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Abstract
The synthesis of complex and robust organosilicon compounds in a controlled fashion is a
steadily developing area of research. Largely surpassed by the well-developed chemistry of
carbon-based polymers, main-group polymers such as polysilanes are beginning to emerge as
interesting compounds with unique chemical properties and potential applications from
ceramics to semi-conducting materials. The Leitao research group has begun contributing to
this field via the synthesis of bridged (or bridgeable) disilanes to reinforce the Si-Si bond and
thus, present a new class of monomers for polysilane formation. A focus of this work has
been investigating the synthetic routes toward the formation of Si-Si and Si-element (Si-E)
linkages, to deepen the understanding of the chemistry of complex Si-containing compounds.
Chapter 1 gives an overview of the known catalytic ad non-catalytic synthetic routes to
polysilanes and a brief description of their properties. This is followed by a summary of
current literature on the preparation of Si-Si and Si-E bonds. The second chapter reports the
synthesis of model molecules to assess the feasibility of creating bridgeable and bridged
disilanes. Novel disilane compounds were successfully synthesized and the discoveries have
pointed this research toward understanding the challenges and conditions for preparing
reactive organosilicon fragments. Chapters 3 and 4 describe the synthesis, characterization
and electronic properties of naphthalene- and ferrocene-bridged disilanes, respectively. The
results suggest that the Si-Si bond is highly susceptible to oxidation and that absolute
removal of moisture is necessary in catalytic dehydrocoupling reactions. These findings led
to research on the synthesis of designer siloxanes catalyzed by (C6F5)3B(OH2) which is
discussed in Chapter 5. Studies on the recyclability of the catalyst is also reported to
demonstrate the efficiency of this protocol relative to the traditional methods of synthesizing
siloxanes.
Overall, the work undertaken has expanded the current body of knowledge of synthetic
routes available to access bridged disilane monomers. This work has also improved the
understanding of the chemistry and properties of these monomers and has provided
groundwork to develop routes to a new class of polysilanes. Furthermore, this research has
presented a new protocol to provide an easy route to a wide variety of structured siloxanes.
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Chapter 1 Introduction
One of the biggest impacts from the development of new materials is the pervasiveness of
conventional polymers in our daily lives. A vast majority of classical polymers are derived
from organic substrates, mainly petroleum by-products. Carbon-based polymers have welldeveloped synthetic strategies and have distinct property advantages. Depending on the
physical properties, they are characterized as thermoplastics, elastomers or fibers.1 When
these organic macromolecules are synthetically modified, a whole new set of materials with
exceptional properties can be realized. The complete replacement of all carbon atoms in the
backbone of the chain system by non-carbon p-block elements can give rise to main-group or
inorganic

polymers.

For

example,

the

discovery

of

the

B-N

macromolecule

polyaminoborane, which is the first isoelectronic main-group analog of polyethylene (PE),
imposes a lot of potential and an impressive breadth of properties and applications. Another
example is the commercially available polyphosphazene, which is comprised of a P-N bond
as the repeat unit, alternating single and double bonds in the backbone. Polyphosphazenes are
water resistant and have remarkable thermo-oxidative stability.1
In recent years, incorporation of inorganic elements into polymeric structures has gained
significant interest in the fields of inorganic or main-group chemistry.2-3 Inorganic polymers
are molecules, usually linear or branched chains that do not include carbon atoms in their
backbone. These polymers may be derived through transformation of inorganic rings and
chains which is a fundamental constituent of main group chemistry.4 However, the formation
of the majority of inorganic polymers is still considered a work in progress, primarily due to
the lack of sophisticated synthetic routes to link inorganic atoms into long chains.4 Much
focus is therefore being directed toward the development of synthetic routes to inorganic
polymers, particularly silicon-based polymers, including the parent polysilanes (-SiRR'-)n
which possess an all-silicon backbone.5 Silicon-containing polymers have a number of
potential applications as innovative materials.6-9 Moreover, main-group elements along with
a few light transition metals are the most abundant on the earth’s crust.10 This makes silicon a
sustainable choice for long-term applications11 and, silicon-containing monomeric

1

compounds are potentially good alternatives to carbon-based monomers which are dependent
on non-renewable fossil fuels.
Polysiloxanes and polysilanes are examples of commercially available silicon-containing
inorganic polymers. Polysiloxanes have a Si-O backbone and known for their
biocompatibility, low toxicity, high thermal stability and flexibility.12 On the other hand,
polysilanes are σ-conjugated polymers containing a silicon backbone functionalized with
organic side-groups.13 The delocalization of sigma electrons across the Si-Si backbone
imparts semiconducting properties into materials containing Si-Si bonds. Industrially,
polydimethylsilanes are known precursors to SiC.12 Compared to polymers with the C-C
bond, heterolytic dissociation occurs more easily with those with Si-Si bond due to its
electropositive nature and low energy σ-σ* excitation.14 The cleavage of the Si-Si bond by
UV absorption can easily occur both in the solid state and in solution leading to degradation
of the polymeric species.7, 15-16

Figure 1.1 Chemical structures of ethane (left) and disilane (right)
The substantial difference between the effective nuclear charges of Si and C centers and the
differing influence of this Si electron-donor effect on the individual molecular states are
particularly evident in the valence-electron ionization patterns of the “smallest polymers”
disilane and ethane.4 In general, the low σSi-Si ionization energies resulting from the smaller
effective nuclear charge of Si centers give rise to significant differences in the properties of
silanes and alkanes.17
While other methods could provide imperative advantages, Wurtz-type polycondensation of
dihalosilanes with an alkali metal is currently the most practical method for synthesizing
polysilanes.5-9 Traditional syntheses involve reductive coupling or high temperature
condensation reactions.7 Dehydrocoupling, a special variant of condensation strategy, offers
significant advantages over previous methods including the elimination of hydrogen gas.
2

This research primarily focuses on dehydrocoupling reactions, aiming to produce robust
polysilanes and other structured silicon-containing compounds.
1.1 General synthetic methods to prepare simple silane molecules
Organosilanes have many diverse applications in organic chemistry, from commonly used
protecting groups to synthetic intermediates.18-23 Chlorosilanes are commonly used for
installation of silyl protecting groups on aliphatic and aromatic alcohols, amines, alkyne CH,
and carboxy functionalities.24 Hydrosilanes are effective and efficient reducing agents,
especially for oxygen-containing organic substrates.25-28 Oligosilanes are useful for the
generation of specific chains, and the potential to manipulate functional groups on the chain
without Si-Si bond cleavage is quite essential.29-30 Most simple silicon-containing molecules
are derived from starting materials with silicon-halogen bonds, Si-X (X = Cl, Br)18, 31 which
are primarily available from direct synthetic processes.31-32 However, the subsequent
reactions to make the desired product are inherently inefficient due to the elimination of the
HCl (X = Cl) or metal salts. An accompanying base is required to neutralize HCl and the
resulting salt, needs to be separated from the product (Scheme 1.1).

Scheme 1.1 Reaction of a chlorosilane with an alcohol, thiol, or an amine.
Alternatively, a metallated substrate (M-ER, M = Li, MgX, E = O, S, NR′, CR’2) reacts
directly with Si-Cl making new silicon-element bonds (Scheme 1.2) and a salt, MCl, which is
removed by filtration.18,

31

The key heteroatom linkages (Si-O, Si-S, Si-N) can be made

possible by combination of δ- E-substrate nucleophile (e.g. alcohols, amines and thiols) with
δ+ silicon reagent electrophile.

3

Scheme 1.2 A representative reaction of a chlorosilane with a metallated substrate.

While these two reactions, either salt metathesis or acid- base, have high utility and ubiquity
in organometallic chemistry, they also have major disadvantages such as extreme sensitivity
to water and formation of corrosive by-products. A range of well-established routes to silane
derivatization includes halogenation, dehydrogenative functionalization, and hydrosilylation.
These methods allowed straightforward variation of substituents at silicon by introduction of
functional and/or heteroatom groups through Si-H bonds activation, usually with aid of a
wide variety of metal and non-metal based catalysts.33
1.2 Synthetic strategies to form Si-Si and Si-Element bonds
The possibility of forming new Si-Si and Si-element (Si-E) bonds via catalytic coupling
reactions and Si-H activation would certainly extend the utility and scope of these reactions
in the preparation of complex silicon-containing molecules. A wide variety of catalysts and
synthetic methods have been used to form Si-Si and Si-E bonds but they have several
drawbacks including harsh conditions, formation of by-products, and inapplicability to
functional silicon compounds.34-35
In the following sections, a list of strategic syntheses to design functionalized organosilanes
will be discussed. Step-wise chemical synthesis is a powerful tool that leads to the desired
chemical compound with a complex structure.36 However, a limited synthetic toolkit is
available for silicon chemists, making the design and preparation of complex silicon
materials extra challenging. Yet, increased robustness in polysilane structure is known to
exhibit great potential for novel properties and applications.37-43 The Si-Si and Si-E bonds
can be formed in several ways as summarized in Table 1.1 below.
4

Table 1.1 A synthetic toolkit to form Si-Si and Si-E bonds.
Method

Transformation/Reaction

Nucleophilic substitution
reaction of chlorosilanes with
organomagnesium halide
reagent

Dimerization of
organochlorosilanes using lowvalent transition metal

Trifluoromethanesulfonic acidmediated dearylation

Reaction with Grignard reagent
and lithium aluminium hydride
(LiAlH4)

5

Desilylation to silanyl anions

Lithiation reaction of
halosilanes

Si-H Activation

Hydrosilylation reaction

Dehydrocoupling of
hydrosilanes

6

Heterodehydrocoupling

Halogenation

The reaction of Grignard reagents, prepared from allylhalides with chlorosilanes, is the most
widely used method for the preparation of allylsilanes.29 The synthetic procedure usually
involves reflux for several hours using a chlorosilane and Mg metal. A low-valent transition
metal (e.g. Ti) is a mild reducing agent that can promote direct construction of Si-Si bond.44
Aryl groups can be removed from silicon under acidic conditions. In phenyl-substituted
monosilanes, the removal of phenyl groups can be done with triflic acid. Similarly, in silane
oligomers, a phenyl substituent may be removed by electrophilic cleavage usually without
degradation of the silicon chain. Triflic acid (TfOH) is generally selective in removal of
phenyl groups since the replacement of one phenyl substituent at a silicon center with a
triflate group deactivates that center toward additional substitution.30
Triflate-substituted silanes can be quenched with Grignard reagent and LiAlH4,45 while
chlorosilanes can be reacted with LiAlH4 to enable Si-H bond formation. Both procedures are
synthetically significant as they can provide air and moisture stable products.
Silanyl anions are useful when a nucleophilic substrate is involved to construct new Si-Si
bonds. However, difficulties in preparation of these anions limit their use in organic and
inorganic syntheses. The site selectivity of desilylation can be controlled by steric preference
of KOtBu and RLi.36
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1.2.1 Halogenation. Conversion of Si-H bonds to Si-Cl started during the 1940s and
1950s.46-47 Currently, several methods are available for the chlorination of Si-H bonds
including reaction with chlorine gas in an organic solvent48 and hydrogen chloride with
alumina- or carbon-supported Pd.49 Catalytically, chlorination of Si-H bonds has been done
using NiII and PdII chlorides in tetrachloromethane,50-52 PdII chloride in a THFhexachloroethane solvent mixture,53 and FeIII chloride with acyl chlorides as a chloride
source.54 However, these methods have poor selectivity for the monochlorination of
hydrosilanes (R2SiH2 and RSiH3). Ishikawa and co-workers reported a less toxic method for
the chlorination of R2SiH2 and RSiH3. The reaction was reported as a selective chlorination
method and involved stoichiometric CuII chloride in combination of catalytic amount of
CuI.55-56 Monochlorination of R2SiH2 was also achieved by using stoichiometric SnIV
chloride, producing SnII chloride as a by-product.57 The majority of the methods for
chlorination of Si-H bonds have poor selectivity, and generally involve the use of toxic,
corrosive, and carcinogenic reagents and solvents. In 2017, Chulsky and Dobrovetsky
reported an efficient and metal-free method for the chlorination of Si-H bonds. Three types
of monosilanes, primary secondary and tertiary silanes, were selectively chlorinated in the
presence of a catalytic amount of B(C6F5)3 or Et2O B(C6F5)3 and HCl with the release of
hydrogen gas as a by-product (Scheme 1.3).24

Scheme 1.3 Chlorination of Si-H bonds under the catalysis of B(C6F5)3 (or Et2O-B(C6F5)3).24
Conversion of Si-H group to Si-Cl can alternatively be done using boron trichloride, BCl3.58
Addition of appropriate amount of BCl3 solution to a primary silane, PhSiH3, readily formed
the product, PhSiH2Cl. The reagents were added at 0oC and the reaction mixture was kept at
room temperature for about 20 h. On the other hand, the iron-catalyzed chlorination of silane
using FeCl3 and acetyl chloride (AcCl), can convert Si-H, Si-OH, and Si-OMe groups to SiCl bonds.54 Demethylation of methylsilane derivatives can also be performed using AcCl as
the chlorinating agent catalyzed by AlCl3 to form Si-Cl bonds.59
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1.2.2 Dehydrogenative Coupling Functionalization. Derivatization of hydrosilanes has
received considerable attention for wide applications in both organic and inorganic
chemistry.60 The silyl ethers which contain the Si-O linkage have been employed in a range
of applications from protecting groups to sol-gel preparations.61 Similarly, the Si-N moiety
has been also used extensively as a protecting group in organic synthesis or as a kinetically
stabilizing ligand in coordination chemistry.62-63
A large number of catalytic methods have been developed for the construction of Si-O bonds
including the direct silylation of alcohols by transition-metal catalysts. Several electron rich
complexes

such

as

Co2(CO)8,

RhCl(PPh3)3,

RuCl2(PPh3)3,

ClRu(CO)2(PMe3)2,

ClIr(CO)(PMePh2)2 and Rh2(pbf)4 (pbf = perfluorobutyrate) have been found effective for
the conversion of hydrosilanes to alkoxysilanes, however, only few of these complexes are
effective with tertiary silanes at room temperarure.64-65 Moreover, many of these complexes
require severe conditions and/or provide moderate to low yields. In 1992, Bedard and Corey
reported an effective catalyst, Cp2TiCl2/nBuLi combination, for dehydrogenative coupling of
the model silanes n-HexSiH3, PhMeSiH2, Ph2SiH2, and PhMe2SiH with ethanol, 2-propanol,
t-butyl alcohol and phenol.61 Longer reaction times and increasing temperature are generally
required with increasing steric bulk on either the alcohol or the silane. They reported that all
Si-H bonds are converted to SiOEt groups by ethanol and a single Si-H bond in secondary
silanes and two Si-H bonds in tertiary silanes are replaced by t-butyl alcohol (Scheme 1.4).

Scheme 1.4 A general reaction of secondary silanes with diols promoted by Cp2TiCl2/nBuLi.
Reaction of triols with primary silanes could also lead to interesting caged structures as
shown below (Scheme 1.5). The reaction occurs to give the same products and yields in the
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presence or absence of Cp2TiCl2/nBuLi. The observed autocatalytic reaction is not new9 but it
has not been previously utilized in the synthesis of silatranes.5

Scheme 1.5 Reaction of triols with primary silanes.61
Later, Harrison and co-workers reported a metal-free heterodehydrogenative coupling of
tetra-substituted disilane (Ph2SiH)2 with aromatic alcohols and thiols catalyzed by B(C6F5)3.
These reactions provided exceptionally clean routes, giving no products resulting from Si-Si
bond cleavage.66

Scheme 1.6 Heterodehydrogenative coupling of disilanes with aromatic alcohol and thiol.66
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The nature of the alcohol substrate is key for an efficient reaction described in Scheme 1.6.
Relatively poor Lewis base alcohol works best with the strong Lewis acid B(C6F5)3. Catechol,
a secondary aromatic alcohol, would react rapidly with the disilane via dehydrocoupling,
while primary alcohols such as ethanol or n-propanol would not react at all with the same
disilane in the presence of B(C6F5)3. Furthermore, a range of tertiary monosilanes could be
dehydrocupled with both p-thiocresol (HSTolp) and n-propanethiol (HSPrn) in the presence
of B(C6F5)3 to give quantitative conversion to aryl- and alkylthiosilanes at low catalyst
loadings and ambient temperature and pressure (Scheme 1.7).66

Scheme 1.7 Heterodehydrogenative coupling of tertiary silane with aromatic or aliphatic
thiol.
However, while this method generally requires mild reaction conditions and demonstrates
functional group tolerance, the presence of other functionalities with Lewis basic nitrogen is
detrimental. The presence of Lewis basic nitrogen can either lead to lower catalyst reactivity
or to complete deactivation.67 Furthermore, cyclic ethers such as THF derivatives are mostly
ring-opened in the course of the reaction. As a result, further development of an effective and
appropriate Si-O linkage construction procedure is an ongoing interest and of significant
value to chemists. N-heterocyclic carbenes (NHCs) can also catalyze addition reactions of
alcohols with unsaturated substrates, in which NHCs may act as a Brønsted bases to activate
alcohols.68-70 Gao and Cui studied the dehydrogenative coupling of silanes with hydroxyl
groups by using an NHC as a single component catalyst for the clean formation of Si-O
bonds. The catalyst is highly efficient and chemoselective for a range of functionalized
alcohols under solvent-free conditions.71
In 2016, Toutov and co-workers reported the sodium hydroxide catalyzed dehydrocoupling
of alcohols with hydrosilanes (Scheme 1.8).67 Previously reported base-catalyzed methods
for the formation of Si-O bonds by cross-dehydrocoupling often used highly basic activators
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and excessively high temperatures (i.e. >150 oC).72-77 These reports showed only moderate
tolerance to both the alcohol and hydrosilane. Toutov and co-workers developed a crossdehydrogenative Si-O bond coupling that employs a mild and low cost catalyst, and shows
greater functional group tolerance to prior strategies.67

Scheme 1.8 NaOH-catalyzed cross-dehydrogenative silylation.67
The protocol developed by Toutov and co-workers proceeds well in the presence of Lewis
basic moieties and allows reaction of sterically demanding hydrosilanes to proceed.67 The
silyl ether products are generally formed in high yield, and hydrogen gas is generated as the
by-product.
Yuan and co-workers reported another metal-free, catalytic oxidative dehydrocoupling of
silanes with alcohols in 2017. They employed the use of ammonium iodide as the catalyst in
the presence of an oxidant (Scheme 1.9). The reaction can proceed at room temperature with
catalyst loading ranging from 5-20 mol%. They proposed a mechanism wherein hypoiodite is
generated in situ, which converts the silane into an iodosilane intermediate. The iodosilane
intermediate then reacts with the alcohol to form a Si-O bond, with regeneration of the iodide
ion catalyst. Generally, the product yield decreases with increasing steric bulk in the
alcohol.78

Scheme 1.9 Metal-free heterodehydrocoupling between an alcohol and a tertiary silane.
12

The dehydrocoupling of amines and silanes to form silazanes has stimulated the search for
new methods for their synthesis. A wide range of metal-based catalysts have been reported
effective. Incorporating Pt,49, 79 Rh,80 Ru,81-84 Ti,85-88 Cu,89 and U90-91 along with those based
on Lewis acids92-93 and bases94 have known for some time. Ruthenium-based (Ru3(CO)12)8182, 95-97

and palladium-based (PdCl2)98 catalysts were reported as the most reactive catalysts

for the dehydrocoupling of silanes with primary or secondary amines. Strong bases are
effective catalysts in certain cases.99-100 Liu and Harrod reported the use of copper (I)catalyzed cross-dehydrocoupling of silanes and amines (Scheme 1.10).89

Scheme 1.10 Cu-catalyzed heterodehydrocoupling between an amine and a secondary
silane.89
This reaction provides a useful route to the formation of Si-N bonds but only works well for
the synthesis of simple molecules. The activity is said to be not high enough to allow the
synthesis of high molecular weight polysilazanes. Recently, amide and alkyl complexes
based on elements from across the periodic table have emerged as highly efficient mediators
of silanes and amines cross dehydrocoupling. Harder and co-workers reported the use of Ca
and Yb catalysts79,

101

while Sadow and co-workers demonstrated improved reaction

selectivity with magnesium complex as the catalyst.79, 101 Depending on the catalyst used,
there are two possible mechanisms in which the Si-N bond can be formed. The bond
formation can proceed either through a concerted σ-bond metathesis step between the M-N
metal aminde complex and Si-H bonds or by nucleophilic attack of the N atom of a metal
amide (M-N) on the electrophilic Si center.101-106
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Later in 2015, Nako and co-workers reported yttrium-based catalysts (cyclometalated
complex

and

[Y(N(SiMe3)2)3])

for

effective

amine-silane

dehydrocoupling.

The

cyclometaled complex was found to be a more effective catalyst for sterically demanding
secondary amines to phenysilane.60
1.2.3 Hydrosilylation. Hydrosilylation reactions represent a broad class of catalytic
transformations which involve the addition of Si-H bonds across unsaturated functional
groups.31, 107-112 Owing to a wide variety of suitable substrates, these reactions are important
industrially and have been developed as useful experimental methods for the reduction of
various functional groups.113
The efficiency and selectivity of hydrosilylation reactions are enabled by the availability of
catalysts and catalytic cycles for these reactions. The platinum-catalyzed olefin
hydrosilylation has become a pertinent commercial technique to prepare various
organosilicon compounds.114
The mechanisms for olefin hydrosilylation reactions were first elucidated for Pt catalysts in
the 1960s and presented the importance of the ability of Pt catalysts to effect oxidative
addition, reductive elimination, and migratory insertion processes.113,115-118 Later on, Ojima et
al. proposed a thoroughly related mechanism for Rh-catalyzed ketone hydrosilylations in
1975, however, while the mechanism allow for efficient catalysis it did not satisfy the
requirement of two-electron oxidative addition/reductive elimination steps.119-120 Even though
Pt- and Rh-based catalysts are promising, they are expensive and have the tendency to
promote competitive reactions that can lead to the formation of undesired side products.31, 107112

Therefore, considerable interest in developing new catalysts for hydrosilylation reactions

has been demonstrated to circumvent the dependence on Pt catalysts. In the 1990s, a major
discovery in the new hydrosilylation mechanism was reported with the use of strong Lewis
acid B(C6F5)3 as a hydrosilylation catalyst.121
A wide range of reactions are catalyzed by B(C6F5)3 and particularly interesting
transformations via Si-H activation are highlighted in Scheme 1.11. The B(C6F5)3 catalyst
can catalyze the reduction of esters (RCOOEt) to silyl acetals (RCOSiR3), which can be
reduced to aldehyde (RCOH) products under acidic conditions (Scheme 1.11, a).122 At
elevated temperatures, the 1,4-hydrosilylation of pyridines can be catalyzed by B(C6F5)3 as
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well (Scheme 1.11, b).123 The reaction of R3SiH with R’OH and ROCH3 can lead to
deoxygenation of alcohols (Scheme 1.11, c) and cleavage of alkyl ethers (Scheme 1.11, d),
respectively, in the presence of B(C6F5)3. These reactions represent facile and convenient
routes to cleave the strong C-O bonds in R’OH and ROCH3.124-126 Moreover, the C-H
silylation of aromatic compounds with electron-donating substituent is effectively catalyzed
by B(C6F5)3 even in the absence of a hydrogen acceptor (Scheme 1.11, e).127-128

Scheme 1.11. Electrophilic silane activation promoted by B(C6F5)3.
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1.3 Non-catalytic routes to polysilanes
1.3.1 Reductive (Wurtz-type) Coupling. This method is based on the stoichiometric reaction
of chlorosilanes with alkali metals (Scheme 1.12).129 It specifically utilizes sodium metal and
demands extremely harsh reaction conditions which, in turn, can result in the rupture of the
Si-Si bond. It is difficult to apply commercially as the starting materials are only limited to
those that can withstand severe reaction conditions.130

Scheme 1.12 Wurtz-type reductive coupling of a chlorosilane to form a polysilane
The Wurtz-type reductive coupling of dichlorodiorganosilanes is a reaction wherein the
initiation step involves the formation of a silyl radical from a silyl anion radical. After which,
the propagation step occurs to form the polysilane (Scheme 1.13).130
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Scheme 1.13 Proposed mechanism for Wurtz-type reductive coupling
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1.3.2 Masked Disilene Polymerization. To address insufficient control in Wurtz-type
coupling reactions, Sakurai and co-workers developed an alternative method for polysilane
synthesis called the masked disilene polymerization (Scheme 1.14).131-134 Disilenes are too
reactive to be isolated on their own and thus the addition of an auxiliary group is necessary to
mask the disilene.131, 135 These monomers can be polymerized using a catalytic amount of
anionic initiator and are terminated by the addition of an alcohol.134

Scheme 1.14 Polymerization of masked disilene to form a polysilane
Sakurai and Yoshida proposed the mechanism of the anionic living polymerization of
masked disilenes (Scheme 1.15).134 The initiation and propagation steps both proceed via the
attack of an anionic species (e.g. R’-) at the silicon atom at the 3-position of the masked
disilene as the 2-position is sterically hindered. This suggests that bulky substituents inhibit
polymerization of masked disilene due to the masking group.131, 134-135
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Scheme 1.15 Proposed mechanism of anionic living polymerization of masked disilenes
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1.3.3 Ring Opening Polymerization. Ring opening polymerization (ROP) usually occurs in
the presence of an organolithium compound as nucleophilic initiator (Scheme 1.16).136 This
reaction works for both strained silacycles and non-sterically hindered five-membered rings
(Scheme 1.17), however, similar to masked disilenes, bulky substituents can inhibit
polymerization.134

Scheme 1.16 Ring opening polymerization of (SiMePh)4 to form a polysilane

Scheme 1.17 Ring opening polymerization of phenylnonamethylcyclopentasilane
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1.4 Catalytic dehydrocoupling to polysilanes
Dehydrocoupling is one of the most auspicious alternatives to Wurtz-type reductive
coupling.5, 137-139 The reaction involves the use of a catalyst and eliminates hydrogen as the
by-product (Scheme 1.18). Dehydrocoupling is a distinct type of condensation reaction
which involves milder reaction conditions and allows the attachment of functional groups
that would not withstand encounters with sodium.

Scheme 1.18 Dehydrocoupling of hydrosilane to form a polysilane
The mechanism of dehydrocoupling via σ-bond metathesis, as proposed by Tilley et al. has
become the most commonly accepted mechanism for silane dehydrocoupling by d0
transition-metal catalysts.5,

137, 140

In this mechanism, a metallocene precursor is first

converted into a metallocene hydride. This step generates the catalytically active metal
hydride which is followed by the formation of the Si-Si bond. Afterwhich, a metal silyl
species is formed with the simultaneous production of hydrogen (Scheme 1.19).

21

Scheme 1.19 Catalytic cycle for the dehydrocoupling of primary silanes by group IV
metallocene catalysts as proposed by Tilley et al.5
The rate-determining step involves the formation of the Si-Si bond. This is depicted by the
crowding at the transition state, especially in the presence of bulky substituents (R). This is in
agreement with the observation that primary silanes have faster reaction rates than secondary
silanes.3 The general behavior of the Si chain formation is that of a stepwise
polycondensation chain growth mechanism, which is well modelled with σ-bond metathesis
steps.141-142 Given that all reaction steps described in Scheme 1.8 are reversible, the ‘M-H’–
species is expected to be able to insert into a Si-H bond of the Si chain leading to the
cleavage of the growing polymer chain. Larger oligomers could then react intramolecularly
to give cyclic species.140 A peculiar observation, specific to Group IV catalysis, is that the
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coupling of disilanes of the type H2RSiSiRH2 occurs at a faster rate than the coupling of the
corresponding monosilanes, RSiH3.141 Corey and co-workers proposed mechanisms
consistent with the σ-bond metathesis to explain the reactions of both symmetrical and
unsymmetrical disilanes.143 The reaction data obtained supported two processes leading to
the tetrasilane.141 The first stage involves the production of the catalytically active metal
hydride as proposed by Tilley et al. It is followed by a second σ-bond metathesis where
Cp2MH and tetrasilane would be formed (Scheme 1.20).

Scheme 1.20 Dehydrocoupling of disilanes by Group IV metallocene catalysts as proposed
by Tilley et al.
The second process (Scheme 1.21) supports the observation that monosilanes were produced
and trisilanes were subsequently formed from the equivalent of the dehydrocoupling of the
monosilane of the starting disilane. The first step leading to transition state A (Scheme 1.21)
is a disproportionation reaction of disilane wherein both silicon centers become
pentacoordinate. The second transition state B (Scheme 1.21) leads the formation of
trisilane.141
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Scheme 1.21 Dehydrocoupling and redistribution reactions of disilanes by Group IV
metallocene catalysts as proposed by Tilley et al.
The elimination of hydrogen via dehydrocoupling is one of the advantages of
dehydrocoupling reactions.144 Hydrogen is a potentially useful by-product and often
undergoes efficient elimination which is also key to a successful coupling reaction.145 When
a hydrosilane reacts with a metal center, the reaction can proceed to give a two-center, twoelectron or a three-center, two-electron interaction along an oxidative addition pathway as
described in Scheme 1.22.146 Furthermore, Schubert has proposed that the process wherein
the H atom in the Si-H unit approaches the metal center initiates the oxidative addition
pathway. The Si-H component then swivels to place the Si atom close to the metal center
increasing the M-Si interaction and weakening the Si-H bond.144, 146
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Scheme 1.22 Proposed oxidative addition pathway of the reaction between a hydrosilane and
a transition metal.146
1.4.1 Dehydropolymerization of hydrosilanes
Dehydropolymerization of primary and secondary silanes toward polysilane formation can be
catalyzed by transition metal complexes, to provide a clean synthetic route in which
hydrogen is generated as the sole by-product.5, 141, 147-149 However, polymerization reactions
brought about by transition metal catalysts are step-growth polymerizations and are expected
to produce polymers with a wider polydispersity (Mw/Mn > 2) relative to chain-growth
polymerization reactions. Early transition metal complexes of Ti, Zr, Nb, and Ta are efficient
catalysts for the polymerization of primary silanes and promote production of linear
polymers.150-154 On the other hand, late transition metal complexes have relatively lower
activity, nevertheless, they also catalyze such polymerizations via Si-Si bond-forming
reactions.155-159
Industrially, polysilanes are not prepared by metal-catalyzed dehydrocoupling160 due to the
existence of side reactions, oxidation of Si−Si bonds156 and redistribution,161 which limit the
molecular weight and increase polydispersity. Relative to Group IV metallocenes, late
transition metal complexes generally exhibit low dehydrocoupling activity as the resulting
coupling products are usually limited to short oligomers (2-5 silicons).162 However, late
transition metal catalysts such as Ni,163-166 Rh,162,

167

and Pt168 have demonstrated good

dehydrocoupling activity and selectivity whilst still generally suffer from unwanted side
reactions.158 Until the general conditions that will promote dehydrocoupling over
redistribution and oxidation reactions are realized, the full potential of using metal catalysis
to prepare polysilanes will not be appreciated, especially on the industrial scale. While efforts
to minimize these side reactions such as hydrogen loss efficiency, designer structure for
secondary silanes, and strictly inert atmospheric conditions have been employed, the
synthesis of high molecular weight polysilanes via dehydrocoupling reactions is still a work
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in-progress.145
1.4.2 Monomeric hydrosilanes for dehydrocoupling
Generally, alkylsilane monomers are less active than arylsilanes except for methylsilane.
Methylsilane is a remarkably active monomer which can be dehydropolymerized to
(SiHMe)n where n can range to several hundred silicons. However, a spectroscopic study
suggested that cross-linking was observed to some extent for polysilane (SiHMe)n..169 In
terms of substitution on the Si center, secondary silanes are much less reactive than primary
silanes. Chains or oligomers based on secondary silane monomers are currently restricted to
less than 10 silicon atoms. It has been reported that PhMeSiH2 is dehydrocoupled with the
Cp2ZrCl2/nBuLi catalyst over 4 days at 90 oC, to H(SiMePh)nH oligomers with n = 2-8.170 A
difference of 5 kJ mol-1 can be observed for the Si-H bond strength between PhSiH3 (377 kJ
mol-1), a primary silane, and PhMeSiH2 (382 kJ mol-1) which is a secondary silane.160, 171
Therefore, the extent and rate of polymerization are expected to decrease moving from
primary to secondary silane. Furthermore, secondary silanes are crowded and sterically
hindered, which requires a higher activation energy for silicon coupling at the metal center as
the chain length increases.165 Tertiary silanes do not dehydrocouple with Group IV
metallocenes, however, Rh-based catalysts are effective and known to promote the formation
of a disilane.172
1.4.3 Strategies for the synthesis of robust polysilanes
Polysilanes have proven to be an interesting class of inorganic polymer with many
applications attributed to their σ-conjugation. However, the formation of Si-Si bonds to yield
polymeric species still requires further development as compared to well-developed
chemistry of creating Si-C, Si-N, or Si-O bonds.130 In addition, access to a mild and
controlled synthetic method, to produce strong (high molecular weight), high silicon content
(extensive σ-conjugation) and tunable polysilanes, is non-existent.3 Using dehydrocoupling,
access to high molecular weight poly(hydrosilane) has been demonstrated but it contains SiH bonds which are air and moisture sensitive.141 During dehydropolymerization, the growing
polymer chain is subject to Si-Si bond cleavage, and/or substituents in the monomer are
sufficiently bulky to inhibit polymerization, leading to low molecular weight oligomers. To
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circumvent these issues, a monomer design which can potentially reinforce the Si-Si bond
can be developed. This can be realized by adding a functionality that can bridge the two Si
atoms in a disilane, leading to a monomeric structure suitable for dehydrocoupling reactions.
This, in effect, can create a double backbone system173 in the resulting polysilane chain.

Scheme 1.23 Proposed reinforcement of Si-Si bonds in polysilane.
1.4.4 Catalysts for hydrosilane dehydrocoupling
Considering the monomeric bridged disilane structure described in Section 1.4.3, a suitable
dehydrocoupling catalyst must be used to enable a controlled synthetic route to a new class
of polysilanes. In this section, a literature survey of catalysts will be discussed in order to
choose the best catalyst targets to be used in dehydrocoupling reactions. There are two
possible routes in which a hydrosilane is added to a metal center. This process either can
occur by oxidative addition of the Si-H bond to the metal center (Path 1, Scheme 1.24) or
proceed through a metathesis transition state (Path 2, Scheme 1.24).144
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Scheme 1.24 Addition of hydrosilane to a metal center via 1) oxidative addition pathway and
2) metathesis transition state.144
Significant advances in transition-metal silicon chemistry have been studied,174 and spurred
interest in lanthanide metal complexes. Tilley and co-worker suggested that f-block metal
complexes are also reactive, as the metal-silicon bond that will be formed is electronically
similar to that with transition metals. Moreover, four-center addition processes are closely
associated with f-block element chemistry.175-182 Reactions of hydrosilanes therefore with
lanthanide complexes can also proceed via σ-bond metathesis route.
Studies which involve lanthanide-based complexes as catalysts for dehydrocoupling have
been reported to produce polysilanes from primary silanes,183-184 possibly via

σ-bond

metathesis.137, 152-154, 185 Reactions of silanes with lanthanocene complexes were investigated,
and are generally sensitive to steric effects.179 The yttrium complex, Cp*2YMe(THF),
converts PhSiH3 to PhMeSiH2. The presence of bulkier alkyl derivatives (SiMe3) in the
catalyst, Cp*2LnCH(SiMe3)2 (Ln = Sm, Nd),179 do not react with Ph3SiH or Ph2MeSiH
(25 oC, 8 days), however, do react with less hindered MesSiH3 (Mes = mesityl; over 10 min
at 70 oC). This reaction produces CH2(SiMe3)2, the equivalent hydride [Cp*2LnH]2 and a
disilane, MesH2SiSiH2Mes. This suggests that silanes with appropriate steric properties are
required for the reaction with Cp*2LnCH(SiMe3)2 to occur and, to provide steric shielding
from further σ-bond metathesis reactions for the resultant silyl complex.179 Described in the
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following sections are the different types of catalysts that have been used to synthesize a
wide range of oligosilanes or polysilanes via dehydrocoupling reactions.
1.4.4.1

Substituted

Cyclopentadienyl

Rings.

