
 

THE DESIGN AND SYNTHESIS OF SILOXANE PRECURSORS FOR 

CHIRAL PERIODIC MESOPOROUS ORGANOSILICA 

MATERIALS 
 

 

by 

 

Michael William Angus MacLean 

 

 

 

A thesis submitted to the Department of Chemistry 

In conformity with the requirements for 

the degree of Doctor of Philosophy 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(June, 2016) 

 

Copyright ©Michael MacLean, 2016 



 

 

i 

Abstract 

The development of cost-effective and reliable methods for the synthesis and separation of 

asymmetric compounds is paramount in helping to meet society’s ever-growing demand for chiral 

small molecules. Of these methods, chiral heterogeneous supports are particularly appealing as 

they allow for the reuse of the chiral source. One such support, based on the synergy between 

chiral organic units and structurally stable inorganic silicon scaffolds are periodic mesoporous 

organosilicas (PMOs).  

In the work described herein, I examine some of the factors governing the transmission of 

chirality between chiral dopants and prochiral bulk phases in chiral PMO materials. In particular, 

the exploration of 1,1’-binaphthalene-bridged chiral dopants with a focus on the point of 

attachment into the materials. Moreover, the effects of ordering in the materials are examined and 

reveal that chirality transfer is more facile in materials with molecular-scale order then those 

containing amorphous walls. 

Secondly, the issues surrounding the synthesis and purification of aryl-triethoxysilanes as 

siloxane precursors are addressed. Both the introduction of a two-carbon linker and the direct 

attachment of allyl and mixed allyldiethoxysilane species are explored. This work demonstrates 

that allyldiethoxysilanes are ideal, in that they are stable enough to permit facile synthesis, while 

still being able to hydrolyze completely to produce well-ordered materials. 

Lastly, the production of new bulk phases for chiral PMO materials is examined by 

introducing new prochiral nitrogen-containing siloxane precursors. Biphenyldiamine and 

bipyridine-bridged siloxane precursors are readily synthesized on reasonable scales. Their use as 

the bulk siloxane precursor in the production of PMO materials however, is precluded by 

insufficient gelation and additional siloxane precursors are necessary for the production of ordered 

materials. 
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In addition to the research detailed above that forms the body of this thesis, two short works 

are appended. The first details the production of polythiophene assemblies mediated through 

coordination nanospaces, while the second explores the production of N-heterocyclic carbene 

functionalized gold nanoparticles through ligand exchange. 
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Introduction 

 

1.1 Chirality: The Not So New Frontier 

At a macroscopic level, symmetry is both esthetically pleasing and beautiful; often occurring 

in art as well as nature. However, at the molecular level, the lack of symmetry or chirality (a term 

coined by Lord Kelvin at the end of the ninetieth century to describe asymmetric molecules[1]) 

plays a significant role with 19 of the 20 essential amino acids being chiral. With exceptions 

arising from post-translational modifications, higher organisms rely exclusively on L amino acids, 

which is nothing short of remarkable.[2-3] The effect of enantiomers on living systems can also be 

expected to be significant, with carvone (Figure 1-1b) as an interesting example with R-(-)-

carvone possessing a spearmint smell, while S-(+)-carvone smells of caraway. Molecular chirality 

has much broader implications in the pharmaceutical industry, as other biological effects of 

enantiomeric forms of medicinal compounds can vary significantly.[4] This is exceptionally 

important when one considers that 22 of the top 25 best selling pharmaceuticals in 2013 are chiral 

(Figure 1-1c).[5]  
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Figure 1-1. Selected examples of molecular scale chirality in biologically relevant small 

molecules: (a) Generic form of D and L amino acids. (b) R and S Carvone. (c) Selected chiral 

pharmaceuticals from the best selling drugs of 2013.    

Building on work dating back to 1801,[6-10] Louis Pasteur performed his iconic crystal 

separating experiment (Figure 1-2), allowing him to link the asymmetry of the crystals to their 

molecular building blocks.[11-12] Shortly thereafter, Pasteur revealed Nature’s preference to 

metabolize a particular enantiomer when choosing nutrients.[13]  
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Figure 1-2. Tartaric acid crystals from hemihedral crystals which was used by Pasteur to link 

molecular level asymmetry to optical rotation. (a) Sodium ammonium tartrate salts used to form 

the crystals. (b) Photograph of Sodium ammonium tartrate (– enantiomer on left and + enantiomer 

on right).[12] Photograph reproduced from Reference 12. Copyright 2003 Elsevier. 

