0.36, 13.81, 27.04, 29.53, 128.07, 128.39, 128.72. 2 9 ~ i { ' ~ )  

NMR (99.36 MHz, C6D6) 6 -2.24. 
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23 (Ph2Si(H)-SiPh2(SnPr)): 1,1,2,2-tetraphenyldisilane (200 mg, 0.55 mmol) and 1 - 

propanethiol (50 mg, 0.65 mmol - excess) were combined in cold toluene (2 mL) which 

was allowed to warm to RT while the catalyst was added. B(C6F5)3 (13 mg, 0.028 mmol) 

was added to this solution and gentle bubbling (evolution of H2) was observed. The 

mixture was stirred under dynamic N2 (small vial with cap pierced by hypodermic needle 

(20G1/2), in glovebox) for lh. Triphenylphosphine (PPh3; 7 mg, 0.028 mmol) was added 

to precipitate the borane catalyst as an insoluble phosphine adduct. The adduct was seen 

as a fine white suspension in the toluene solution. The toluene was removed under 

vacuum to yield a faintly yellow oil and solid white material (phosphine-borane adduct). 

To this material was added hexanes (3 mL) (assuming the borane-phosphine adduct is 

less soluble in aliphatic solvents). The oil dissolved, while the white solid remained 

suspended in the hexanes solution. The resulting suspension was filtered through a 1 cm 

plug of Celite in a Pasteur pipet. The hexanes were removed from the mother liquor 

(whilst heating at 70•‹C for 4h) to give 13 as clear, faintly yellow oil (22 1 mg, 91 % - still 

a small amount of unreacted (Ph2SiH)2). 'H NMR (300 MHz, C6D6) 8 0.67 (t, JHH = 7.2 

Hz, 3H, SiS(CH2)2C&), 1.39 (sextet, JHH = 7.2 Hz, 2H, SiSCH2C&CH3). 2.38 (t, JHH = 

7.2 Hz, 2H, SiSC&C2H5), 5.48 (s, (Ph2SiH)2 (starting material)), 7.05-7.14 (m, 12H, 

2Si(m,~-C&)~), 7.56-7.62 (m, 2Si(0-c~&)~, (starting material)), 7.67-7.73 (m, 4H, 

~ S ~ ( O - C ~ H ~ ) ~ ) ,  7.74-7.76 (m, 4H, ~ S ~ ( O - C ~ & ) ~ ) ;  1 3 c { ' ~ }  NMR (62.90 MHz, C6D6) 8 

13.68, 26.53, 30.70, 130.19, 130.54, 133.03, 134.63, 136.49, 137.02. 2 9 ~ i { ' ~ )  NMR 

(99.36 MHz, C6D6) 6 -10.33, -36.34 (SiH, inverted). 



24: 1,1,2,2-tetramethyldisilane (1 50 mg, 1.27 mmol) and 1,2-benzenedithiol (1 80 mg, 

1.27 mmol) were combined in cold hexanes (-22•‹C) (3 mL). B(C6F5)3 (0.05 mg, 1.9xl0-~ 

mmol, 0.2 mL of 0.5 mg/mL B(C6Fs)3/hexanes solution) was added to this mixture. 

Immediately bubbling (evolution of HZ) was observed upon catalyst addition and white 

crystals were observed to ppt from the hexanes solution. The mixture was stirred under 

dynamic N2 (small vial with cap pierced by hypodermic needle (20G1/2), in glovebox) 

for OSh, then cooled to -22OC. The white crystals were recovered by filtration using a 

glass frit funnel with the aid of suction. These crystals (14) were washed with cold 

hexanes (1 mL x 3) and the residual solvent was removed under reduced pressure (310 

mg, 95%). 'H NMR (300 MHz, C6D6) 8 0.18 (s, 12H, 2Si(CH3)2), 6.8 1 (m, 2H, SiS(1,2- 

C6H4)SSi), 7.60 (m, 2H, SiS(l,2-C6H4)SSi); 1 3 c { ' ~ )  NMR (62.90 MHz, C6D6) 8 -1.42, 

128.07, 128.35, 128.39, 128.70, 137.48, 137.54. 2 9 ~ i { ' ~ )  NMR (99.36 MHz, C6D6) 8 

5.94. 

25: 1,1,2,2-tetraphenyldisilane (0.141 mg, 0.38 mmol) and 1,2-benzenedithiol (55 mg, 

0.38 mmol) were combined in toluene (2 mL). To this faintly yellow solution, B(C6F5)3 

(16 mg, 0.03 1 mmol) was added and the mixture was stirred under dynamic N2 for 48h. 

To the solution, hexanes (5 mL) were added and the vessel was cooled overnight at - 

22OC to give clear, colorless crystals. These were recovered by filtration using a glass frit 

funnel with the assistance of suction. The crystals (15) were washed with cold pentane (1 

mL x 3). The residual volatiles were removed under vacuum (290 mg, 94%). Anal. Calc. 

for C30H24S2Si2: C 71.62, H 4.79; Found: C 71.57, H 5.04. 'H NMR (300 MHz, C6D6) 8 

6.69 (dd, JHH = 9.114.2 Hz, 2H, 1 ,2-C6E14S2), 6.90-7.04 (m, 14H, 1 ,2-C6H4S2 and 2Si(m,p- 



14 1 

C6H5)2), 7.48-7.56 (m, 8H, 2Si(o-C6H~)2); 1 3 ~ { ' ~ }  NMR (62.90 MHz, C&) 8 128.08, 

128.39, 128.62, 128.86, 130.64, 133.20, 136.31, 136.46, 138.09. 2 9 ~ i { ' ~ )  NMR (99.36 