Substituted

cyclopentadienyl

rings

(e.g. Cp*–pentamethylcyclopentadienyl) generally promotes longer oligosilane when
compared to Cp2MR2 derivatives. In addition, the nature of the R group in Cp2MR2 could
affect the rate of formation of the active catalyst. The CpCp*ZrMe2 produced an oligomer
with Mn value of 4240 Da after 52 h while CpCp*Zr[Si(SiMe3)3]Me resulted to a chain with
Mn equal to 4230 Da at a faster rate after 24 h.13 Sufficient space exists in CpCp*MR2
relative to Cp*2MR2 to allow dehydrocoupling to occur via σ-bond metathesis. Mechanistic
considerations have supported the development of ‘mixed-ring’ (η5–C5H5Me5)Zr(CpCp*Zr)
catalysts, which were found to efficiently activate chain elongation. With the mixed-ring
catalysts, the longest polysilane obtained have ca. 7-100 silicon atoms in the (SiHPh)n
backbone which was estimated from Mn values of 5000-7000 Da.5, 186
1.4.4.2 Ansa Metallocenes. Ansa or ‘bridged’ metallocenes represent a catalyst modification
with the objective of providing an opening around the metal center for more efficient σ-bond
metathesis. Shaltout and Corey observed that at shorter reaction times, ansa metallocenes
generally produce relatively lower molecular weight polymer than the corresponding parent
complex except for [Me2Si(C5H4)2]HfCl2/2nBuLi in toluene.187 Furthermore, all ansa
complexes were found to be ineffective for secondary silanes dehydropolymerization. The
substituted ansa hafnocene, [Me2C(C5H3SiMe3)2]HfCl2, dehydrocoupled PhSiH3 at a faster
rate than the non-substituted counterpart, [Me2Si(C5H4)2]HfCl2. However, the catalysis only
allows for mild reaction conditions as oligomers were only produce at room temperature.187
A comparison between CpCp*HfH(μ-H)B(C6F5)3 and CpCp*HfHCl reveals increased
activity with ansa metallocenes toward σ-bond metathesis.188 Redistribution of PhSiH3 to
Ph2SiH2 and SiH4 was observed in the presence of CpCp*HfH(μ-H)B(C6F5)3. It also
appeared that the σ-bond metathesis of the Si-C bond occured concurrently with
dehydropolymerization to form polysilanes with high degree of cross-linking. Further
comparison showed that an equivalent of PhSiH3 in the presence of CpCp*HfMe2 catalyst
did not show any transformation after 1 week in benzene-d6 at room temperature. On the
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other hand, the same equivalent of PhSiH3 and CpCp*HfMe(μ-Me)B(C6F5)3 quantitatively
form CpCp*HfH(μ-H)B(C6F5)3 and PhMe2SiH after 3 h in benzene-d6 at room
temperature.189 While reports have shown that exposure to light accelerates some reactions of
early transition metal compounds with silanes,190-194 this transformation with ansa
metallocenes proceeds uniformly with or without the exposure of the reaction to ambient
light.
1.4.4.3 Bimetallic Complexes. Corey and co-workers demonstrated that bimetallic
complexes generally produce higher molecular weight polymers than Cp2MCl2. For example,
the mono-bridged zirconium complex [μ-(Me2Si)(C5H4)2][Cp2ZrCl2]2/2nBuLi produced an
oligosilane with about twice the molecular weight of that obtained using Cp2ZrCl2.143, 151
When comparing Zr- and Ti-based complexes, bridged Zr complexes favor the formation of
linear chains leading to a higher linear to cyclic ratio than the Ti-based complexes. A Ticatalyzed dehydrocoupling reaction enabled the isolation of an all-trans [PhSiH]6 cyclic
species. Furthermore, Smith and co-workers reported the dehydrocoupling of PhSiH3
catalyzed

by

another

bimetallic

complex

[(dippe)Ni(μ-H)]2

(dippe

=

1,2-

bis(diisopropylphosphino)ethane). Two oligomeric products were obtained from the reaction,
however, an incomplete conversion of PhSiH3 was observed and is said to be consistent with
catalyst deactivation. The majority of the product (68%) corresponds to a hexamer (PDI =
1.05) and the other product (32%) has an average of 16 phenylsilane monomers and exhibits
a broad polydispersity (PDI = 1.82).165

Figure 1.2 Structure of [(dippe)Ni(μ-H)]2 (dippe = 1,2-bis(diisopropylphosphino)ethane)

30

1.4.4.4 Non-Group IV Metals. Dehydrocoupling reactions have been specifically utilized for
the synthesis of main group element containing compounds, including polymers, synthetic
processes often termed as dehydropolymerization. While many transition metals are active
dehydrocoupling catalysts, only a few are active for the dehydropolymerization of silanes.
The ability to catalyze oligomerization of hydrosilanes under forcing conditions is a common
capability of a few Pt, Pd and Rh catalysts.13
Deeken and co-workers tested several late transition metal complexes: [(PPh3)3RhCl],
[Pd2(C3H6)2Cl2], [Pt(PEt3)3], [(ApSi)2Pd] (ApSi = (4-methyl-pyridin-2-yl)(trimethylsilanyl)
amine), as polymerization catalysts using MeH2SiSiH2Me. These metal compounds exhibited
remarkable dehydropolymerization activity, yielding poly-(methylsilane) with molecular
weights up to 20 000 Da. However, most catalysts required longer reaction times (e.g. few
days), whereas the reaction with [(ApSi)2Pd] was finished after half an hour only. The facile
generation of the catalytically active species due to the strained binding mode of the
aminopyridinato ligands could rationalize the high activity of [(ApSi)2Pd] complex.195
Even though the iridium-catalyzed silane redistribution is a known reaction,161, 196-198 the high
activity

of

POCOP−iridium

compounds

(POCOP

=

2,6-(tBu2PO)2C6H3-)

for

dehydrogenative catalysis and the ease of substitution of the ligand led to the investigation of
POCOP-Ir systems as potential dehydrocoupling catalysts to form oligosilanes.158
An iridium complex bearing a bis(phosphinite) pincer ligand was reported to catalyze the
dehydropolymerization of phenylsilane to mainly a single cyclic product. The reaction of
phenylsilane with 0.8 mol % of (POCOP)- IrHCl resulted complete conversion of the
substrate and rigorous generation of hydrogen gas. The primary single product is a decasilane
ring cyclo-(PhSiH)10 which demonstrated a remarkably high selectivity for a single product
in dehydrocoupling of silanes.199
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Figure 1.3 Structures of POCOP−iridium compound derivatives
Ni-based dehydrocoupling catalysts for organosilanes are usually rare and have some
limitations including the need for precursor activators such as AgBF4, MAO, or LiAlH4.200201

For example, activation of a neutral nickel hydride complex precursor with LiAlH4 is

supposed to give a cationic nickel species which is presumed to be the active catalyst.165 On
the other hand, several reports have shown that Ni catalysts such as a Ni/PPh3 mixture,202 a
methylnickel complex with indenyl and PR3 ligands,163-164, 200, 203 [(dippe)Ni(μ-H)]2 (dippe =
1,2-bis(diisopropylphosphino)ethane),165

and

[Ni-(dmpe)2]

(dmpe

=

1,2-

bis(dimethylphosphino)ethane)166 can promote the polymerization of primary and secondary
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silanes producing linear and/or cyclic polysilanes. Makoto and co-workers discovered the
ability of [Ni(dmpe)2] to catalyze the polymerization of a 9H-9-silafluorene.204-205 The
unusual characteristics of the polymerization reaction that the group has demonstrated
provided control over the molecular weight of the poly(silafluorene) and over the polymer
growth mechanism.206

Figure 1.4 Structure of [Ni-(dmpe)2] (dmpe = 1,2-bis(dimethylphosphino)ethane)
Complexes such as (Ind)Ni(PPh3)X (Ind = indenyl, 1-methylindenyl; X = Cl, Br, Me)207-208
and [(Ind)Ni(PPh3)LA]+ (LA = PPh3, PMe3, MeCN)209 were found to be the first example of
a late metal compound capable of catalyzing the polymerization of PhSiH3 to linear chains
containing about 30–80 monomeric units.200
The unexpected formation of the complex [MoH3(Si(Ph)[Ph2PCH2CH2P(Ph)C6H4-o]2)],
which is obtained by the thermal reaction of [MoH4(dppe)2] (dppe = Ph2PCH2CH2PPh2) with
PhSiH3163 provided a single-component catalyst for dehydrogenative polymerization of
ArSiH2R (Ar = Ph, p-tolyl, o-tolyl; R = H, Me) to (ArSiR)n: p- and o- tolylsilane produced
the polymers of respectable molecular weights (Mw of 17300 Da and 6700 Da respectively)
and polymerization of secondary silane, methylphenylsilane, gave a substantial molecular
weight (Mw of 1750 Da).210
1.4.4.5 In situ Catalyst Generation. The in situ generation of active dehydrocoupling or
dehydropolymerization catalysts has several advantages including the reagents being
commercially available and, the elimination of challenges associated with induction period
and storage of sensitive catalysts.13 Corey demonstrated that the Cp2MCl2/2nBuLi
combination produced a catalyst that could generate oligomers with more than three
repeating units from secondary silanes. This observation is entirely different for
alkylmetallocenes, Cp2MR2 (R = alkyl), which were unable to dehydropolymerize secondary
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silanes.151 This suggests that the reaction with nBuLi has higher complexity than just the
expected formation of an alkylmetallocene. Further evidence reported that Cp2HfMe2 did not
demonstrate any dehydrocoupling activity whereas the species generated in situ from the
reaction of Cp2HfCl2 and MeLi, produced a predominantly linear oligosilane from
phenylsilane.141 A survey of dehydrocoupling catalysts that have been used in the recent
years are summarized in Table 1.2. In most cases, the products are usually low molecular
weight oligosilanes and/or mixture of dehydrocoupling and redistribution products.
1.4.4.6 Non-transition metal catalyst. Substituent scrambling is a known side-reaction in a
transition-metal catalyzed dehydrocoupling reactions of hydrosilanes.145 With this, further
synthetic efforts must be focused on improving the routes to polysilanes. A metal-free
dehydropolymerization of phenylsilane (PhSiH3) has been demonstrated using B(C6F5)3.211 A
branched polymer was obtained, and the degree of polymerization can be varied depending
on the reaction conditions. In comparison, with a relatively more sterically hindered borane,
Ph3C+[B(C6F5)4]-, substituent scrambling was favored over polymerization with vast
evolution of SiH4.211 Polycondensation reactions using B(C6F5)3 to form Si-O bonds have
been also reported between hydrosilanes, or hydroxysilanes, and other oxygen
nucleophiles.212-213 Heterodehydrocoupling reaction between a disilane and an alcohol
catalyzed by B(C6F5)3 has been demonstrated, giving significant emphasis on Si-H activation
while keeping the Si-Si bond intact.66
Given the advantages and disadvantages of various dehydrocoupling catalysts, this study will
be utilizing more of the Wilkinson’s catalyst, RhCl(PPh3)3, which was found to be the most
effective dehydrocoupling catalyst,141 especially for secondary and tertiary silanes. In
addition, organoborane catalysts such as B(C6F5)3 will also be considered as metal-free
dehydrocoupling catalyst, aiming to provide structure control for the target silane monomer.
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Table 1.2 Catalysts for dehydropolymerization of hydrosilanes.

Year
201736

Catalyst
Cp2ZrCl2/n-BuLi

Silane
cyclohexasilanea

Conversion
%

-

Products, %
Mw
-

Mn
2299

PDI

1.51

redistribution

dehydrocoupling

cyclic

-

-

-

a = 3.6 mol%, 90 oC, 96 h in toluene; b = 5.6 mol%, room temperature, 96 h in toluene

2016206 [Ni(dmpe)2]

9H-9-silafluorene
2,7-dibutoxy-9H-9silafluorenea1
2,7-dibutoxy-9H-9silafluorenea2
2,7-dibutoxy-9H-9silafluorenea3
2,7-dibutoxy-9H-9silafluorenea4
2,7-dibutoxy-9H-9silafluorenea5

-

-

-

-

-

-

-

100

-

2260

1.08

-

-

-

-

-

2310

-

-

-

-

-

-

3860

1.08

-

-

-

-

-

3020

1.09

-

-

-

-

-

3250

1.16

-

-

-

dmpe = 1,2-bis(dimethylphosphino)ethane; a = 0.5 mol% [Ni(dmpe)2]; a1 = NMR Tube scale, 3h, a2 = under N2, 2 h, a3 =
closed system followed by removal of H2; a4 = closed system without degassing, 72 h; a5 = 5 days, room temperature
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Year
2015158

Catalyst
ipr

[Ir]

p-COOMe tBu[Ir]

Silane

Conversion
%

Products, %
Mw

Mn

HSiPh3a1

97

-

-

HSiPh3a2

100

-

-

(o-tol)SiH3a2

100

-

NapSiH3a2

-

MesSiH3a2

PDI

redistribution

dehydrocoupling

cyclic

83

13

-

-

100

-

-

-

-

100

-

-

-

-

-

100

-

-

97

-

-

-

8

89

~3

MesSiH3a3

100

-

-

-

-

100

-

(n-oct)SiH3a2

100

-

-

-

100

-

-

(n-oct)SiH3a4

100

-

-

~1

~99

-

PhMeSiH2 a2

100

-

-

-

100

-

-

Ph2SiH2 a2

100

-

-

-

83

-

-

HSiPh3a1

75

-

-

-

5

70

-

HSiPh3a2

~30-75

-

-

-

-

97

-

(o-tol)SiH3a2

100

-

-

-

34

66

-

NapSiH3a2

25

-

-

-

~6

~94

-

MesSiH3a2

20

-

-

-

1

18

~81

MesSiH3a3

nr

2910,
1100

36

Year

Catalyst

p-H tBu[Ir]

p-NMe2 tBu[Ir]

Silane

Conversion
%

Products, %
Mw

Mn

PDI

redistribution

dehydrocoupling

cyclic

(n-oct)SiH3a2

-

-

-

-

~11

~89

PhMeSiH2 a2

24

-

-

-

13

7

-

Ph2SiH2 a2

-

-

-

-

~5

~1

-

HSiPh3a1

83

-

-

-

18

65

-

HSiPh3a2

~30-75

-

-

-

-

89

-

(o-tol)SiH3a2

100

-

-

-

21

79

-

NapSiH3a2

72

-

-

-

~10

~90

-

MesSiH3a2

25

-

-

-

1

25

~74

MesSiH3a3

nr

(n-oct)SiH3a2

-

300-930

-

-

~11

~89

PhMeSiH2 a2

74

-

-

-

48

20

-

Ph2SiH2 a2

-

-

-

-

~5

~1

-

HSiPh3a1

86

-

-

-

37

49

-

HSiPh3a2

~30-75

-

-

-

-

79

-

(o-tol)SiH3a2

99

-

-

-

74

26

-

NapSiH3a2

62

-

-

-

~10

~90

-

37

Year

Catalyst

Silane

Conversion
%

MesSiH3a2

58

MesSiH3a3

nr

(n-oct)SiH3a2
PhMeSiH2 a2
Ph2SiH2 a2

Products, %
Mw

Mn

PDI

redistribution

dehydro-

cyclic

coupling

-

-

-

2

56

~42

-

-

-

-

~11

~89

-

65

-

-

-

36

20

-

-

-

-

-

~5

~1

-

[Ir] = (POCOP)IrHCl; a = 2 mol% [Ir], 120 oC, 16 h; a1 = Sealed NMR Tube-scale; a2 = under N2; a3 = neat, ambient
temperature, 0.2 mol% [Ir]; a4 = under dynamic vacuum, 0.2 mol% [Ir], 3 h

2012199 (POCOP)-IrHCl

PhSiH3a

-

Et3SiH

-

-

972

-

dimer

-

-

92

-

50

-

t

POCOP = 2,6-( Bu2PO)2C6H3); a = 0.8 mol%, reflux, 2 h under N2; a1 = 10 mol%, with heating, 4 days

2010165 Cp2ZrMe2

PhSiH3a2

-

2390

-

1.33

-

-

-

Ind2ZrMe2

PhSiH3a3

-

3200

-

1.14

-

-

-

[(dippe)Ni(μ-H)]2

PhSiH3a1

81

3200

1750

1.82

-

-

-

-

1160

951

1.22

-

-

PhMeSiH2a1

o

dippe = 1,2-bis(diisopropylphosphino)ethane; a = 2 mol%; a1 = ambient conditions, 1.5 h in toluene; a2 = 21 C, neat
reaction, 1 h; a3 = 21 oC, neat reaction, 24 h
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Year
200935

Catalyst
[Cp(CO)2FeMe]

Silane

Conversion
%

Products, %
Mw

Mn

PDI

redistribution

dehydrocoupling

cyclic

PhMe2SiH (in THF)

-

-

-

-

-

Trace

-

PhMe2SiH (in hexane)

-

-

-

-

-

Trace

-

PhMe2SiH (in benzene)

-

-

-

-

-

Trace

-

PhMe2SiH (in DME)

-

-

-

-

-

24

-

PhMe2SiH (in MeCN)

-

-

-

-

-

83

-

PhMe2SiH (in DMF) c

-

-

-

-

-

99

-

PhMe2SiH

-

-

-

-

-

99

-

(C6F5)Me2SiH

-

-

-

-

-

83

-

Ph2MeSiH

-

-

-

-

-

99

-

Ph3SiHd

-

-

-

-

-

95

-

(PhCH2)Me2SiH

-

-

-

-

-

95

-

(CH2=CH)PhMeSiH

-

-

-

-

-

91

-

CpFe(C5H4Me2SiH)

-

-

-

-

-

92

-

Et3SiH

-

-

-

-

-

51

-

(iPrO)PhMeSiH

-

-

-

-

-

69

-

(Me3SiO)Me2SiH

-

-

-

-

-

65

-

(Me3SiO)2Me2SiH

-

-

-

-

-

50

-

PhMe2SiH

-

-

-

-

-

72

-
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Year

Catalyst

Silane

Conversion
%

Products, %
Mw

Mn

PDI

redistribution

dehydrocoupling

cyclic

Ph2MeSiH

-

-

-

-

-

50

-

(PhCH2)Me2SiH

-

-

-

-

-

38

-

(CH2=CH)PhMeSiH

-

-

-

-

-

30

-

Reaction conditions: hydrosilane (5 mmol), catalyst (4 mol%), DMF (4.6 mL), photoirradiation, room temperature, c = catalyst
(0.5 mol%), d = catalyst (10 mol%), e = 80oC without photoirradiation

2006195 [(ApSi)2Pd]

MeH2SiSiH2Mea1

-

3000

2200

1.4

-

84

-

ApSi = (4-Methyl-pyridin-2-yl)(trimethylsilanyl) amine

[PPh3)3RhCl]

MeH2SiSiH2Mea2

-

2700

1500

1.8

-

43

-

[Pd2(C3H6)2Cl2]

MeH2SiSiH2Mea3

-

27000

19000

1.4

-

33

-

[Pt(PEt3)3]

MeH2SiSiH2Mea4

-

8400

2800

3.0

-

47

-

a1 = 1 mol% catalyst, room temperature; a1 = 30 min; a2 = 3 days; a3 = 4 days; a4 = 3 days

2003210

[MoH3(Si(Ph)[Ph2PCH2
CH2P(Ph)C6H4-o]2)]

PhSiH3a1

-

9150

3030

3.02

-

-

-

PhSiH3a2

-

4290

2030

2.06

-

-

-

PhSiH3a3

-

10400

2890

3.59

-

-

-

PhSiH3a4

-

9800

2710

3.61

-

-

-
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Year

Catalyst

Silane

Conversion
%

Products, %
Mw

Mn

PDI

redistribution

dehydrocoupling

cyclic

PhSiH3a5

-

6820

2310

2.95

-

-

-

PhSiH3a6

-

6900

2140

3.22

-

-

-

p-TolSiH3a7

-

17290

5830

2.97

-

-

-

o-TolSiH3a8

-

6730

3680

1.83

-

-

-

-

1750

1380

1.27

-

-

-

PhMeSiH2a9
o

o

a1 = neat,120 C, 24 h, 1/200 catalyst:monomer ratio; a2 = neat,70 C, 24 h, 1/500 catalyst:monomer ratio; a3 = neat,120 oC,
24 h, 1/500 catalyst:monomer ratio; a4 = neat,120 oC, 48 h, 1/500 catalyst:monomer ratio; a5 = toluene,110 oC, 24 h, 1/200
catalyst:monomer ratio; a6 = toluene,110 oC, 48 h, 1/200 catalyst:monomer ratio; a7 = neat,110 oC, 24 h, 1/200
catalyst:monomer ratio; a8 = neat,120

o

C, 24 h, 1/200 catalyst:monomer ratio; a9 = neat,110

o

C, 24 h, 1/200

catalyst:monomer ratio

2003214 [PPh3)3RhCl]
(PPh3)4Pd
2001145 [PPh3)3RhCl]

dihydro(tetraphenyl)silole

-

6200

5400

1.1

-

-

-

75-80

-

-

-

-

75-80

-

MePhSiH2a2

-

-

-

-

<1

70

-

Et2SiH2a3

-

-

-

-

-

53

-

(n-Hex)2SiH2a4

-

-

-

-

-

73

-

1 mol% catalyst

Ph2SiH2a1

a = 0.2 mol% catalyst, room temperature without solvet, under N2; a1 = 2 h; a2 = 35 min; a3 = 1 h; a4 = 1.5 h
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Year

Catalyst

2001188 [CpCp*HfH][X]
CpCp*HfHCl

Silane

Products, %

Conversion

Mw

%

Mn

PDI

redistribution

dehydrocoupling

cyclic

PhSiH3a1

-

-

~2000

-

-

-

-

PhSiH3a2

~75

-

-

-

~75

-

-

PhSiH3a1

-

-

~2000

-

-

-

-

-

2810

-

1.44

-

-

14

X = [μ-HB(C6F5)3]; a = 2 mol%, 2 days; a2 = 5 mol%

2000215 Cp2Zr(NMe2)2

PhSiH3
a = ambient conditions, 1 min

1999216 (Cp)2TiCl2/nBuLia1

PhSiH3

-

1500

1000

1.5

-

-

(1.3)

(Cp)2ZrCl2/nBuLia1

PhSiH3

-

2000

1000

2.0

-

-

(1.8)

(CpR)2TiCl2/nBuLia2

PhSiH3

-

1100

580

2.0

-

-

(1.0)

(CpR)2TiCl2/nBuLia1

PhSiH3

-

1200

700

1.7

-

-

-

Cp(CpR)TiCl2/nBuLia2

PhSiH3

-

2000

1500

1.3

-

-

(2.0)

Cp(CpR)TiCl2/nBuLia1

PhSiH3

-

2100

1500

1.4

-

-

(2.0)

Cp(CpR)ZrCl2/nBuLia2

PhSiH3

-

3000

2000

1.5

-

-

(4.0)

Cp(CpR)ZrCl2/nBuLia1

PhSiH3

-

2500

1500

1.7

-

-

(9.0)

(CpR)2ZrCl2/nBuLia2

PhSiH3

-

3500

2000

1.8

-

-

(4.0)

(CpR)2ZrCl2/nBuLia1

PhSiH3

-

4000

2000

2.0

-

-

(4.0)
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Year

Catalyst
(CpR)2HfCl2/nBuLib

Silane
PhSiH3

Conversion
%

-

Products, %
Mw
3000

Mn
2000

PDI

2.0

redistribution

-

dehydrocoupling

-

cyclic

-

Cp = C5H5; (CpR)2 = C5H4C(Me)2CH(Me)2; a = with 2 eq nBuLi, 48 h at ambient temperature; a1 = 1 mol% cat.; a2 = 0.5
mol% cat.; b = activated with MeLi; (Linear: Cyclic ratio)

1999217 Cp2HfCl2/B(C6F5)3a
CpCp*ZrCl2/B(C6F5)3a

PhSiH3

-

12700

7400

1.7

-

-

-

PhSiH3

-

20400

9220

2.2

-

-

-

-

2000

1500

1.37

-

-

-

(AlCl3/DCM)

-

1300

600

2.13

-

-

-

(MAO/DCM)

-

1800

1100

1.69

-

-

-

-

4400

2500

1.80

-

-

-

-

4800

2900

1.64

-

-

-

-

7100

5900

1.20

-

-

-

-

5000

3200

1.57

-

-

-

a = activated with 2 eq nBuLi

1998200 (1-MeInd)Ni(PPh3)Cl
(30-80 monomeric units)

PhSiH3 (AgBF4/DCM)

(MAO/DCM)
-40oC
(MAO/Tol)
(MAO/DCM)
7 days
(MAO/Tol)
7 days
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Year

Catalyst

Silane

Conversion
%

Products, %
Mw

Mn

PDI

redistribution

dehydrocoupling

cyclic

(LiAlH4/DCM)

-

2000

1600

1.21

-

-

-

(LiAlH4/Tol)

-

600

500

1.24

-

-

-

-

700

500

1.58

-

-

-

-

3600

1600

2.27

-

-

-

2450

-

1.18

-

-

45

(LiAlH4/DCM)
-40oC
(LiAlH4/DCM)
7 days

1-MeInd = 1-methylindenyl, PhSiH3 = 0.15 M, (Initiator/Solvent)

1996192 Cp2ZrCl2/2nBuLi

PhSiH3

-

a = ambient conditions, 10 days in toluene

1995218 (η5-C5H5)2Ti(OPh)2
(η5-C5H5)2
Ti(OC6H4OMe-p)2
(η5-C5H5)2
Ti(OC6H4OCl-p)2
(η5-C5H5)2
Ti(OC6H4OCN-p)2

PhSiH3

>95

2400

-

1.25

-

-

25

PhSiH3

>95

3100

-

1.55

-

-

25

PhSiH3

>95

2200

-

1.35

-

-

30

PhSiH3

>95

2200

-

1.38

-

-

30
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Year

Catalyst
(η5-C5H5)2

Silane

Conversion
%

Products, %
Mw

Mn

PDI

redistribution

dehydrocoupling

cyclic

PhSiH3

>95

2300

-

1.35

-

-

30

(η5-C5H5)2TiMe2

PhSiH3

>95

2700

-

1.35

-

-

25

(η5-C5H5)2Zr(OPh)2

PhSiH3

>95

3200

-

1.45

-

-

10

(η5-C5H5)2Zr(OPh)2a1

PhSiH3

>95

3750

-

1.5

-

-

10

Ti(OC6H4Me-p)2

o

a = 0.1 mol% catalyst, 24 h -72 h, 20-25 C, neat reaction; a1 = slow addition of monomer over a 48-h period

1995219 Cp2TiCl2/Red-Ala

3-Phenyl-1-silabutane

-

821

455 (6)

1.78

-

-

-

3-tolyl-1-silabutane

-

1088

564 (8)

1.93

-

-

-

-

1292

-

-

-

-

1050

-

-

-

-

-

-

-

-

-

-

-

-

3-(2,5-dimethylphenyl)-lsilabutane
3-(chlorophenyl)-lsilabutane

1162
(16)
497 (7)

1.11
2.11

3-(chloro-p-tolyl)-lsilabutane
3-(phenoxyphenyl)-lsilabutane
3-Naphthyl-1-silabutane

-

851

715 (10)

1.19

-

887

490 (7)

1.81

-

831

699 (9)

1.19

45

Year

Catalyst
Cp2HfCl2/Red-Alb

Silane

Conversion
%

Products, %
Mw

Mn

PDI

redistribution

dehydrocoupling

cyclic

3-Phenyl-1-silabutane

-

807

410 (5)

1.97

-

-

-

3-tolyl-1-silabutane

-

954

251 (3)

3.80

-

-

-

-

948

488 (7)

1.94

-

-

-

-

1028

445 (6)

2.31

-

-

-

-

900

428 (6)

2.10

-

-

-

-

738

400 (5)

1.85

-

-

-

3-(2,5-dimethylphenyl)-lsilabutane
3-(chlorophenyl)-lsilabutane
3-(phenoxyphenyl)-lsilabutane
3-Naphthyl-1-silabutane

a = 10 mol%, 24 h, 90 oC under N2; b = 6.5 mol%, 30 min, 90 oC under N2; (degree of polymerisation)

19935

CpCp*Zr[Si(SiMe3)3]Me

PhSiH3

-

3100

-

1.8

-

-

-

PhMeSiH2a1

69

-

-

-

-

69

-

PhMeSiH2a2

~100

-

-

-

-

~100

-

1,4-MeH2SiC6H4SiH2Mea3

-

-

600

1.5-

2-10 monomer units

1,4-MeH2SiC6H4SiH2Mea4

-

1430

780

2.0

-

ambient conditions, 15 min

1993186 CpCp*Zr[Si(SiMe3)3]Me
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-

Year

Catalyst

Silane

Conversion
%

Products, %
Mw

Mn

PDI

redistribution

dehydrocoupling

cyclic

1,4-MeH2SiC6H4SiH2Mea5

-

7150

1560

4.6

-

-

-

1,4-MeH2SiC6H4SiH2Mea6

-

13000

1700

7.6

-

-

-

1,4-EtH2SiC6H4SiH2Eta3

-

1100

580

1.9

-

-

-

1,4-EtH2SiC6H4SiH2Eta4

-

4700

1750

2.7

-

-

-

1,4-EtH2SiC6H4SiH2Eta7

-

117000

-

6.3

1,4-HxH2SiC6H4SiH2Hxa3

~75

2-6 monomer units (ave. = 2)

a = 2 mol% catalyst; a1 = room temperature, 2 days; a2 = 70 oC, 4 days; a3 = room temperature, 24 h, under N2; a4 = room
temperature, under dynamic vacuum; a5 = 70 oC, 60 h; a6 = 80 oC, 60 h; a7 = 70 oC, 5 days, static vacuum

1991220 (EBI)ZrCl2/2nBuLi

PhSiH3

-

2963

-

2.28

-

-

ambient conditions, 7h in toluene

1991221 [CpCp*ZrH2]2

1,3-(H3Si)2C6H4

65a1

1,4-(H3Si)2C6H4

55a1

1,3,5-(H3Si)3C6H3

20a1

4,4’-(H3Si)2C6H4C6H4

45a1

2,5-(H3Si)2C4H2S

12a1

a = 2 mol%, room temperature in benzene, 24 h; a1 = % cross-linking based on 1H NMR spectroscopy
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13.8

1.5 Research Aims
Despite the fact that silicon chemistry is one of the most well-developed and
commercially viable fields of main group chemistry, expanding the synthetic knowledge
of Si-heteroatom bonds is one of the major objectives of this research. Based on the
extensive examination of the state of the art to date this thesis aims to better understand
the chemistry and conditions for preparing bridged disilane monomers, with the aid of
theoretical calculations in conjunction to the synthetic research. The main focus of this
PhD is to create a library of bridged (or bridgeable) building blocks that can be
dehydrocoupled into bridged, silicon-based polymers.
Therefore, this PhD project has the following specific goals:
Increase the substitution on silicon, i.e. create secondary silanes and disilanes to
address the sensitivity of Si-H bonds to air and moisture found in known high
molecular weight polysilanes.
Synthesize bridged (and bridgeable) disilanes as monomers (or precursors) to
strengthen the Si-Si bond and, attempt to assess the UV sensitivity of the bridged
and unbridged disilanes. The installation of bridges such as naphthalene and a
metallocene, i.e., ferrocene, and other functionalities such as diols and diamines,
can not only reinforce the Si-Si linkages but also, give new and interesting
properties on the resulting silane structure.
Exploit dehydrocoupling conditions and other coupling reactions to create the
target complex molecule - bridged disilane monomer. Different synthetic
strategies will be employed, optimized and refined to create new bridged disilane
building blocks.
Dehydrocouple the target monomers. To create a new class of polysilanes and/or
polysiloxanes via dehydrocoupling reactions.
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Chapter 2 Synthetic routes to organosilanes
The objective of this chapter is to explore and establish synthetic routes to form Si-Si and
Si-element (Si-E) bonds. These reactions will serve as the template or framework to get
access to methods to form bridged disilanes, amenable for dehydrocoupling reactions.
The possibility of forming new Si-Si and Si-E bonds via catalytic coupling reactions and
Si-H activation would certainly extend the utility and scope of these reactions in the
preparation of complex silicon-containing molecules. A wide variety of catalysts and
synthetic methods have been previously used to form Si-Si and Si- E bonds but they have
several drawbacks including harsh conditions, poor selectivity, functional group
tolerance, and inapplicability to functional silicon compounds.35,
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In the following

sections, a list of strategic syntheses to design functionalized organosilanes will be
discussed.
2.1 Synthetic routes to form Si-Si bonds
Silicon–silicon bond formation is an important step in the synthesis of disilanes,
oligosilanes, and polysilanes. However, the lack of variation of synthetic routes for the
formation of Si-Si bonds merits the exploration of alternative approaches to prepare
oligo- or polysilanes.187
2.1.1 Preparation of disilane via reductive dimerization. Low-valent titanium is a mild
reducing agent that can promote direct construction of Si-Si bond. Lai and co-workers
reported the reductive dimerization of monochlorosilanes using Zn/TiCl4 in THF under
reflux for 24 h.44 This procedure was modified such that sonication was used, instead of
reflux, and the reaction time was reduced from 24 h to 4 h (Scheme 2.1). In addition,
PhH2SiCl was used as the monochlorosilane substrate to produce the disilane product 2.1,
PhH2Si-SiH2Ph. Sonication is a process that makes use of sound waves to agitate particles
in solution and to remove dissolved gas from liquids.222 The vibrations can disrupt
molecular interactions and lead to mixing. Sonication can disperse the metal efficiently,
making it more reactive. In the case of dissolved gas, the vibrations can allow the gas
bubbles to come together and leave the solution more easily. This procedure allowed a
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faster rate of formation of product 2.1, (47% isolated yield), and comparably good yield
as in the original literature preparation.145

Scheme 2.1 Reductive dimerization of chlorophenylsilane to 1,2-diphenyldisilane, 2.1.
2.1.2 Dehydrocoupling reaction of a secondary hydrosilane. Following the literature
procedure,145 1,1,2,2-tetraphenyldisilane, 2.2, was synthesized using a neat reaction of
Ph2SiH2 at a low catalyst concentration of 0.20 mol% RhCl(PPh3)3 (Scheme 2.2). A gas
dispersion tube was used with stirring under a strong flow of nitrogen to allow for more
efficient removal of hydrogen gas from the reaction mixture.