By the beginning of the 1870s, molecular level chirality had been proposed;[10-11] and it was 

the astute Jacobus van’t Hoff who realized that only tetrahedral carbon, not square planar could 

support carbon-based chirality.[14] This model was shortly thereafter applied to sugar molecules 

through the beautiful work of Emil Fisher.[15]  

 

1.2 Atom Centered vs Axial Chirality 

Although atom-centered chirality was critical to van't Hoff's ground-breaking work, any 

molecule lacking a plane, center, or alternating axis of symmetry (i.e. Cn or Dn point groups) is 

chiral.[16] This includes allenes 1-2 and 1-3, which are chiral about their central axis and belong to 

point groups C2 and C1 respectively and axially chiral biphenyls like 1-4, which is also C1 

symmetric. In the latter case, the two enantiomers are interconverted by rotation of a C–C biaryl 

bond, a type of chirality called atropisomerism (Figure 1-3). Increasing the size of the 

substituents ortho to the biaryl bond gives a higher energy barrier of rotation, thereby allowing for 
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the separation of the two enantiomers (atropisomers). One alluring feature of atropisomerism is 

that when the molecules are below their rotational energy barriers, they can then be thought to 

exist in a prochiral confirmation, and this allows the opportunity to induce chirality within certain 

types of materials, as will be further discussed in section 1.5.3 and in chapter 2 

 

Figure 1-3. Types of molecular scale chirality and relevant point groups. 

1.3 Heterogeneous Chiral Platforms for the Production of Chiral Small 

Molecules  

A variety of methods are available to prepare chiral compounds,[17] the most effective of 

which is the use of a chiral catalyst to relay chiral information onto a prochiral substrate[18-19]. Due 

to difficulties in designing chiral heterogeneous catalysts, the majority of such catalysis is still 

performed homogeneously. However, chiral ligands are often employed with precious metal 

catalysts, both coming at a significant cost. Therefore, interest in designing and preparing reusable 

chiral catalysts—especially heterogeneous chiral systems—is significant. Chiral separation (e.g. 

chromatographic) systems are also needed, as this is a rapid route to enantiomerically pure 

compounds that facilitates rapid testing without requiring the development of complex synthetic 

routes.  

The immobilization of chiral sites onto pre-existing supports is a method that has been widely 

used to generate heterogeneous asymmetric catalysts.[20-28] One high profile example by Thomas, 

Johnson and co-workers is shown conceptually in Figure 1-4a, wherein they found the transfer of 
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chirality to the substrate to be greater when the catalytic site was constrained within a pore. This is 

proposed to be related to the close interactions of the substrate, catalytic center, and chiral 

directing groups that enable favorable interactions to form while preventing unfavorable spatial 

interactions.[29] This concept could be further applied for the allylic amination of cinnamyl acetate 

1-5 (Figure 1-4b) with benzylamine 1-6 using a porous silica-supported 1,1’-

bis(diphenylphosphino)ferrocene ligand to afford branched isomer 1-7 in 99% ee and 50% yield. 

Comparable homogeneous systems give exclusively the linear isomer.[30] 

  

Figure 1-4. The confinement effect on chiral catalysts bound within porous supports. (a) 

Graphical concepts. (b) Confinement principle applied to allylic amination.[31] (c) Equation 1-1, 

allylic amination. Images adapted with permission from reference 31. Copyright 2015 Wiley-

VCH. 

A far less studied approach involves performing the reactions in a chiral environment through 

the creation of supports that are themselves chiral. For example, the catalytic di-π-methane 

rearrangement of 11-formyl-12-methyl-dibenzobarrelene 1-8 to dibenzosemibullvalene 1-9, as 

shown in Figure 1-5a, can only occur with selectivity when the reaction is performed within the 
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channels of a chiral host—in this case a mesoporous organosilica modified with trans-

cyclohexyldiamine.[32] There are many other possibilities for chiral heterogenous platforms, 

including, but not limited to: metal surfaces modified by chiral organic compounds (Figure 

1-5b),[33-35] metal-organic frameworks (MOFs) in which the strut of the framework has 

incorporated chiral groups (Figure 1-5c),[36] polymers that are made using chiral monomeric units 

(Figure 1-5d),[37-38] and organosilica hybrid materials made from chiral siloxane precursors 