3.7.3 Relative Reactivity Experiments 

3.7.3.1 Determining the relative reactivity of S=CPh2 and 0=CPh2 in B(C6F5)3- 

catalyzed hydrosilylation reactions 

(a) Hydrosilylation of benzophenone by Ph3SiH (0.5 mol% B(C6FS)3): 

Triphenylsilane (34 mg, 0.19 mmol) and benzophenone (38 mg, 0.19 mmol) were 

combined in benzene-d6 (1.5 mL). To this clear, colourless solution, B(C6F5)3 (0.5 mg, 

9.8x10-~ mmol, 0.10 mL of 5 mg/mL solution of borane in C6D6) was added. The 

reaction was complete in 1.5 hrs as determined by 'H NMR. 'H NMR (250 MHz, C6D6) 6 

6.09 (s, lH, SiOCHPh2), 6.95-7.20 (m, 15H, Ar), 7.37 (d, JHH = 7.8 Hz, 4H, OCH(o- 

C6H5)2), 7.69 (d, J H ~  = 7.8 HZ, 6H, ~ ~ ( O - C ~ H ~ ) ~ ) .  

(b) Selective hydrosilylation of benzophenone in the presence of 

thiobenzophenone using triphenylsilane (B(C6FS)3, 2 mol Oh): 

Triphenylsilane (38 mg, 0.19 mmol), benzophenone (34 mg, 0.19 mmol) and 

thiobenzophenone (38 mg, 0.19 mmol) were combined in benzene-d6 (1.5 mL). To this 
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blue solution, B(C6F5)3 (2 mg, 3 . 9 ~ 1 0 ~ ~  mmol) was added. The reaction was complete in 

<1 hr (by 'H NMR). 

3.7.3.2 Determining the relative reactivity of RS-H and RO-H (R = PTol, "Pr) in 

B(CsF5)3-catalyzed dehydrocoupling reactions with Ph3SiH 

Triphenylsilane (50 mg, 0.19 mmol) and an equimolar amount of (a) p-thiocresol 

(HSPTol), (b) p-cresol (HO PTol), (c) 1-propanethiol (HS "Pr), or (d) 1 -propano1 (HOnPr) 

were combined in 1.0 mL of B(C6F5)3/C6D6 solution (0.5 mg/mL - delivered by 

graduated 1 mL pipet). The resulting solutions were transferred to loosely sealed 

(perforated by hypodermic needle) NMR tubes and the progress of the dehydrocoupling 

reactions was monitored by 'H NMR at various time intervals (see below for a summary 

of these experiments). Experiments were conducted at RT (approx. 25OC). 

(a): 

Ph3SiH + HSPTol (B(C6F5 )3, 0.5 mol %) + Ph3Si-SPTol + H2 

Amounts of reagentslcatalyst 

Ph3SiH: 50 mg, 0.19 mmol 

HSPTol: 24 mg, 0.19 mmol 

B(C6F5)3 (in C ~ D ~  soln): 0.5 mg, 9.8x10-~ mmol 

Observation of reaction progress by 'H NMR spectroscopy at various time intervals: 

t = 0.5 h, 65% conversion to Ph3SiOPTol by 'H NMR 

t = 0.75 h, 85% conversion by 'H NMR 

t = 1.25 h, 100% conversion by 'H NMR 



% Conversion was calculated by comparing integrations of symmetric doublets of 

product versus starting materials in aryl region (product: 6 6.58 or 7.25 (2d, JHH = 8.2 

Hz); starting material: 6 6.73 or 6.96 (2d, JHH = 7.5 Hz, HS(C6B4)CH3)). 

(b): 

Ph3SiH + HOPTol (B(C6F5 )3, 0.5 mol %) + Ph3Si-OPTol + H2 

Amounts of reagentslcatalyst 

Ph3SiH: 50 mg, 0.19 mmol 

HOPTol: 21 mg, 0.19 mmol 

B(C6F5)3 (in C6D6 soh): 0.5 mg, 9 . 8 ~ 1 0 ~ ~  mmol 

1 H NMR spectroscopy showed the conversion to Ph3Si-OPTol to be complete after 0.5 h. 

Complete consumption of SiH (6 5.73 (s, 1H)) confirms conversion to product: 'H NMR 

(300 MHz, C6D6) 6 1.98 (s. 3H, SiO(C6H4)C&), 6.76 (d, JHH = 8.4 HZ, 2H, 

SiO(C6H4)CH3), 6.96 (d, JHH = 8.4 Hz, 2H, SiO(C6H4)CH3), 7.1 1-7.20 (m, 9H, Si(m,p- 

C6H5)3), 7.76-7.88 (m, 6H, Si(0-CgH5)3). 

Amounts of reagentslcatalyst 

Ph3SiH: 50 mg, 0.19 mmol 

HOPTol: 15 mg, 0.19 mmol 



B(C6F5)3 (in C6D6 soh): 0.5 mg, 9 . 8 ~ 1 0 - ~  mm01 

Observation of reaction progress by 'H NMR spectroscopy at various time intervals: 

t = 0.75 h, 65% conversion to Ph3SiSnPr by 'H NMR 

% Conversion was calculated by comparison of integration of metalpara protons on silyl 

phenyl groups with product S iSCbR protons {i.e. 6 7.12-7.18 (m, 9H, Si(m,p-C6H5)3) 

vs. 6 2.41 (t, JHH = 7.2 Hz, 2H (in product), SiSCH2CH2CH3)) - see above for additional 

characterization data for this product (Synthesis of Ph3SiSnPr). 