Scheme 2.2 Synthesis of 1,1,2,2-tetraphenyldisilane, 2.2, via catalytic dehydrocoupling
using a gas dispersion tube.
When the dehydrocoupling reaction is performed at a low catalyst concentration (e.g.
0.20 mol%), hydrogen gas is produced more slowly and therefore dissipated more easily.
The kinetic or dehydrocoupling product 2.2 was obtained with relatively good yield
(64%). With this process, the redistribution products can be kept to a minimum.
Comparatively, using the same catalyst concentration (0.20 mol% RhCl(PPh3)3) but under
a minimum flow of nitrogen (i.e. without a gas dispersion tube), the redistribution
product, Ph3SiH, and unreacted starting material were obtained, instead of the desired
disilane product (Scheme 2.3).
However, using a gas dispersion tube is limited to liquid starting materials that are
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relatively less volatile and less air/moisture sensitive. And since conducting a neat
reaction is another key experimental condition to eliminate the formation of redistribution
products, solid substrates that have to be dissolved in solvents are expected to behave in a
different manner. The resdistribution chemistry that occurs under certain conditions is one
of the main reasons why this study aims to synthesize disilanes with reinforced Si-Si
bonds.

Scheme 2.3 Catalytic dehydrocoupling of Ph2SiH2 without a gas dispersion tube.
2.1.3 Suzuki-type cross coupling reactions to form new Si-Si bonds. Preliminary studies
on Suzuki-type cross-coupling reactions of borylated silanes and chlorosilane were
conducted to attempt to create new Si-Si bonds. This strategy is based on the recently
developed protocol by Guo and co-workers who reported the Pd-catalyzed Suzuki-type
cross coupling of borylated silanes with aryl halides to form aryl silanes (Scheme 2.4).223
This reaction involves oxidative addition of the aryl halide which would lead to the
formation of a new Si-C bond.

Scheme 2.4 General reaction scheme for the formation of new Si-C bonds via Suzukitype cross- coupling223
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Following the same principle described in Scheme 2.4 above, a Suzuki-type method to
form new Si-Si bonds (Scheme 2.5) was investigated by reacting a borylated silane (R3SiBpin), separately, with a chlorosilane (R’3SiCl) and a silyltriflate (R’3SiOTf). The use of
a silyl triflate was considered based on the study conducted by Suzuki and co-workers on
coupling reaction of organoboron compounds with organic triflates.224

Scheme 2.5 Proposed reaction scheme for the formation of new Si-Si bonds via Suzukitype cross- coupling
The key step to the formation of a new Si-C is the oxidative insertion of the Pd catalyst
into the electrophilic center, aryl halide, followed by subsequent transmetallation with
Si-B (Scheme 2.6).223, 225 Oxidation addition is the rate determining step and decreaces in
relative reactivity in the order of I->-OTf>Br->Cl-.226
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Scheme 2.6 General catalytic cyle for Suzuki-type cross coupling reaction227-228
If a silyl halide (i.e. R’3Si-Cl) will be used instead of an aryl halide to form a new Si-Si
bond, oxidative insertion of the metal complex is expected to behave similarly as the SiCl bond (98 kcal/mol)229 has a bond strength comparable to that of C(aryl)-Cl bond (97
kcal/mol).230 However, there are no studies reported yet where oxidative addition of silyl
halides (Si-X) to a transition metal is the key step toward new Si-bond formation.231-241
So far, only oxidative addition of hydrosilanes (Si-H) with transition-metal species has
been investigated by many research groups as an effective method to generate silyl
complexes containing silicon-metal bonds.242-252 Through Si-H activation, structurally
characterized silyl palladium complexes253-259 have been described as well as silyl
palladium complexes containing Si-Si bonds.242 To date, the resulting complex brought
about by oxidative addition of trialkyl chlorosilane (Me3SiCl) to Rh with a pincer ligand
is the only complex that has been characterized by NMR spectroscopy.229, 260-261 Given
these challenges, the proposed mechanism described in Scheme 2.5 was explored to
determine its feasibility or to provide more insights about oxidative addition of silyl
halides as well as silyl triflates.
2.1.3.1 Formation of borylated silanes, R3Si-Bpin. The availability of borylated
compounds is key to a successful Suzuki reaction. Three different tertiary silanes: i) alkyl,
Et3SiH; ii) alkyl-aryl, PhMe2SiH; and iii) aryl, Ph3SiH, silanes were reacted with
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bis(pinacolato)diboron, B2pin2, in the presence of an iridium catalyst to form the desired
borylated silanes (Scheme 2.7).262

Scheme 2.7 Activation of Si-H bond by catalytic borylation reaction262
Among the three tertiary silanes used, only Et3Si-Bpin was successfully obtained
according to literature in modest yield and, the characterization results are in agreement
with literature values (Table 2.1). For the other two substrates, PhMe2SiH and Ph3SiH, no
studies have been reported yet in terms of their transformation to the corresponding R3SiBpin using the conditions described in Scheme 2.7. The facile reaction transformation to
R3Si-Bpin can be generally observed for alkyl silanes. However, long chain and bulky
alkyl substituents often do not react to form the desired product due to steric hindrance
during the catalysis.262 Moreover, the tertiary aryl silane, Ph3SiH, did not form R3Si-Bpin
perhaps for two reasons: the phenyl substituents are bulky enough to inhibit the reaction
and their electron-withdrawing nature makes the Si center significantly less electrophilic.
For the case of an alkyl-aryl silane, PhMe2SiH, the formation of R3Si-Bpin can be
observed but in relatively low yield and a significantly large amount of unreacted
PhMe2SiH remains. Compound 2.4, PhMe2Si-Bpin, has been previously synthesized
using a different method which involves the reaction of PhMe2SiCl with metallic Li
followed

by

subsequent

addition

of

2-isopropoxy-4,4,5,5-

tetramethyl-1,3,2-

dioxaborolane.263 Considering the usefulness of silylboranes as protecting agents, the
ability to expand the scope of Si-C complexes could allow for new routes to useful Si-C
complexes.262
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Table 2.1 Synthesis of borylated silanes using B2pin2 catalyzed by [Ir(cod)OMe]2
Substrate

Borylated Silane Product

Isolated Yield, %

38%

<< 5%

no reaction

2.1.3.2

Suzuki-type

cross-coupling

reaction

between

E3Si-Bpin

and

chlorosilane/silyltriflate. Utilizing the successfully synthesized Et3SiBpin, attempts to
create new compounds with Si-Si bonds were conducted. A dichloro- (Ph2SiCl2) and a
monochlorosilane (t-BuMe2SiCl) were allowed to react with Et3SiBpin, using the same
experimental conditions described in literature (Schemes 2.8-2.9).223 However, for both
cases, Et3Si-Bpin was recovered unreacted, and the amounts recovered were comparable
to what was originally used for the reaction.
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Scheme 2.8 Attempted Suzuki-type cross-coupling between Et3Si-Bpin and Ph2SiCl2
As expected, due to the steric hinderance/bulk, Ph and tBu groups inhibited the attack of
the nucleophilic Et3Si- group on the chlorosilane. However, this argument can be
denounced by the relatively bulkier aryl halides that have been used and reported in
literature for Suzuki-type cross coupling reactions to form Si-C bonds.223 The reaction of
Et3SiBpin with Ph2SiCl2 could perhaps be explained by the fact that oxidative addition of
Ph2SiCl2 into the Pd catalyst did not occur as discussed in section 2.1.3.

Scheme 2.9 Attempted Suzuki-type cross-coupling between Et3Si-Bpin and t-BuMe2SiCl
Similarly, when a silyltriflate (HPh2SiOTf) was used, the desired product was not
obtained and Et3Si-Bpin was also recovered unreacted (Scheme 2.10).224 Electropositive
elements such as Si (i.e. less electronegative than C) can easily become electrophiles.
However, when used as nucleophiles, would often require higly reducing conditions when
involved in cross-coupling reactions.229
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Scheme 2.10 Attempted Suzuki-type cross-coupling between Et3Si-Bpin and a silyltriflate
Weak bases such as K2CO3, have been reported to give good yields for similar reactions.
Using a strong base or even not using a base at all in the reaction will result to poor or no
reaction.223 In general, bases are used for Suzuki-type cross coupling reactions to increase
the reactivity of the nucleophilic component (i.e. convert the organoboron compound to
the corresponding organoboronate species) and facilitate the ttransmetallation step.264-265
With these observations, it can be inferred that either chlorosilane or silyltriflate is
perhaps simply unreactive or converted into a different compound that is incompatible
with Et3Si-Bpin to form a new Si-Si bond. And since an aqueous work-up is always
undertaken at the end of the reaction, the chlorosilane or silyltriflate being higly moisture
sensitive, must have been left in the aqueous phase, explaining why the unreacted Et3SiBpin is the only species that can be recovered back again.
To investigate the fate of the chlorosilane, control reactions were conducted by reacting
t-BuMe2SiCl with K2CO3 while mimicking the experimental condition of a Suzuki-type
reaction in the presence of the catalyst, Pd(PPh3)4, without the addition of silylborane. As
shown in 1H NMR (Figure 2.1) and
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Si NMR (Figure 2.2) spectra, t-BuMe2SiCl

generally remains unreacted for all experimental conditions perfomed. Heating up the
reaction to 80 oC, with and without K2CO3, also did not show any visible chemical
change by 1H NMR and 29Si NMR spectroscopy. This implies that the base, K2CO3, is not
interferring with the chlorosilane to prevent the formation of a new Si-Si bond. This also
suggests that there is no significant interaction occurring between the chlorosilane, tBuMe2SiCl, and Pd(PPh3)4.
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t-BuMe2SiCl
o

with K2CO3 at 80 C, 16 h
o

with K2CO3 at 22 C, 16 h
o

without K2CO3 at 80 C, 16 h
o

without K2CO3 at 22 C, 16 h

Figure 2.1 1H NMR spectra of the reaction between t-BuMe2SiCl and K2CO3 in the
presence of Pd(PPh3)4 catalyst in toluene-d8 (residual grease observed at 0.26 ppm)

t-BuMe2SiCl
x
o

with K2CO3 at 80 C, 16 h
o

with K2CO3 at 22 C, 16 h

o

without K2CO3 at 80 C, 16 h
o

without K2CO3 at 22 C, 16 h

Figure 2.2 29Si{1H} NMR spectra of the reaction between t-BuMe2SiCl and K2CO3 in the
presence of Pd(PPh3)4 catalyst in toluene-d8 (residual grease observed at -22 ppm)
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Perhaps another reason why a new Si-Si bond is not being formed for the reactions
conducted is that the difference the two Si compounds, R3Si-Bpin and R3SiCl/R3SiOTf,
are insufficiently nucleophilic and electrophilic. The experimental conditions such as the
catalyst, reaction time, temperature and solvents also require optimization. However,
while the Suzuki-type cross coupling can perhaps lead to new Si-Si bonds, so far, only
tertiary silanes, R3SiH, have been successfully converted to the corresponding R3SiBpin.263 Keeping in mind that the ultimate goal is to create a bridged monomer that can
be dehydrocoupled, the research focus was shifted to other synthetic routes that will bring
about the desired monomer.
Through Si-H activation and condensation reactions involving a Si atom and a maingroup element, substantial routes to create the desired monomer can be realized. At this
point, with the successfully synthesized disilanes, 2.1 (1,2-diphenyldisilane) and 2.2
(1,1,2,2-tetraphenyldisilane), various functional groups or moieties can be attached
through strategic sequence of reactions and are discussed in section 2.2.
2.2 Synthetic routes to form Si-E bonds
2.2.1 Electrophilic borane-catalyzed Si-H activation. Compound 2.9 was reported and
prepared by catalytic heterodehydrocoupling using B(C6F5)3, a relatively poor Lewis base
(catechol) and 2.2, which were heated at 65 oC for 24 h in toluene.66 This procedure was
modified by sonicating the reaction mixture for a significantly shorter reaction time of 1
h, resulting to a comparatively good yield (49% isolated yield) relative to literature
(Scheme 2.11).

Scheme 2.11 Heterodehydrocoupling of catechol and 2.2 using sonication to form the
bridged disilane 2.9
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However, 2.9 has a total of four Ph substituents across both Si atoms. To be useful for
dehydrocoupling reactions, at least two Ph substituents must be replaced by two hydrides.
To eliminate one Ph substituent on each Si atom, step-wise reaction of 2.9 with 2 eq
TfOH and 2 eq LiAlH4 was conducted, however, the desired product was not obtained.
The catechol unit was preferentially cleaved by triflic acid (TfOH) over the Ph
substituents giving back the catechol and the disilane, 2.2 (Scheme 2.12).

Scheme 2.12 Attempted dearylation reaction of bridged disilane, 2.9, with triflic acid
which led to Si-O cleavage of bridged disilane
2.2.2 Heterodehydrocoupling of 2.2 with ethylene glycol and amines. The combination
of Cp2TiCl2/nBuLi provides an effective catalyst for alcoholysis of primary and secondary
monosilanes by various alcohols including diols.61 However, attempts to attach a diol
bridge to 2.2 were unsuccessful (Scheme 2.13). For reactions catalyzed by B(C6F5)3, it is
known that the electrophilic borane B(C6F5)3 works best for substrates in which the
alcohol is a relatively poor Lewis base.66 For instance, strongly donating primary
alcohols, such as ethylene glycol, do not react at all with 2.2 in the presence of the borane
catalyst (Scheme 2.13).66 Cyclic ethers such as THF can be ring-opened in the course of
the reaction, and in the presence of the borane catalyst.67 Moreover, the presence of Lewis
basic nitrogen, 1,2-diaminobenzene, could have led to B(C6F5)3 catalyst deactivation
making its reaction with 2.2 unsuccessful (Scheme 2.14).
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Scheme 2.13 Attempted catalytic heterodehydrocoupling of ethylene glycol and 2.2

Scheme 2.14 Attempted catalytic heterodehydrocoupling of 1,2-diaminobenzene and 2.2
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As for the case of 1,8-diaminonaphthalene, aside from the fact that a basic nitrogen could
deactivate the B(C6F5)3 catalyst, the formation of a seven-membered ring structure is
probably not favorable in terms of ring strain and stability (Scheme 2.15).

Scheme 2.15 Attempted catalytic heterodehydrocoupling of 1,8-diaminonaphthalene and
2.2
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To eliminate the consequence of catalyst inactivity and deactivation, another attempt to
install a diol bridge was attempted using NaOH as the catalyst. Similar to other reports,
successful results were obtained from the reaction between monosilanes and various
alcohols

(aliphatic,

aromatic,

and

diols).67

However,

the

NaOH-catalyzed

dehydrocoupling of ethylene glycol and the disilane 2.2 resulted in Si-Si bond cleavage as
denoted by multiple Si peaks observed by 29Si{1H} NMR spectrosocpy. Direct oxidative
coupling reaction is another useful route for the synthesis of alkoxysilanes. The reaction
of triphenylsilane, Ph3SiH, with various alcohols using NH4I and TBHP (tert-butyl
hydroperoxide) gave good to excellent yields of alkoxysilanes.78 However, this type of
reaction also did not yield the desired product with 2.2 (Scheme 2.16).

Scheme 2.16 Attempted NaOH- and NH4I-catalyzed dehydrocoupling of ethylene glycol
and 2.2
Tetrahydrofuran, THF, was used since ethylene glycol is insoluble in nonpolar solvents.
However, degradation of 2.2 is possible in the presence of alkali metals and the
degradation process is even faster in polar solvents such as THF as it can solvate the
alkali metal cations.129 In addition, the unsuccessful reaction which involves NH4I and
TBHP could be rationalized by the peroxide oxidation of the Si-Si bond in 2.2.
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2.2.3 Reaction of bis(triflate)-substituted silane with ethylene glycol. The reactions of
2.2 were carried out in toluene with 2 eq of TfOH per mole of disilane. The
bis(silyltriflate) was not isolated and each reaction mixture was quenched with ethylene
glycol in the presence and absence of a base, trimethylamine, TEA, or NaOH (Scheme
2.17).

Scheme 2.17 Reaction of bis(triflate)-substituted disilane with ethylene glycol
For all occasions, the experimental conditions promoted Si-Si bond cleavage, producing
mono-hydroxysilanes or silanols and unwanted siloxanes. Under reflux condition,
decomposition of a disilane to unknown products could possibly be even more rapid.266
Therefore, it can be generalized that the degradation of Si-Si bonds depends on solvent,
temperature, time and the substituents on silicon, and that installation of a diol as a bridge
is challenging under these experimental conditions.
2.2.4 Homocoupling of diphenylacetylene followed by subsequent addition of
chlorodisilane. The 1,1-dihydrosilole compound, 2.14, was prepared successfully by
modification of literature procedures (Scheme 2.18).267-268 Due to inaccessibility of
H2SiCl2, step-wise addition of SiCl4 and LiAlH4 was tried instead of direct addition of
H2SiCl2 to 1,4-dilithio-1,2,3,4-tetraphenyl-1,3-butadiene, 2.13. Alternatively, H2SiCl2
could have been made first, prior to addition to 2.13 by reacting 1 eq of SiCl4 with 2 eq of
LiAlH4. However, there is a high possibility that more or less than two chloride groups
would be converted into hydrides, resulting to a mixture of products. The characterization
results for 2.14 are in agreement with that reported in literature (30%, isolated yield).267
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Scheme 2.18 Synthesis of 1,1-dihydrosilole, 2.14
Following the successful preparation of species 2.14, an attempt to synthesize the bridged
disilane compound was performed by step-wise addition of Cl3SiSiCl3 and LiAlH4
(Scheme 2.19). A hexachlorodisilane-Et2O mixture was added slowly to a cooled solution
of the dilithio species, 2.13, at -78 oC, and then allowed to warm up to room temperature
(22 oC) and was further reacted for 20 h.

Scheme 2.19 Attempted synthesis of 1,1,2,2-tetrahydrosilole, 2.15
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However, the reaction did not yield the desired product. The hexachlorodisilane seemed
to have been lost (evaporated) from the reaction mixture or converted into a new form,
probably for the following reasons: i) temperature change from -78 oC to 22 oC under
constant flow of nitrogen; ii) did not react with 2.13 and was converted to a more volatile
disilane, H3Si-SiH3 upon addition of LiAlH4; iii) decomposition of Si-Si bond in
Cl3Si-SiCl3 due to the presence of Li in THF. These inferences are based on the gathered
characterization results of the product using 1H and 29Si NMR spectroscopy. The presence
of unreacted diphenylacetylene and new peaks in the aromatic region were found by 1H
NMR spectroscopy (Figure 2.3). The 2D

29

Si {1H}-HMBC NMR spectroscopy results

also did not indicate the presence of a silicon-containing compound, suggesting that the
product could simply be an aromatic hydrocarbon (Figure 2.4).

Figure 2.3 1H NMR spectrum of the reaction product described in Scheme 2.18 in CDCl3.
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Figure 2.4 29Si{1H}-HMBC NMR spectrum of the reaction product described in Scheme
2.18 in CDCl3.
In relation, the reaction of the dilithio species with a 1,2-(bis)triflatedisilane (Scheme
2.20) gave similar results, also indicating an aromatic hydrocarbon as the product,
without any Si-containing compound present by 1D and 2D 29Si NMR spectroscopy. This
lack of reactivity maybe due to the bulky phenyl substituents on both intermediates
inhibiting the reaction and/or degradation of 1,2-(bis)triflatedisilane in the presence of Li
metal/ion in THF.

Scheme 2.20 Attempted synthesis of dihydrodiphenylsilole derivative
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Another synthetic route that can possibly lead to a bridged disilane is shown in Scheme
2.21. The chlorosilane, PhH2SiCl (2.16), can be synthesized58 in situ and then be added to
2.13 to form an unbridged disilane. Afterwhich, an internal dehydrocoupling reaction
would form the desired bridged disilane compound, 2.15.

Scheme 2.21 Proposed synthetic route to form the bridged disilane, 2.15
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Surprisingly, the spectroscopic and analytical results obtained for 2.17 revealed a 5membered silole structure with one Ph and one hydride substituent on Si (2.18, Figure
2.5), instead of the expected unbridged disilane.

Figure 2.5 Molecular structure of 2.18. Thermal ellipsoids are set at the 50% probability
level.
Similar reactions were conducted and are discussed further in Chapters 3 and 4, where
ClSiH2Ph was reacted with 1,8-dilithionaphthalene and 1,1-disilylferrocene, respectively.
Both reactions gave the expected and desired product which is contradictory to the
reaction of ClSiH2Ph (2.16) with the dilithiated species, 2.13 (Scheme 2.22). This
observation could perhaps be explained by the competing reaction between ClSiH2Ph
(2.16) and Cl2SiHPh (2.16’) in situ with 2.13 (Scheme 2.22). Given that the chlorination
of Si-H bonds with BCl3 has low selectivity, both compounds, 2.16 and 2.16’, could both
exist in solution. Presumably, the steric bulk from the Ph groups in 2.13 and chlorosilane
have thermodynamically favored the formation of a 5-membered ring, 2.18, compared to
the disilane, 2.17.
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Scheme 2.22 Competing reaction between ClSiH2Ph (2.16) and Cl2SiHPh (2.16’) with
2.13
To further investigate the preference of 2.13 to form a 5-membered ring when reacted
with a chlorosilane, a parallel reaction of 2.13 with a commercially available
monochlorosilane, ClSiHPh2, was conducted (Scheme 2.23).

70

Scheme 2.23 Reaction of ClSiHPh2 with 2.13
The reaction of 2.13 and ClSiHPh2 did not form the desired product, instead,
diphenylacetylene and a siloxane compound, 2.20, were obtained (Scheme 2.24) after
performing the reaction. The identities of diphenylacetylene and the siloxane compound,
2.20, were confirmed by NMR spectroscopy and MS-ESI.

Scheme 2.24 Actual products obtained from the reaction of ClSiHPh2 with 2.13
Instead of a nucleophilic reaction with 2.13, the monochlorosilane reacted to form 2.20.
These results and observations provided additional evidence on the preference of 2.13 to
react with a dichlorosilane to form a five-membered ring compound. The geometry and
bulky phenyl groups in 2.13 could have restricted its reactivity and ability to react with
monochlorosilanes. In addition, the inefficiency of the lithiation process could have also
affected the success of this reaction as some of the diphenylacetylene remain unreacted.
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2.2.5 Bridging an oligosilane. The possibility of bridging a tetrasilane was also explored
by first synthesizing 1,3-dilithiodiene, 2.21b, from 1,3-bis-(trimethylsilyl)prop-1-yne
(2.21a), as the bridge (Scheme 2.25), based on literature procedure.269

Scheme 2.25 Synthesis of 1,3-dilithiodiene, 2.21b
Following the successful synthesis of the dilithioallene bridge, 2.21b, two tetrasilane
derivatives (2.22 and 2.23) were synthesized according to literature (Scheme 2.26).36

Scheme 2.26 Synthesis of tetrasilanes 2.22 and 2.23
The tetrasilane compounds were used further to investigate the ability of these substrates
to react with the 1,3-dilithiodiene, 2.21b, to form a bridged tetrasilane. Two equivalents
of TfOH were used to remove one Ph substituent on each terminal silicon atoms in 2.22.
This step is essential to initiate a nucleophilic attack of 2.21b on the silicon atoms
attached to triflate groups to install 2.21b (Scheme 2.27).
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Scheme 2.27 Attempted coupling of bis(triflate)-substituted tetrasilane, 2.22’, and 1,3dilithiodiene, 2.21b
The dilithioallene, 2.21b, was prepared in situ and then combined with 1,4bis(triflate)tetrasilane, 2.22’, and allowed to react for 1 h at 0 oC. However, results from
MS-ESI, only reflected the allene group without any trace of the tetrasilane. The 1,4bis(triflate)tetrasilane, 2.22’, perhaps decomposed to unidentified products, could have
been the insoluble fraction obtained at the end of the reaction. However, these clearly
showed that the installation of the dilithioallene bridge did not occur for the following
possible reasons: (i) the combination of a tetrasilane and an allene will lead to the
formation of a thermodynamically unstable seven-membered ring, (ii) the phenyl
substituents are bulky enough to inhibit the installation of the allene bridge, (iii) while
triflic acid is selective with respect to dearylation reactions, the possibility that the
reaction with TfOH may have removed Ph substituents in other positions as well still
remains.
If the conversion of hydride (-H) groups to chloro (-Cl) ligands on 2.22 will be considered
following the BCl3 route described in Scheme 2.21, difficulties will still arise as BCl3 is
not selective toward chlorination of Si-H moieties. Moreover, the resulting coupling
product of Cl-(SiPh2)4-Cl and 1,3-dilithiodiene will not bear any Si-H bond which is
required for dehydrocoupling reactions. In any case, if this reaction were successful, the
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predicted structure of the bridged disilane mimics a twisted hexagonal shape (Figure 2.6).
The bulky phenyl groups on the four Si atoms will mostly likely hinder the formation of
even a dimer via dehydrocoupling reaction.

Figure 2.6 Optimized geometry of the bridged tetrasilane using B3LYP/6-31G**
Reason (ii) could be addressed by using the second type of tetrasilane, 2.23, with Me
groups on the 1 and 4 Si positions. However, for this case, one Me group on each terminal
Si atom must be first converted to Cl before reacting with the dilithioallene.

Scheme 2.28 Attempted demethylation reaction of 2.23 to form 2.23’
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When the 2.23 was reacted with acetyl chloride, AcCl, to convert the Me groups to Cl,
several different isomeric products were obtained, possibly attributed by the nonselectivity of the reaction and the tetrasilane was subject to Si-Si bond cleavage (Figure
2.7). Since the correct substrate was not obtained, subsequent reactions to form the
bridged tetrasilane were not performed. Unfortunately, there are no other more selective
routes that can be pursued for demethylation.

demethylation reaction of 2.23

2.23 starting material

Figure 2.7 29Si{1H} NMR spectra of 2.23 (bottom) and the product obtained after reacting
2.23 with AcCl (top) in CDCl3.
The trisilane, 1,1,1,3,3,3-hexamethyl-2,2-diphenyltrisilane, 2.24, was attempted to be
isolated from the reaction performed for the preparation of 2.23 (Scheme 2.26). However,
this compound was not obtained despite careful execution of literature procedure.36
Nonetheless, if the desired trisilane, 2.24, was successfully synthesized, the predicted
structure of the bridged-trisilane is a six-membered ring, 2.24’, which appears to be like a
slightly distorted pentagonal shape (Scheme 2.29). The trisilane adopts the anti
conformation, whereas the allene is slightly bent, rather than having a linear geometry,
which is not ideal.
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In this regard, the difficulty of making the appropriate oligomer (e.g. reactive trisilane or
tetrasilane) that is most compatible with the dilithioallene bridge render this research less
attractive to create bridge oligosilanes (Figure 2.6 and 2.24’, Scheme 2.29). Although
interesting, the synthetic transformation seems to be highly challenging and inefficient.
Given the predicted structures of the bridged building blocks (Figure 2.6 and 2.24’,
Scheme 2.29), the succeeding step which is to polymerize these bulky and rigid structures
would certainly require a superior dehydrocoupling catalyst or, would result to inhibition
of the polymerization step. With that said, this topic was not pursued, and the research
was channelled to other potential routes to form Si-E bonds.

a)

+

2.24

2.24’

b)
Scheme 2.29 a) Proposed synthesis of a bridged trisilane, 2.24’; b) optimized geometry of
the bridged trisilane using B3LYP/6-31G**
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2.2.6 Nucleophilic substitution reaction of chlorosilanes to form allylsilanes. The
reaction of Grignard reagents, prepared from allylhalides with chlorosilanes, is the most
widely used method for the preparation of allylsilanes.29 The synthetic procedure usually
involves reflux for several hours (~60 h) using a chlorosilane, Mg metal and
hexamethylphosphoranide (HMPA), which is a suspected carcinogen.36, 270 Ramesh and
co-worker prepared various allylsilanes via sonication using different chlorosilanes, allyl
bromide and Zn dust in THF. The resulting reaction mixtures were quenched using
saturated NH4Cl and the desired products were typically obtained in high yield.29 In this
research, a modified version of the sonication method described in the aforementioned
literature was employed to prepare various silane derivatives in good yields (Scheme
2.30). Commercially available aryl- and/or alkylmagnesium halide solutions were used
and each reaction was quenched using cold deionized water.

Scheme 2.30 Optimized reaction of chlorosilanes with Grignard reagents.
2.2.7 Installation of bridges onto monosilanes. The bridged monosilanes were mainly
produced by hydrosilylation reactions of allylphenylsilane derivatives. Although the
hydrosilylation reaction of simple olefins can be catalyzed by a wide variety of catalysts,
effective catalysts for the hydrosilylation reaction of allyl derivatives are quite limited.
Allylic compounds are versatile starting compounds for functional materials and their
hydrosilylation reaction producing γ-substituted propylsilanes is of great practical
importance.13, 112, 271-276 However, the selectivity of the Pt-catalyzed hydrosilylation of
allyl derivatives is generally low because the formal Tsuji-Trost reaction also takes place
as a competitive reaction (Scheme 2.31).277-279
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Scheme 2.31 Pt-catalysed hydrosilylation of allyl derivatives.
Thus, side products such as H/X exchanged silane R3SiX, propene, and propylsilane are
also produced.280 In Scheme 2.32 and 2.33, a Pt-based catalyst, Karstedt’s catalyst, was
used for hydrosilylation reaction of Ph2SiH2 with two allylsilane derivatives. The Ptcatalyzed anti-Markovnikov alkene hydrosilylation reaction shown below, afforded a
silane trimer, (2.28, Scheme 2.32), with a propyl group bridging the two silicon atoms.
Alongside the major product are the side products which were observed by both 1H and
29

Si NMR spectroscopy.

Scheme 2.32 Hydrosilylation reaction between diallyldiphenylsilane, 2.26a, and Ph2SiH2
to form a trimer, 2.28.
On the other hand, the hydrosilylation reaction between 2.25a, and 2 eq of Ph2SiH2
resulted in a combination of homo- and cross-coupling product (2.29, Scheme 2.33). This
can be explained by the fact that diallylphenylsilane, 2.25a, has both Si-H and alkene
groups and can undergo hydrosilylation reaction with itself.
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Scheme 2.33 Hydrosilylation reaction between 2.25a and Ph2SiH2 forming a homo- and
cross-coupling product 2.29.
The proposed structure of the homo- and cross-coupling product, is based on various
control reactions performed, on both starting materials and catalysts used as summarized
in Table 2.2.
Table 2.2 Control reactions on hydrosilylation of diallylsilane derivatives.
Compound

Karstedt’s catalyst

Wilkinson’s catalyst

Ph2SiH2

no reaction

Redistribution
Dehydrocoupling
PhSiH3, (PhSiH2)n

Diallylphenylsilane,

Hydrosilylation

2.25a

(allylPhSi(CH2)3)n

Diallyldiphenylsilane,

no reaction

no reaction

no reaction

2.26a
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The result of control reactions confirmed that in the presence of Karstedt’s catalyst, there
are two hydrosilylation reactions that can occur: i) reaction of diallylphenylsilane with
itself and ii) reaction between diphenylsilane and diallylphenylsilane. Hence, the
formation of homo- and cross-coupling product, with the proposed structure consistent
with 1H NMR spectroscopic analysis results (Figure 2.8).

Figure 2.8 1H NMR spectra of Ph2SiH2 (bottom), diallylphenylsilane (2.25a; middle), and
the homo- and cross-coupling product (2.29; top) in CDCl3.
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Subsequently, dehydrocoupling of homo- and cross-coupling product resulted in a new
oligomer, 2.30, with repeating units of HPhSi(C3H5) (148m/z by ESI-MS, Scheme 2.34).
The branched oligomeric product (2.30) supports the fact that RhCl(PPh3)3 can favor both
hydrosilylation and dehydrocoupling reactions.281 In addition, redisdribution is also
evident due to the observed repeating unit (148 m/z), HPhSi(C3H5), with relatively low
molecular weight (Figure 2.9).

Scheme 2.34 Dehydrocoupling of the homo- and cross-coupling product (2.29) forming a
branched oligomer (2.30).
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= 148 m/z

Figure 2.9 MS-ESI of the branched oligomeric product, 2.30.
Clearly, hydrosilylation routes result in complicated oligomeric structures. Since the
objective is to synthesize a linear polysilane structure and having control over the
microstructure of the polymer is higly important in this research, it is then necessary to redesign the silane monomer and further investigate the experimental conditions that will
favour dehydrocoupling reactions. Moreover, the ultimate goal of increasing the Si
content in a polysilane must be of prime importance when designing a monomer. This is
the focus of the next chapter where different synthetic strategies were performed to make
disilane monomers, suitable for dehydrocoupling reactions.
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2.3 Summary
Given all the experimental results in Chapter 2, the synthesis of reactive organosilane
fragments is a challenging task, in particluar the synthesis of the target polymerizable
bridged disilanes. However, be it a successful or failed experimental result, the research
has certainly provided insights on what useful methods are available and can be utilized
to prepare complex organosilicon compounds.
In the next chapters, the pursuit to create polymerizable building blocks continues. The
installation of a naphthyl and a ferrocenyl bridge onto a disilane will be discussed.
Detailed characterization of the products obtained will also be presented which includes
analytical and spectroscopic data, and theoretical calculations by Density Functional
Theory (DFT).
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2.4 Experimental
General Procedure. All reactions and manipulations were performed under a nitrogen
atmosphere in an MBraun Unilab 1200/780 glovebox or using conventional Schlenk
techniques. Dry solvents were obtained using a solvent purification system. Reagents
were purchased from Sigma-Aldrich, AK Scientific, Arcos and TCI and used as received.
1

H,

13

C, and

29

Si NMR spectra were recorded on a Bruker DPX-400 (400MHz)

spectrometer. Chemical shifts for protons are reported in parts per million (ppm)
downfield from tetramethylsilane and are referenced to residual protium in the NMR
solvent (e.g. CHCl3 = 7.26 ppm). Chemical shifts for carbon are reported in ppm
downfield from CDCl3 (77.3 ppm). Chemical shifts for silicon are reported in ppm
downfield to the silicon resonance of tetramethylsilane (TMS δ 0.0). The silicon NMR
resonances were determined with a DEPT pulse sequence. Data are represented as
follows: chemical shift, multiplicity (app = apparent, br = broad, s = singlet, d = doublet, t
= triplet, q = quartet, m = multiplet), coupling constants in Hertz (Hz), and integration.
High resolution mass spectrometry measurements were made on a Bruker microTOF-QII
mass spectrometer, equipped with a KD Scientific syringe pump, in positive ion ESI
mode.
Synthesis of 2.1. Zinc powder (4.0 mmol, 0.26 g), titanium (IV) chloride (2.0 mmol,
0.22 mL) in THF (50 mL) were mixed together and sonicated for 4 h, at room
temperature reaching 55 °C until a black slurry was formed. Chlorophenylsilane (4.0
mmol, 0.50 mL) was added into the mixture and it was sonicated further for 4 h at 55 °C.
The reaction mixture was cooled to 0 oC and quenched with water. The aqueous layer was
extracted with diethyl ether (40 mL x 3) and the combined organic layers was dried over
sodium sulfate. The solvent was removed under reduced pressure to form a colorless
liquid (Yield: 47 %). 1H NMR (CDCl3): δ 7.71-7.47 (m, 10H, Ph), δ 5.28 (s, 4H, Si-H, JSiH

= 110.5 Hz).