(Figure 1-5e).[23, 39] It is the organosilica hybrids that are of particular interest to this work as they 

have the structural benefits of purely inorganic materials, along with the ability to incorporate 

diverse organic structures in the organic portion of the material. 
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Figure 1-5. Heterogeneous supports which are chiral in their own rite. (a) Di-π-methane 

rearrangement within the support.[32] (b) Chiral metal surfaces.[40] (c) Chiral MOF.[36] (d) Chiral 

Polymers.[41] (e) Chiral organosilica hybrids.[42] Images reproduced with permission from 

references 32, 40, 36, 41, and 42 respectively. Copyrights 2005 American Chemical Society, 2012 

Wiley-VCH, 2012 Nature Publishing Group, 2012 Wiley-VCH, and 2010 Elsevier respectively. 

1.4 Introducing Asymmetry Into Silica Based Platforms 

As the second most abundant element in the Earth’s crust, silicon and its oxides are an easy 

choice for the fabrication of materials that are both sustainable and functional.[43] For instance 

zeolites[44] are probably the most important catalysts in the 20th and 21st centuries, due to their 

extensive use in petroleum refinement.[45] It was the high utility of zeolites that prompted 

materials scientists to explore the production of ordered mesoporous (2-50 nm pore diameter) 

silica-based materials that would be capable of accommodating large biomolecules within the 
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pores. This research lead to the production of the first wave of mesoporous silicas with 

MCM41[46] and SBA15[47], formed through sol-gel processing in the presence of surfactants.  

1.4.1 Sol-gel Synthesis of Silica Platforms 

Carrying out siloxane polycondensation (Figure 1-6a), sometimes called the sol-gel synthesis, 

in the presence of a structure-directing agent (SDA; a molecule that is composed of both 

hydrophobic and hydrophilic regions that can aggregate into micelles in solution) results in the 

formation of pores in the size and shape of the SDA micelles after removal of the SDA.[28, 48] This 

templating process can be explained in two ways as shown in Figure 1-6b. The top approach 

shows the SDA forming first spherical micelles, followed by rods and a lyotropic liquid 

crystalline phase in solution prior to condensation of the silica source around the preformed liquid 

crystalline phase. This method was initially proposed to explain the synthesis of MCM-41, but can 

only take place under very high concentrations of surfactant/SDA, and thus is termed “true” liquid 

crystal templating.[46] Alternatively, co-operative self-assembly is the more commonly used 

method and occurs at significantly lower concentrations of SDA. Both routes require the SDA to 

be removed after the polycondensation, through either solvent extraction or by burning the SDA 

through calcination, to reveal the porous inorganic structure. Common inorganic silica sources 

and SDAs are shown in Figure 1-6c and d respectively. 
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Figure 1-6. Sol-gel synthesis of porous silica materials. 

 

1.4.2 Organosilica Hybrids 

Introducing organic groups onto/into these materials can be accomplished in a number of 

ways (Figure 1-7). Grafting is the simplest method, wherein functional groups bearing one 

condensable silane are allowed to condense onto the silanols of a pre-existing silica support. The 

one main drawback here is that the loading of the organic functionality must be kept low as the 

grafting species is often found to agglomerate over the pore openings and bind exclusively to the 
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external surface of the materials.[28, 49] This issue with agglomeration is solved when the hybrid is 

made through co-condensation, however as these are monosilylated species the loading must be 

kept below 25% to ensure that the materials properties of the resulting solids are not adversely 

affected by the low amount of extended network that is available.[28] Functional organic 

components bearing two or more condensable silanes permit the organic component to be 

incorporated at a very high loading to afford periodic mesoporous organosilicas (PMOs).[28, 50]  

 

  

Figure 1-7. The approaches to incorporate chirality into silica based materials.[31] Images 

reproduced with permission from reference 31. Copyright 2015 Wiley-VCH. 

 

Many different siloxane precursors have been incorporated into surfactant-based sol-gel 

synthesis to give PMO materials. These range from simple two carbon based bridges (1-10 and 

BTEE, Figure 1-8a)[51-53] to more complicated aromatic[54-57] and chiral scaffolds, the latter of 

which will be the topic of the next section.[31] One appealing aspect of the benzene- and biphenyl-

based PMO materials is their ability to be prepared with molecular scale periodicity within the 

(a) (b)