(d) : 

Ph3SiH + HOnPr (B(C6F5 )3, 0.5 mol %) + No Reaction 

Amounts of reagentslcatalyst 

Ph3SiH: 50 mg, 0.19 mmol 

HOPTol: 12 mg, 0.19 mmol 

B(C6F5)3 (in C& soh): 0.5 mg, 9.8x10-~ mmol 

After 18 h at RT, I H NMR spectroscopy showed only starting materials. No Reaction 



3.7.4. Mechanistic Investigations 

3.7.4.1 FT-IR spectroscopic analysis of mixtures of S=CPh2/S=CPh2/B(C6FS)3 (see 

Figure 3.2): 

By analytical pipet, 0.5 mL of standardized solutions (0.10 M in benzene) of B(C6F5)3, 

0=CPh2 and S=CPh2 were combined and diluted to 2 mL, thus giving a fixed, equimolar 

concentration of 0.025 M for each analyte. From the resulting dark blue solution, an 

aliquot was removed and placed in a quartz solution cell and sealed for FT-IR analysis. 

When 0=CPh2 is combined with B(C6F5)3 in a 1 :1 ratio, the carbonyl stretch at 1660 cm-' 

is not observed, implying that the carbonyl molecules are engaged by the borane. 

However, upon addition of an equivalent of S=CPh2 (to give a 1:l:l 

B(C6F5)3/0=CPh2/S=CPh2 mixture) a weak carbonyl peak becomes apparent (Figure 3.2). 

The implication is that the small amount of free carbonyl observed corresponds to an 

equimolar amount of S=CPh2 complexed by borane, while the bulk of the borane remains 

complexed with the ketone. This suggests that the majority of the thioketone molecules 

exist in an uncomplexed state, corresponding to the number of Ph2C=0 molecules 

engaged by the borane. A control experiment was also conducted to assess the effect of 

S=CPh2 on the CO stretch of 0=CPh2 (Table 3.6, (iv-a)). As expected, the impact was 

found to be negligible. 



Table 3.6. Selected FT-IR data for competitive binding experiments 

3.7.4.2 UV-vis spectroscopic analysis of mixtures of B(CsF5)3/0=CPh2/S=CPh2 (see 

Figure 3.3): 

By analytical pipet, 0.5 mL of standardized solutions (0.019 M in benzene) of B(C6F5)3, 

O=CPh2 and S=CPh2 were combined and diluted to 2.5 mL, giving a fixed, equimolar 

concentration of 0.0038 M for each analyte. The resulting solution was placed in a quartz 

UV-vis cell and sealed for UV-vis analysis. As seen in Table 3.7, free Ph2C=S has a 

local maximum absorption at approximately 603 nm, with a molar absorptivity of 230 M- 

'crn-'. When B(C6F5)3 is added (i.e. 1 : 1 B(C6Fj)3/Ph2C=S), the intensity of this 

signal is diminished (c = 160 M.,cm-,). In the case or the 1 : 1 : 1 B(C6F j)3/Ph2C=S/Ph2C=0 

system, the intensity of absorption is close to that of free Ph2C=S (c = 210 M-'cm-'). 

From these data, we infer that, in the presence of thiocarbonyl and carbonyl moieties, the 

borane is preferentially complexed by the carbonyl. However, a small (but detectable - 



also seen by IR analysis) amount of Ph2C=S competes in this equilibrium, causing a 

minor perturbation of the S=C n-tn* signal. Again, a 1 : 1 Ph2C=S/Ph2C=0 

experiment was carried out as a control to ensure that benzophenone does not appreciably 

affect the S=C UV-vis absorption. As expected, this mixture gives a UV-vis signal 

commensurate with the free thiocarbonyl case (E = 220 M-'cm-'). 

Table 3.7. Selected UV-vis data for competitive binding experiments 

3.7.4.3 'H NMR Analysis of 1:2 and 1:l (MezSiH)z/S=CPhz (B(C6F5)3, 4 mol %) 

(see Figure 3.4 and Scheme 3.9): 

(Me2SiH)z (10 mg, 0.084 mmol) (cooled to -22OC to minimize loss to volatility) was 

combined with thiobenzophenone (34 mg, 0.168 mmol) in cold (-22OC) toluene-ds. 

B(C6F5)3 was added to this mixture (4 mg, 0.007 mmol). The chilled, dark blue-green 

solution was transferred to a flame-sealable NMR tube. The tube was sealed under 

vacuum. 1.5 h after the reagents were combined, the sample was submitted for 'H NMR 

analysis (note: after 48 hr, the spectrum was identical). 
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(a) H NMR (300 MHz, toluene-d8) 6 0.26 (s, Sic& (disub.)), 0.39 (s, SiCH3 

(monosub. and unsubstituted)), 3.73 (s, SiH (unsubstituted; decoupled by borane- 

catalyzed exchange), 13%), 4.82 (s, SiSCHPh2/SiEJ (monosub.; protons rapidly 

exchanging), 29%), 5.36 (s, SiSCHPh2 (disub.), 58%). 6.74 (sm t, JHH = 7.6 Hz, Ph), 

6.92-7.14 (ov m, Ph), 7.36 (d, JHH = 8.0 HZ, Ph), 7.41 (d, d, JHH = 7.2 Hz, Ph). 

The NMR tube was opened and the contents were transferred to another NMR tube with 

another eq of (Me2SiH)2 (10 mg, 0.084 mmol). The mixture immediately lost its intense 

blue-green color and became faintly yellow-green. 