29

Si{1H} NMR (CDCl3): δ -57.1. Literature: 1H NMR (C6D6): δ 4.48

(b).282
Synthesis of 2.2. Diphenylsilane (13.55 mmol, 2.50 mL) and 0.20 mol% of Wilkinson’s
catalyst (0.0256 mmol, 25.0 mg) were mixed together and bubbled through a strong
nitrogen flow for 3 h at room temperature to form an orange solid. The orange solids were
dissolved in hexane and filtered through a Florosil column to remove the catalyst. The
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filtrate was dried under vacuum and a white crystalline solid was obtained (Yield: 64%).
1

H NMR (CDCl3): δ 7.52-7.23 (m, 20H, Ph), 5.20 (s, 2H, Si-H). 29Si{1H} NMR (CDCl3):

δ -35.02 (s, 2Si, Si-Si).
Synthesis of 2.3.

A 100-mL Schlenk flask was charged with [Ir(cod)OMe]2 (0.025

mmol, 17 mg), dtbpy (0.050 mmol, 14 mg), B2pin2 (5.0 mmol, 1.3 g) and triethylsilane
(20 mmol, 3.2 mL). The resulting dark brown solution was heated at 80 °C under
nitrogen. After 6 h, the reaction was cooled to room temperature. Purification on silica gel
gave Et3SiBpin, 2.3, as a colorless oil using 5% ethyl acetate in hexanes (Yield: 59%).
The characterization results obtained are in agreement with literature data.262 1H NMR
(CDCl3) δ 1.23 (s, 12H, Bpin-CH3), 0.98-0.95 (t, 9H, J = 7.9 Hz, CH3), 0.62-0.56 (q, 6H,
J = 7.9 Hz, CH2), 13C{1H} NMR (CDCl3): δ 82.83, 24.98, 8.27, 2.90, 11B NMR (CDCl3):
δ 35.1; 29Si{1H} NMR (CDCl3): δ -22.0.
Synthesis of 2.9. Catechol (8.4 mmol, 0.92 g) and (HPh2Si)2 (8.2 mmol, 3.0 g) were
combined with B(C6F5)3 (0.44 mmol, 0.23 g) in a Schlenk flask. Toluene (30 mL) was
added to form a slurry and the mixture was sonicated at room temperature reaching up to
45 oC after a 2h period. The mixture was cooled back to room temperature and volatiles
were removed under vacuum to obtain a yellow paste. Dry hexane (10 mL) was added to
give a faint yellow, cloudy solution, which was cooled to -78oC for 5 h, then filtered to
obtain a white solid product (Yield: 64%). 1H NMR (CDCl3) δ 7.49-7.47 (m, 8H, Ho, SiPh2), 7.37-7.35 (m, 2H, 1,2-(SiO)2(C6H4)), 7.33–7.23 (m, 12H, Hm,p -SiPh2), 6.92–
6.89 (m, 2H, 1,2-(SiO)2(C6H4)). 29Si{1H} NMR (CDCl3): δ -7.5
Synthesis of 2.14. Diphenylacetylene (17 mmol, 3.0 g), lithium rods (14 mmol, 0.097 g)
and dry THF (15 mL) were mixed together and stirred for 16 h under nitrogen
atmosphere. The resultant deep green mixture was diluted with dry THF (50 mL) and
added dropwise to a solution of tetrachlorosilane in THF (5.0 mL) over a period of 30
minutes at room temperature. The brown mixture was stirred for 2 h at room temperature
and then refluxed for 5 h to give a dark yellow solution. The solution was dried under
vacuum and the mixture was re-dissolved in diethyl ether (30 mL). Lithium aluminium
hydride (17 mmol) was then added and the mixture was stirred at room temperature for
18 h. The ether soluble fraction was extracted and dried in vacuo. The solid was extracted
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with and recrystallized from toluene giving a bright yellow solid (Yield: 30%). 1H NMR
(C6D6): δ 7.52-7.49 (m, 12H, Hm,p-Ph), 7.16-6.98 (m, 8H, Ho-Ph), 5.02 (s, 2H, Si-H).
29

Si{1H} NMR (C6D6): δ -35.51 (s, 1Si).

Synthesis of 2.16 (in situ preparation). To a 100-mL Schlenk flask was added
phenylsilane (12 mmol, 1.5 mL) and hexane (15 mL) and cooled to 0 ºC. BCl3 (1.0 M in
CH2Cl2, 4.8 mmol, 4.8 mL) was added and the reaction mixture was stirred for 21 h at
room temperature. All the volatiles were removed under reduced pressure and the residue
was dissolved in hexane (5 mL).
Synthesis of 2.18. Diphenylacetylene (17 mmol, 3.0 g), lithium rods (14 mmol, 0.097 g)
and dry Et2O (15 mL) were mixed together and stirred for 16 h under nitrogen
atmosphere. The resultant deep green mixture was diluted with dry Et2O (50 mL) and
added dropwise to a solution of ClSiPhH2 (17 mmol) prepared in situ over a period of 30
minutes at -78 oC. The yellow mixture was stirred for 2 h at room temperature. The
mixture was filtered through Florisil using dry Et2O and the filtrate was dried in vacuo.
The solid was washed with hexanes giving a bright yellow solid (Yield: 16%). 1H NMR
(CDCl3): δ 7.70-7.68 (m, 25H, Ph), 5.49 (s, 1H, Si-H). 13C{1H} NMR (CDCl3): δ 138.73,
135.64, 130.60, 130.24, 129.76, 129.29, 128.35, 127.85, 127.59, 126.51, 125.88. 29Si{1H}
NMR (CDCl3): δ -22.0 (s, 1Si). HRMS-ESI: [C34H26NaSi]+ cal’d: 485.1657 m/z; observed
485.1696 m/z. IR: ν, cm-1 3068-3020 (arene), 2118 (Si-H), 1427 (Si-Ph), 794 (Si-Ph).
Synthesis of 2.20. Diphenylacetylene (17 mmol, 3.0 g), lithium rods (14 mmol, 0.097 g)
and dry Et2O (15 mL) were mixed together and stirred for 16 h under nitrogen
atmosphere. The resultant deep green mixture was diluted with dry Et2O (50 mL) and
added dropwise to a solution of ClSiPh2H (17 mmol, 3.3 mL) over a period of 30 minutes
at -78 oC. The yellow mixture was stirred for 2 h at room temperature. The mixture was
filtered through Florisil using dry Et2O and the filtrate was dried in vacuo. The residue
was redissolved in hexanes (5.0 mL) and the diphenylacetylene crystallized out of the
solution, leaving a viscous yellowish oil siloxane product, 2.20. 1H NMR (CDCl3): δ
7.56-7.06 (m, 40H, Ph), 5.62 (s, 2H, Si-OH).

13

C{1H} NMR (CDCl3): δ 135.08, 134.46,

131.75, 130.38. 29Si{1H} NMR (CDCl3): δ -19.1 (s, 2Si). HRMS-ESI: [C24H22O3NaSi2]+
cal’d: 437.1005 m/z; observed 437.1065 m/z.
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Synthesis of 2.21a. To a colorless solution of 1-trimethylsilyl-1-propyne (45 mmol, 5.0
g) and tetramethylethylenediamine, TMEDA (76 mmol, 8.8 g) in diethyl ether (100 mL) a
solution of nBuLi in cyclohexane (2.0 M, 45 mmol, 23 mL,) was added dropwise at
-40 °C within 10 minutes. The resulting mixture was allowed to stir for 1 hour at -40 oC
and 1 hour at room temperature under nitrogen. To this solution trimethylsilyl chloride,
TMSCl (47 mmol, 5.1 g) was added dropwise and stirred for a further 1.5 hours under at
room temperature. The turbid solution was then water-ice-quenched (100 mL) and
worked up by extraction with diethyl ether. The collected ether fractions (50 mL x 3)
were washed with deionized water (approx. 50 mL x 3) until neutral using litmus paper.
The ether fraction was dried with Na2SO4 and concentrated. The raw product was purified
by freeze-pump-thaw procedure to yield a pure colorless product. (Yield: 62%). 1H NMR
(CDCl3): δ 1.55 (s, 2H, CH2), 0.13 (s, 9H, CH3), 0.11 (s, 9H, CH3).

29

Si{1H} NMR

(CDCl3): δ 2.74 (s), -19.86 (s).
Synthesis of 2.21b. A solution of nBuLi in cyclohexane (2.5 M, 22 mmol, 8.6 mL,) was
added dropwise within 20 min to a colourless solution of 1,3-bis-(trimethylsilyl)prop-1yne (10 mmol, 1.9 g,) in benzene (30 mL) at ambient temperature. The clear champagnecoloured solution was cooled to -78 oC, degassed and heated to 60 oC for one week. The
resulting reaction mixture was directly used (in situ) for the next synthetic procedure.
Synthesis of 2.22. A 250-mL Schlenk flask was charged with magnesium (38 mmol, 0.91
g), HMPA (45 mmol, 7.8 mL) and THF (15 mL). A mixture of dichlorodiphenylsilane
(15 mmol, 3.2 mL) and chlorodiphenylsilane (45 mmol, 8.8 mL) was added, and the
reflux condenser connected to the Schlenk flask. This mixture was added dropwise at
room temperature over a period of 15 min to the stirred magnesium suspension. A light
amber color reaction mixture was obtained and was then heated to reflux (80 °C) and held
for 60 h. The reaction mixture was cooled to 0 °C in an ice water bath, opened to air, and
then quenched by slow addition of deionized water (30 mL). The organic layer and
aqueous layer were separated. The aqueous layer was washed with diethyl ether (30 mL x
3) and the combined organic layers were isolated and concentrated to a colorless oil on a
rotary evaporator. The oil was redissolved in 20 mL of diethyl ether and washed with
deionized water (30 mL x 3), dried over anhydrous sodium sulfate and concentrated to a
colorless oil. The oil was left overnight to allow complete crystallization of 1,,1,4,4,
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tetraphenyl-2,2,3,3-tetraphenyltetrasilane (HPh2Si(SiPh2)2SiPh2H) and then washed with
ice cold acetone (Yield: 31%). The filtrate was concentrated to isolate compound 2.24
(HPh2Si(SiPh2)SiPh2H) but to no avail. 2.22: 1H NMR (CDCl3): δ 7.27-7.04 (m, 40H,
Ph), 5.00 (s, 2H, Si-H). 29Si{1H} NMR (CDCl3): δ -32.35 (s), -38.55 (s).
Synthesis of 2.23. A 250-mL Schlenk flask was charged with magnesium (150 mmol, 3.6
g), HMPA (180 mmol, 31 mL) and THF (60 mL). A mixture of dichlorodiphenylsilane
(60 mmol, 13 mL) and chlorotrimethylsilane (180 mmol, 23 mL) was added he reflux
condenser connected to the Schlenk flask. This mixture was added dropwise at room
temperature over a period of 30 min to the stirred magnesium suspension. A light amber
color reaction mixture was obtained and was then heated to reflux (80 °C) and held for 60
h. The reaction mixture was cooled to 0 °C in an ice water bath, opened to air, and then
quenched by slow addition of deionized water (50 mL). The organic layer and aqueous
layer were separated. The aqueous layer was washed with diethyl ether (50 mL x 3) and
the combined organic layers were isolated and concentrated to a colorless oil on a rotary
evaporator. The oil was redissolved in 30 mL of diethyl ether and washed with deionized
water (50 mL x 3), dried over anhydrous sodium sulfate and concentrated to a colorless
oil. The oil was left overnight to allow complete crystallization of 1,1,1,4,4,4 hexamethyl2,2,3,3-tetraphenyltetrasilane (TMS(SiPh2)2TMS) and then washed with ice cold acetone
(Yield: 15%). The filtrate was concentrated to isolate compound 2.25 (TMS(SiPh2)TMS)
but to no avail. 2.23: 1H NMR (CDCl3): δ 7.52-7.29 (m, 20H, Ph), -0.057 (s, 18H, CH3).
29

Si{1H} NMR (CDCl3): δ -14.28 (s), -37.33 (s).

Synthesis of 2.25a, 2.25b, 2.25c, 2.26a, 2.26b, 2.26c, 2.27. A mixture of chlorosilane
(1.0 mmol) and a solution of Grignard reagent (4.0 mmol) (allylmagnesium chloride,
vinylmagnesium chloride and phenyl bromide) were sonicated at room temperature for 15
minutes. The mixture was cooled to 0 °C and quenched with deionized water. The
aqueous layer was extracted with diethyl ether (20 mL x 3) and the combined organic
layers were dried over sodium sulfate. The solution was concentrated using rotary
evaporation and purified by washing with hexanes. The solvent was removed using
vacuum to obtain the product. 2.25a (Yield: 83%): 1H NMR (CDCl3): δ 7.56-7.37 (m, 5H,
Ph), 5.86-5.80 (m, 2H, -CH=), 4.97-4.90 (m, 4H, =CH2), 4.31 (s, 1H, Si-H), 1.92-1.89 (s,
4H, -CH2-). 29Si {1H} NMR (CDCl3): δ -13.40. 2.25b (Yield: 60%): 1H NMR (CDCl3): δ
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7.58-7.38 (m, 5H, Ph), 6.36-6.18 (m, 4H, =CH2), 5.94-5.88 (m, 2H, -CH=), 4.76 (s, 1H,
Si-H). 29Si{1H} NMR (CDCl3): δ -25.27. 2.25c (Yield: 84%): 1H NMR (CDCl3): δ 7.617.39 (m, 5H, Ph), 5.50 (s, 1H, Si-H).

29

Si{1H} NMR (CDCl3): δ -18.22. 2.26a (Yield:

80%): 1H NMR (CDCl3): δ 7.52-7.36 (m, 10H, Ph), 5.84-5.78 (m, 2H, -CH=), 4.96-4.89
(m, 4H, =CH2), 2.15-2.13 (s, 4H, -CH2-). 29Si{1H} NMR (CDCl3): δ -11.84. 2.26b (Yield:
75%): 1H NMR (CDCl3): δ 7.65-7.36 (m, 10H, Ph), 6.56-6.47 (dd, 2H, -CH=), 6.30-6.26,
5.85-5.79 (dddd, 4H, =CH2), 2.15-2.13 (s, 4H, -CH2-). 29Si{1H} NMR (CDCl3): δ -20.74.
2.26c (Yield: 82%): 1H NMR (CDCl3): δ 7.73-7.38 (m, 10H, Ph).

29

Si{1H} NMR

(CDCl3): δ -36.05. 2.27 (Yield: 79%): 1H NMR (CDCl3): δ 7.55-7.35 (m, 5H, Ph), 0.29
(s, 9H, Me). 29Si{1H} NMR (CDCl3): δ -4.16.
Synthesis of 2.28 and 2.29. A 0.1 M solution of Karstedt’s catalyst (3.0 mol%) was
added into a mixture of Ph2SiH2 (2.0 mmol) and diallylsilane (2.25a and 2.26a,
respectively) (1.0 mmol) in toluene (2.0 mL). The reaction was stirred for 3 h at 60 °C.
The solvent was removed under vacuum to give the product. 2.28: 1H NMR (CDCl3): δ
7.63-7.44 (m, 25H, Ph), 5.01 (s, 2H, Si-H), 4.99 (s, 1H, Si-H), 1.72-1.30 (t, 12H, -(CH2)3). 29Si{1H} NMR (CDCl3): δ -7.81, -14.98. 2.29: 1H NMR (CDCl3): δ 7.72-7.43 (m, 30H,
Ph), 4.96 (s, 2H, Si-H), 1.73-1.04 (t, 12H, -(CH2)3-).

29

Si{1H} NMR (CDCl3): δ -14.79,

-19.27.
Synthesis of 2.30. To 1.0 mmol of 2.7 dissolved in toluene (1.0 mL) was added 3.0
mol% of RhCl(PPh3)3, Wilkinson’s catalyst, (0.030 mmol, 0.028 g) in toluene (1.0 mL).
Followed by the addition of cis-cyclooctene (1.0 mmol, 0.11 g). The resulting mixture
was stirred for 24 h at 90 °C and filtered through Florisil column. Toluene was removed
using vacuum to form a brown viscous liquid. HRMS-ESI m/z: 1357.3349, 1431.3493,
1505.3724, 1579.3861, 1653.4073, 1727.4225, 1801.4426, 1875.4633, 1950.4772.
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Chapter 3 Synthesis, characterization and electronic properties
of naphthalene bridged disilanes
Reproduced from K. M. Rabanzo-Castillo, M. Hanif, T. Söhnel and E. M. Leitao, Dalton
Trans. 2019, 48, 13971-13980 with permission from The Royal Society of Chemistry.
The objectives of this chapter are to synthesize derivatives of naphthalene-bridged
disilane, synthesize a polymerizable naphthalene-bridged monomer, and to compare the
structures and electronic properties of these derivatives, experimentally and theoretically.
One way to potentially support the weak Si-Si bond in polysilanes is to install a bridge
between the Si atoms (Figure 3.1, naphthalene bridge). This could allow for the use of
more active catalysts in dehydrocoupling reactions (using precursors 3.1R, R = Me, Ph),
as the building blocks will be more robust. Moreover, installation of a tether may result in
the recombination of any broken Si-Si bonds due to their close proximity; particularly in
the case of cleavage that results in silyl radicals. To this end, research toward making
bridged disilanes, with the potential to be synthetically manipulated into polymer building
blocks,36 was performed. The polysilane structure is known to exhibit excellent properties
for novel applications, so increasing the robustness of the polymer will open up avenues
for this.37, 39-43, 283
In this study, naphthalene bridged disilanes were targeted (Figure 3.1, 3.2R, R = H, Me,
Ph). The precursors to these compounds were either pre-formed disilanes or disilyl
naphthalene

compounds,

3.1R,

which

can

undergo

catalytic

intramolecular

dehydrocoupling to yield 3.2R. A comparison of the structural and electronic properties of
the compounds and similar derivatives, 3.3R, will be discussed.

Figure 3.1 Naphthalene bridged target compounds 3.2R and 3.3R with precursors 3.1
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3.1 Synthesis, spectroscopic and crystallographic characterization of bridged 1,8disilylnaphthalene derivatives
A naphthalene bridge was chosen for two reasons i) to increase overall conjugation (σ, π )
in the molecule and ii) because the 5-membered ring in 3.2R is unstrained as the distance
between the silicon atoms matches nicely with a standard Si-Si bond length.1 In general,
two synthetic strategies were followed to put on the bridge to make the desired monomer.
The first one is by directly attaching a disilane into a reactive bridging compound
(Scheme 3.1a). This has the advantage of having a disilane already in place, however,
there are only limited disilane reagents available for this type of reaction. The second
strategy is by synthesizing a disilane molecule which can be dehydrocoupled both intraand intermolecularly (Scheme 3.1b). Relative to the first strategy, a wider range of silane
reagents can be used for synthesis. Ideally, the dehydrocoupling catalyst (and reaction)
should allow for a stepwise formation of the bridged monomer, and then the formation of
the corresponding oligomer or polymer. For both cases, appropriate experimental
conditions must be of high importance to avoid the presence of side products and
cleavage of the Si-Si bond present in the molecule.

Scheme 3.1 Synthetic strategies to create a bridged disilane a) directly attaching a disilane
into a bridging group, b) creating a disilane molecule which can undergo both intra- and
intermolecular dehydrocoupling
92

The first reported preparation of 3.1H was by hydride-reduction of a minor component of
the product mixture generated in the copyrolysis of trichlorosilylnaphthalene and
silicochloroform in a hot tube at 650

o

C.284 More practical synthetic routes to

1,8-disilylnaphthalene compounds (3.1R) are now readily available via literature
methods.285-287 Several attempts were made to synthesise the 1,8-disilylnaphthalene
derivatives. One of which, unsuccessfully involved the reaction of 1,8-dilithionaphthalene
with stoichiometric amounts of hexachlorodisilane (Cl3Si-SiCl3), a disilane which
decomposes easily upon exposure to air and is relatively unstable in ethereal solutions.288
The reaction resulted in a mixture of products, wherein the major products are disilanes
with two naphthyl units and silanol functionality. The structures of these compounds were
determined based on HRMS results (Figure 3.2).

Figure 3.2 MS-ESI spectrum of the product obtained after reacting stoichiometric
amounts of 1,8-dilthionaphthalene and Cl3SiSiCl3
By contrast, a reaction of the 1,8-dilithionaphthalene with stoichiometric amounts of
chlorodiphenylsilane (ClSiPh2H) or chlorodimethylsilane (ClSiMe2H) afforded 3.1Ph and
3.1Me, in 53% and 48% isolated yield, respectively (Scheme 1). This reaction is simplified
compared to what has been previously reported for the syntheses of 3.1Ph286 and 3.1Me289
(Scheme 3.2).
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Scheme 3.2 Synthesis of 1,8-disilylnaphthalene derivatives 3.1R, R = Ph, Me
Catalytic dehydrocoupling of 3.1R was then performed to link the two Si centres together
in order to form bridged disilylnaphthalenes (Scheme 3.3, 3.2R, and Table 3.1) containing
a 5-membered ring with an internal Si-Si bond. Four different dehydrocoupling catalysts
were considered, B(C6F5)3,211 Wilkinson’s catalyst (RhCl(PPh3)3), 2nBuLi/Cp2TiCl2, and
2nBuLi/Cp2ZrCl2.141, 243, 290 All reactions were conducted using dilute concentrations of
the substrate to favour an intramolecular dehydrocoupling reaction over an intermolecular
one, which would yield the undesirable disilane oligomers. The reaction progress could
easily be tracked by monitoring the disappearance of the Si-H signal by 1H NMR
spectroscopy, δ 6.13 ppm (Table 3.1, s, Si-H, 2H, 1JSiH = 102. 55 Hz).
Use of Wilkinson’s catalyst, RhCl(PPh3)3, afforded the naphthalene bridged disilane
(Scheme 3.3, 3.2R) as a major product along with a minor amount of the naphthalene
bridged siloxane (Scheme 3.3, 3.3R). The two products could be separated from each
other by extracting 3.3R using dichloromethane (Table 3.1). The successful synthesis of
3.2R suggests that, unlike the sluggish dehydrocoupling typically observed with
secondary and tertiary silanes, crowding in the peri- or 1,8-positions in the 1,8disilylnaphthalene precursor, 3.1R, did not limit the formation of a naphthalene bridged
disilane.287
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Table 3.1 1H and

29

Si{1H} NMR chemical shifts (in CDCl3), characteristic infrared

absorption frequencies and λmax determined by UV-Vis spectroscopy of 3.1R, 3.2R, and
3.3R (R = Ph, Me)
Silane
3.1Ph
3.1Me
3.2Ph
3.2Me
3.3Ph
3.3Me

δH (ppm)
δSi
Aromatic Si-H (ppm)
7.94-7.27
6.13 -20.2
7.86-7.45
5.04 -22.0
8.01-7.17
-24.9
7.83-7.48
-21.9
7.97-7.28
-16.5
7.89-7.47
3.14

IR Absorption Frequency (cm-1)
Si-H
Si-R2 Si-O-Si-R2
2154
1103
2167
1257
1154
1249
1110-1030
1251
984

λmax
(nm)
295
292
296
290
295
289

Reacting 5.0 mol% of the water adduct of B(C6F5)3 with 3.1R, exclusively afforded the
naphthalene bridged siloxane (Scheme 3.3, 3.3R), irrespective of the substrate
concentration. While the reaction was performed under a constant flow of nitrogen, the
water B(C6F5)3 adduct has caused partial hydrolysis of 3.1R prior to an intramolecular
dehydrocoupling reaction from a naphthalene bridged silanol (R2SiOH)/silane (R2SiH)
intermediate (Scheme 3.4).
R

R
Si

R

Si

R

5 mol% RhCl(PPh3)3

+ 3.3R

toluene, 90oC, 70 h

H

R
R

Si

H

3.2Ph R = Ph; 38%
3.2Me R = Me; 26%

R

Si

R

R
3.1Ph R = Ph; 53%
3.1Me R = Me; 48%

R

R

O
Si

Si

R

5 mol% (C6F5)3B(OH2)
toluene, 90oC, 70 h

3.3Ph R = Ph; 43%
3.3Me R = Me; 28%

Scheme 3.3 Catalytic routes to naphthalene bridged disilane, 3.2R, and siloxane, 3.3R
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To test the potential formation of a silane/silanol intermediate, a control reaction was
performed. This included the intentional addition of a ½ equivalent of H2O/Si-H bond to
3.1Ph in the presence, and absence, of (C6F5)3B(OH2) (Scheme 3.4). There was no
observable change in the NMR spectra when 3.1Ph reacted with H2O in the absence of the
catalyst. However, in the presence of (C6F5)3B(OH2) and ½ equivalent of H2O, 3.3Ph was
produced rapidly, even under much milder conditions (22 °C) than in the original
catalytic synthesis, providing evidence for the formation of a silanol intermediate.291

Scheme 3.4 (C6F5)3B(OH2) catalyzed synthesis of 3.3Ph in the presence of H2O
Using RhCl(PPh3)3, 3.1R is converted to 3.2R, in parallel with hydrolysis (competitive
reaction) which undergoes dehydrocoupling to yield 3.3R.

By contrast, the

(C6F5)3B(OH2) catalyst readily facilitates the production of silanol, favouring a synthetic
route which involves hydrolysis prior to dehydrocoupling. Notably, intermolecular
dehydrocoupling was not observed even when the reactions were performed under higher
concentrations of 3.1R and catalyst relative to solvent. This suggests that the steric bulk in
3.1R precludes oligomerization or that the oligomers which form are susceptible to Si-Si
bond cleavage.
Single crystals were grown for each compound in the series 3.1Ph, 3.2Ph, 3.3Ph by slow
evaporation of solvent from dichloromethane; the crystal structures were solved by single
crystal X-ray diffraction and the molecular structures are shown in Figures 3.3 a, b, d,
respectively.
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a)

b)

c)

d)

e)

Figure 3.3 Molecular structures of a) 3.1Ph, b) 3.2Ph, c) 3.2Me, d) 3.3Ph, and e) 3.3Me (50%
probability ellipsoids). For 3.3Ph and 3.3Me only one of the two crystallographically
independent molecules found in the crystal structures is shown (3.3Ph: molecule 1 has C1
symmetry, molecule 2 has C2 symmetry; 3.3Me both molecules have C1 symmetry).
Selected distances and angles are given in Table 3.2.
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In compound 3.1Ph, there is a slight twisting of the naphthyl ring to accommodate the
bulky Ph substituents as demonstrated by the torsion angles of 12.7° and 17.0° for Si1C13-C18-C22 and Si2-C22-C18-C13, respectively. In compounds 3.2Ph (with a Si-Si
bond contained in a 5-membered ring) and 3.3Ph (with a Si-O-Si bond contained in a 6membered ring), the planarity of the naphthyl ring is increased relative to 3.1Ph with
torsion angles of less than 10°. The Si centres in all three molecules are nearly tetrahedral,
with the greatest amount of deviation observed in 3.2Ph. The angles from Si1-C13-C18
and Si2-C22-C18 are 123.36(1)° and 129.35(9)° (3.1Ph), 124.57(1)° and 125.49(1)° for
3.3Ph (C1 symmetry molecule), which are much wider than the angles in 3.2Ph with
117.30(1)° and 11.50(1)°, respectively. Linking the Si atoms together contained in a 5membered ring, as in 3.2Ph, resulted in bond angles to naphthalene of 92.15(5)° (C13-Si1Si2) and 92.44(5)° (C22-Si2-Si1), while the bond angles in 3.3Ph are 107.82(5)° (C13Si1-O1) and 107.38(5)° (C22-Si2-O1). The Si1-Si2 bond distance of 2.351(1) Å is in fact
similar to the distance from C13 to C22 (2.506(3) Å), confirming that a 1,8-naphthalene
bridge is the ideal bridge distance for a disilane (see Table 3.2 for selected distances and
angles). However, the Si1-Si2 bond length in 3.2Ph (2.351(1) Å) is longer than in the
reported structures for 3.2H284 (2.309(1) Å) and 3.2Me (2.338(2) Å292-293 or 2.329(2) Å in
this work, Figure 3.2c). This can be explained by the increased steric bulk due to the
phenyl substituents and the effect was observed in a similar anthracene bridged
diphenyldisilane.58
Additional electron density was observed above the Si-Si bond during refinement for both
compounds 3.2Ph and 3.2Me and this was determined to be due to co-crystallisation of
minor amounts of 3.3Ph (10.3(2)%) and 3.3Me (9.4(4)%), respectively (Figures 3.4 and
3.5), and was confirmed with analytical methods (see Experimental). Single crystals of
3.3Me were grown from slow diffusion of hexanes into dichloromethane. The molecular
structure of 3.3Me (Figure 3.3e) shows similar bond angles to 3.3Ph. Both of the six
membered rings containing Si-O-Si connectivity are similar, exhibiting a slight twist
away from planarity; with one Si above and one Si below a plane created with the
naphthyl ring (Figure 3.3d, e).
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Figure 3.4 Refined structure of 3.2Ph containing co-crystallisation from 3.3Ph (10.3(2)%)
demonstrating the source of the extra electron density above the Si-Si bond

Figure 3.5 Refined structure of 3.2Me containing co-crystallisation from 3.3Me (9.4(4)%)
demonstrating the source of the extra electron density above the Si-Si bond
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Table 3.2. Selected metrical parameters for 3.1Ph, 3.2Ph, 3.2Me, 3.3Ph, 3.3Me and 3.4.
Parameter
Si-naph /Å

3.1Ph
Si1-C13

or 1.886(1)

3.2Ph

3.2Me

3.3Ph*

3.3Me*

3.4

1.872(2)

1.882(2)a

1.875(1)

1.880(1)a

1.880(1)

1.873(1)

1.874(1)b

1.873(1)

1.872(1)c

1.873(1)

1.875(1)d

Si1-C5a or
Si3-C27b
Si2-C22

or 1.892(1)

Si2-C13c

or

1.879(2)

1.874(2)c

1.880(1)

Si4-C19d

Si-E /Å

Si2-C23

-

-

-

-

-

1.894(1)

Si2-C32

-

-

-

-

-

1.910(1)

Si1-Si2

3.419(6)

2.351(1)

2.329(2)

2.972(7) / 2.952(1)

or 2.570(2)

2.505(2)

2.501(2)e

2.535(2) / 2.527(3)

2.524(3)e

2.561(3)

C13-C22

3.481(6)

C13-C5e
C23 – C32

-

-

-

-

-

2.315(3)

Si1-H

1.365(2)

-

-

-

-

1.379(2)

-

-

-

1.371(2)f

-

1.635(9) / 1.636(9)

1.638(1)

1.641(6) / 1.641(6)

1.634(1)

Si2-H or Si1- 1.371(2)
H1Bf
Si1-O1 /
Si2-O1

-

-

/ -

100

1.637(9)

/

1.639(9)
Si-E-E /°

Si1-C13-C18

123.36(1)

117.30(1)

116.76(1)

124.57(1) / 123.70(1)

125.34(9)

/ 128.85(1)

124.75(9)
Si2-C22-C18

129.35(9)

116.50(1)

117.06(1)

125.49(1) / 123.70(1)

125.24(9)

/ 132.08(1)

125.07(1)
C13-Si1-Si2

-

92.15(5)

92.58(6)

83.59(5) / 82.70(5)

-

76.32(5)

C22-Si2-Si1

-

92.44(5)

92.69(6)

82.99(5) / 82.70(5)

-

74.48(5)

Si1-O1-Si2

-

-

-

130.65(6) / 128.05(8)

130.31(6)

/ -

129.75(6)
C13-Si1-O1

-

-

-

107.82(5) / 108.44(6)

107.57(5)

/ -

108.15(5)
C22-Si2-O1

-

-

-

107.38(5) / 108.44(6)

108.27(5)

/ -

107.86(5)

Torsion /°

C28-C32-Si2

-

-

-

-

-

87.39(9)

C28-C23-Si2

-

-

-

-

-

88.21(9)

Si1-C13-C18-

12.7(2)

0.54(2)

2.9(4)

3.0(2) / 10.95(6)

4.87(2)

C22
Si2-C22-C18C13

/

- 15.7(2)

8.14(2)
17.0(2)

3.80(2)

-1.03(2)

0.2(2) / 10.95(6)

-1.49(2) / - 4.7(2)
4.65(2)
101

C13-Si1-Si2-

17.50(6)

-

-

2.21(6) / 15.68(9)

-

11.86(6)

-

-

-

-

-

4.2(1)

C22
C23-C28-C32Si2
*two crystallographically independent molecules; 3.3Ph: molecule 1 has C1 symmetry, molecule 2 has C2 symmetry; 3.3Me both molecules have
C1

symmetry
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3.2 Attempted synthesis of bridged building blocks that are polymerizable
A polymerizable bridged disilane should have at least two hydride substituents to
undergo intermolecular dehydrocoupling. In an attempt to remove one phenyl substituent
from each Si centre in 3.1Ph via the step-wise reaction with 2 equivalents of TfOH284 and
LiAlH4, the reaction resulted to the cleavage of the naphthalene Si-C bond rather than the
phenyl Si-C bond. Diphenylsilane (Ph2SiH2) and naphthalene were formed as the major
products (Scheme 3.5). Based on this observation, we expected a similar reaction if 3.2Ph
was instead used. The naphthyl substituent would be preferentially cleaved over the
phenyl groups.

Scheme 3.5 Dearylation reaction of 3.1Ph with TfOH
The step wherein the phenyl substituents are being replaced by hydride substituents is
crucial to obtain a bridged-disilane monomer suitable for dehydrocoupling reactions.
Thus, an alternative route to prepare the desired bridged disilane monomer was employed
(Scheme 3.6).
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Scheme 3.6 Attempted synthesis of polymerizable building block 3.2Ph’ which resulted in
the redistribution product 3.4
A

reaction

was

performed

where

1,2-bis(triflate)-1,2-diphenylsilane

and

1,8-

dilithionaphthalene were each separately synthesised in situ and then combined to form a
naphthalene bridged disilane, 3.2Ph’.294-297 Compound 3.2Ph’ contains a HSi-SiH unit,
which is required for the intermolecular dehydrocoupling reaction aimed at producing a
polysilane. However, the reaction did not yield the desired compound 3.2Ph’ and formed
3.4 instead (crystals were grown from slow evaporation of hexanes). The structure of 3.4
is confirmed by analytical and spectroscopic data (see experimental). Compound 3.4
results from Si-Si bond cleavage showing an unusual structure as it contains a highly
strained 4-membered ring from a naphthyl substituent bonding Si2 (Figure 3.6). The
bond angles to the naphthalene are 87.38(9)° (C28-C32-Si2) and 88.21(9)° (C28-C23Si2). A second naphthalene is bridged to both Si atoms and each Si atom contains a
phenyl substituent. This creates a highly congested environment for Si2, Si1 is connected
to two hydrides, one phenyl and one naphthyl substituent.
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Figure 3.6 Molecular structure of 3.4 with thermal ellipsoids drawn at the 50%
probability level. Selected distances and angles are given in Table 3.2.
When considering a potential mechanism for the formation of 3.4, keeping in mind that
both

starting

materials

(e.g.