(c) (d)
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walls of the materials.[55-56] This “crystal-like” alignment of molecules is in addition to meso-scale 

structure within the pores that arises from the SDA. The first of these higher order materials was 

reported by Inagaki and co-workers who used the benzene bridged BTEB to produce PMO 

materials under alkaline conditions.[55] Because of the high ordering of the materials, they were 

able to see multiple diffraction peaks in the powder x-ray diffraction spectra (Figure 1-8b-c). This 

methodology has been applied to produce a variety of other PMO frameworks with “crystal-like” 

walls, with the prochiral BTEBp being most significant for the work presented in this thesis.[56]  

  

Figure 1-8. Organic based siloxane precursors used to make PMO materials (a) and molecular 

scale periodicity arising from BTEB bridged PMO materials.[55] Images reproduced with 

permission from reference 55. Copyright 2002 Nature Publishing Group. 
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1.5 Chirality in PMOs Synthesis and Characterization 

Four distinctly different methods have been developed in the literature to incorporate chirality 

into PMOs: 1) the use of chiral siloxane precursors as building blocks,[23] 2) transforming a 

chemical handle in the materials with post-synthesis modification,[28, 58-59] 3) chirality transfer in 

the solid state from a chiral dopant,[60-61] and 4) the use of chiral SDAs to induce a helical pitch in 

mesostructured silicas.[62] Each of these methods has their own merits and will be discussed 

individually along with selected examples of their implementation for specific applications. 

1.5.1 Bottom-up Synthesis 

The synthesis of chiral PMO materials from a chiral siloxane precursor will be defined here as 

a bottom-up synthesis. The choice of chiral building block is important and there are several 

classes of molecule that have been used to impart chirality with varying degrees of success. Some 

of the structures that have proven to successful at transferring chirality using soluble catalysts are 

shown in Figure 1-9. One family of molecules, based on the 1,1’-binaphthalene skeleton is 

readily available in both enantiomers. The most well known member of this family is the 2,2’-

diphosphane BINAP (1-15), which was used for chirality transfer in transition metal catalysis and 

garnered the Nobel Prize in 2001.[63-64] The 2,2’-diol derivative BINOL (1-13) has been used for 

catalysis,[65] as well as for the transfer of chirality in liquid crystals.[66] Trans-1,2-

diaminocyclohexane 1-11 is another class of molecules that possess a “privileged” structure in 

regards to the transfer of chirality. These molecules have proven exceptionally useful for 

hydrogenation and C-C bond forming reactions among others.[67] Derivatives of these molecules 

available for the production of PMO materials are shown in Figure 1-10. 
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 Figure 1-9. “Privileged” structures for chirality transfer in homogeneous systems. 

Garcia and co-workers were the first to create surfactant templated organosilicas using 1-23 in 

addition to nine parts of tetramethoxysilane (TMOS) in 2004.[68] By measuring the optical activity 

of suspensions of these materials in solvent, they were able to assess their chirality; additionally, 

the materials showed different fluorescence enhancements effects when different enantiomers of 

1,2-cyclohexyldiamine were adsorbed. This phenomenon was attributed to chiral recognition by 

the materials.[68] Previous work in our group showed that siloxane precursor 1-18 could give 

mixed-component materials with ultra small mesopores when 1,4-bis(triethoxysilyl)benzene 

(BTEB) was used as the bulk silica source.[69] In this report, the chirality was observed by TEM, 

which showed that the materials had helical morphology. Compound 1-18 was also used with 

BTEBp as the bulk silica source to make materials that were used to induce chirality in prochiral 

nematic liquid crystals, wherein the amount of chiral organosilica added had effects on the 

twisting of the bulk liquid crystal.[70] In addition, other members of the 1,1’-binaphthalene family 

have been used to create materials used in catalytic[71-76] and chromatographic[77] applications, 

which will be explored in further detail in section 1.6. Diester 1-25 also possesses axial chirality 

and will be the topic of section 1.5.3.[60] 
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Figure 1-10. Chiral siloxane precursors used to make chiral organosilicas.  
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The trans-1,2-diaminocyclohexane family of molecules is represented by siloxane precursors 

1-16 and 1-17, and have been used in conjugation with other structural supports to generate a 

variety of materials. However, the resulting materials could be further modified for catalytic[78-81] 

or chromatographic[82-83] applications and will be discussed in more detail in section 1.6.  