(b) 'H NMR (300 MHz, toluene-d8) 6 0.39 (s, SiCH3 (monosub. and unsubstituted)), 

3.73 (s, SiH (unsubstituted; decoupled by borane-catalyzed exchange), 83%), 4.82 (s, 

SiSCIJh2/Siu (monosub.; protons rapidly exchanging), 17%), 7.00-7.09 (m, Ph), 7.09- 

7.2 1 (ov m, Ph), 7.36 (sm d, JHH = 7.6 Hz). 

3.7.4.4 'H/'~F NMR Experiments to Probe Relative B(C6F& Binding Affinities for 

RS-H and RO-H (R = PTol, "Pr) 

NMR Experiments 3.7.4.4(a)-(k) (see Scheme 3.10, Figures 3.5-3.8, Table 3.5): 

'H/ '~F NMR studies on B(C6F5)3 and the following mixed boranelthiol, boranelalcohol 

and boranelthiol/alcohol systems (concentrations kept constant throughout - B(C6F5)3 
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0.034 M, HSPTol/HOPTol/HSnPr/HOnPr 0.068 M - see below for experimental details). 

All experiments were performed under an inert (N2) atornosphere. 

Summary of experiments 3.7.4.4(a)-(k): 

3.7.4.4(a): free B(C6F5)3 (0.034 M, C6D6) 

3.7.4.4(b): B(C6F5)3 (0.034 M) + HSPTol (0.068 M, C6D6) 

3.7.4.4(~): B(C6F5)3 (0.034 M) + HOPTol (0.068 M, C6D6) 

3.7.4.4(d): B(C6F5)3 (0.034 M) + HOPTol (0.068 M, C6D6) + HSPTO1 (0.068 M, C6D6) 

3.7.4.4(e): B(C6F5)3 (0.034 M) + HSnPr (0.068 M, C6D6) 

3.7.4.4(f): B(C6F5)3 (0.034 M) + HOnPr (0.068 M, C6D6) 

3.7.4.4(g): B(C6F5)3 (0.034 M) + HOnPr (0.068 M, C6D6) + HSnPr (0.068 M, C6D6) 

3.7.4.4(h): free HSnPr (0.068 M, C6D6) 

3.7.4.4(i): free HOPTol (0.068 M, C6D6) 

3.7.4.4(j): free HSnPr (0.068 M, C6D6) 

3.7.4.4(k): free HOnPr (0.068 M, C6D6) 

Example of typical NMR experiment (3.7.4.4 (b) (B(C6F5)3 + HSPTol (1 : 1)): 

B(C6F5)3 (0.068 M, C6D6) solution (0.5 mL) was combined with HSPTol (0.27 M, C6D6) 

solution (0.25 mL). An additional 0.25 mL of C6D6 was added to increase the volume of 

the mixture 1 mL and give a 1:2 borane:thiol (0.034 M:0.068 M) mixture. All volumes 

were delivered by 1 mL analytical pipet. After thorough mixing, 112 of this solution 
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placed in a sealed NMR tube and submitted for 'H/ '~F NMR analyses (see above for 

NMR data). 

Summary of 'H/ '~F NMR data for experiments 3.7.4.4 (a)-(k): 

'H NMR: N/A 

19 F NMR (338.86 MHz, c6D6) 8 - 129.03 (OJI/~ = 149.1 HZ, 0-F), - 141.73 (~01,~ = 237.2 

Hz, p-F), - 160.16 (al l2 = 64.0 Hz, m-F). 

'H NMR (300 MHz, C6D6) 8 1.95 (s, 3H, HS(C6H5)C&), 3.14 (s, IH, HS(C6H5)CH3, 

relative to 3.03 for free SH at same conc.), 6.70 (d, JHH = 8.1 HZ, 2H, HS(C6&)CH3), 

6.94 (d, JHH = 8.1 HZ, 2H, HS(C6H4)CH3). 

19F NMR (338.86 MHz, C6D6) 8 - 129.28 (o ln  = 138.3 HZ, 0-F), - 144.15 (olI2 = 196.2 

Hz, p-F), - 160.61 (al l2 = 57.5 Hz, m-F). 



1 H NMR (300 MHz, C6D6) 6 2.02 (s, 3H, HO(C6H4)CH3), 4.32 (s, lH, HO(C6H4)CH3, 

relative to 3.77 for free OH at same conc.), 6.45 (d, JHH = 8.1 HZ, 2H, HO(C6H4)CH3), 

6.79 (d, JHH = 8.1 HZ, 2H, HO(C6H4)CH3). 

1 9 ~  NMR (338.86 MHz, C6D6) 6 - 129.90 (all2 = 92.5 HZ, 0-F), - 144.67 (al l2 = 99.4 HZ, 

p-F), - 160.71 (al l2 = 93.1 Hz, m-F). 

1 H NMR (300 MHz, C&) 8 1.96 (s, 3H, HS(C6H5)C&), 2.03 ( s ,  3H, HO(C6H5)CH3), 

3.12 (s, lH, HS(C6H5)CH3, relative to 3.03 for free SH at same conc.), 4.26 (s, lH, 

HO(C6H5)CH3 (relative to 3.77 for free alcohol)), 6.46 (d, JHH = 8.1 HZ, 2H, - 

HO(C&)CH3), 6.71 (d, JHH = 8.1 HZ, 2H, HS(C6H4)CH3), 6.79 (d, JHH = 8.1 HZ, 2H, 

HO(C6H4)CH3), 6.95 (d, JHH = 8.1 HZ, 2H, HS(C6H4)CH3). 