1,2-bis(triflate)-1,2-diphenylsilane

and

1,8-

dilithionaphthalene) were formed in situ when they were combined together, there are
three postulated routes.
The first route involves the installation of one side of the 1,8-dilithionaphthalene bridge
along with concomitant loss of LiOTf (Route I, Scheme 3.7). Carbanion attack at the Si
centre then forms the silicycle which induces a 1,2-hydride shift, moving the hydride to
the other Si centre, and results in the loss of the second triflate group (as LiOTf). There is
literature precedence for this part of the mechanism as it has been proposed by Söldner
and co-workers to explain a cyclisation reaction which involves a Si to Si hydride
shift.284,298 The resulting disilane intermediate is then susceptible to the installation of the
bridging naphthalene from 1-bromo-8-lithionaphthalene simultaneously with the cleavage
of the Si-Si bond.299 Further support for this mechanism is from the literature reports on
nucleophilic aromatic substitution reactions to form new aryl silanes.300-301 In addition,
catalytic routes which involve Si-Si bond cleavage during a reaction with aromatic
substrates containing both OTf and SiMe3 substituents demonstrate the potential for the
latter part of the mechanism.300-305
A second mechanistic option is where the desired compound is formed (3.2Ph’, Route II,
Scheme 3.7), and assuming that a mono-lithiated species is also present, this will be
followed by a nucleophilic attack on one of the Si centres to install the other naphthalene
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while simultaneously cleaving the Si-Si bond and undergoing a 1,2-hydride shift to move
a hydride to a neighbouring Si centre as observed in 3.4.
A final route is based on the independent formation of compound 3.4 in a reaction of 1,8dilithionaphthalene with two equivalents of Cl2SiPhH in the presence of LiAlH4. In this
case, it was clear that cleavage of a Si-Si bond was not necessary in order to yield 3.4. In
this reaction, the first step would most likely be formation of 3.1XPh (e.g. 1,8dichlorophenylsilyl naphthalene) followed by a 1,2-hydride shift which is induced during
the silacycle formation to produce 3.4 (Route III, Scheme 3.7).
Despite the stoichiometry, there seems to be a preference for the addition of two
equivalents of naphthalene in these reactions. The possibility of having insufficiently
lithiated 1,8-naphthalene (e.g. 1-bromo-8-lithionaphthalene) in the reaction mixture as
well as the tendency for silicon compounds to undergo redistribution reactions
complicates the reaction chemistry, but this is hard to pin down due to the number of
variables and sensitive nature of this chemistry.
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Scheme 3.7 Postulated mechanism to form 3.4
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The reaction described in Scheme 3.6 to form 3.2Ph’ would have been the preferred route
to bridged disilanes as this will exclude the formation of Si-O-Si bridge, as observed in
the internal dehydrocoupling reactions with RhCl(PPh3)3. With that being said, the pursuit
to synthesize 3.1Ph’ still continues, this time using PhH2SiCl which was prepared in situ as
described in Chapter 2. The product, 3.1Ph’, was obtained as white crystalline solid with
45% isolated yield (Scheme 3.8).

Scheme 3.8 Synthesis of 3.1Ph’
Since compound 3.1Ph’, has only one Ph substituent on each Si atom, the torsion angles
are lower than that of 3.1Ph with values of 9.8° and 13.9° for Si2-C1-C10-C9 and Si1-C9C10-C1, respectively. The two Si centres are almost identical and nearly tetrahedral with
angles from Si2-C1-C10 and Si1-C9-C10 equal to 128.52(1)° and 128.76(1)°,
respectively.

Figure 3.7 Molecular structure of 3.1Ph’ (molecule 1 has C1 symmetry, molecule 2 has C2
symmetry)
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In a second attempt to synthesize 3.2Ph’, dehydrocoupling reactions were conducted with
3.1Ph’ as shown in Scheme 3.9. All reactions were performed using Schlenk techniques
and dilute concentrations of the starting material to favor ring-closing reaction to form the
desired product, 3.2Ph’. However, using the Wilkinson’s catalyst, RhCl(PPh3)3, the
product obtained was a dimeric, 8-membered siloxane ring, 3.3Ph’ (Figure 3.8). While the
(C6F5)3B(OH2) gave a siloxane monomer, 3.3Ph”, with about 50% of the starting material
left unreacted. It is evident that increasing the hydride substituents on a hydrosilane also
increases its sensitivity with moisture, leading to siloxane formation in the presence of a
catalyst.

Scheme 3.9 Dehydrocoupling reactions of 3.1Ph’ using RhCl(PPh3)3 and (C6F5)3B(OH2)
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In compound 3.3Ph’ (containing an 8-membered ring with alternating Si and O atoms;
Figure 3.8), the planarity of the naphthyl ring is evident with torsion angles of less than
10° (Figure 3.8b). The O atoms have bond angles of 136.21(1)° and 128.71(9)° from Si1O1-Si2 and Si2-O2-Si1, respectively (Figure 3.8c). These values are much wider than
105°, which is typical of molecules with V-shaped or bent geometry with two pairs of
bonded electrons and two unshared lone pairs. The Si centres are nearly tetrahedral with
bond angles from Si1-C21-C22 and Si2-C13-C22 equivalent to 125.06(2)° and
123.65(2)°, respectively (Figure 3.8d).
a

b

c

d

Figure 3.8 Molecular structure of 3.3Ph’ a) atom label, b) torsion angle, c) bond angle, O
center, d) bond angle, Si center
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These observations suggest that dehydrocoupling reactions with Rh catalyst
(i.e. RhCl(PPh3)3) has thermodynamic preference for the formation of the siloxane
structures. It was reported that with Rh and Pt catalysts in the presence of residual O2 or
H2O, the formation of Si-O bonds is a known competitive reaction that is 10 to 100 times
faster than hydrosilylation.156 In an experiment where a solution of 3.2Ph in dry toluene
was added a small amount of RhCl(PPh3)3 and left exposed to air for 70 h (22 oC), 1H
NMR spectrosocopy revealed the formation of 3.3Ph along with unreacted 3.2Ph (Figure
3.9). This is further evidence that the Si-Si bond is very susceptible to oxidation and
hydrolysis in the presence of a Rh-based catalyst. In the absolute absence of air/moisture,
perhaps more active dehydrocoupling catalysts which do not promote oxidation or
hydrolysis at Si will be useful.

3.2Ph
(Si-Si)

3.3Ph
(Si-O-Si)

3.2Ph (Si-Si) +
RhCl(PPh3)3

Figure 3.9 1H NMR spectrum in CDCl3 of 3.2Ph solution with RhCl(PPh3)3 exposed to air
for 70 h
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3.3 DFT Calculations
Theoretical calculations by DFT were implemented to complement the experimental data
gathered for the naphthalene bridged bis(disubstituted)disilanes. The calculated electronic
properties of the disilane compounds are generally in agreement with experimental
values. Other predicted properties are also provided in this section to give insights to
experimentally unexplored naphthalene bridged monomers and oligomers.
The calculated band gap for the precursor molecule 3.1Me (4.46 eV), was found to be 0.02
eV smaller than 3.1Ph (4.48 eV) which is substantially lower than free naphthalene
(4.73 eV; Figure A1). This can be attributed to the slightly twisted geometry of
naphthalene in 3.1Ph (Figure A2) to accommodate the bulky phenyl substituents, which
results in a reduction of π-conjugation in the naphthyl ring, compared to the more planar
geometry found in 3.1Me (Figure A3). Once the Si-Si bond has been formed, the
calculations indicate that the HOMO-LUMO energy band gap in the naphthalene bridged
bis(disubstituted)disilanes decreases slightly with an increasing number of phenyl groups
and a decreasing number of hydride or methyl substituents: 3.2Me = 3.2H > 3.2Ph’ > 3.2Ph
(where 3.2H is naphthalene bridged tetrahydrodisilane, Table 3.3; Figures A5-A8).306-307
This trend is explained by the increased π-conjugation with increasing numbers of phenyl
substituents, however, it is a minor effect compared to strong contribution provided by
naphthalene (Figure 3.10). Unlike in 3.2Me, the HOMO of 3.2Ph includes contributions
from the phenyl rings. By contrast, the LUMO in both 3.2Ph and 3.2Me is located over the
naphthalene ring. The calculations also reveal the formation of 3.3Ph to have a more
positive Gibbs free energy than 3.2Ph. This supports the argument that 3.1Ph has to
undergo a two-step (partial hydrolysis and intramolecular dehydrocoupling) reaction to
form 3.3Ph.
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HOMO-3.2Ph

LUMO-3.2Ph

HOMO-3.2Me

LUMO-3.2Me

Figure 3.10 HOMOs and LUMOs calculated from the optimized structures of 3.2Ph (top)
and 3.2Me (bottom)
As expected, for the corresponding oligomers of 3.2H and 3.2Ph’ the energy gap decreases
as the oligomer length increases (Figure 3.11; monomer = 4.56 eV; dimer = 4.41 eV;
trimer = 4.32 eV, tetramer = 4.31 eV, pentamer = 4.23 eV) due to the increased Si-Si σconjugation (Table 3.3).308-309 The optimized structures containing the bridged disilanes
also show that the π-conjugated bridge makes the oligomer conformationally constrained
resulting in an anti-turn which extends the σ-conjugation. In summary, for the 3.2H-series,
the decreasing trend in energy gap as the chain increases can be explained by the resulting
anti-turn, however, this effect is diminished by the cisoid configuration (e.g. when going
from trimer to tetramer there is only 0.01 eV difference in band gap).
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Table 3.3 B3LYP/6-31(++)G**-calculated HOMO-LUMO energy band gaps (eV).
HOMO-LUMO Gap
Compound

(eV)

naphthalene

4.73

3.1Ph

4.48

3.1Me

4.46

3.1Ph’

4.59

3.2Ph’

4.54

3.2H

4.56

3.2Ph

4.44

3.2Me

4.56

3.3Ph

4.51

3.3Me

4.54

3.2H-dimer

4.41

3.2H-trimer

4.32

3.2H-tetramer

4.31

3.2H-pentamer

4.23

3.2Ph’-dimer

4.26
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Figure 3.11 Chemical structures and HOMO-LUMO energy gaps, eV, of 3.2H- and 3.2Ph’oligomers
The experimental UV-vis spectrum of 3.2Ph in THF was compared with those of
naphthalene, 3.1Ph and 3.3Ph (Table 3.4). These results correlate nicely with the
aforementioned calculations which demonstrate that the main contributor to the calculated
band gap is naphthalene. The addition of silyl groups to the naphthalene results in a red
shift of the π-π* transition (e.g. 277 nm to 296 nm for 2Ph), observed both experimentally
and in the calculated TD-DFT spectra (Figures A16-A19). Maeda and coworkers
demonstrated a similar trend in their studies of naphthelene substituted molecules.53 The
contribution from σ–σ* transition to the band gap is not prevalent until the disilanes are
linked into dimers (see Figure A18-A19) due to addition of σ-conjugation. There is very
little influence from solvent as the calculated TD-DFT spectra (Figure A20-A23) in THF
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do not deviate much from the gas phase (data in Table 3.4). In summary, the experimental
and theoretical UV-Vis spectra are in good agreement and corroborate the previous
findings that the presence of the naphthalene substituent has a greater impact on lowering
the HOMO-LUMO gap than the subtle changes observed when changing another
substituent (e.g. Ph vs. Me vs. H). Futhermore, increasing the number of Si atoms in the
chain lowers the band-gap.
Table 3.4 Experimental and theoretical comparison of HOMO-LUMO gaps from UV-Vis
and TD-SCF(DFT) spectra

Compound

λmax

Band

λmax

Band

λmax

Band

(nm)

Gap (eV)

(nm)

Gap (eV)

(nm)

Gap (eV)

Theoreticalb

Experimentala

Gas Phase

Solvent = THF

Naphthalene

277

4.48

285

4.36

287

4.33

3.1Ph

295

4.20

304

4.07

306

4.05

3.2Ph

296

4.19

316

3.93

316

3.92

3.3Ph

295

4.20

303

4.10

304

4.07

3.1Me

292

4.25

307

4.04

310

4.01

3.2Me

290

4.28

297

4.17

299

4.14

3.3Me

289

4.29

298

4.16

300

4.13

3.1Ph’

292

4.25

297

4.18

299

4.15

3.2Ph’

-

-

299

4.15

301

4.12

3.2Ph’-dimer

-

-

328

3.78

327

3.79

3.2H

-

-

297

4.17

299

4.14

3.2H -dimer

-

-

312

3.98

313

3.96

3.2H -trimer

-

-

319

3.89

320

3.87

3.2H -tetramer

-

-

321

3.86

322

3.84

3.2H-pentamer

-

-

324

3.83

325

3.81

a: solution in THF (Ph-series, 0.33 mM; Me-series, 0.50 mM); b: TD-SCF(DFT), B3LYP/631(++)G**
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3.4 UV-Vis degradation studies of oligosilanes
The objective of this chapter is to demonstrate the robustness and stability of Si-Si bonds
on naphthalene bridged disilane compounds. The Si-Si bond cleavage is induced by
UV-Vis irradiation at specific power intensity and time points.
The ability of oligosilanes and polysilanes to absorb in the near-UV region makes these
materials valuable for many applications (i.e. photoresistors, OLED, microlithography,
etc.).7 This is brought about by the significant interaction and electronic delocalization in
the σ–conjugated Si-Si bond. Typically, soluble high molecular weight polysilanes have
long-wavelength absorption at about 300-350 nm. And both λmax and molar extinction
coefficients per Si-Si bond increase with increasing chain length, with asymptotic limit of
n > 40 or 50.310
In polysilanes, the transition is dominated by the single configuration (HOMO
LUMO),

which

is

polarized

along

the

Si

chain.311

Specifically,

for

poly(phenylmethylsilane), it was argued312-313 that the transition must depend on the
relative mixing of orbitals in the excited state and that two transitions should be possible:
σ–π*(ring) or π(ring)–σ*.314 According to literature,311, 315 the energy of transition of σ–
σ* decreases with increasing chain length while σ–π* does not decrease as rapidly with
increasing chain length. However, to distinguish the σ–π* and the π–σ* transitions,
polarization observation was coupled with fluorescence and absorption character changes
and proved that the dominant transition is π–σ*.314 In effect, the first transition in
polysilanes is generally influenced by the substituents, and for small-ring aryl-substituted
polysilanes, the transition is largely π–σ* in nature. The transition in alkyl-substituted
polysilanes arises from a delocalized σ–σ* while in naphtyl-subtituted polysilanes, the
transition is described as a localized π–π*.314
Solutions of alkyl polysilane copolymers in toluene and xylene are stable at 23 oC in the
absence of UV light for at least 2 years.316 Polysilanes absorb and emit in the UV and
near-UV region and the lower bond strength of the Si-Si bond (310 kJ/mol) make them
susceptible to bond cleavage.7,

317

In this regard, understanding the mechanisms of

photodegradation in polysilanes with organic side groups is important, especially in the
development of Si-based electronic devices.318
The observed spectral bleaching suggested the progressive decrease in molecular weight
of a typical polysilane derivative upon UV exposure. There are at least three
photochemical processes that could occur in polysilanes in solution: (i) chain abridgement
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by silylene extrusion (at short wavelength), (ii) chain scission by Si-Si bond homolysis (at
all wavelengths) and (iii) chain scission by photochemical reductive 1,1-elimination
(Scheme 3.10).7

Scheme 3.10 Photochemical processes that could occur in polysilanes in solution7
In addition, Ziegler et al.316 demonstrated the key role of oxygen in the photochemical
reaction. Photodegradation was observed to be slower in inert atmosphere than in the
presence of oxygen. The simplest catenated silane – disilane unit absorbs in the deep and
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vacuum UV in the presence of alkyl side chains. Aromatic substitution causes significant
spectral red shifts into the accessible UV region,7 i.e., copolymer of diphenyl and
methylphenyl polysilane319 absorbs at 339 nm (σ–σ* transition of the Si backbone) and
283 nm (π–π* transition of the phenyl group).320 The red shift is due to the high level of
mixing between the σ*-like orbitals and π*-like orbitals of the aryl polysilane. For a
disilane derivative, the primary process of photochemical decomposition involves simple
hemolysis of the Si-Si bond to produce silyl radicals. These radicals undergo many
reactions such as abstraction of hydrogen, aromatic functionalities, alkoxy groups, etc.
Encounters between silyl radicals can result in dimerization and/or disproportionation.7
Ishikawa et al. reported the photodegradation of disilanyl polymers in MeOD and
suggested that the silyl radicals initially produced are efficiently intercepted by oxygen
prior to disproportionation.321-322 On the basis of these observations, photodissociation of
polysilanes can lead to chain scission and formation of siloxanes or silanols. However, Si
bond scission can still take place even in the absence of oxygen.
In the next sections, photoscission experiments of three disilane compounds will be
discussed. Polysilane derivatives are sensitive to ionizing radiation and spectral bleaching
can be observed both in solution and in the solid state.7,

9,

310,

323-324

The

photodecomposition of 3.1Ph, HPh2Si-SiPh2H and 3.2Ph were performed using specific
wavelengths at constant laser power intensity. This procedure was conducted to determine
the wavelength-dependence of any degradation that would be observed for these
compounds. Particularly, the effect of adding a naphthalene bridged into a disilane were
evaluated in terms of its photochemical lability and sensitivity.

Figure 3.12 Chemical structures of 3.1Ph, HPh2Si-SiPh2H and 3.2Ph
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3.4.1 Photoscission of 3.1Ph
Using a 300 nm laser at 10 mW power, a slight increase in absorption at 350-400 nm was
observed (Figure 3.13). Most of the change occurs within the first 10 minutes, which is
approximately equivalent to a lifetime of 4 minutes. A slight background drift at 280-300
nm was observed in the experimental set-up which may be due to the lamp condition. On
the other hand, using a 360 nm laser did not show any significant change in the sample
absorption (Figure 3.13).
300 nm Laser and 10 mW Power

360 nm Laser and 10 mW Power

averaged change in spectral profile over time
a

c

averaged change in intensity over time
b

d

Figure 3.13 Change in spectral profile and intensity over time of 3.1Ph in toluene using
300 nm (a, b) and 360 nm (c, d) laser at 10 mW power
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Increasing the laser power to 16 mW did not also affect the absorption profile of 3.1Ph
(Figure 3.14). With these observations, it can be concluded that a disilyl compound such
as 3.1Ph, is stable under irradiation of UV light (360-300 nm).
300 nm Laser and 16 mW Power
averaged change in spectral profile over time

averaged change in intensity over time

Figure 3.14 Change in spectral profile and intensity over time of 3.1Ph in toluene using
300 nm laser at 16 mW power
3.4.2 Photoscission of HPh2Si-SiPh2H
Similarly, irradiation of a disilane, HPh2Si-SiPh2H, demonstrated a slight increase in
absorption at 300-400 nm using a 300 nm laser at 10 mW power. While using a 360 nm
laser, an increase in absorption at 300-325 nm was observed (Figure 3.15). Although
these changes are visible in the spectral profile of HPh2Si-SiPh2H, by 1H and

29

Si NMR

spectroscopy no significant change in the chemical shifts can be observed, thus, giving
the impression that degradation did not occur for HPh2Si-SiPh2H upon exposure to UV.
While it possible that nothing has happened, another argument could be that the results
are concentration-based and the degree of photoscission by the UV-Vis experiments is
difficult to quantify. It can be presumed that a small amount of scission occurs but not
enough to be detected by NMR spectroscopy.

123

300 nm Laser and 10 mW Power

360 nm Laser and 10 mW Power

averaged change in spectral profile over time
a

c

averaged change in intensity over time
b

d

Figure 3.15 Change in spectral profile and intensity over time of HPh2Si-SiPh2H in
toluene using 300 nm (a, b) and 360 nm (c, d) laser at 10 mw power
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3.4.3 Photoscission of 3.2Ph
To evaluate the stability of a naphthalene bridged disilane, 3.2Ph, similar experiments
were conducted as in 3.1Ph and HPh2Si-SiPh2H. Irradiation using 300 nm laser at 10 mW
power resulted in a significant change in absorption at 280-300 nm (could be a
combination of the change in sample absorption and lamp drift). Increase in absorption at
300-400 nm and a shift in λmax (see normalized plot, Figure 3.16) were also observed.
Using a 360 nm laser, the most significant change occurs at lower wavelengths (300-325
nm) compared to irradiation at 300 nm.
As observed for HPh2Si-SiPh2H, these changes are clearly visible in the spectral profile of
3.2Ph. The chemical shifts observed by 1H and

29

Si NMR spectroscopy are still the same

as the original compound, 3.2Ph at the end of the irradiation process. Overall it can be
assumed that the Si-Si bond in HPh2Si-SiPh2H and in 3.2Ph are considerably stable under
UV.
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300 nm Laser and 10 mW Power

360 nm Laser and 10 mW Power

averaged change in spectral profile over time

averaged change in intensity over time

normalized change in spectral profile over time

Figure 3.16 Change in spectral profile and intensity over time of 3.2Ph in toluene using
300 nm and 360 nm laser at 10 mW power
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Most likely the changes in a dimer are minimal compared to what a polymer would show.
For example, an oligomer with four Si units when degraded to even shorter oligomer
should have a much more drastic difference in absorbance/wavelength than when a dimer
is converted to a monomer (Table 3.5). A slight blue shift of the wavelength is more
likely to be observed during cleavage than a loss or change in absorbance as the sigmaconjugation is the one being broken.
Table 3.5 Comparative wavelength maxima of selected oligosilanes
Compound*

λmax
244

272

295

296

* 0.33 mM solution in THF

127

3.5 Summary
Compounds 3.1R, 3.2R, 3.3R, (R = Me, Ph), 3.1Ph’, 3.3Ph’, 3.3Ph”, 3.4 containing
naphthalene bridged disilanes were synthesized and characterized. Wilkinson’s catalyst,
RhCl(PPh3)3, generally promotes an intramolecular dehydrocoupling reaction to form a
Si-Si bond. However, with an increase in the number of Si-H bonds in 3.1Ph’. the
formation of siloxanes occurred faster than any dehydrocoupling to form a Si-Si linkage.
On the other hand, (C6F5)3B(OH2) catalyzes siloxane formation in all cases. Structural
analysis and multinuclear NMR spectroscopic data indicate the effects of phenyl and
methyl substituents on the bond lengths and bond angles of 3.1R, 3.2R and 3.3R. DFT
calculations revealed that tethered disilanes with aromatic functionalities have a relatively
wide band gap of about 3.9-4.5 eV. However, increasing the Si-Si chain length would
result in a lower energy band gap. It is also important to note that complete elimination of
moisture and air as well as more active dehydrocoupling catalysts will be required in
order to create Si-Si bonds. Knowledge on the synthesis of organosilanes, and structural
and electronic properties of bridged disilanes can serve as groundwork for the design of
silanes, in addition to polysilanes with extended σ-conjugation, and as semi-conducting
inorganic polymers.
At 10-16 mW power intensities and 360-300 nm wavelengths, the unbridged disilane
(HPh2Si-SiPh2H) and a bridged disilane (3.2Ph) have comparable reactions with specific
wavelength irradiation. Given the experimental conditions, the Si-Si bonds in these
compounds can be regarded as photochemically robust. However, the proposition that by
adding a naphthalene bridge into a disilane will increase the robustness or reinforce the
Si-Si bond, cannot be yet assessed based on these results. The lack of substantial evidence
for bond cleavage justifies why this study was not performed for other substrates later on
as it would be more drastic with polymeric silanes.
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3.6 Experimental
General Procedure. All reactions and manipulations were performed under a nitrogen
atmosphere in an MBraun Unilab 1200/780 glovebox or using conventional Schlenk
techniques. Dry solvents were obtained using a solvent purification system. Reagents
were purchased from Sigma-Aldrich, AK Scientific, Arcos and TCI and used as received.
1

H,

13

C, and

29

Si NMR spectra were recorded on a Bruker DPX-400 (400MHz)

spectrometer. Chemical shifts for protons are reported in parts per million (ppm)
downfield from tetramethylsilane and are referenced to residual protium in the NMR
solvent (e.g. CHCl3 = 7.26 ppm). Chemical shifts for carbon are reported in ppm
downfield from CDCl3 (77.3 ppm). Chemical shifts for silicon are reported in ppm
downfield to the silicon resonance of tetramethylsilane (TMS δ 0.0). The silicon NMR
resonances were determined with a DEPT pulse sequence. Data are represented as
follows: chemical shift, multiplicity (app = apparent, br = broad, s = singlet, d = doublet, t
= triplet, q = quartet, m = multiplet), coupling constants in Hertz (Hz), and integration.
High resolution mass spectrometry measurements were made on a Bruker microTOF-QII
mass spectrometer, equipped with a KD Scientific syringe pump, in positive ion ESI
mode. Infrared spectral data were obtained using Bruker Vertex 70 FTIR spectrometer.
Elemental analysis measurements were conducted on a Vario EL cube (Elementar
Analysensysteme GmbH, Hanau, Germany). X-ray diffraction measurements of single
crystals were performed on a Rigaku Oxford Diffraction XtaLAB-Synergy-S singlecrystal diffractometer with a PILATUS 200K hybrid pixel array detector using Cu Kα
radiation (λ = 1.54184 Å; Table S1). The data were processed with the SHELX2016 and
Olex2 software packages.325-326 All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were inserted at calculated positions or if possible based on difference
Fourier analysis and refined with a riding model or without restrictions. Mercury 4.1.0
was used to visualize the molecular structure.54 UV-vis spectra were recorded on a
SHIMADZU UV-3600 Plus spectrophotometer. All DFT calculations were done using
Gaussian 09.55 The geometries of each of the subject molecules were optimised using the
B3LYP functional and the 6-31(++)G** basis set for all elements. At the optimised
geometries, specific properties such as Gibbs free energies and frontier orbital energies
using 6-31(++)G** were calculated. In addition, the information about the UV-vis spectra
of the molecules were obtained using TD-SCF(DFT) method, B3LYP functional and 631(++)G** basis set.
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Synthesis of 1,8-bis(disubstitutedsilyl)naphthalenes, 3.1Ph and 3.1Me. To a cooled
(-78 oC) solution of 1,8-dibromonaphthalene (4.2 mmol, 1.2 g) in diethyl ether (20 mL),
2.0 M nBuLi (in cyclohexane, 8.4 mmol, 4.2 mL) was added dropwise and the mixture
was stirred for 10 min at 25 °C. The mixture was cooled again to -78°C and the
monochlorosilane (8.4 mmol, 1.6 mL ClSiHPh2 or 0.93 mL ClSiHMe2) was added with
stirring. The dry ice-acetone bath was removed, and the mixture was then allowed to stir
for 24 h at room temperature. The diethyl ether layer was removed and dried under
vacuum to form a mixture of white and yellow-green solids. The yellow-green impurities
were removed by dissolution in hexane (2 x 10mL) leaving a white solid product (3.1Ph,
53% yield; 3.1Me, 48% yield). For 3.1Ph, crystals suitable for diffraction were grown from
dichloromethane. 3.1Ph:287 1H NMR (400 MHz CDCl3): δ 7.94-7.92 (m, H4/H5, 2H), δ
7.78-7.77 (m, H2/H7, 2H), δ 7.40-7.27 (m, H3/H6, 2H; Ph-H[o,m,p], 20H), δ 6.13 (s, SiH, 2H, JSi-H = 102. 55 Hz). 13C{1H} NMR (100.6 MHz, CDCl3): δ 139.8 (s, C9), δ 135.9
(s, C2/C7, Ph-C[o]), δ 135.5 (s, C10), δ 132.1 (s, Ph(C)-Si), δ 129.3 (s, C1/C8), δ 127.8
(s, Ph-C[m,p], C4/C5), δ 124.51 (s, C3/C6). 29Si{1H} NMR (79.5 MHz, CDCl3): δ -20.2
ppm (s). HRMS-ESI: [C34H28NaSi2]+ cal’d: 515.1627 m/z; observed 515.1618 m/z. IR: ⱱ,
cm-1 3050 (arene), 2154 (Si-H), 1426 (Si-Ph), 1103 (Si-Ph2), 760-690 (Si-Ph). CHN Anal.
Calc: C: 82.87, H: 5.73. Found: C: 82.91, H: 5.96. 3.1Me:288 1H NMR (400 MHz, CDCl3):
δ 7.86-7.81 (m, H2/H4/H5/H7, 4H), δ 7.48-7.45 (m, H3/H6, 2H), δ 5.04 (s, Si-H, 2H, JSi= 96.60 Hz), δ 0.43-0.42 (d, CH3, 12H). 13C{1H} NMR (100.6 MHz, CDCl3): δ 141.3

H

(s, C9), δ 138.2 (s, C2/C7), δ 135.6 (s, C1/C8), δ 133.6 (s, C10), δ 131.0 (s, C4/C5), δ
124.3 (s, C3/C6), δ -0.8 (s, CH3).
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Si{1H} NMR (79.5 MHz, CDCl3): δ -22.0 ppm (s).

IR: ⱱ, cm-1 3066 (arene), 2961 (alkane), 2167 (Si-H), 1257 (Si-CH3), 781 (Si-CH3).
Synthesis of tethered disilanes, 3.2Ph and 3.2Me. A mixture of 3.1 (1.0 mmol, 0.49 g
3.1Ph; 0.24 g 3.1Me) and catalyst (5.0 mol%; 0.046 g RhCl(PPh3)3) was dissolved in
toluene (30 mL) and heated with stirring for 70 h. All volatiles were removed under
vacuum to give an off-white solid. The product was purified by Florisil filtration using
hexane as the eluent (3.2Ph, 38% yield; 3.2Me, 26% yield). 3.2Ph was separated from 3.3Ph
by washing with cold dichloromethane (5mL x 3) and slow evaporation allowed
crystallisation. 3.2Ph: 1H NMR (400 MHz, CDCl3): δ 8.01-7.98 (m, H4/H5, 2H), δ 7.917.89 (m, H2/H7, 2H), δ 7.62-7.59 (m, H3/H6, 2H), δ 7.40-7.17 (m, Ar-H[o,m,p], 20H).
13

C{1H} NMR (100.6 MHz, CDCl3): δ 138.9 (s, C9), δ 136.2 (s, Ph-C[o]), δ 135.3 (s,
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C10), δ 134.6 (s, C2/C7), δ 133.6 (s, C1/C8), δ 129.9 (s, C4/C5), δ 129.2 (s, Ph-C[p]), δ
127.8 (s, Ph-C[m]), δ 126.3 (s, C3/C6). 29Si{1H} NMR (79.5 MHz, CDCl3): δ -24.9 ppm
(s). HRMS-ESI: [C34H26NaSi2]+ cal’d 513.1471 m/z; observed 513.1477 m/z. IR: ⱱ, cm-1
3044 (arene), 1426 (Si-Ph), 1154 (Si-Ph2), 760-690 (Si-Ph). CHN Anal. Calc.
C34H26Si2.20%C34H26Si2O: C: 82.67, H: 5.31. Found: C: 82.32, H: 5.46. 3.2Me:327 1H
NMR (400 MHz, CDCl3): δ 7.83-7.82 (m, H4/H5, 2H), δ 7.76-7.74 (m, H2/H7, 2H), δ
7.52-7.48 (m, H3/H6, 2H), δ 0.42 (s, CH3, 12H). 13C{1H} NMR (100.6 MHz, CDCl3): δ
131.5 (s, C2/C7/C9), δ 128.8 (s, C1/C8/C10), δ 125.7 (s, C3/C6/C4/C5), δ -3.4 (s, CH3).
29

Si{1H} NMR (79.5 MHz, CDCl3): δ -21.9 ppm (s). IR: ⱱ, cm-1 3044 (arene), 2949

(alkane), 1249 (Si-CH3), 781 (Si-CH3). Note: use of other catalysts, namely
2nBuLi/Cp2TiCl2 and 2nBuLi/Cp2ZrCl2 showed no dehydrogenative coupling (only
starting materials remained).
Synthesis of tethered siloxanes, 3.3Ph and 3.3Me. A mixture of 3.1 (1.0 mmol, 0.49 g
3.1Ph; 1.0 mmol, 0.24 g 3.1Me) and catalyst (4.9 mol%; 0.026 g (C6F5)3B(OH2)) was
dissolved in toluene (30 mL) and heated with stirring for 70 h. All volatiles were removed
under vacuum to give an off-white solid. The product was purified by Florisil filtration
using hexane as the eluent and was crystallized by slow evaporation from DCM and
hexanes (3.3Ph, 43% yield; 3.3Me, 28% yield). 3.3Ph: 1H NMR (400 MHz, CDCl3): δ 7.977.94 (m, H4/H5, 2H), δ 7.77-7.75 (m, H2/H7, 2H), δ 7.61-7.59 (m, Ph-H[o], 8H), δ 7.517.48 (m, H3/H6, 2H), δ 7.42-7.28 (m, Ph-H[m,p], 12H).
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C{1H} NMR (100.6 MHz,