NMR (338.86 MHz, C6D6) 6 - 129.93 (all2 = 91.2 HZ, 0-F), - 146.18 (all2 = 100.0 

Hz, p-F), - 161.02 (all2 = 86.86 Hz, m-F) 
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'H NMR (300 MHz, C6D6) 8 0.56 (t, JHH = 7.5 HZ, 3H, CH3), 1.1 1 (sextet, JHH = 7.5 HZ, 

2H, CH2C&CH3), 1.91 (ov. m, 3H, HS + CkCH2). 

1 9 ~  NMR (338.86 MHz, C6D6) 8 - 131.69 (all2 = 67.2 Hz, o-F), - 153.27 (t, 'JFF = 21.2 

Hz, p-F), - 162.17 (td, l JFF = 2 1.2 HZ, 2 ~ F F  = 7.5 Hz, m-F). 

1 H NMR (300 MHz, C6D6) 6 0.44 (t, JHH = 7.4 Hz, 3H, CH3), 0.81 (t (minor), JHH = 7.4 

Hz), 1 .O4 (br, 0112 = 27.0 Hz, 2H, CH2C&CH3), 1.45 (m, minor), 3.01 (br, 0112 = 34.5 

Hz, 2H, CH2), 3.72 (t (minor), JHH = 67.4 Hz). 

NMR (338.86 MHz, C6D6) 8 - 133.99 (br d, JFF = 21.9 Hz, o-F), - 155.38 (t, 'JFF = 

20.9 Hz, p-F), - 163.03 (br t, l J~~ = 23.0 Hz, m-F). 

1 H NMR (300 MHz, C6D6) 8 0.49 (br t, JHH = 7.3 Hz, 3H, CH3 (alcohol)), 0.7 1 (t, JHH = 

7.3 Hz, 3H, CH3 (thiol)), 1.02 (t (minor), JHH = 8.0 HZ (alcohol)), 1.09 (br, 0112 = 28.2 Hz, 

2H, CH2C&CH3 (alcohol)), 1.28 (sextet, JHH = 7.2 Hz, 2H, CH2C&CH3 (thiol)), 2.07 

(quartet, JHH = 7.3 Hz, 2H, CH2 (thiol)), 3.03 (br, 0112 = 40.5 Hz, 2H, CH2 (alcohol)), 

3.71 (t (minor), JHH = 6.4 Hz (alcohol)). 
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1 9 ~  NMR (338.86 MHz, C6D6) 8- 133.86 (br d, 'JFF = 22.1 Hz, o-F), - 155.65 (t, 'JFF = 

20.8 Hz, p-F), - 163.22 (br td, 'JFF = 20.8 HZ, 2 ~ ~ F  = 8.0 HZ, m-F). 

3.7.4.4(h): free HSnPr (0.068 M, C6D6): 

1 H NMR (300 MHz, c6D6) 6 1.97 (s, 3H, CH3), 3.03 (s, 1 H, HS), 6.71 (d, JHH = 7.9 HZ, 

2H, (C6H4)CH3), 6.97 (d, J H ~  = 7.9 HZ, 2H, (C6H4)CH3). 

3.7.4.4(i): free HOPTol (0.068 M, C6D6): 

1 H NMR (300 MHz, c6D6) 8 2.07 (s, 3H, CH3), 3.77 (s, 1 H, HS), 6.47 (d, JHH = 8.4 HZ, 

2H, (C6H4)CH3), 6.84 (d, J H ~  = 8.4 HZ, 2H, (C6H4)CH3). 

3.7.4.4(j): free HSnPr (0.068 M, C6D6): 

1 H NMR (300 MHz, C6D6) 8 0.71 (t, JHH = 7.2 HZ, 3H, CH3), 1 .O4 (t, JHH = 8.2 HZ, 1 H, 

HS), 1.29 (sextet, JHH = 7.2 Hz, 2H, CH2C&CH3), 2.07 (quartet, JHH = 7.8 Hz, 2H, CH2). 

3.7.4.4(k): free HOnPr (0.068 M, C6D6): 

1 H NMR (300 MHz, C6D6) 6 0.59 (br t, JHH = 5.0 HZ, IH, HO), 0.77 (t, JHH = 7.4 Hz, 3H, 

CH3), 1.32 (sextet, JHH = 7.4 Hz, 2H, CH2C&CH3), 3.26 (br q, JHH = 4.8 Hz, 2H, CH2) 



3.7.5 Reactions of Si-S bonds 

3.7.5.1 Ethanolysis of PhMe2SiSPTol (11): 

PhMe2SiSPTol (150 mg, 0.58 mmol) was combined with ethanol (1.5 mL, excess, dried 

over MgII2) and the mixture was stirred under static N2 for 0.5h. The excess ethanol was 

removed under vacuum to yield a clear, colorless oil (PhMe2SiOEt + HSPTol). 'H NMR 

(300 MHz, C6D6) 6 0.32 (s, 6H, Si(CH3)2), 1.10 (t, JHH = 6.6 Hz, SiOCH2CH3), 1.97 (s, 

3H, HS(C6H4)CH3), 3.04 (s, lH, US), 3.54 (q, JHH = 6.6 Hz, 3H, SiOCH2C&), 6.72 (d, 

JHH = 8.1 HZ, 2H, HS(C6&)CH3), 6.96 (d, JHH = 8.1 HZ, 2H, HS(C6H4)CH3), 7.19-7.26 

(m, 3H, Si(m,p-C~HS)), 7.57-7.62 26 (m, 2H, Si(0-C6Hs)). 

3.7.5.2 Ethanolysis of Ph3SiSPTol (14): 

Ph3SiSPTol (200 mg, 0.52 mmol) was combined with ethanol (1.5 mL, excess, dried over 

Mg/12) and the mixture was stirred under static N2 for 5h. The excess ethanol was 

removed under vacuum to yield a white semi-solid (Ph3SiOEt + HSPTol). 'H NMR (300 

MHz, C6D6) G 1.12 (t, JHH = 7.2 Hz, 3H, SiOCH2CH3), 1.96 (s, 3H, HS(C6H4)CH3), 3.02 

(s, lH, BS(C6H5)CH3), 3.53 (q, JHH = 7.2 Hz, 2H, SiOC&CH3), 6.72 (d, JHH = 8.1 HZ, 

2H, HS(C6&)CH3), 6.96 (d, JHH = 8.1 HZ, 2H, HS(C6H4)CH3), 7.14-7.22 (m, 9H, Si(m,p- 

C6H5)3), 7.69-7.78 (m, 6H, ~ ~ ( O - C ~ H ~ ) ~ ) .  



3.7.5.3 Chlorination of PhMe2SiSPTol (11) with zinc chloride: 

PhMe2SiSPTol (200 mg, 0.77 mmol) was combined with zinc chloride (54 mg, 0.77 

mmol) in diethyl ether (2 mL). The cloudy white mixture was stirred at RT under static 

N2 for 0.5h, during which time more white precipitate formed. The ether was removed 

under reduced pressure to give a white solid in clear, colorless oil. To this material was 

added benzene (1 mL) and the resulting slurry was passed through a 3 cm plug of Celite 

in a Pasteur pipet to afford a clear, colorless solution. The benzene was evaporated under 

vacuum to yield a clear, colorless oil (PhMe2SiC1). 'H NMR (300 MHz, C6D6) 8 0.41 (s, 

6H, Si(C&)2), 7.1 1-7.18 (m, 3H, Si(m,p-C&)), 7.45-7.5 1 (m, 2H, Si(o-C61&)). 

3.7.5.4 Chlorination of Ph3SiSPTol (14) with zinc chloride: 

Ph3SiSPTol (200 mg, 0.52 mmol) was combined with zinc chloride (54 mg, 0.77 mmol) 

in diethyl ether (2 mL). The cloudy white mixture was stirred at RT under static N2 for 

OSh, during which time more white precipitate formed. The ether was removed under 

reduced pressure to give a white solid. To this material was added benzene (1 mL) and 

the resulting slurry was passed through a 3 cm plug of Celite in a Pasteur pipet to afford a 

clear, colorless solution. The benzene was evaporated under vacuum to yield a clear, 

1 colorless oil (Ph3SiC1). H NMR (300 MHz, C6D6) 8 1.09 (t, JHH = 6.9 Hz, ether 

adduct?), 3.25 (q, JHH = 6.9 Hz, ether adduct?), 7.06-7.15 (m, 9H, Si(m,p-C6E15)3), 7.64- 

7.70 (m, 6H, S i ( ~ - C ~ l l ~ ) ~ ) .  



3.7.5.5 Ethanolysis of PhMe2SiSnPr (15): 

PhMe2SiSnPr (150 mg, 0.71 mmol) was combined with ethanol (1.5 mL, excess, dried 

over Mg/12) and the mixture was stirred under static N2 for 0.5h. The volatiles (EtOH 

and the by-product HS'P~) were removed under vacuum to give clear, colorless oil (clean 

PhMe2SiOEt). 'H NMR (300 MHz, C6D6) 8 0.32 (s, 6H, Si(CH3)2), 1.10 (t, JHH = 6.9 Hz, 

3H, SiOCH2CH3), 3.54 (q, JHH = 6.9 Hz, 2H, SiOC&CH3), 7.22-7.25 (m, 3H, Si(m,p- 

C6H5)), 7.57-7.61 (m, 2H, Si(m,p-C&)), 

3.7.5.6 Ethanolysis of Ph3SiSnPr (18): 

Ph3SiSnPr (200 mg, 0.60 mmol) was combined with ethanol (1.5 mL, excess, dried over 

Mg/12) and the mixture was stirred under static N2 for 5h. The volatiles (EtOH and the 

by-product HS'P~) were removed under vacuum to give clear, colorless oil (clean 

Ph3SiOEt). 'H NMR (300 MHz, C6D6) 8 1.12 (t, JHH = 6.9 Hz, 3H, SiOCH2CH3), 3.77 (q, 

JHH = 6.9 Hz, 2H, SiOC&CH3), 7.14-7.2 1 (m, 9H, S i ( m , ~ - C ~ l l ~ ) ~ ) ,  7.72-7.77 (m, 6H, 

Si(0-C6H5)). 



3.7.5.7 Chlorination of (MezSiS"Pr)t (22) with hydrogen chloride: 

(Me2SiSnPr)2 (168 mg, 0.63 mmol) was combined with an ether solution of hydrogen 

chloride (anhydrous, 2.0 M, 1.5 mL, excess) and stirred under static vacuum for 0.75h. 

The volatiles were removed (with caution; (Me2SiC1)2: b.p. 149OC)) under reduced 

pressure, giving a faintly yellow brown oil ((Me2SiC1)2 - 6 referenced to Aldrich reagent). 

'H NMR (300 MHz, C6D6) 6 0.36 (s, 12H, 2Si(C&)2). Note: The thiol byproduct 

(HSnPr) is volatile and does not appear in the 'H NMR spectrum of the final product. 