CDCl3): δ 139.79 (s, C9), δ 135.94 (s, Ph(C)-Si), δ 135.21 (s, Ph-C[o]), δ 132.52 (s,
C1/C8), δ 132.12 (s, C2/C7), δ 131.23 (s, C10), δ 130.02 (s, Ph-C[p]) , δ 129.28 (s,
C4/C5) , δ 127.72 (s, Ph-C[m]), δ 124.86 (s, C3/C6). 29Si{1H} NMR (79.5 MHz, CDCl3):
δ -16.5 ppm (s). HRMS-ESI: [C34H26NaOSi2]+: cal’d: 529.1420 m/z; observed 529.1420
m/z. IR: ⱱ, cm-1 3024 (arene), 1427 (Si-Ph), 1110-1030 (Si-O-Si-Ph2), 760-690 (Si-Ph).
CHN Anal. Calc. C34H26OSi2.H2O: C: 77.82, H: 5.38. Found: C: 77.96, H: 5.25. 3.3Me: 1H
NMR (400 MHz, CDCl3): δ 7.89-7.87 (m, H4/H5, 2H), δ 7.61-7.59 (m, H2/H7, 2H), δ
7.51-7.47 (m, H3/H6, 2H), δ 0.43 (s, CH3, 12H). 13C{1H} NMR (100.6 MHz, CDCl3): δ
130.3 (s, C2/C7/C9), δ 128.4 (s, C1/C8/C10), δ 122.9 (s, C3/C6/C4/C5), δ -0.0036 (s,
CH3). 29Si{1H} NMR (79.5 MHz, CDCl3): δ 3.14 ppm (s). IR: ⱱ, cm-1 3043 (arene), 2957
(alkane), 1251 (Si-CH3), 984 (Si-O-Si), 786 (Si-CH3). CHN Anal. Calc: C: 65.06, H:
7.02. Found: C: 65.03, H: 7.34.
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Synthesis of 3.3Ph using H2O. A mixture of 3.1Ph (1 mmol, 0.49 g) and catalyst (4.9 mol
%; 0.026 g (C6F5)3B(OH2)) was dissolved in toluene (30 mL) and H2O (0.50 mmol, 0.010
mL) was added with stirring at 22 °C. The mixture was allowed to react for 70 h.
Formation of 3.3Ph was confirmed by NMR spectroscopy.
Synthesis of compound 3.4. The 1,2-bis(triflate)-1,2-diphenyldisilane was prepared by
dissolving 1,1,2,2-tetraphenyldisilane (4.0 mmol, 1.5 g) in toluene and cooled to 0 °C.
Triflic acid (8.0 mmol, 0.71 mL) was added and the reaction mixture was stirred for 1 h at
0 °C.
In a separate Schlenk flask, a 2.0 M solution of nBuLi (in cyclohexane, 8.0 mmol, 4.0
mL) was added dropwise to a cooled solution of 1,8-dibromonaphtalene (4.0 mmol, 1.1 g)
in diethyl ether (20 mL), and the mixture was stirred for 10 min at -78 °C and another 10
min at 0oC. The 1,8-dilithionaphthalene solution was added dropwise to 1,2-bis(triflate)1,2-diphenyldisilane solution at -78°C and stirred for 24 h at room temperature. The
resulting mixture was filtered through Florisil using diethyl ether as an eluent. The filtrate
was collected and the solvents were removed under high vacuum. The residue was
dissolved and recrystallized using hexanes to obtain a white crystalline product (36%
yield). 1H NMR (400 MHz, CDCl3): δ 8.69-8.67 (m, Ha4, 1H), δ 8.02-7.96 (m, Hb4/Hb5,
2H), δ 7.85-7.83 (m, Hb2/Hb7, 2H), δ 7.80-7.77 (m, Ha5, Ha2/Ha7, 3H), δ 7.61-7.55 (m,
Ha3, Hb3/Hb6, 3H), δ 7.47-7.43 (m, Ha6, 1H), δ 7.36-7.11 (m, Ph-H[o,m,p], 20H), δ 5.59
(s, Si-H, 2H, JSi-H = 105.05 Hz). 13C{1H} NMR (100.6 MHz, CDCl3): δ 139.9 (s, Ca9), δ
138.8 (s, Cb9), δ 135.7 (s, Ph[o(SiH2)]), δ 134.84 (s, Ca2/ Ca7/ Cb2/ Cb7), δ 133.1 (s,
Ph[o(Si(ring)]), δ 132.4 (s, Ph(C)-SiH2), δ 130.0 (s, Ca10), δ 129.6 (s, Cb10), δ 128.6 (s, Ca1/
Ca8/ Cb1/ Cb8), δ 127.9 (s, Ph-C[p]), δ 127.9 (s, Ph-C[m]), δ 126.7 (s, Ca4/ Ca5/ Cb4/ Cb5),
δ 125.4 (s, Ca3/ Ca6/ Cb3/ Cb6), δ 124.9 (s, Ph(C)-Si(ring)).
CDCl3):
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Si{1H}NMR (79.5 MHz,

5.1 ppm (s), -36.4 ppm (s). IR: ⱱ, cm-1 3041 (arene), 2212, 2143 (Si-H), 1428

(Si-Ph), 1106 (Si-Ph2), 760-690 (Si-Ph). CHN Anal. Calc. C32H24Si2.1/2H2O: C: 81.13, H:
5.32. Found: C: 81.61, H: 5.20.
Synthesis of 1,8-bis(disubstitutedsilyl)naphthalenes, 3.1Ph’. To a cooled (-78 oC)
solution of 1,8-dibromonaphthalene (6.0 mmol, 1.7 g) in diethyl ether (20 mL), 2.0 M
nBuLi (in cyclohexane, 12.0 mmol, 6.0 mL) was added dropwise and the mixture was
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stirred for 10 min at 25 °C. The mixture was cooled again to -78 °C. To the cooled
solution of 1,8-dilithionaphthalene was added a solution of PhSiH2Cl [24 mmol,
generated by treating 12 mmol, 2.96 mL PhSiH3 in dry hexane (30 mL), which was
cooled to 0 oC, with 9.6 mmol BCl3 solution (1.0 M in CH2Cl2)] at -78 oC. After stirring
for 1.5 h at room temperature, the reaction mixture was quenched with aqueous NH4Cl,
extracted with hexanes, washed with water and brine, dried over Na2SO4, and
concentrated. The residue was purified by silica gel column chromatography using DCM
and hexanes (50:50 v/v), followed by recrystallization from DCM to give a white solid
(45% yield). 1H NMR (400 MHz CDCl3): δ 8.00-7.93 (m, H4/H5/H2/H7, 4H), δ 7.547.33 (m, H3/H6, 2H; Ph-H[o,m,p], 10H), δ 5.42 (s, Si-H, 4H, JSi-H = 101.30 Hz). 13C{1H
NMR (100.6 MHz, CDCl3): δ 142.3 (s, C9), δ 140.3 (s, C2/C7), δ 135.6 Ph-C[o]), δ 134.3
(s, C10), δ 133.5 (s, C1/C8), δ 132.5 (s, Ph(C)-Si), δ 131.6 (C4/C5), δ 129.6 (s, Ph-C[m],
δ 128.0 (s, Ph-C[p], δ 124.51 (s, C3/C6).
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Si{1H} NMR (79.5 MHz, CDCl3): δ -31.2

ppm (s). HRMS-ESI: [C22H20NaSi2]+ cal’d: 363.0996 m/z; observed 363.0985 m/z. IR: ⱱ,
cm-1 3045 (arene), 2137 (Si-H), 1427 (Si-Ph), 818 (Si-Ph). CHN Anal. Calc: C: 77.59, H:
5.92. Found: C: 77.55, H: 6.07.
Synthesis of tethered siloxanes, 3.3Ph’ and 3.3Ph”. A mixture of 3.1Ph’ (1.0 mmol, 0.34 g)
and catalyst (5.0 mol%; 0.027 g (C6F5)3B(OH2), 5.0 mol%; 0.046 g RhCl(PPh3)3) was
dissolved in toluene (30 mL) and heated with stirring for 70 h. All volatiles were removed
under vacuum to give an off-white solid. The products were filtered through Florisil using
hexane as the eluent. Compound 3.3Ph’ was crystallized by slow evaporation from DCM
and hexanes (3.3Ph’, 11 % yield) while 3.3Ph” was obtained as a crude product (with some
unreacted 3.1Ph’). 3.3Ph’: 1H NMR (400 MHz, CDCl3): δ 7.96-7.31 (m, ArH, 32H).
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Si{1H} NMR (79.5 MHz, CDCl3): δ -38.7 ppm (s). 3.3Ph”: 1H NMR (400 MHz, CDCl3):

δ 7.70-7.54 (m, ArH, 16H), 4.76 (s, Si-H, 2H, JSi-H = 102.14 Hz).
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Si{1H} NMR (79.5

MHz, CDCl3): δ -50.7 ppm (s). HRMS-ESI: [C22H18O2NaSi2]+ cal’d: 393.0743 m/z;
observed 393.0818 m/z.
UV-Vis decomposition studies. The Femtosecond Transient Absorption (fs TrA) data
was acquired at the Photon Factory in the Faculty of Science at the University of
Auckland. The experimental set-up consists of a fluorescence cuvette in the ocean optics
spectrometer. Irradiation was conducted with a 130 fs, 1 kHz laser at a 90o angle to the
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probe, with a 2 mm beam diameter at the cuvette surface. A 2000 ms integration time was
used with 3 averages. All time scales are in minutes (instead of ps as labelled on the
graphs). All samples were prepared in spectroscopic grade and dry THF. The
concentration was made up to < 0.5 OD at the excitation wavelength. Sample was strirred
through the duration of the experiment and UV/Vis spectra was taken of the blank sample
before and after acquisition. Each sample was freshly prepared immediately prior to the
experiment.

134

Chapter 4 Synthesis, spectroscopic and crystallographic
characterization of bridged 1,1- disilylferrocene derivatives
Ferrocene is another interesting bridging unit to form a disilane, owing to its
organometallic nature and redox capabilities. Analogous to the naphthalene bridge,
similar synthetic routes and characterization techniques were applied, with the same
objective of creating a polymerizable building block, with an organometallic character.
4.1 Phenyl analogues of 1,1-disilylferrocene derivatives
The compound, 1,1-bis(diphenylsilyl)ferrocene, 4.1Ph, was prepared in good yield (46%
yield) as an orange solid based on literature procedure. The method involved the reaction
of dilithioferrocene-TMEDA with chlorodiphenylsilane, ClSiHPh2 (Scheme 4.1). The
identity of the product was confirmed by 1H and
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Si NMR spectroscopy and MS-ESI

spectrometry, which afforded data consistent with that reported in literature.328 In
addition, single-crystal XRD was performed to confirm the structure of 4.1Ph (Figure 4.1).

Scheme 4.1 Synthesis of 4.1Ph
The Si center is tetrahedral and observed with significant deviation at 109.24(6)°,
111.47(6)° and 110.75(6)° from C6-Si1-C12, C6-Si1-C1, and C12-Si1-C1, respectively.
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Figure 4.1 Molecular structure of 4.1Ph
To construct a ferrocene-bridge disilane, several dehydrocoupling reactions using dilute
concentrations of 4.1Ph were performed. Only the reaction at elevated temperature (90 oC)
with 5 mol% RhCl(PPh3)3 for 70 h gave a product which is the siloxane, 4.3Ph (Scheme
4.2). Other catalysts such as (C6F5)3B(OH2) and ZrCp2Cl2/2nBuLi are suspected to be not
active enough, both at room and elevated temperatures, to promote dehydroocupling of
relatively bulky disilane 4.1Ph. This argument can be supported by the obervation that
tertiary silanes generally do not dehydrocouple with metallocene complexes.34
Specifically, for the ZrCp2Cl2/2nBuLi catalyst, increasing the temperature may have also
caused decomposition of any nBuLi present in the reaction mixture.
The formation of siloxane, 4.3Ph, can be rationalized by the fact that oxidation of Si-Si
bonds to siloxanes could occur with Rh catalysts329 in the presence of air. Brown and
Wesley also reported that siloxane formation can be caused by either O2 or H2O with Rh
or Pt catalyst.156

The dehydrocoupling product, ferrocene-bridged disilane, proved

difficult to isolate as it requires purification by silica gel chromatography and
crystallization in the presence of both catalyst and air. It is suspected that the Si-Si bond
was initially formed, and then decomposed during the purification step to form the
siloxane, 4.3Ph. However, this problem appears to be less pronounced when using the
naphthalene-bridged substrate, 3.1Ph.
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Scheme 4.2 Various dehydrocoupling reactions conducted for 4.1Ph.
Even when the reaction conditions for dehydrocoupling were modified to be at a lower
catalyst concentration, at room temperature (22 oC) and under a strong flow of nitrogen,
the reaction of 4.1Ph with RhCl(PPh3)3 still gave the siloxane, 4.3Ph (Scheme 4.3).

137

Scheme 4.3 Dehydrocoupling reaction of 4.1Ph using a gas dispersion tube connected to
N2 source
In order to gain further information on the formation of 4.3Ph, the reaction described in
Scheme 4.3 was modified such that a normal Schlenk technique was applied with the
addition of 1 eq of H2O in the reaction mixture. The reaction mixture was allowed to stir
at room temperature for 24 h. The staring material, 4.1Ph, remained unreacted through the
course of the reaction and was recovered back again after performing a Florisil filtration
as the work-up procedure. This suggests that the amount of H2O that was added resulted
to Rh catalyst deactivation, instead of promoting the Si-O bond formation. For this
experiment, it can be assumed that O2 is required to trigger the oxidation of the Si-Si
bond. It can also be presumed that in addition to facile Si-O bond formation in the
presence of RhCl(PPh3)3 catalyst, the geometry and steric effects of 4.1Ph, allow favorable
formation of the siloxane, 4.3Ph.
To decrease steric constraints by removing one phenyl group from each Si atom, 4.1Ph
was subject to reaction with TfOH, followed by LiAlH4 (Scheme 4.4). The
Si-ferrocene bonds were preferentially cleaved over the Si-Ph bonds resulting in ferrocene
and diphenylsilane as major products.

Scheme 4.4 Reaction of 4.1Ph with TfOH and LiAlH4.
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Continuing the attempt to create a less sterically hindered ferrocenylsilane derivative,
dichlorophenylsilane, Cl2SiPhH, was reacted with dilithioferrocene. This reaction is a
challenge as it depends on the substitution of only one chloride per silane, leaving two
chloride substituents in the structure to be reduced by LiAlH4 to form the desired product
4.1Ph’ (Scheme 4.5). In contrast, a similar reaction described in Chapter 3, section 3.2,
with a 1,8-dilithionaphthalene gave an unusual product with two naphthyl units, 3.4.

Scheme 4.5 Synthesis of 4.1Ph’.
Compound 4.1Ph’ was isolated and purified using silica gel column giving a relatively low
yield of 9%. Considering that a 16-mmol scale was used for this reaction, the product
yield obtained was only enough for characterization purposes. This shows that the method
is not efficient enough to give a good yield which is expected for reactions involving
lithiated species. Alternatively, 4.1Ph’ was also synthesized using PhH2SiCl which was
prepared in situ and gave a slightly higher yield of 27% (Scheme 4.6).

Scheme 4.6 Synthesis of 4.1Ph’ using ClSiPhH2 which was prepared in situ
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Single-crystal XRD structure revealed that the Si centers in 4.1Ph’ are almost identical
with bond angles of 111.99(8)° and 111.80(8)° from C7-Si1-C6 and C16-Si2-C17,
respectively (Figure 4.2). These values are not much different from those obtained from
4.1Ph, even though it has two bulky phenyl substituents on each Si atom. The C1-Fe-C1
angle in 4.1Ph is a straight, 180.0° angle whereas the C7-Fe-C16 angle in 4.1Ph’ is slightly
lower at 179.17(7)°. The difference in the tilt angle of the ferrocene rings in these two
compounds can be explained by the higher steric bulk of the two phenyl substituents in
4.1Ph than in 4.1Ph’. It is also important to note that for both 4.1Ph and 4.1Ph’, the two Si
centers are as far apart from each other and a substantial rotation is required for
intramolecular dehydrocoupling to occur.

Figure 4.2 Molecular structure of 4.1Ph’
In an attempt to create a polymerizable building block with ferrocenyl bridge, the
following intramolecular dehydrocoupling reactions were performed for 4.1Ph’ (Scheme
4.7). As previously observed, all reactions favored the formation of a siloxane product,
4.3Ph’. It is also interesting to note that all catalysts ((RhCl(PPh3)3, (C6F5)3B(OH2) and
ZrCp2Cl2/2nBuLi) described in Scheme 4.7 promoted the dehydrocoupling reactions.
This is because when considering the substituents present on the two Si centers in 4.1Ph’,
it can be regarded as a secondary silane. Relative to tertiary silanes, secondary silanes can
be easily dehycrocoupled by commonly known dehydrocoupling catalysts such as those
described in Scheme 4.7.
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Scheme 4.7 Various dehydrocoupling reactions conducted for 4.1Ph”
However, as mentioned earlier, the decomposition of the Si-Si bond to form a siloxane is
still prevalent even with 4.1Ph’ as the substrate. With the execption of (C6F5)3B(OH2)
which is known to promote siloxane formation, compound 4.3Ph’ was obtained regardless
of the catalyst and reaction condition undertaken (Scheme 4.7).
4.2 Methyl analogues of 1,1-disilylferrocene derivatives
Similarly, methyl-substituted 1,1-disilylferrocene, 4.1Me, was synthesized to provide a
direct comparison of structural effects between Me and Ph substituents on ferrocene
(Scheme 4.8). The methyl analogue, 4.1Me, was isolated as a dark orange product with
52% yield.

Scheme 4.8 Synthesis of 4.1Me.
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Dehydrocoupling reactions of 4.1Me using (C6F5)3B(OH2) and RhCl(PPh3)3 were
performed and the results are summarized below in Sheme 4.9. It can be noticed that
while the reactions were performed using high concentrations of the starting material, the
formation of rings was still favored over oligomers and/or polymers (Scheme 4.9). This is
contrary to what was independently reported by Pannell et al. and Manners et al. that 1,1(ferrocenediyl)dialkylsilanes are useful precursors to the linear polymers [-(η5C5H4)Fc(η5-C5H4-SiR2)-]n.330-331 However, it is important to note that these polymers are
fomed by ring-opening polymerization of strained rings. In this research, the reactions
being employed are aimed at forming Si-Si bonds which is more challenging.

Scheme 4.9 Intramolecular dehydrocoupling of 4.1Me in the presence of (C6F5)3B(OH2)
and Wilkinson’s catalyst, RhCl(PPh3)3 forming 4.3Me.
The starting material, 4.1Me, was converted to 4.3Me via intramolecular dehydrocoupling
using both catalysts – (C6F5)3B(OH2) and RhCl(PPh3)3. The presence of methyl
substituents presented the same tendency to form siloxanes as in 4.1Ph where oxidation of
the Si-Si bond was observed in the presence of the Rh catalyst.
4.3 DFT Calculations
Similar to the previous chapter, theoretical calculations also enabled the estimation of
HOMO-LUMO band gaps and the electronic properties of disilylferrocene compounds, as
well as predict the properties of derivatives that are otherwise synthesized.
The calculated band gaps obtained are comparable to those of naphthalene-bridged
disilanes, given the aromatic organometallic characteristic of ferrocene (Table 4.1). The
presence of phenyl substituents in 4.1Ph resulted to a band gap that is 0.14 eV lower than
4.1Me. As expected, the calculated band gap for 4.2Ph has the lowest value which is
142

explained by the presence of Si-Si bond and all phenyl substituents in the structure of
4.2Ph. In addition, the phenyl analogues can be arranged in decreasing order of band gap
as follows: 4.1Ph > 4.3Ph > 4.2Ph. With the methyl analogues, despite the presence of Si-Si
bond in 4.2Me, the calculated band gap is higher than that of 4.3Me. In Similar to the
argument discussed in Chapter 3, Section 3.3, the increased π-conjugation with increasing
numbers of phenyl substituents is a minor effect compared to strong contribution
provided by ferrocene (Figure 4.3). In the contrary, unlike in 4.2Ph, the HOMO of 4.2Me
includes contributions from the methyl groups. The LUMO in 4.2Ph is located over the
phenyl rings while the LUMO in 4.2Me is located over the ferrocene. It is also interesting
to note that for the methyl analogue, 4.3Me has the narrowest band gap, followed by 4.2Me,
leaving 4.1Me with the largest band gap value (Table 4.1).
Table 4.1 B3LYP/6-31G**/SDAll-calculated HOMO-LUMO gaps (eV).
HOMO-LUMO
Compound

Gap (eV)

4.1Ph’

4.82

4.1Ph

4.98

4.1Me

5.12

4.2Ph

4.72

4.2Me

4.98

4.3Ph

4.98

4.3Me

4.83
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HOMO-4.2Ph

LUMO-4.2Ph

HOMO-4.2Me

LUMO-4.2Me

Figure 4.3 HOMOs and LUMOs calculated from the optimized structures of 4.2Ph (top)
and 4.2Me (bottom)
The electronic structure and UV-vis absorption spectrum of the 1,1-disilylferrocene
derivatives were also determined theoretically and experimentally. For pure ferrocene, a
comparison between theoretical results of different basis sets obtained from TD-DFT
revealed several discrepancies (Figures 4.4 and 4.5).332-341
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Figure 4.4 Schematic MO diagram for ferrocene. The MO energies of Fe(C5H5)2 were
obtained from actual ADF/BLYP calculations. For clarity, only the π-system of the two
cyclopentadienyl rings has been included into the diagram.342-345
However, the observed discrepancies were rejected by Salzner332 which argued that the
shortcomings of TDB3LYP are due to the inadequate pseudo-potential basis sets and
improper assignment of peaks.332
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Figure 4.5 Orbital energy levels of ferrocene from reference values342 and from DFT
calculations with B3LYP functional (without a pseudo-potential).346
Considering the reference MO for ferrocene (Figure 4.4 and Figure 4.5, Reference), the
LUMO energy value is about -2 eV. A discrepancy is evidentt as this value is
significantly different from the LUMO value (about 0 eV) calculated using B3LYP
functional without a pseudo-potential (Figure 4.5, B3LYP). Distinct orbital assignments
can also be observed between the Reference and B3LYP orbital enery diagrams in
Figure 4.5, which can lead to varying excitation energies for ferrocene.

For these

reasons, the absorption spectra of the 1,1-disilylferrocene derivatives (Table 4.2) were
obtained

from

optimized

geometries

calculated

using

B3LYP/6-31G**

with

Stuttgart/Dresden SDDA11 as the pseudo-potential.347-349 Based on ligand field theory,
the low energy peaks correspond to allowed or d-d transitions, while the stronger
absorptions accounts for charge-transfer (CT) states.338, 350
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Table 4.2 Experimental and theoretical comparison of excitation energies from UV-Vis
and TD-SCF(DFT) spectra of 1,1-disiylferrocene derivatives

Compound

λmax

Band

λmax

Band

λmax

Band

(nm)

Gap (eV)

(nm)

Gap (eV)

(nm)

Gap (eV)

Experimental
440

2.82

Ferrocene
444

2.79

4.1Ph’

4.1Ph

444
-

2.79
-

4.2Ph
441

2.81

4.3Ph

4.1Me
4.2Me
4.3Me

449
450

Theoreticalb

a

2.76
2.76

Gas Phase

Solvent = THF

609

2.04

610

2.03

515

2.41

516

2.40

380

3.26

380

3.26

610

2.03

611

2.03

282

4.39

525

2.36

288

4.31

286

4.33

391

3.17

617

2.01

303

4.09

293

4.23

513

2.41

610

2.03

383

3.24

514

2.41

314

3.95

621

2.00

394

3.15

533

2.33

303

4.10

299

4.15

611

2.03

612

2.03

525

2.36

526

2.36

616

2.01

617

2.01

389

3.19

389

3.19

619

2.00

620

2.00

532

2.33

533

2.33

a solution in THF (Ph-series, 0.80 mM; Me-series, 0.45 mM); b TD-SCF(DFT), B3LYP/
6-31(++)G**
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Ferrocene is a known stable orange solid and this orange color is due to the dipole
forbidden absorption (d-d transition) at 440 nm (2.81 eV) and 528 nm (2.34 eV).351-352
The UV-Vis absorption spectrum of ferrocene also suggests that the strongest absorption
occurs at 202 nm (6.12 eV) in solution and 6.31 eV in the vapor phase.351-353 These are
charge transfer (CT) or allowed transitions with oscillator strength that is about 350 times
stronger than that of the peak at 440 nm.332 Several other relatively weak but allowed
absorptions occur at 324 nm (3.83 eV) and between 265 nm and 230 nm.
In general, adding the disilyl groups on ferrocene has a minor effect on the overall
electronic properties of the resulting 1,1-disilylferrocene derivatives. This is also true
regardless of whether a Si-Si or Si-O-Si bond is present in the molecule. Experimentally,
all 1,1-disilylferrocene solutions made in THF are orange in color and showed a single
peak at the 400 nm region (450-440 nm). Theoretically, several transition energies (e.g. dd transition, CT) can be deduced from calculations and are generally the same in the gas
phase and in THF.

148

4.4 Summary
The synthesized 1,1-bis(disubstitutedsilyl)ferrocenes, 4.1R, were observed to form
ferrocene-bridged tethered siloxanes 4.3R with both Wilkinson’s catalyst, RhCl(PPh3)3,
and (C6F5)3B(OH2). This suggests that while RhCl(PPh3)3 is an effective dehydrocoupling
catalyst, it can also facilitate the facile oxidation of Si-Si bonds. The HOMO-LUMO
gaps calculated for 4.1R, 4.2R and 4.3R only change from 4.8 to 5.1 eV, a range which is
much smaller than the variability of these values possible by the method used to calculate
the values. Considering the complex nature of the electronic transitions involved for
metallocenes, experimental and theoretical data on the electronic properties of 4.1R, 4.2R
and 4.3R cannot be simply directly compared. The effect of methyl and phenyl
substituents on (disubstitutedsilyl)ferrocenes is challenging to predict and seems to have
little effect on the overall electronic nature of these compounds. This is nicely illustrated
by observing the HOMO and LUMO structures of 4.2Ph and 4.2Me. Given the
experimental and theoretical results presented in this chapter, a ferrocene-bridged disilane
requires strict control over the synthetic considerations when used as building block
toward polysilane formation via dehydrocoupling reactions. These include steric effects
of the substituents on Si, the choice of catalyst, complete elimination of O2 and moisture
and the conditions required for purification.
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4.5 Experimental
General Procedure. All reactions and manipulations were done under a nitrogen
atmosphere in an MBraun Unilab 1200/780 glovebox or using conventional Schlenk
techniques. Dry solvents were obtained using a solvent purification system. Reagents
were purchased from Sigma-Aldrich, AK Scientific, Arcos and TCI and used as received.
1

H,

13

C, and

29

Si NMR spectra were recorded on a Bruker DPX-400 (400MHz)

spectrometer. Chemical shifts for protons are reported in parts per million (ppm)
downfield from tetramethylsilane and are referenced to residual protium in the NMR
solvent (e.g. CHCl3 = 7.26 ppm). Chemical shifts for carbon are reported in ppm
downfield from CDCl3 (77.3 ppm). Chemical shifts for silicon are reported in ppm
downfield to the silicon resonance of tetramethylsilane (TMS δ 0.0). The silicon NMR
resonances were determined with a DEPT pulse sequence. Data are represented as
follows: chemical shift, multiplicity (app = apparent, br = broad, s = singlet, d = doublet, t
= triplet, q = quartet, m = multiplet), coupling constants in Hertz (Hz), and integration.
High resolution mass spectrometry measurements were made on a Bruker microTOF-QII
mass spectrometer, equipped with a KD Scientific syringe pump, in positive ion ESI
mode. Infrared spectral data were obtained using Bruker Vertex 70 FTIR spectrometer.
Elemental analysis measurements were conducted on a Vario EL cube (Elementar
Analysensysteme GmbH, Hanau, Germany). X-ray diffraction measurements of single
crystals were performed on a Rigaku Oxford Diffraction XtaLAB-Synergy-S singlecrystal diffractometer with a PILATUS 200K hybrid pixel array detector using Cu Kα
radiation (λ = 1.54184 Å; Table S1). The data were processed with the SHELX2016 and
Olex2 software packages.325-326 All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were inserted at calculated positions or if possible based on difference
Fourier analysis and refined with a riding model or without restrictions. Mercury 4.1.0
was used to visualize the molecular structure.54 UV-vis spectra were recorded on a
SHIMADZU UV-3600 Plus spectrophotometer. All DFT calculations were done using
Gaussian 09.55 The geometries of each of the subject molecules were optimised using the
B3LYP functional and the 6-31(++)G** basis set for all elements. At the optimised
geometries, specific properties such as Gibbs free energies and frontier orbital energies
using 6-31(++)G** were calculated. In addition, the information about the UV-vis spectra
of the molecules were obtained using TD-SCF(DFT) method, B3LYP functional and 631(++)G** basis set.
150

Synthesis of 1,1-bis(disubstitutedsilyl)ferrocenes, 4.1Ph and 4.1Me. To ferrocene (16
mmol, 3.0 g) in hexanes (20 mL) containing tetramethylethylenediamine (TMEDA; 33
mmol, 5.0 mL) was slowly added a solution of nBuLi solution (2.0 M, 32 mmol, 16 mL).
After 15 h at room temperature the stirred reaction solution was cooled to -78oC and (32
mmol, 6.3 mL ClSiPh2H or 32 mmol, 3.6 mL ClSiMe2H) was added dropwise over 30 s
using. The reaction mixture was slowly warmed to room temperature over 3 h and was
then stirred at 25oC for a further 20 h. The reaction mixture was then filtered through
Florisil using toluene, and the solvent removed from the filtrate under vacuum. The
product was washed with hexanes to obtain an orange solid. For 4.1Ph, crystals suitable
for diffraction were grown from ethyl acetate (4.1Ph, 46% yield; 4.1Me, 52% yield ).331
4.1Ph: 1H NMR (400 MHz CDCl3): δ 7.59-7.34 (m, Ph, 20H), δ 5.36 (s, Si-H, 2H; JSi-H =
101.46 Hz), δ 4.24-4.10 (dd, Cp, 8H).
129.5, δ 127.9, δ 75.1, δ 72.4.

29

13

C{1H} NMR (100.6 MHz, CDCl3): δ 135.3, δ

Si{1H} NMR (79.5 MHz, CDCl3): δ -18.1 ppm (s).

HRMS-ESI: [C34H30FeSi2] cal’d: 550.1231 m/z; observed 550.1245 m/z. IR: ⱱ, cm-1 3050
(arene), 2142 (Si-H), 1427 (Si-Ph), 1101 (Si-Ph2), 790-690 (Si-Ph). 4.1Me: 1H NMR (400
MHz CDCl3): δ 4.43 (s, Si-H, 2H; JSi-H = 94.14 Hz), δ 4.32-4.11 (dd, Cp, 8H), δ 0.32-0.31
(d, Me, 12H). 13C{1H} NMR (100.6 MHz, CDCl3): δ 73.6, δ 71.5, δ -3.1. 29Si{1H} NMR
(79.5 MHz, CDCl3): δ -18.5 ppm (s). HRMS-ESI: [C14H22FeSi2] cal’d: 302.0604 m/z;
observed 302.0605 m/z. IR: ⱱ, cm-1 2962 (alkane), 2114 (Si-H), 1246 (Si-CH3), 825 (SiCH3).
Synthesis of 1,1-bis(disubstitutedsilyl)ferrocene, 4.1Ph’: Method 1: To ferrocene (16
mmol, 3.0 g) in hexanes (20 mL) containing tetramethylethylenediamine (tmeda; 5.0 mL,
33 mmol) was slowly added a solution of nBuLi solution (2.0 M, 32 mmol, 16 mL). After
15 h at room temperature the stirred reaction solution was cooled to -78oC and Cl2SiPhH
(16 mmol, 4.7 mL) was added dropwise over 30 s using. The reaction mixture was slowly
warmed to room temperature over 3 h and was then stirred at 25oC for a further 20 h.
Lithium aluminium hydride, LiAlH4 (32 mmol) in Et2O was then added and the mixture
was stirred at room temperature for 20 h. The reaction mixture was then filtered through
Florisil using toluene, and the solvent removed from the filtrate under vacuum. The
product was purified by silica gel chromatography using DCM and hexanes (50:50 v/v) to
obtain an orange solid (8% yield). Method 2: To 12 mmol 1,1-dilithioferrocene (prepared
as described in Method 1) was added a solution of PhSiH2Cl [24 mmol, generated by
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treating 12 mmol, 2.96 mL PhSiH3 in dry hexane (30 mL), which was cooled to 0oC, with
9.6 mmol BCl3 solution (1.0 M in CH2Cl2)] at -78oC. After stirring for 1.5 h at room
temperature, the reaction mixture was quenched with aqueous NH4Cl, extracted with
hexanes, washed with water and brine, dried over Na2SO4, and concentrated. The residue
was purified by silica gel column chromatography using DCM and hexanes (50:50 v/v),
followed by recrystallization from ethyl acetate to give an orange solid (24% yield).
4.1Ph’: 1H NMR (400 MHz CDCl3): δ 7.62-7.34 (m, Ph, 10H), δ 4.89 (s, Si-H, 4H; JSi-H =
100.34 Hz), δ 4.38-4.21 (dd, Cp, 8H).
129.7, δ 128.0, δ 75.4, δ 72.5.

29

13

C{1H} NMR (100.6 MHz, CDCl3): δ 135.3, δ

Si{1H} NMR (79.5 MHz, CDCl3): δ -35.6 ppm (s).

HRMS-ESI: [C22H22FeNaSi2]+ cal’d: 421.0502 m/z; observed 421.0504 m/z. IR: ⱱ, cm-1
3064 (arene), 2139 (Si-H), 1466 (Si-Ph), 820 (Si-Ph). CHN Anal. Calc: C: 66.32, H: 5.57.
Found: C: 66.32, H: 5.65.
Synthesis of tethered siloxanes, 4.3Ph and 4.3Me. A mixture of 4.1Ph (1.0 mmol, 0.550 g)
or 4.1Me (1.0 mmol, 0.302 g) and 5.0 mol%, 0.026 g (C6F5)3B(OH2) or 5.0 mol%, 0.046 g
RhCl(PPh3)3 was dissolved in toluene (20 mL) and was stirred for 70 h at 90oC. All
volatiles were removed under vacuum to form an orange solid. The product was purified
using silica gel chromatography using DCM/hexanes (50:50) as eluent. Crystals were
grown from slow evaporation from DCM/hexanes (4.3Ph, 44% yield ; 4.3Me, 38% yield).
4.3Ph: 1H NMR (400 MHz CDCl3): δ 7.72-7.32 (m, Ph, 20H), δ 4.36-4.21 (dd, Cp, 8H).
13

C{1H} NMR (100.6 MHz, CDCl3): δ 134.7, δ 129.7, δ 127.7, δ 75.3, δ 72.1. 29Si{1H}

NMR (79.5 MHz, CDCl3): δ -15.5 ppm (s). HRMS-ESI: [C34H28FeNaOSi2]+ cal’d:
587.0921 m/z; observed 587.0933 m/z. IR: ⱱ, cm-1 3047 (arene), 1429 (Si-Ph), 1110-1016
(Si-O-Si-Ph2), 700-670 (Si-Ph). 4.3Me: 1H NMR (400 MHz CDCl3): δ 4.33-4.23 (dd, Cp,
8H), δ 0.29 (s, Me, 12H).

13

C{1H} NMR (100.6 MHz, CDCl3): δ 73.3, δ 71.1, δ -0.09.

29

Si{1H} NMR (79.5 MHz, CDCl3): δ -0.02 ppm (s). IR: ⱱ, cm-1 2955 (alkane), 1248 (Si-

CH3), 1080-1030 (Si-O-Si), 788 (Si-CH3).
Synthesis of tethered siloxane, 4.3Ph’. A mixture of 4.1Ph’ (1.0 mmol, 0.40 g) and catalyst
(5.0 mol%; 0.027 g (C6F5)3B(OH2), 5.0 mol%; 0.046 g RhCl(PPh3)3) was dissolved in
toluene (30 mL). The reaction with (C6F5)3B(OH2) was stirred for 24 h at room
temperature while the one with RhCl(PPh3)3 was heated to 90oC for 70 h. For
ZrCp2Cl2/2nBuLi catalyst, ZrCp2Cl2 (5.0 mol%; 0.015 g) was stirred and dissolved in
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toluene (7 mL) and cooled to 0oC. Then, a 2.0 M solution of nBuLi in cyclohexane (0.10
mmol, 0.050 mL) was added and the solution was stirred further for 5 minutes prior to the
addition of 4.1Ph’ (1.0 mmol, 0.40 g) dissolved in toluene (15 mL). The solution was
allowed to react for 70 h at room temperature. For all catalysts used, volatiles were
removed under vacuum and the residue was obtained as the crude product. 1H NMR (400
MHz, toluene-d8): δ 7.61-7.59 (m, Pho, 4H), 7.16-7.13 (m, Phm,p, 6H), 4.97 (s, Si-H, 2H,
JSi-H = 99.94 Hz), 4.22-4.12 (dd, Cp, 8H). 29Si{1H} NMR (79.5 MHz, toluene-d8): δ -17.8
ppm (s).
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Chapter 5 (C6F5)3B(OH2)-catalyzed synthesis of oligosiloxanes
Adapted for publication in Frontiers in Chemistry, section Green and Sustainable
Chemistry. Front. Chem. doi: 10.3389/fchem.2020.00477.
As shown in the previous chapters, dehydrocoupling reactions with the (C6F5)3B(OH2)
catalyst generally promote siloxane formation. The objectives of this chapter are to
present a new method to synthesize symmetrical and unsymmetrical oligosiloxanes by
direct synthesis from tertiary and secondary hydrosilanes with the aid of a catalytic
amount of (C6F5)3B(OH2), in the presence of controlled amounts of H2O in the reaction
mixture. In addition, for this transformation, mechanistic considerations will be discussed
from an experimental standpoint.
Organo(poly)siloxanes (silicones), bearing the Si-O-Si motif, are considered one of the
most important classes of functional materials that have influenced many technological
industries.354 The traditional synthesis of polysiloxanes involves nucleophilic substitution
of chlorosilanes by water to form hydroxysilanes, followed by a condensation reaction
(Scheme 5.1).355

Scheme 5.1 Traditional synthesis of polysiloxanes356
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The substitution process is catalyzed either by an acid or a base under equilibrium,
however, polysiloxanes can also be degraded under these conditions.357 In addition, these
methods do not allow control over the oligomeric or polymeric siloxanes being formed.
Although step-wise synthesis of oligosiloxanes have been reported, it is still based on
conventional condensation of silanols with chlorosilanes.358-359
Syntheses of symmetrical disiloxanes have been reported using a number of other
catalysts from either silane or silanol substrates. For example, using InBr3, Lewis acidcatalyzed air oxidation of hydrosilanes formation of siloxanes is possible (Scheme 5.2,
bottom)..360 Reduction of CO2 with hydrosilanes with a zirconium/ B(C6F5)3 catalyst
have also been reported to produce methane and oligosiloxanes as products.361 Other
syntheses reported the use of H2O as the solvent and oxidant, however, generally these
involved expensive transition metal catalysts and can be conducted at elevated
temperature (Scheme 5.2, top and middle).354,

362-374

The development of synthetic

methods catalyzed by abundant and cheap metal-based complexes then emerged to form
symmetric disiloxanes and other oligosiloxanes.375

Scheme 5.2 Selected examples of direct synthesis of symmetrical disiloxanes354, 360, 375
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Main group (and metal-free) catalysts, such as B(C6F5)3, have gained great interest as
catalyst activators and as strong Lewis acids for many purposes.376-378 Several studies
have been published for the preparation of siloxanes involving catalytic cross-coupling
reactions of oxygen nucleophiles (e.g. alkoxysilanes, silanols, phenols and ethers) with
hydrosilanes (Scheme 5.3).124, 213, 376, 379-391 Recently, Matsumoto and co-workers reported
a sequence-controlled synthesis of oligosiloxanes via dehydrocarbonative coupling of
alkoxysilanes and hydrosilanes, named the Piers-Rubinsztajn reaction, and also via
hydrosilylation of carbonyl compounds using B(C6F5)3.359

Scheme 5.3 Condensation reaction of a hydrosilane and an alkoxysilane to form a
disiloxane
Several mechanistic studies have been demonstrated for the formation of siloxanes
depending on the type of substrates and catalysts used.375-376 The standard PiersRubinsztajn reaction involves the condensation of a hydrosilane (R3SiH) and alkoxysilane
(R3SiOR) to form a siloxane, with subsequent removal of an alkane, RH (Scheme 5.4).
Knowledge of this mechanism has allowed for the design of controlled synthetic routes to
organosilicones using B(C6F5)3 as the catalyst.124,

382, 392-394

The hydrophobic, strong

Lewis acid B(C6F5)3 activates Si-H groups. The boron to hydrosilane complexation is a
rapid equilibrium step which precedes the rate determining step.124 Addition of the
alkoxysilane, ROSiR3, leads to the formation of pentacoordinate silyl-H oxonium
complex (Scheme 5.4), which is then followed by substitution at the Si-H. The alkane
complex can then undergo rearrangement to give the siloxane product and an alkane
(Scheme 5.4). The strong affinity of B(C6F5)3 with H2O can lead to the formation of
Brønsted acids which seems to be not a problem in terms of siloxane or polymer
synthesis.124, 395-396 However, B(C6F5)3 can form several complexes with H2O which serve
to remove active catalyt from the reaction (Scheme 5.4).376 In the presence of excess H2O
therefore, the Piers-Rubinsztajn reaction is not observed or leads to lower rate of reaction.
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Scheme 5.4 Equilibria in the Piers-Rubinsztajn reactions of polysiloxanes376
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Specifically, this chapter explored the possibility of replacing the B(C6F5)3 catalyst with
(C6F5)3B(OH2) and aimed to understand the effect of the moisture stable (C6F5)3B(OH2)
catalyst on the mechanism. This proposal is technically not a Piers-Rubinsztajn reaction
as the reaction is starting from only silane (Si-H) and not from Si-H/SiOR substrates.
With this experimental set-up, it is postulated that the sole starting material hydrosilane
(R3SiH) is being converted to hydroxysilane, R3SiOH, also known as silanol.
Subsequently, there are two possibilities that will lead to the formation of the siloxane
product, R3Si-O-SiR3. The siloxane can be obtained either by condensation reaction
between i) the hydrosilane (R3SiH) and silanol (R3SiOH) or ii) the silanols (R3SiOH).
Further details of this new process are discussed in sections 5.1 and 5.2.
5.1 (C6F5)3B(OH2)-catalyzed synthesis of disiloxanes
In this section, the synthesis of oligosiloxanes starting from hydrosilanes (R3SiH), using
(C6F5)3B(OH2) as the catalyst and controlled amounts of H2O will be reported. In general,
three different types of tertiary and secondary hydrosilanes, and a disilane were reacted
with varying equivalents of H2O (0 – 1.0) and concentration of catalyst (0.1-10.0 mol%)
at room temperature (22 oC). The disiloxanes (Et3Si-O-SiEt3, PhMe2Si-O-SiMe2Ph, and
Ph3Si-O-SiPh3) were directly synthesized according to Scheme 5.5 in good yields. The
reaction process involves the formation of the silanol intermediate and generation of
either hydrogen gas or H2O to give the disiloxanes.
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Scheme 5.5 Conversion of tertiary hydrosilane to disiloxane in the presence of H2O
It is important to note that the two pathways described in Scheme 5.5 are experimentally
distinct. Creation of silanol from silane involves the loss of H2. Similarly, if 50%
conversion to silanol is observed, this reacts with the hydrosilane to form the disiloxane
wherein H2 is lost as well. If all the hydrosilane becomes silanol, then the subsequent
condensation of the silanols gives off H2O to form a disiloxane (Scheme 5.5).
5.1.1 Synthesis of Et3Si-O-SiEt3
The reaction of Et3SiH was slow at a low catalyst loading of 0.1 mol% (C6F5)3B(OH2), in
the presence of 0.5 eq H2O. However, this allowed the formation of the silanol
intermediate, Et3SiOH, to be observed along with the formation of the disiloxane, Et3SiO-SiEt3. The progress of the reaction was monitored using

1

H and

29

Si NMR

spectroscopy (Figure 5.1 and 5.2, respectively). After 3 h, the formation of both silanol
and disiloxane started to become more evident with a significant amount of unreacted
stating material.
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72 h
Si-OH

H2O

48 h

24 h

3h

1h

Et3SiH
Si-H

Figure 5.1 1H NMR spectrum of Et3SiH after a reaction with 0.1 mol% (C6F5)3B(OH2)
and 0.5 eq H2O in CDCl3

19.8 ppm

8.9 ppm (disiloxane)

72 h

(Et3SiOH)

48 h

0.01 ppm (Et3SiH starting material)

24 h

3h

1h

Et3SiH

Figure 5.2 29Si{1H} NMR spectrum of Et3SiH after a reaction with 0.1 mol%
(C6F5)3B(OH2) and 0.5 eq H2O in CDCl3
By contrast, the reaction was almost complete after 1 h when the catalyst loading was
increased to 1.0 mol% (C6F5)3B(OH2), with >99% conversion and the disiloxane as the
major product. There was no significant change observed when the same reaction was
allowed to react further for 24 h (Figure 5.3 and 5.4).
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24 h
toluene-d8

1h
catalyst

Et3SiH
Si-H

Figure 5.3 1H NMR spectrum of Et3SiH after a reaction with 1.0 mol% (C6F5)3B(OH2)
and 0.5 eq H2O in toluene-d8 (TMS = 0.0 ppm; grease = 0.8 ppm)

24 h

8.9 ppm (disiloxane)

1h

0.01 ppm (starting material)

Et3SiH (in CDCl3)

Figure 5.4 29Si{1H} NMR spectrum of Et3SiH after a reaction with 1.0 mol%
(C6F5)3B(OH2) and 0.5 eq H2O in toluene-d8
When the catalyst loading was further increased to 5.0 mol% (C6F5)3B(OH2) the results
were the same as those found at the 1.0 mol% catalyst loading. As suggested by the Piers162

Rubinsztajn mechanism, the condensation of silanols to form oligo- or polysiloxanes
occurs at relatively low catalyst concentration.376
A control reaction wherein Et3SiH was reacted with 1.0 eq H2O in the absence of the
catalyst gave no reaction, showing only the presence of Et3SiH by NMR spectroscopy.
Similarly, no reaction was observed when Et3SiOH was reacted with an equivalent of
H2O without a catalyst. This proves that both the conversion to silanol and the
condensation step to disiloxane require a catalyst to occur (Figure 5.5 and 5.6).

Et3SiH + 1 eq H2O

CDCl3

H2O

Et3SiH

Si-H

Figure 5.5 1H NMR spectrum of Et3SiH after a reaction with 1 eq H2O in CDCl3 (TMS =
0.0 ppm; grease = 0.8 ppm)

Et3SiOH + 1 eq H2O

Et3SiOH
19.8 ppm

Figure 5.6 29Si{1H} NMR spectrum of Et3SiOH after a reaction with 1 eq H2O in CDCl3
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For each completed reaction, the catalyst was removed by Florisl filtration using pentane
as the eluent. The product, Et3Si-O-SiEt3, formed from this synthetic route was isolated
and confirmed by several characterization techniques in conjunction. By 2D

29

Si{1H}-

HMBC NMR spectroscopy (Figure 5.7), a clear correlation between the –CH2CH3 groups
and the Si atoms can be observed, as well as the absence of any Si-H correlations. By
13

C{1H} NMR spectroscopy (Experimental, Figure 5.33), only 2 chemically distinct

carbons can be observed at 6.7 and 6.4 ppm, which indicate the presence of –CH2CH3
group in only one chemical environment. Furthermore, the GC-MS results (Experimental,
Figure 5.34) matched literature values, showing only a single peak which pertains to the
Et3Si-O-SiEt3 product with an experimental value of 246.1900 m/z (theoretical: 246.1835
m/z).

Figure 5.7 29Si{1H}-HMBC NMR spectrum of Et3SiH after a reaction with 5.0 mol%
(C6F5)3B(OH2) and 0.5 eq H2O after 70 h in CDCl3 (disiloxane, Et3SiOSiEt3)
5.1.2 Direct synthesis of PhMe2Si-O-SiMe2Ph
Staring from a low catalyst loading of 0.1 mol% (C6F5)3B(OH2) in the presence of 0.5 eq
H2O, the conversion of PhMe2SiH to the corresponding disiloxane was already evident
after only 1 h reaction time. Even when the catalyst concentration was further increased to
0.5 and 5.0 mol%, the reaction proceeded in the same manner as when using a lower
amount of catalyst (Figure 5.8 and 5.9).
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0.5 mol% (C6F5)3B(OH2), 3 h

0.5 mol% (C6F5)3B(OH2), 1 h

0.1 mol% (C6F5)3B(OH2), 3 h

0.1 mol% (C6F5)3B(OH2), 1 h

PhMe2SiH
Si-H

Figure 5.8 1H NMR spectra of PhMe2SiH after a reaction with 0.1 and 0.5 mol%
(C6F5)3B(OH2) at 1 h and 3 h with 0.5 eq H2O in CDCl3 (TMS = 0.0 ppm; grease = 0.8
ppm)

0.01 ppm (disiloxane)

0.5 mol% (C6F5)3B(OH2), 3 h

0.5 mol% (C6F5)3B(OH2), 1 h

0.1 mol% (C6F5)3B(OH2), 3 h

0.1 mol% (C6F5)3B(OH2), 1 h

-17 ppm

PhMe2SiH

Figure 5.9 29Si{1H} NMR spectra of PhMe2SiH after a reaction with 0.1 and 0.5 mol%
(C6F5)3B(OH2) at 1 h and 3 h with 0.5 eq H2O in CDCl3
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Similarly, the siloxane product was isolated by dissolving the reaction mixture in npentane to selectively precipitate out the (C6F5)3B(OH2). The catalyst was then removed
by Florisil filtration and the resulting filtrate was concentrated to obtain the siloxane
product. By 2D

29

Si{1H}-HMBC NMR spectroscopy (Figure 5.10), a clear correlation

between the –CH3 and –Ph groups with the Si atom can be observed while 13C{1H} NMR
spectroscopy (Experimental, Figure 5.35), indicated the presence of –CH3 and –Ph groups
in only one chemical environment. Furthermore, the MS-ESI results (Experimental,
Figure 5.36) for PhMe2Si-O-SiMe2Ph gave an experimental value of 309.1091 m/z
(theoretical: [C16H22OSi2Na]+ = 309.1101 m/z).

Figure 5.10 29Si{1H}-HMBC NMR spectra of PhMe2SiH after a reaction with 0.1 and 0.5
mol% (C6F5)3B(OH2) with 0.5 eq H2O in CDCl3 (PhMe2Si-O-SiMe2Ph)
Decreasing the amount of H2O to 0.2 eq at 1.0 mol% (C6F5)3B(OH2) left some of the
starting material, PhMe2SiH and presence of the silanol, PhMe2SiOH, was also observed.
It can be inferred that the addition of H2O plays an important role in the reaction,
especially, in terms of the length of reaction time needed to complete the reaction.
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72 h

3h

Si-OH
1h
Si-OH
Si-H
PhMe2SiH

Si-H

Figure 5.11 1H NMR spectra of PhMe2SiH after a reaction with 1.0 mol% (C6F5)3B(OH2)
and 0.2 eq H2O over time in CDCl3 (TMS = 0.0 ppm; grease = 0.8 ppm)

0.01 ppm (disiloxane)

72 h

3h

1h

PhMe2SiH
-17.0 ppm

Figure 5.12 29Si{1H} NMR spectra of PhMe2SiH after a reaction with 1.0 mol%
(C6F5)3B(OH2) and 0.2 eq H2O over time in CDCl3 (PhMe2Si-O-SiMe2Ph)
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Conversely, using an excess amount of H2O hastened the reaction while using the same
catalyst concentration of 1.0 mol% (C6F5)3B(OH2). The reaction was observed to be
completed after 1 h (Figure 5.13).

24 h

1h

H2O

PhMe2SiH

Si-H

Figure 5.13 1H NMR spectra of PhMe2SiH after a reaction with 1.0 mol% (C6F5)3B(OH2)
with excess H2O over time in CDCl3 (PhMe2Si-O-SiMe2Ph) (TMS = 0.0 ppm; grease =
0.8 ppm)
5.1.3 Direct synthesis of Ph3Si-O-SiPh3
To further investigate the effect of reaction time and the necessity of H2O, direct
synthesis of Ph3Si-O-SiPh3 was conducted at 5.0 mol% (C6F5)3B(OH2), for 70 h with and
without the addition of H2O. In this case, as Ph3SiH is a solid, the catalytic reactions were
enabled by the addition of minimum amount of dry toluene (~ 1 mL). It was observed that
for reactions left for a longer period of time, the addition of water seemed to be not
necessary, and the presence of the catalyst, 1:1 adduct of H2O and B(C6F5)3, alone is
sufficient enough to yield the desired product.
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Ph3SiH + 5.0 mol% (C6F5)3B(OH2) + 0.5 eq H2O

In toluene-d8

Ph3SiH + 5.0 mol% (C6F5)3B(OH2)

Ph3SiH + 1.0 eq H2O only

In CDCl3
Si-H

Ph3SiH

Figure 5.14 1H NMR spectra of Ph3SiH after a reaction with 5.0 mol% (C6F5)3B(OH2)
and 0.5 eq H2O in toluene-d8 (TMS = 0.0 ppm; grease = 0.8 ppm)
As previously observed with the other silanes, a mixture of Ph3SiH with H2O in the
absence of the catalyst did not show any sign of a reaction. Furthermore, the
characterization of Ph3Si-O-SiPh3 showed that the product obtained was pure and matched
with that of literature values (Figure 5.15, Experimental, Figures 5.37-5.38).397

-18 ppm (disiloxane)

Ph3SiH + 5.0 mol% (C6F5)3B(OH2) + 0.5 eq H2O

Ph3SiH + 5.0 mol% (C6F5)3B(OH2)

Ph3SiH + 1.0 eq H2O only

Ph3SiH

Figure 5.15 29Si{1H} NMR spectra of Ph3SiH after a reaction with 5.0 mol%
(C6F5)3B(OH2) and 0.5 eq H2O in toluene-d8 (grease = -22 ppm)
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5.1.4 Direct synthesis of a siloxane from a disilane, HPh2Si-SiPh2H
In addition to the three tertiary monosilanes previously discussed, a disilane,
HPh2Si-SiPh2H, was also reacted with (C6F5)3B(OH2) to give a different class of
oligomeric product with a -Si-Si-O-Si-Si-O- motif. Unlike tertiary monosilanes, the
reaction of HPh2Si-SiPh2H at higher catalyst concentration of 10.0 mol% (C6F5)3B(OH2)
and 1.0 eq of H2O at room temperature, did not show any sign of reaction after 72 h.
Trace amounts of the silanol can be observed after 72 h, but it is such a small amount that
it is difficult to tell the extent to which the reaction may have occurred.

72 h

Si-OH (trace amount)
3h

1h

Si-H

HPh2SiSiPh2H

Figure 5.16 1H NMR spectra of HPh2SiSiPh2H after a reaction with 10.0 mol%
(C6F5)3B(OH2) and 1.0 eq H2O over time at 22 oC in C6D6 (grease = 0.3 ppm)
The catalyst loading was significantly increased to 1.0 eq (C6F5)3B(OH2) and allowed to
react with HPh2SiSiPh2H in the presence of 1.0 eq H2O for 24 h, at room temperature.
Surprisingly, there is still a considerable amount of the starting material, however,
formation of the silanol is more evident.
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24 h

Si-OH

catalyst
1h

HPh2SiSiPh2H
Si-H

Figure 5.17 1H NMR spectra of HPh2SiSiPh2H after reaction with 1.0 eq (C6F5)3B(OH2)
and 1.0 eq H2O after 24 h at room temperature (22 oC) in C6D6 (grease = 0.3 ppm)
The same reaction mixture that was reacted for 24 h at room temperature was heated to
60 oC and allowed to react further for another 24 h. Peak broadening in the aromatic
region in the 1H NMR spectrum can be observed and the Si-H peak has slightly shifted
upfield, relative to the starting material. The peak broadening can perhaps be attributed by
the formation of a dimeric product, HPh2SiSiPh2-O-SiPh2SiPh2OH.
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HPh2SiSiPh2H + 1 eq (C6F5)3B(OH2) at 60oC

catalyst

HPh2SiSiPh2H

Si-H

Figure 5.18 1H NMR spectra of HPh2SiSiPh2H after a reaction with 1.0 eq (C6F5)3B(OH2)
and 1.0 eq H2O after 24 h at 60 oC in C6D6 (TMS = 0.0 ppm, grease = 0.3 ppm)
By 29Si{1H} NMR spectroscopy, four new chemical shifts were observed (Figure 5.19)
and by

29

Si{1H}-HMBC NMR spectroscopy (Figure 5.20), these four Si peaks correlate

nicely with the different protons present in the product of the reaction. From this data, it is
believed that a dimer was obtained as the product after heating up the reaction to 60 oC.
This claim was further confirmed by MS-ESI, with an experimental value of 785.2159
m/z (theoretical: C48H42O2Si4Na]+ = 785.2160 m/z).
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HPh2SiSiPh2H + 1 eq (C6F5)3B(OH2) at 60oC

-5.4
ppm

-16.7 -21.8
ppm ppm

-38.3
ppm

HPh2SiSiPh2H

-35 ppm

Figure 5.19 29Si{1H} NMR spectra of HPh2SiSiPh2H after a reaction with 1.0 eq
(C6F5)3B(OH2) and 1.0 eq H2O after 24 h at 60 oC in C6D6

Si
Si
grease

Si
Si

Si

Figure 5.20 29Si{1H}-HMBC NMR spectra of HPh2SiSiPh2H after a reaction with 1.0 eq
(C6F5)3B(OH2) and 1.0 eq H2O after 24 h at 60 oC in C6D6
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All reactions using the tertiary silanes, Et3SiH and PhMe2SiH, were done neat (solventfree) and conducted using Schlenk techniques under nitrogen. For Ph3SiH, only a
minimum amount of solvent was used, just enough to solubilize the substrate. Generally,
the complete conversion to disiloxane is much slower in the absence of H2O and no
reaction can be observed in the absence of the catalyst. The experimental trials conducted
for the synthesis of the three disiloxanes are summarized in Table 5.1.
Table 5.1 Scope of substrates in the disiloxane synthesis
Substrate Catalyst,
H2O,
mol % equivalence
5.0
1.0
1.0
1.0
0.1

0.5
0.5
0.5
0.5
0.5

70
70
24
1
1

Major
Species
Present
disiloxane
disiloxane
disiloxane
disiloxane
Et3SiH

0.1

0.5

3

Et3SiH

0.1

0.5

24

0.1
0.0
5.0
1.0

0.5
1.0
0.5
0.2

48
24
70
1

Et3SiH,
disiloxane
disiloxane

1.0

0.2

3

disiloxane

1.0

0.2

72

disiloxane

1.0
excess
1
1.0
excess
24
0.5
0.5
1
0.5
0.5
3
0.1
0.5
1
0.1
0.5
3
Ph3SiH
5.0
0.0
70
5.0
0.5
70
* % yield of disiloxane was not determined

disiloxane
disiloxane
disiloxane
disiloxane
disiloxane
disiloxane
disiloxane
disiloxane

Et3SiH

PhMe2H

Reaction
Time, h

disiloxane
disiloxane

Other
Species
Present
disiloxane,
silanol
disiloxane,
silanol
silanol
silanol
no reaction
PhMe2H,
silanol
PhMe2H,
silanol
PhMe2H,
silanol
silanol
-

Yield,
%
71
73
72
69
*
*
*
*
78
*
*
*
*
*
*
76
*
77
*
75
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The transformation of neat PhMe2SiH to the corresponding disiloxane appeared to be the
fastest and most facile at 0.1 mol% catalyst loading. This may be due to the fact that
(C6F5)3B(OH2) is most soluble in PhMe2SiH.
5.2 Mechanistic considerations for the direct synthesis of disiloxanes
At this point, it can be inferred that the condensation reactions between SiOH and SiH, or
SiOH groups could occur together to generate siloxanes. Kinetic studies were attempted
to better probe the postulated mechanism, however, were not possible due to the difficulty
in matching the experimental conditions by NMR spectroscopy. Moreover, each
individual reactant (Et3SiH, PhMe2SiH and Ph3SiH) gave reactions that were too fast with
(C6F5)3B(OH2). To elaborate the routes occurring, neat reactions of individual silanols
(SiOH group) were also performed (Table 5.2). Hydrosilanes (R3SiH) are said to be more
susceptible to Brønsted acid-catalyzed reactions356 which is generally what can be
observed with reactions described in Table 5.2. For the case of Et3SiOH, the reaction took
longer than Et3SiH to reach completion. When a 1:1 mixture of PhMe2SiH and
PhMe2SiOH were reacted, a rapid exotherm and build up of pressure was observed
resulting to almost full conversion after only a few seconds (Table 5.2). The rate of
reaction is relatively slower with B(C6F5)3 in air, however, addition of 0.5 eq H2O
hastened the reaction. This suggests that in the presence of water, the B(C6F5)3-H2O
adduct forms and then catalyzes the siloxane formation.
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Table 5.2 Comparative reactivities of SiH and SiOH groups in the presence of
(C6F5)3B(OH2) and B(C6F5)3 catalysts
(C6F5)3B(OH2)
+
Et3SiH (in air)
Et3SiH (in air)
PhMe2SiH
(in air)
Et3SiH (in air)
+ 0.5 eq H2O
PhMe2SiH
+ 0.5 eq H2O
(in air)
Et3SiOH
(in air)
Et3SiOH
(in air)
PhMe2SiOH
(in air)
Et3SiOH
(limited air)
PhMe2SiOH
(limited air)
PhMe2SiH +
PhMe2SiOH
(in air)
PhMe2SiH +
Et3SiOH (in
air)

Reaction
Time, h
1h
3h
1h
1h
1h
1h
24 h
1h
24 h

Conversion,
B(C6F5)3
%
+
50
Et3SiH (in air)
>99
Et3SiH (in air)
>99
PhMe2SiH
(in air)
>99
Et3SiH (in air)
+ 0.5 eq H2O
>99
PhMe2SiH
+ 0.5 eq H2O
(in air)
no reaction Et3SiOH
(in air)
>99
Et3SiOH
(in air)
>99
PhMe2SiOH
(in air)
no reaction

24 h

>99

immediate

>99

1h

>99

Reaction
Time, h
1h
3h
1h

Conversion,
%
50
>99
50

1h

50

1h

>99

1h

no reaction

24 h

>99

1h

>99

The postulated reaction mechanism, therefore, for the transformation described in this
work is a modified Pier-Rubinsztajn reaction (Scheme 5.6). The process involves: i) the
hydrolysis of Si-H to Si-OH using (C6F5)3B(OH2) with subsequent release of H2 gas, and
ii) nucleophilic attack of silanol (R3SiOH) to the hydrosilane (R3SiH) to form a disiloxane
(Scheme 5.6).
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Scheme

5.6

Proposed

mechanism

for

the

formation

of

disiloxanes

using

tertiary

hydrosilanes

and

(C6F5)3B(OH2)
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Alternatively, the formation of disiloxanes can be viewed as a Lewis acid-catalyzed
reaction, a water-mediated or a silanol-mediated type of catalysis.398 The mechanism
described below is a non-conventional representation of a mechanism which features
multiple catalytically relevant species and series of competitive reactions (Scheme 5.7).
In the Lewis acid catalysis, the Si-H bond of the silane is activated by B(C6F5)3 and then
will further react with a silanol to produce the disiloxane with concomitant release of
hydrogen. Since the borane catalyst has strong affinity with H2O, the Lewis-acid
mediated pathway is merely not enough to describe the formation of the disiloxane. The
silanol-mediated catalysis involves the condensation of silanols to form the corresponding
disiloxane product. In the water-mediated catalysis, the silanol can return to the original
state, which is the silane, by releasing a water molecule and generate back the
(C6F5)3B(OH2).

Scheme 5.7 A catalytic mechanism with multiple competing catalytic pathways to form
disiloxanes.
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Monitoring the catalytic intermediates in situ experimentally and capturing the impact of
ppm-level changes of the substrates were challenging to be able to provide evidence for
the the propsed catalytic cycle. Nevertheless, NMR tube reactions wherein 2.6 mmol each
of PhMe2SiH and PhMe2SiOH were reacted, separately, with 0.1 mol% of
(C6F5)3B(OH2).
Experimentally, partial conversion to PhMe2SiOH and PhMe2Si-O-SiMe2Ph after 4 h was
observed with PhMe2SiH, which is significantly slower compared to the reaction
performed with constant stirring. It is interesting to note that when using a hydrosilane
(PhMe2SiH) as the starting material, the products that have been formed (i.e. PhMe2SiOH
and PhMe2Si-O-SiMe2Ph) after 4 h tend to revert back to PhMe2SiH after letting the
reaction stand for a total of 96 h (Figure 5.21). This indicates that the reaction is not quite
as simple as implied, and metathesis can possibly occur in addition to direct siloxane
formation.

PhMe2Si-O-SiMe2Ph

PhMe2SiH

after 96 h

PhMe2SiOH

after 4 h
PhMe2Si-O-SiMe2Ph
PhMe2SiOH

Figure 5.21 29Si{1H} NMR spectra of PhMe2SiH and 0.1 mol% (C6F5)3B(OH2) in
DMSO-d6
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In contrast, using the silanol (PhMe2SiOH) as the starting material, full conversion was
observed after 24 h and the product (PhMe2Si-O-SiMe2Ph) did not convert back to the
silanol substrate after 96 h (Figure 5.22). These observations suggest that the watermediated catalysis (Scheme 5.7) is the most probale catalytic pathway which will lead to
the formation of disiloxane. Nontheless, there also might be a competition between more
than one reaction happening, and that this seemingly simple reaction might have an
incredibly complex mechanism.

PhMe2Si-O-SiMe2Ph

96 h
24 h

PhMe2SiOH

4h
3h
2h
1h

Figure 5.22 29Si{1H} NMR spectra of PhMe2SiOH and 0.1 mol% (C6F5)3B(OH2) over
time in DMSO-d6
Cross-condensation of a 1:1 mixture of Ph3SiH and Et3SiH was perfomed to better
understand the mechanism of the reaction for the direct formation of disiloxanes from
tertiary hydrosilanes. With the experimental conditions described in Scheme 5.8, the
reaction was observed to reach completion soon after the addition of H2O into the
reaction mixture. As expected, the reaction resulted to three different products – two
homo-coupling products, Ph3Si-O-SiPh3 and Et3Si-O-SiEt3, and a cross-coupling product,
Ph3Si-O-SiEt3.
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Scheme 5.8 Homo- and cross-coupling reaction of Ph3SiH and Et3SiH
However, a crude estimate using the 1H NMR spectrum of the product mixture revealed a
2.5 Ph3Si-O-SiPh3:1 Ph3Si-O-SiEt3:2 Et3Si-O-SiEt3 ratio of the products, instead of a
1:1:1 ratio (Figure 5.23). This deviation can be explained by the difference in kinetics and
solubilities of the two reactants. Ph3SiH alone and Et3SiH alone require 2 h and 3 h
reaction time, respectively, to reach full conversion. Nevertheless, a clear indication that
all three products were formed can be further confirmed by both 1D (Figure 5.24) and 2D
(Figure 5.25) 29Si{1H} NMR spectroscopy.
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Figure 5.23 1H NMR spectrum of 1:1 reaction of Ph3SiH and Et3SiH using 5.0 mol%
(C6F5)3B(OH2) and 1.0 eq H2O in CDCl3

Et3Si-O-SiEt3

Ph3Si-O-SiPh3

Ph3Si-O-SiEt3

Ph3Si-O-SiEt3

Figure 5.24 29Si{1H} NMR spectrum of 1:1 reaction of Ph3SiH and Et3SiH using 5.0
mol% (C6F5)3B(OH2) and 1.0 eq H2O in CDCl3
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Ph3Si-O-SiEt3
Ph3Si-O-SiPh3

Et3Si-O-SiEt3
Ph3Si-O-SiEt3

Figure 5.25 29Si{1H}-HMBC NMR spectrum of 1:1 reaction of Ph3SiH and Et3SiH using
5.0 mol% (C6F5)3B(OH2) and 1.0 eq H2O in CDCl3
Cross-coupling between the hydrosilane, PhMe2SiH and the silanol, Et3SiOH, on the
other hand, resulted to a 1:1:1 ratio of PhMe2Si-O-SiMe2Ph, PhMe2Si-O-SiEt3 and
Et3Si-O-SiEt3. Interestingly, both homo-coupling products were obtained along with the
expected cross-coupling product (Figures 5.26-5.27).