3.7.5.8 Chlorination of Ph2si (~)-s i~hz(S~To1)  (21) with hydrogen chloride: 

Ph2Si(H)-SiPh2(SPTol) (150 mg, 0.3 1 mmol) was combined with an ether solution of HC1 

(1.0 mL, 2.0 M, 2.0 mmol, excess). This solution was stirred at RT overnight. During 

this time, a significant amount of white solid formed in the reaction flask. The ether was 

removed to give a mixture of white solid and oil. A portion of the oil was dissolved in 

C6D6 (1 mL) and the resulting slurry was passed through a 2 cm plug of Celite in a 

Pasteur pipet. The eluent was submitted for NMR analysis. 'H NMR (300 MHz, C6D6) 6 

1.96 (s, 3H, HS(C6H4)Cu3), 3.02 (s, lH, uS(C6H5)CH3), 5.54 (s, (Ph2Si(H)-Si(C1)Phz ?), 

6.72 (d, J H ~  = 8.1 HZ, HS(C6&)CH3), 6.87-7.44 (m, s i ( m , ~ - C ~ H ~ ) ~ ) ,  7.54-7.95 (m, Si(o- 

C6H5)2). 



Chapter 4 

Concluding Remarks 



As stated in Chapter 1, polysilanes are desirable synthetic targets by virtue of their 

interesting electronic/physical properties and potential technological utility. The unique 

electronic character of these molecules is related to o-electron delocalization within the 

polymer backbone. The extent of conjugation within the polymer scaffold is correlated 

with the substituent groups attached to silicon and to the conformational arrangements of 

the chain. With a view to tuning the electronic properties of these molecules, we have 

strived to develop new classes of polysilanes with conformational constraint imposed by 

repeating 1,2-cyclic or - bicyclic moieties in the polymer structure. Our initial efforts to 

functionalize poly(pheny1)silane via Si-H bonds were attended by unwanted scission of 

Si-Si bonds and consequential polymer degradation. In particular, we found that 

poly(pheny1)silane and the model substrate (Ph2SiH)z are decomposed by many 

techniques typically used to modify Si-H groups, such as halogenation, direct reaction 

with alkyllithium species and various types of transition metal catalysis. The search for 

conditions to selectively modify silyl hydride groups, without cleaving Si-Si linkages, 

eventually led to B(C6F5)3-catalyzed hydrosilylation and dehydrogenative coupling 

reactions. While B(C6F5)3 had been previously used to catalyze the formation of Si-O 

bonds by Si-H addition to carbonyl functions and dehydrocoupling reactions between 

silanes and alcohols, we showed that this Lewis-acidic borane also promotes the coupling 

reactions of silanes with thiobenzophenone and thiols. Importantly from the perspective 

of making new polysilane derivatives, both B(C6F5)3-catalyzed Si-O and Si-S bond- 

forming reactions may be applied to the modification of higher silane derivatives, without 

causing rupture of Si-Si bonds. Furthermore, thiosilanes resulting from borane-catalyzed 
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hydrosilylation of S=CPh2 and dehydrocoupling of silanes and thiols show considerable 

promise as reactive intermediates in organosilicon chemistry. We have begun to apply 

these techniques to our goal of making higher silane derivatives with cyclic and bicyclic 

units in the silicon framework. For instance, borane-catalyzed hydrosilylation of benzil 

(Ph2C(0)-C(O)Ph2) by (PhzSiH)2 allows the generation of 1,2-disilacylic species (Figure 

4.1 ; 2). Also, we have made 1,2-bisilacylic species via dehydrogenative coupling 

reactions between 1,2-bifunctional catechol and 1,2-benzenedithiol with disilanes (Figure 

4.1; 4, 24, 25). Thus, we have found new methods to derivatize higher silane derivates 

and added considerably to the limited routes to Si-S bond-formation methods by 

developing two new techniques that allow thiosilanes to be generated from hydrosilanes. 

On-going efforts will further assess how these tools may be used to make new classes of 

oligo- and polysilanes. 

2 4 24 25 

Figure 4.1. Cyclic and bicyclic disilane derivatives generated by B(C6F5)3-catalyzed 

Si-0 and Si-S coupling reactions 
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Appendix 1 

Crystallographic Data for 9 (see also Figure 3.1) 

C30H34S2Si2, M =  514.87, triclinic, space group PI, a = 9.7665(4) A, b = 10.2755(4) A, c 

= 14.8114(6) A, LK= 85.0567(7)', '= 75.6702(7)", Y= 78.2575(7)", V =  1409.02(10) A', 

Z = 2, a(Mo Ka) = 0.291 mm-', T = 193(2) K, Bruker PLATFORMISMART 1000 CCD 

diffractometer, 26,, = 52.76", 10 804 total data, 5735 unique data (R,,t = 0.0169), 

refinement on P,  final Rl(F) = 0.03 15 (for 4956 data with F,' 22o(F;)), w ~ 2 ( ? )  = 

0.0852 (for all unique data). 

Bond distances (Angstroms) 

Atom A B Dist ADC(A) ADC(B) 
C1 H1 1.000 55501 55501 
C1 C11 1.508 55501 55501 
C1 C21 1.525 55501 55501 