Me

CH3CH2-

Ph

Figure 5.26 1H NMR spectrum of 1:1 reaction of PhMe2SiH and Et3SiOH using 5.0 mol%
(C6F5)3B(OH2) in CDCl3
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PhMe2Si-O-SiMe2Ph + PhMe2Si-O-SiEt3

PhMe2Si-O-SiEt3
Et3Si-O-SiEt3

Figure 5.27 29Si{1H} HMBC NMR spectrum of 1:1 reaction of PhMe2SiH and Et3SiOH
using 5.0 mol% (C6F5)3B(OH2) in CDCl3
The results obtained from cross-coupling reactions indicate that the prevalent mechanism
is where the hydrosilane (R3SiH) and silanol (R3SiOH) undergo condensation to yield a
disiloxane product. To further confirm this claim, cross-condensation reaction between
PhMe2SiH and Et3SiH (Figure 5.28) resulted to PhMe2Si-O-SiMe2Ph and PhMe2Si-OSiEt3 as the major products at 1:6 ratio and, no Et3Si-O-SiEt3 was formed. This can be
explained by the faster rate of transformation of PhMe2SiH to PhMe2SiOH than of Et3SiH
as previously discussed.
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PhMe2SiOH
PhMe2Si-O-SiMe2Ph + PhMe2Si-O-SiEt3

PhMe2Si-O-SiEt3
Et3Si-O-SiEt3

Figure 5.28 29Si{1H} HMBC NMR spectrum of 1:1 reaction of PhMe2SiH and Et3SiOH
(blue) and 1:1 reaction of PhMe2SiH and Et3SiH (red) using 5.0 mol% (C6F5)3B(OH2)
after 1 h in CDCl3
5.3 Studies on the recyclability of (C6F5)3B(OH2)
Catalyst recycling, that is the reuse of the (C6F5)3B(OH2) catalyst, was considered to
demonstrate the efficiency and sustainability of the direct synthetic route to
oligosiloxanes. For this purpose, all experiments were conducted with constant stirring to
allow efficient removal of hydrogen gas and favor the formation of disiloxane product.
The reactions were monitored by 1H NMR spectroscopy to estimate the reaction time
needed for each substrate to reach completion. From these studies, a 3-h, 1-h and 2-h
reaction time was applied for Et3SiH, PhMe2SiH and Ph3SiH, respectively.
For Et3Si-O-SiEt3, the catalyst was recovered conveniently as it settled at the bottom of
the flask after the stirring was stopped. The product was isolated by addition of n-pentane
and decantation using a cannula. To demonstrate the recycling, catalyst loadings at 0.5
mol% and 1.0 mol% of (C6F5)3B(OH2) were chosen. It can be inferred that the activity of
the catalyst for each cycle is almost the same (within experimental error) for up to five
repeats (Figure 5.29).
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Figure 5.29 Isolated yield (%) for Et3Si-O-SiEt3
The dependence on catalyst loading for the reaction of PhMe2SiH to form
PhMe2Si-O-SiMe2Ph is far less pronounced with the given experimental conditions. The
reaction was completed after 1 h as observed by 1H NMR spectroscopy. In this case, the
(C6F5)3B(OH2) remained soluble even after the formation of the disiloxane product.
Therefore, due to the challenges of directly testing the catalyst recyclability on such a
small scale, the activity of the catalyst (at 1.0 mol% loading) was demonstrated by adding
a constant amount of PhMe2SiH to the same flask every hour after testing the degree of
completion by 1H and 29Si NMR spectroscopy. After 5 cycles, the disiloxane product was
isolated and the % yield for each trial was reported as the average of 5 cycles (Figure
5.30).
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Figure 5.30 Calculated % yield for PhMe2Si-O-SiMe2Ph (reported average yield of 5
cycles at 1.0 mol % catalyst loading adding substrate every hour)
Similarly, using Ph3SiH as the substrate, the reaction progress exhibited independence of
catalyst loading. However, the reaction required the addition of toluene to dissolve the
two solids (Ph3SiH and catalyst). Similar to PhMe2SiH, given that the reaction was
performed in a mmol scale, a constant volume of 3.0 M solution of Ph3SiH in toluene was
added sequentially to the same flask at 1.0 mol% catalyst loading. The product Ph3Si-OSiPh3 was again isolated collectively at the end of the fifth cycle (Figure 5.31).
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Figure 5.31 Calculated % yield for Ph3Si-O-SiPh3 (reported average yield of 5 cycles at
1.0 mol %)
The volatility and solubility of the substrate plays an important role in facilitating the
formation of the disiloxane product in excellent yields. Since the reactions were
performed with constant stirring, it can be assumed that some of the Et3SiH may have
been lost prior to its conversion to product. In addition, the solubility of the catalyst was
enhanced in the presence of a solvent as compared to a neat reaction (Figure 5.32).
Overall, these experiments successfully demonstrated the longevity of the (C6F5)3B(OH2)
catalyst and that it is possible to recycle it at least five times in reactions with the given
substrates.
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Figure 5.32 Comparative average yields of 5 trials of Et3Si-O-SiEt3, PhMe2Si-O-SiMe2Ph
and Ph3Si-O-SiPh3 at 1.0 mol% catalyst loading
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5.4 Direct synthesis of oligosilaxanes using secondary hydrosilanes
Using the same protocol discussed in section 5.1, the reaction of secondary hydrosilanes
generally resulted to the direct synthesis of oligomeric siloxanes with 3-5 repeat units
identified based on ESI-MS. Similar to the synthesis of symmetrical disiloxanes, the
reaction proceeded at a faster rate in the presence of H2O. Three different secondary
silanes were used: Et2SiH2, PhMeSiH2, and Ph2SiH2. Depending on the substrate used, the
product can be linear or cyclic (Scheme 5.9).

Scheme 5.9 Synthesis of oligosiloxanes using secondary hydrosilanes
The reaction with PhMeSiH2 gave mostly linear oligomers containing 3-5 repeat units,
with a minor amount of oligosiloxanes containing 6-7 repeat units. The oligomerization
of dialkylsilane, Et2SiH2, resulted to both linear and cyclic products with 3 Si-O units,
while the diarylsilane, Ph2SiH2, resulted to cyclic oligosiloxanes with n = 3 and 4. For
Et2SiH2, it is interesting to note that if the reaction is left for 48 h, it forms a cyclic
species but if left for longer reverts back to the linear species.
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Table 5.3 Scope of substrate in the oligosiloxane synthesis
Substrate

Et2SiH2

PhMeSiH2

Catalyst,

H2O,

Reaction

Major

Other (or

mol%

equivalence

Time, h

Species

Minor) Species

Present

Present

2.0

1.0

1

trimer

cyclic trimer

2.0

1.0

6

trimer

cyclic trimer

2.0

1.0

24

trimer

cyclic trimer

2.0

1.0

48

cyclic trimer

trimer

2.0

0.0

96

trimer

-

2.0

1.0

1

trimer

-

2.0

1.0

6

trimer

-

2.0

1.0

24

trimer,

pentamer

tetramer
2.0

1.0

48

trimer,

pentamer

tetramer
Ph2SiH2

2.0

0.0

96

trimer

-

2.0

1.0

70

cyclic trimer

cyclic tetramer

Similar to a modified Piers-Rubinsztajn reaction, the formation of oligosiloxanes from
secondary hydrosilanes can be described by the proposed mechanism shown in Scheme
5.10. The hydrosilane, R2SiH2, is first transformed to a silanol, R2Si(H)OH, followed by
the nucleophilic attack of the silanol to the hydrosilane to form an oligosiloxane. With
this reaction mechanism, both linear and cyclic products can possibly be formed.
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Scheme 5.10 Proposed mechanism for the formation of linear and cyclic oligosiloxanes from secondary hydrosilanes using a B(C6F5)3(OH2)
catalyst
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5.5 Summary
The study presented in this chapter has demonstrated an efficient route from tertiary and
secondary hydrosilanes into the corresponding oligosiloxanes using a moisture-stable and
recyclable (C6F5)3B(OH2) catalyst. Multiple catalytically relevant species and a series of
competitive reactions are probable when considering the mechanism involved for the
direct synthesis of siloxanes from only hydrosilane. A single catalytic pathway is simply
not enough to describe the formation of the disiloxane. The experimental results gathered
suggest that the most feasible route to disiloxanes is where the Si-H is partially converted
to Si-OH followed by heterodehydrocoupling reaction of Si-H/SiOH. Given a range of
hydrosilanes that are commercially available, this protocol should provide an easy route
to a wide variety of oligosiloxanes.
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5.6 Experimental
General Procedure. All reactions and manipulations were done under a nitrogen
atmosphere in an MBraun Unilab 1200/780 glovebox or using conventional Schlenk
techniques. Dry solvents were obtained using a solvent purification system. Reagents
were purchased from Sigma-Aldrich, AK Scientific, Arcos and TCI and used as received.
1

H,

13

C, and

29

Si NMR spectra were recorded on a Bruker DPX-400 (400MHz)

spectrometer. Chemical shifts for protons are reported in parts per million (ppm)
downfield from tetramethylsilane and are referenced to residual protium in the NMR
solvent (e.g. CHCl3 = 7.26 ppm). Chemical shifts for carbon are reported in ppm
downfield from CDCl3 (77.3 ppm). Chemical shifts for silicon are reported in ppm
downfield to the silicon resonance of tetramethylsilane (TMS δ 0.0). The silicon NMR
resonances were determined with a DEPT pulse sequence. Data are represented as
follows: chemical shift, multiplicity (app = apparent, br = broad, s = singlet, d = doublet, t
= triplet, q = quartet, m = multiplet), coupling constants in Hertz (Hz), and integration.
High resolution mass spectrometry measurements were made on a Bruker microTOF-QII
mass spectrometer, equipped with a KD Scientific syringe pump, in positive ion ESI
mode.
Synthesis of disiloxanes
For Et3SiH and PhMe2SiH: To a mixture of hydrosilane (5.0 mmol, 0.80 mL Et3SiH or
0.77 mL PhMe2SiH) and 0.1-5.0 mol% (C6F5)3B(OH2), was added H2O (2.5 mmol,
0.050 mL) while stirring at room temperature (22 oC). The reaction was monitored using
1

H and 29Si{1H} NMR spectroscopy at specific time interval. For Ph3SiH: To a mixture of

Ph3SiH (2.0 mmol, 0.26 g) and 0.1-5.0 mol% (C6F5)3B(OH2) dissolved in 0.50 mL
toluene-d8, was added H2O (1.0 mmol, 0.02 mL) while stirring at room temperature. The
reaction was monitored using 1H and

29

Si{1H} NMR spectroscopy at specific time

interval. For HPh2SiSiPh2H: To a mixture of HPh2SiSiPh2H (0.50 mmol, 0.18 g) and
(C6F5)3B(OH2) (0.50 mmol, 0.27 g) dissolved in 0.50 mL C6D6, was added an equivalent
of H2O (0.50 mmol, 0.01 mL). The reaction was stiired and heated at 60 oC for 24 h. All
products were filtered through Florisil to remove the catalyst using n-pentane or hexanes
as eluent.
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Et3Si-O-SiEt3360, 397
1

H NMR (400 MHz CDCl3): δ 0.95-0.91 (t, CH3, 6H), δ 0.55-0.49 (q, CH2, 4H). 13C{1H}

NMR (100.6 MHz, CDCl3): δ 6.7 (s, CH2), δ 6.4 (s, CH3).

29

Si{1H} NMR (79.5 MHz,

CDCl3): δ 8.9 ppm (s). GC-MS: cal’d: 246.1835 m/z; observed 246.1900 m/z.
PhMe2Si-O-SiMe2Ph354, 397
1

H NMR (400 MHz CDCl3): δ 7.57-7.36 (m, Ph, 10H), δ 0.35 (s, CH3, 12H).

13

C{1H}

NMR (100.6 MHz, CDCl3): δ 139.8, δ 133.0, δ 129.4, δ 127.7, δ 0.85 (s, CH3). 29Si{1H}
NMR (79.5 MHz, CDCl3): δ 0.01 ppm (s). HRMS-ESI: [C16H22OSi2Na]+ = cal’d:
309.1101 m/z; observed 309.1091 m/z.
Ph3Si-O-SiPh3397
1

H NMR (400 MHz CDCl3): δ 7.49-7.24 (m, Ph, 30H).

CDCl3): δ 135.5, δ 135.2, δ 129.8, δ 127.7.

13

C{1H} NMR (100.6 MHz,

29

Si{1H} NMR (79.5 MHz, CDCl3): δ -18.6

ppm (s). HRMS-ESI: [C36H30OSi2Na]+ cal’d: 557.1733 m/z; observed 557.1701 m/z.
HPh2Si-SiPh2-O-SiPh2-SiPh2-OH
1

H NMR (400 MHz CDCl3): δ 7.56-7.01 (m, Ph, 40H).

13

C{1H} NMR (100.6 MHz,

CDCl3): δ 136.2, δ 134.9, δ 134.4, δ 134.3, δ 1129.6, δ 129.5, δ 129.1, δ 127.8, δ 127.7, δ
127.6.

29

Si{1H} NMR (79.5 MHz, CDCl3): δ -5.4, δ -16.7, δ -21.8, δ -38.3 ppm (s).

HRMS-ESI: [C48H42O2Si4Na]+ cal’d: 785.2160 m/z; observed 785.2159 m/z.
Synthesis of oligosiloxanes
Secondary hydrosilanes: To a mixture of 4.0 mmol hydrosilane (0.52 mL Et2SiH2; 0.55
mL PhMeSiH2; 0.76 mL Ph2SiH2) and 0.1-5.0 mol% (C6F5)3B(OH2), was added H2O (2.0
mmol, 0.04 mL) while stirring at room temperature (22 oC). The reaction was monitored
using 1H and

29

Si{1H} NMR spectroscopy at specific time interval. All products were

filtered through Florisil to remove the catalyst using pentane or hexanes as eluent.
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Figure 5.33 13C{1H} NMR spectrum of Et3SiH after a reaction with 5.0 mol%
(C6F5)3B(OH2) and 0.5 eq H2O after 70 h in CDCl3 (disiloxane, Et3SiOSiEt3)
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(a)

(b)

Figure 5.34 GC-MS of Et3SiH after a reaction with 5.0 mol% (C6F5)3B(OH2) and 0.5 eq H2O after 70 h reaction time (a) counts vs. acquisition,
min; (b) counts vs. mass-to-charge (m/z)
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Figure 5.35 13C{1H} NMR spectra of PhMe2SiH after a reaction with 0.1 and 0.5 mol%
(C6F5)3B(OH2) with 0.5 eq H2O in CDCl3 (PhMe2Si-O-SiMe2Ph)

Figure 5.36 ESI-MS PhMe2SiH after a reaction with 5.0 mol% (C6F5)3B(OH2) and 0.5 eq
H2O (PhMe2Si-O-SiMe2Ph)
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Figure 5.37 13C{1H} NMR spectrum of Ph3SiH after a reaction with 5.0 mol%
(C6F5)3B(OH2) and 0.5 eq H2O in CDCl3

Figure 5.38 ESI-MS of Ph3SiH after a reaction with 5.0 mol% (C6F5)3B(OH2) and 0.5 eq
H2O
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Figure 5.39 ESI-MS of HPh2SiSiPh2H after a reaction with 1.0 eq (C6F5)3B(OH2) and 1.0
eq H2O after 24 h at 60oC in C6D6

Figure 5.40 ESI-MS of Et2SiH2 after a reaction with 2.0 mol % (C6F5)3B(OH2) and 0.5 eq
H2O at 1 h reaction time
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Figure 5.41 ESI-MS of Et2SiH2 after a reaction with 2.0 mol % (C6F5)3B(OH2) and 0.5 eq
H2O at 6 h reaction time

Figure 5.42 ESI-MS of Et2SiH2 after a reaction with 2.0 mol % (C6F5)3B(OH2) and 0.5 eq
H2O at 24 h reaction time
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Figure 5.43 ESI-MS of Et2SiH2 after a reaction with 2.0 mol % (C6F5)3B(OH2) and 0.5 eq
H2O at 48 h reaction time

Figure 5.44 ESI-MS of Et2SiH2 after a reaction with 2.0 mol % (C6F5)3B(OH2) and 0.0 eq
H2O at 96 h reaction time
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Figure 5.45 ESI-MS of PhMeSiH2 after a reaction with 2.0 mol % (C6F5)3B(OH2) and 0.5
eq H2O at 1 h reaction time

Figure 5.46 ESI-MS of PhMeSiH2 after a reaction with 2.0 mol % (C6F5)3B(OH2) and 0.5
eq H2O at 6 h reaction time
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Figure 5.47 ESI-MS of PhMeSiH2 after a reaction with 2.0 mol % (C6F5)3B(OH2) and 0.5
eq H2O at 24 h reaction time

Figure 5.48 ESI-MS of PhMeSiH2 after a reaction with 2.0 mol % (C6F5)3B(OH2) and 0.5
eq H2O at 48 h reaction time
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Figure 5.49 ESI-MS of PhMeSiH2 after a reaction with 2.0 mol % (C6F5)3B(OH2) and 0.0
eq H2O at 96 h reaction

Figure 5.50 ESI-MS of Ph2SiH2 after a reaction with 5.0 mol % (C6F5)3B(OH2) and 0.5 eq
H2O at 70 h reaction time
205
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Chapter 6 Summary and Future Work
This thesis reports the synthesis of precursors to polymerizable building blocks toward
polysilane formation and a simple and direct synthetic route toward oligosiloxane
formation.
6.1 Synthetic routes to new Si-Si and Si-E bonds
The higly reactive nature of silane compounds and non-selectivity of available synthetic
methods remain as hindrance to design functionalized and new organosilane compounds.
Suzuki-type cross coupling is a potentially useful synthetic route to new Si-Si bonds.
However, oxidative addition of silyl halides (Si-X) with transition-metal complexes is
quite a challenging synthetic step for this purpose. Future work in this area should start
by looking at potential Si-Si bond formation from a silyl transition-metal complex.
Theoretical calculations can also be used to understand the bonding nature and to
characterize the chemical bonding in these complexes.
6.2 Installation of reinforcing groups to form a bridged or bridgeable disilanes
To reinforce the Si-Si bond in a disilane, three different bridging groups were installed
such as 1,2,3,4-tetraphenyl-1,3-butadienyl, naphthyl and ferrocenyl bridges. These
functionalities were chosen to increase the overall conjugation (σ, π) in the molecule. In
addition, the distance between the silicon atoms of the resulting bridged disilane structure
is expected to match with a standard Si-Si bond length. The chemistry of attaching these
groups to disilanes is summarized in Table 6.1.
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Table 6.1 Summary of the products formed upon installation of the bridging groups into a
disilane
Bridging Group
1,2,3,4-tetraphenyl-

naphthyl

ferrocenyl

1,3-butadienyl

Silane

Product (s)
diphenylacetylene,
unknown

silanol, siloxane

ferrocene, silanol

aromatic

hydrocarbon

diphenylacetylene,
unknown

ferrocene

aromatic

hydrocarbon

diphenylacetylene,
siloxane

R = Me, Ph

R = Me, Ph
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(in competitive
reaction with
Cl2SiHPh)
Future work in this area includes the investigation of the photophysical/chemical
properties of the products formed. Understanding the photoinduced changes in these
compounds is essential when considered for some potential applications (e.g.
development of electronic devices). Further attempts to attach bridging groups to a
disilane can also be done. Additionally, other silane reagents can be explored such as
ClH2Si-SiH2Cl, ClMeHSi-SiHMeCl or ClPhHSi-SiHPhCl if routes to their formation
from commercially available starting materials can be found.
6.3 Attempts to synthesize polymerizable building blocks toward polysilane
formation
Intramolecular dehydrocoupling of 1,8-bis(disubstitutedsilyl)naphthalenes, 3.1R, and 1,1bis(disubstitutedsilyl)ferrocenes, 4.1R, using RhCl(PPh3)3 and (C6F5)3B(OH2) were
performed and attempted to attain the desired polymerizable monomer. Wilkinson’s
catalyst, RhCl(PPh3)3, generally promotes an intramolecular dehydrocoupling reaction to
form a Si-Si bond. However, with this catalyst, facile oxidation of the Si-Si bond is a
competitive reaction which is more pronounced using silanes with more Si-H bonds. On
the other hand, (C6F5)3B(OH2) consistently catalyzes siloxane formation. The results
obtained from the dehydrocoupling reactions of 3.1R and 4.1R are summarized in Table
6.2.
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Table 6.2 Summary of the products formed from the dehydrocoupling reactions of 3.1R
and 4.1R
Dehydocoupling Catalyst
Substrate

RhCl(PPh3)3

(C6F5)3B(OH2)
Product

R = Me, Ph

R = Me, Ph

no reaction for R = Ph
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Future work in this area includes improved ways to eliminate oxygen and water from the
reaction. The use of other dehydrocoupling catalysts which are superior for
dehydrocoupling, including those that are more active toward secondary or tertiary
substrates than RhCl(PPh3)3 and (C6F5)3B(OH2) can be considered. These include, but not
limited to f-block or lanthanide-based dehydrocoupling catalysts. Studies have
demonstrated that heterodehydrocoupling of primary or secondary amines with bulky
tertiary silanes were made possible by lanthanide-based catalysts.105, 399 Investigation on
lanthanide-based catalysis has shown promising to excellent acitivity in different maingroup bonding transformations.400-401 This is potentially a good candidate to be explored
as a dehydrocupling catalyst for Si-Si bond formation.
Other designs of the building block can also be considered wherein the resulting structure
will have less steric bulk. If synthetically allowed, a propyl or a butyl bridge could
perhaps be used as an alternative instead of a naphthyl or ferrocenyl bridge. In general, it
is recommended to build and design a monomer starting with a disilane with inherent SiSi bond, to eliminate the challenges of linking two Si atoms together via intramolecular
dehydrocoupling and/or by other coupling reactions. In terms of multi-step synthetic
route, simply attaching a bridge to a disilane is a more efficient way to the desired
bridged disilane monomers. However, this again can only be made possible with the
availability of useful disilane substrates.
6.4 Direct synthesis of oligosilaxanes using air and moisture stable (C6F5)3B(OH2)
The (C6F5)3B(OH2)-catalyzed synthesis of oligosiloxanes presented in this thesis is
operationally simple and is a direct synthetic route that offers several advantages over
other routes including: eco-friendliness, low catalyst loading, high yields and catalyst
reusability. The dependence of the reaction in catalyst concentration is generally less
pronounced when performed with efficient stirring and removal of hydrogen gas during
the reaction. Several mechanistic pathways can be considered to describe the
transformation of hydrosilanes to the corresponding oligosiloxanes. The modified PierRubinsztajn reaction involves: i) the hydrolysis of Si-H to Si-OH using (C6F5)3B(OH2)
with subsequent release of H2 gas, ii) nucleophilic attack of silanol to the hydrosilane to
form a disiloxane. On the other hand, a non-conventional mechanism may be in operation
which involves multiple catalytic pathways and potential intermediates and describes a
transformation that can enter a Lewis acid, water-mediated, or silanol-mediated catalysis.
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Based on the control reactions conducted, more than one reaction pathway is possible.
Future work for this area includes DFT calculations to further elucidate the mechanism of
disiloxane formation through identification of catalytic intermediates.
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Appendices
X-ray Crystallographic Data
Table A1 Data for compound 2.18

Compound
CCDC
Chemical Formula
M (g mol-1)
Temperature (K)
Crystal size (mm)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (A3)
Z
ρcalc (mg m-3)
µ (mm-1)
F (000)
Radiation
Θ range (deg)
h range
k range
l range
Reflections
collected
Data/restraints/
parameters
Independent reflections (Rint)
R1, wR2 (obs., I>=2σ (I))
R1, wR2 (all data)
S on F2

2.18
C34H26Si
462.64
373 (2) K
0.080 x 0.050 x 0.010
Monoclinic
P 21/c
16.3812 (6)
6.1728 (2)
24.4498 (9)
90
92.293 (3)
90
2470.33 (15)
4
1.244
0.979
976
CuKα (λ = 1.54184)
6.388 to 68.248
-18 ≤ h ≤ 19
-7 ≤ k ≤ 7
-29 ≤ l ≤ 29
27446
4526/0/320
4526 ( 0.1138)
0.0549, 0.1231
0.0832, 0.1352
1.029
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Table A2 Data for 3.1Ph

Compound
CCDC
Chemical Formula
M (g mol-1)
Temperature (K)
Crystal size (mm)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (A3)
Z
ρcalc (mg m-3)
µ (mm-1)
F (000)
Radiation
Θ range (deg)
h range
k range
l range
Reflections
collected
Data/restraints/
parameters
Independent reflections (Rint)
R1, wR2 (obs., I>=2σ (I))
R1, wR2 (all data)
S on F2

3.1Ph
1886586
C34H28Si2
492.74
100(1)
0.32 × 0.2 × 0.2
monoclinic
P21/c
11.9187(1)
12.6618(1)
17.4771(2)
90
93.383(1)
90
2632.91(4)
4
1.243
1.370
1040
CuKα (λ = 1.54184)
11.198 to 135.47
-11≤ h ≤ 14
-15 ≤ k ≤ 15
-20 ≤ l ≤ 19
28300
4763/0/333
4763 (0.0315)
0.0297, 0.0773
0.0311, 0.0784
1.042

214

Table A3 Data for 3.2Ph

Compound
CCDC
Chemical Formula
M (g mol-1)
Temperature (K)
Crystal size (mm)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (A3)
Z
ρcalc (mg m-3)
µ (mm-1)
F (000)
Radiation
Θ range (deg)
h range
k range
l range
Reflections
collected
Data/restraints/
parameters
Independent reflections (Rint)
R1, wR2 (obs., I>=2σ (I))
R1, wR2 (all data)
S on F2

2Ph
1886587
C34.1H26O0.1Si2
493.60
110(1)
0.14 × 0.05 × 0.05
monoclinic
P21/c
15.6489(3)
8.81950(10)
19.3548(3)
90
106.959(2)
90
2555.10(7)
4
1.283
1.417
1038
CuKα (λ = 1.54184)
11.112 to 135.47
-17 ≤ h ≤ 18
-9 ≤ k ≤ 10
-23 ≤ l ≤ 23
19186
4633/6/360
4633 (0.0356)
0.0326, 0.0892
0.0354, 0.0914
1.044
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Table A4 Data for 3.2Me

Compound
CCDC
Chemical Formula
M (g mol-1)
Temperature (K)
Crystal size (mm)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (A3)
Z
ρcalc (mg m-3)
µ (mm-1)
F (000)
Radiation
Θ range (deg)
h range
k range
l range
Reflections
collected
Data/restraints/
parameters
Independent reflections (Rint)
R1, wR2 (obs., I>=2σ (I))
R1, wR2 (all data)
S on F2

2Me
1937006
C14H18O0.1Si2
243.98
99.97(13)
0.2 × 0.15 × 0.1
monoclinic
P21/n
8.35819(19)
8.27537(16)
19.9683(4)
90
94.0488(19)
90
1377.70(5)
4
1.176
2.102
523
CuKα (λ = 1.54184)
8.88 to 148.392
-10 ≤ h ≤ 10
-10 ≤ k ≤ 9
-24 ≤ l ≤ 24
14649
2767/6/205
2767 (0.0326)
0.0296, 0.0734
0.0334, 0.0756
1.055
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Table A5 Data for 3.3Ph

Compound
CCDC
Chemical Formula
M (g mol-1)
Temperature (K)
Crystal size (mm)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (A3)
Z
ρcalc (mg m-3)
µ (mm-1)
F (000)
Radiation
Θ range (deg)
h range
k range
l range
Reflections
collected
Data/restraints/
parameters
Independent reflections (Rint)
R1, wR2 (obs., I>=2σ (I))
R1, wR2 (all data)
S on F2

3Ph
1886595
C34H26OSi2
506.73
100(1)
0.34 × 0.14 × 0.12
monoclinic
I2/a
20.0464(2)
8.7971(1)
44.8873(6)
90
95.644(1)
90
7877.51(16)
12
1.282
1.419
3192
CuKα (λ = 1.54184)
11.298 to 136.49
-12 ≤ h ≤ 12
-13 ≤ k ≤ 11
-25 ≤ l ≤ 25
26277
7144/0/502
7144 (0.0242)
0.0298, 0.0761
0.0306, 0.0766
1.038
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Table A6 Data for 3.3Me

Compound
CCDC
Chemical Formula
M (g mol-1)
Temperature (K)
Crystal size (mm)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (A3)
Z
ρcalc (mg m-3)
µ (mm-1)
F (000)
Radiation
Θ range (deg)
h range
k range
l range
Reflections
collected
Data/restraints/
parameters
Independent reflections (Rint)
R1, wR2 (obs., I>=2σ (I))
R1, wR2 (all data)
S on F2

3Me
1937007
C14H18OSi2
258.46
101(2)
0.15 × 0.12 × 0.1
triclinic
P-1
12.20007(13)
12.30177(13)
12.38995(13)
116.7870(10)
96.6352(9)
112.9004(10)
1430.24(3)
4
1.200
2.102
552
CuKα (λ = 1.54184)
13.088 to 136.456
-14 ≤ h ≤ 14
-14 ≤ k ≤ 14
-13 ≤ l ≤ 14
43511
5232/0/315
5232 (0.0392)
0.0265, 0.0722
0.0287, 0.0735
1.076
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Table A7 Data for 3.4

Compound
CCDC
Chemical Formula
M (g mol-1)
Temperature (K)
Crystal size (mm)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (A3)
Z
ρcalc (mg m-3)
µ (mm-1)
F (000)
Radiation
Θ range (deg)
h range
k range
l range
Reflections
collected
Data/restraints/
parameters
Independent reflections (Rint)
R1, wR2 (obs., I>=2σ (I))
R1, wR2 (all data)
S on F2

3.4
1886596
C32H24Si2
464.69
100(1)
0.14 × 0.12 × 0.1
triclinic
P-1
7.9022(1)
9.3800(1)
16.7481(1)
105.275(1)
90.621(1)
96.144(1)
1189.69(2)
2
1.297
1.485
488
CuKα (λ = 1.54184)
11.272 to 136.49
-9 ≤ h ≤ 9
11 ≤ k ≤ 11
-20 ≤ l ≤ 20
32410
4358/0/315
4358 (0.0391)
0.0299, 0.0788
0.0322, 0.0803
1.067
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Table A8 Data for 3.1Ph’

Compound
CCDC
Chemical Formula
M (g mol-1)
Temperature (K)
Crystal size (mm)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (A3)
Z
ρcalc (mg m-3)
µ (mm-1)
F (000)
Radiation
Θ range (deg)
h range
k range
l range
Reflections
collected
Data/restraints/
parameters
Independent reflections (Rint)
R1, wR2 (obs., I>=2σ (I))
R1, wR2 (all data)
S on F2

3.1Ph’
C22H20Si2
340.56
100.7(8)
0.12 × 0.1 × 0.05
triclinic
P-1
12.1776(4)
12.8755(4)
13.2780(4)
65.495(3)
85.615(2)
82.689(2)
1878.32(11)
4
1.204
1.689
720.0
CuKα (λ = 1.54184)
7.32 to 148.636
-14 ≤ h ≤ 15
-16 ≤ k ≤ 15
-16 ≤ l ≤ 16
55205
7474/0/465
7474 (0.0528)
0.0353, 0.0906
0.0429, 0.0947
1.051
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Table A9 Data for 3.3Ph’

Compound
CCDC
Chemical Formula
M (g mol-1)
Temperature (K)
Crystal size (mm)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (A3)
Z
ρcalc (mg m-3)
µ (mm-1)
F (000)
Radiation
Θ range (deg)
h range
k range
l range
Reflections
collected
Data/restraints/
parameters
Independent reflections (Rint)
R1, wR2 (obs., I>=2σ (I))
R1, wR2 (all data)
S on F2

3.3Ph’
C44H32O4Si4
737.05
104(6)
0.05 × 0.05 × 0.05
monoclinic
P21/c
10.2895(3)
15.8329(4)
11.7461(3)
90
103.369(3)
90
1861.73(9)
2
1.315
1.834
768.0
CuKα (λ = 1.54184)
11.176 to 136.454
-12 ≤ h ≤ 12
-19 ≤ k ≤ 19
-13 ≤ l ≤ 14
24509
3404/0/235
3404 (0.0961)
0.0422, 0.1020
0.0574, 0.1094
1.046
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Table A10 Data for 4.1Ph

Compound
CCDC
Chemical Formula
M (g mol-1)
Temperature (K)
Crystal size (mm)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (A3)
Z
ρcalc (mg m-3)
µ (mm-1)
F (000)
Radiation
Θ range (deg)
h range
k range
l range
Reflections
collected
Data/restraints/
parameters
Independent reflections (Rint)
R1, wR2 (obs., I>=2σ (I))
R1, wR2 (all data)
S on F2

4.1Ph
C34H30FeSi2
550.61
99.9(5)
0.15 × 0.12 × 0.08
monoclinic
P21/c
10.8136(2)
16.7307(2)
7.86280(10)
90
103.528(2)
90
1383.06(4)
2
1.322
5.353
576.0
CuKα (λ = 1.54184)
12.732 to 136.448
-10 ≤ h ≤ 13
-20 ≤ k ≤ 20
-9 ≤ l ≤ 7
13816
2530/0/173
2530 ( 0.0261)
0.0233, 0.0599
0.0244, 0.0605
1.042
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Table A11 Data for 4.1Ph’

Compound
CCDC
Chemical Formula
M (g mol-1)
Temperature (K)
Crystal size (mm)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (A3)
Z
ρcalc (mg m-3)
µ (mm-1)
F (000)
Radiation
Θ range (deg)
h range
k range
l range
Reflections
collected
Data/restraints/
parameters
Independent reflections (Rint)
R1, wR2 (obs., I>=2σ (I))
R1, wR2 (all data)
S on F2

4.1Ph’
C22H22FeSi2
398.42
103(5)
0.14 × 0.08 × 0.05
monoclinic
P21/c
6.17430(10)
25.8814(4)
12.1345(2)
90
102.496(2)
90
1893.15(5)
4
1.398
7.592
832.0
CuKα (λ = 1.54184)
12.694 to 136.442
-7 ≤ h ≤ 7
-30 ≤ k ≤ 31
-14 ≤ l ≤ 14
26847
3473/0/242
3473 (0.0565)
0.0285, 0.0686
0.0324, 0.0702
1.049

223

DFT calculations
Images of Optimized Geometries and HOMOs:

Figure A1 naphthalene

Figure A2 3.1Ph

Figure A3 3.1Me
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Figure A4 3.1Ph’

Figure A5 3.2Ph’

Figure A6 3.2H
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Figure A7 3.2Ph

Figure A8 3.2Me

Figure A9 3.3Ph
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Figure A10 3.3Me

Figure A11 3.2H-dimer

Figure A12 3.2H-trimer
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Figure A13 3.2H-tetramer

Figure A14 3.2H-pentamer
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Figure A15 3.2Ph’-dimer

Figure A16 Calculated UV-Vis spectra (gas phase) of 3.1Ph, 3.2Ph and 3.3Ph using TDSCF, B3LYP/6-31(++)G**
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Figure A17 Calculated UV-Vis spectra (gas phase) of 3.1Me, 3.2Me and 3.3Me using TDSCF, B3LYP/6-31(++)G**

Figure A18 Calculated UV-Vis spectra (gas phase) of 3.2Ph’ and 3.2Ph’-dimer using TDSCF, B3LYP/6-31(++)G**
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Figure A19 Calculated UV-Vis spectra (gas phase) of 3.2H, 3.2H-dimer, 3.2H-trimer,
3.2H-tetramer and 3.2H-pentamer using TD-SCF, B3LYP/6-31(++)G**

Figure A20 Calculated UV-Vis spectra (in THF) of 3.1Ph, 3.2Ph and 3.3Ph using TD-SCF,
B3LYP/6-31(++)G**
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Figure A21 Calculated UV-Vis spectra (in THF) of 3.1Me, 3.2Me and 3.3Me using TDSCF, B3LYP/6-31(++)G**

Figure A22 Calculated UV-Vis spectra (in THF) of 3.2Ph’ and 3.2Ph’-dimer using TDSCF, B3LYP/6-31(++)G**
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Figure A23 Calculated UV-Vis spectra (in THF) of 3.2H, 3.2H-dimer, 3.2H-trimer, 3.2Htetramer and 3.2H-pentamer using TD-SCF, B3LYP/6-31(++)G**
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Figure A24 ferrocene

Figure A25 4.1Ph’

Figure A26 4.1Ph

234

Figure A27 4.1Me

Figure A28 4.2Ph

Figure A29 4.2Me
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Figure A30 4.3Ph

Figure A31 4.3Me
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Figure A32 Calculated UV-Vis spectra (gas phase) of 4.1Ph, 4.2Ph and 4.3Ph using TDSCF, B3LYP/6-31(++)G**

Figure A33 Calculated UV-Vis spectra (gas phase) of 4.1Me, 4.2Me and 4.3Me using TDSCF, B3LYP/6-31(++)G**
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Figure A34 Calculated UV-Vis spectra (in THF) of 4.1Ph, 4.2Ph and 4.3Ph using TD-SCF,
B3LYP/6-31(++)G**

Figure A35 Calculated UV-Vis spectra (in THF) of 4.1Me, 4.2Me and 4.3Me using TDSCF, B3LYP/6-31(++)G**
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