C1 S1 1.864 55501 55501 
C2 H2 1.000 55501 55501 
C2 C31 1.509 55501 55501 
C2 C41 1.525 55501 55501 
C2 S2 1.862 55501 55501 
C3 H3b 0.980 55501 55501 
C3 H3c 0.980 55501 55501 
C3 H3a 0.981 55501 55501 
C3 Sil 1.871 55501 55501 
C4 H4c 0.980 55501 55501 
C4 H4a 0.981 55501 55501 
C4 H4b 0.981 55501 55501 
C4 Sil 1.867 55501 55501 
C5 H5a 0.980 55501 55501 
C5 H5c 0.980 55501 55501 
C5 H5b 0.980 55501 55501 
C5 Si2 1.867 55501 55501 
C6 H6c 0.980 55501 55501 
C6 H6a 0.980 55501 55501 
C6 H6b 0.980 55501 55501 
C6 Si2 1.870 55501 55501 
C11 C12 1.393 55501 55501 
C11 C16 1.396 55501 55501 
C11 C1 1.508 55501 55501 
C12 H12 0.950 55501 55501 
C12 C13 1.390 55501 55501 
C12 C11 1.393 55501 55501 
C13 H13 0.950 55501 55501 
C13 C14 1.381 55501 55501 
C13 C12 1.390 55501 55501 
C14 H14 0.950 55501 55501 
C14 C13 1.381 55501 55501 
C14 C15 1.390 55501 55501 
C15 H15 0.950 55501 55501 
C15 C16 1.381 55501 55501 
C15 C14 1.390 55501 55501 
C16 H16 0.950 55501 55501 
C16 C15 1.381 55501 55501 
C16 C11 1.396 55501 55501 
C21 C26 1.391 55501 55501 
C21 C22 1.396 55501 55501 
C21 C1 1.525 55501 55501 
C22 H22 0.950 55501 55501 
C22 C23 1.384 55501 55501 
C22 C21 1.396 55501 55501 
C23 H23 0.950 55501 55501 



Bond angles (degrees) 

Atom A B 
H1 C1 
H1 C1 
H1 C1 
C11 C1 
C11 C1 
C21 C1 
H2 C2 

C Angle 
C11 107.57 
C21 107.53 
S1 107.62 
C21 115.15 
S1 111.52 
S1 107.14 
C31 107.50 



H2 C2 C41 107.51 55501 55501 55501 
H2 C2 S2 107.47 55501 55501 55501 
C31 C2 C41 115.46 55501 55501 55501 
C31 C2 S2 111.38 55501 55501 55501 
C41 C2 S2 107.19 55501 55501 55501 
H3b C3 H3c 109.46 55501 55501 55501 
H3b C3 H3a 109.42 55501 55501 55501 
H3b C3 Sil 109.50 55501 55501 55501 
H3c C3 H3a 109.46 55501 55501 55501 
H3c C3 Sil 109.51 55501 55501 55501 
H3a C3 Sil 109.47 55501 55501 55501 
H4c C4 H4a 109.46 55501 55501 55501 
H4c C4 H4b 109.49 55501 55501 55501 
H4c C4 Sil 109.45 55501 55501 55501 
H4a C4 H4b 109.49 55501 55501 55501 
H4a C4 Sil 109.48 55501 55501 55501 
H4b C4 Sil 109.46 55501 55501 55501 
H5a C5 H5c 109.53 55501 55501 55501 
H5a C5 H5b 109.43 55501 55501 55501 
H5a C5 Si2 109.47 55501 55501 55501 
H5c C5 H5b 109.45 55501 55501 55501 
H5c C5 Si2 109.50 55501 55501 55501 
H5b C5 Si2 109.45 55501 55501 55501 
H6c C6 H6a 109.48 55501 55501 55501 
H6c C6 H6b 109.44 55501 55501 55501 
H6c C6 Si2 109.45 55501 55501 55501 
H6a C6 H6b 109.51 55501 55501 55501 
H6a C6 Si2 109.48 55501 55501 55501 
H6b C6 Si2 109.46 55501 55501 55501 
C12 C11 C16 118.51 55501 55501 55501 
C12 C11 C1 120.03 55501 55501 55501 
C16 C11 C1 121.46 55501 55501 55501 
H12 C12 C13 119.73 55501 55501 55501 
H12 C12 C11 119.68 55501 55501 55501 
C13 C12 C11 120.58 55501 55501 55501 
H13 C13 C14 119.82 55501 55501 55501 
HI3 C13 C12 119.80 55501 55501 55501 
C14 C13 C12 120.38 55501 55501 55501 
H14 C14 C13 120.29 55501 55501 55501 
H14 C14 C15 120.28 55501 55501 55501 
C13 C14 C15 119.43 55501 
H15 C15 C16 119.85 55501 
H15 C15 C14 119.77 55501 
C16 C15 C14 120.38 55501 
H16 C16 C15 119.63 55501 
H16 C16 C l l  119.65 55501 





H44 C44 C45 120.47 55501 55501 55501 
H44 C44 C43 120.48 55501 55501 55501 
C45 C44 C43 119.05 55501 55501 55501 
H45 C45 C44 119.53 55501 55501 55501 
H45 C45 C46 119.53 55501 55501 55501 
C44 C45 C46 120.94 55501 55501 55501 
H46 C46 C41 119.72 55501 55501 55501 
H46 C46 C45 119.74 55501 55501 55501 
C41 C46 C45 120.54 55501 55501 55501 
C4 Sil C3 110.05 55501 55501 55501 
C4 Sil S1 110.22 55501 55501 55501 
C4 Sil Si2 110.93 55501 55501 55501 
C3 Sil S1 113.42 55501 55501 55501 
C3 Sil Si2 107.57 55501 55501 55501 
S1 Sil Si2 104.51 55501 55501 55501 
C5 Si2 C6 109.03 55501 55501 55501 
C5 Si2 S2 110.41 55501 55501 55501 
C5 Si2 Sil 113.21 55501 55501 55501 
C6 Si2 S2 113.85 55501 55501 55501 
C6 Si2 Sil 107.32 55501 55501 55501 
S2 Si2 Sil 102.97 55501 55501 55501 
C1 S1 Sil 104.15 55501 55501 55501 
C2 S2 Si2 104.32 55501 55501 55501 

See Reference 63, p. 165 for access to the electronic .cif file for this structure via the 
American Chemical Society web site: www.pubs.acs.org (DOI: 10.102 llom048993n) 