Organosilicas 1-29 through 1-31 are also of note, all featuring atom-centered chirality at the 

benzyl position. Inagaki, Shimada and co-workers used siloxane precursor 1-29 under a variety of 

conditions to prepare chiral PMO materials and they assessed the chiral incorporation into the 

final materials by dissolving them with fluoride to liberate the chiral component for analysis.[84] 

They found that alkaline conditions produced very well ordered materials (made with 1.5 parts 

BTEB) but completely racemized the chiral units in the monomers; conversely, materials formed 

under acidic conditions were less ordered and microporous, but racemization was not observed.[84] 

When the silicon attachment point was moved to the aryl ring as in siloxane precursor 1-30 no 

racemization was observed, which allowed Fröba and co-workers to produce ordered materials 

under acidic conditions, for which the chirality was assessed by measuring the optical rotation of 

the materials.[85] Compound 1-31 also features a chiral benzyl alcohol and produced chiral 

organosilica materials that will be explored for their catalytic abilities in section 1.6.[86] 

Camphor (1-12) is a common chiral auxiliary, and shares its structure with norbornane-

bridged siloxane precursor 1-28. Wang and co-workers reported 1-28 for use in a variety of 

organosilica materials; moreover, they could control the mesostructure of the materials to give rise 

to a variety of different morphologies,[87-88] and by dissolving the materials they showed that the 

chiral unit was not racemized during the sol-gel processing. 

Compounds 1-26 through 1-27 are all based on biologically relevant molecules, however 

these are the only examples of bio-inspired siloxane precursors that have been explored; which is 

unusual given the magnitude of chiral molecules that are prevalent in nature. Tartardiamide-

bridged 1-26 was explored by Yang, Li and co-workers for catalytically active organosilicas that 

will be revisited in section 1.6.[89] Alternatively, manitol-based 1-27 could be used by Mehdi and 
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co-workers to create organosilica materials capable of accommodating gold nanoparticles upon 

reduction of gold precursors within the pores.[58]  

1.5.2 Chiral Modifications 

As the conditions required to undergo sol-gel processing are usually harsh and can sometimes 

be incompatible with sensitive chiral units, an alternative method for the incorporation of chirality 

in mesoporous materials has been to incorporate the chiral unit in a subsequent transformation 

after the polycondensation has occurred. This allows for the incorporation of a variety of highly 

sensitive subunits, in addition to providing two new benefits: 1) the introduction of the chiral 

moiety afterwards can provide a more even spacing of the functional group throughout the entire 

surface of the material more easily, and 2) the chiral moiety is not used during the sol-gel process, 

which can be low yielding. This route is not without its downsides however, in that the chiral unit 

will protrude into the pores of the material instead of being embedded in the walls; moreover, as 

the chiral unit is not present during the sol-gel synthesis, it will not have any effect on the overall 

structural of the materials.[28, 58-59] This approach to chiral materials is shown in Scheme 1-1.  

This method was first proposed by Polarz and co-workers in 2008, involving the condensation 

of chiral amines with carboxylic acid functionalized organosilica OS1 to result in OS2.[59] When 

compared to materials prepared from a peptide containing siloxane precursor, both materials 

showed evidence of the chiral groups by solid-state 13C NMR spectroscopy; however, the 

modified organosilicas exhibited smaller diameter pores (3.5 nm) than the direct synthesized 

materials (5.1 nm pores). Polarz and co-workers characterized their materials by examining the 

differential adsorption for the two enantiomers of the chiral gas propylene oxide. This is shown in 

Figure 1-11 and represents the only example of an assessment of a material’s chirality using a 

chiral gas.[59] Sozzani, Fröba, and co-workers have more recently reported the preparation of 

aniline based OS3, wherein the pendant amine allows for the formation of peptides within the 
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pores to give OS4.[90] This methodology might allow for solid-phase peptide synthesis within the 

organosilica pores.  

 

  

Scheme 1-1. Chiral modifications of organosilica hybrids.[31] Images adapted with permission 

from reference 31. Copyright 2015 Wiley-VCH. 
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Figure 1-11. Selective adsorption of propylene oxide onto a chiral material.[59] Image reproduced 

with permission from reference 59. Copyright 2008 Wiley-VCH. 

Chiral functional groups can also be transformed within the materials in a subsequent step. 

For example, alcohol based OS6 might be particularly problematic to synthesize due to 

unintentional interactions of the alcohol during the sol-gel synthesis. Polarz and co-workers 

reported that organosilica OS5 bearing chiral boronic esters could be prepared, and then the free 

alcohol liberated in a subsequent step. However, they did not carry out any measurement of the 

enantiopurity of the chiral precursor, nor of the resulting materials.[91] 

The final example of materials modification to produce chiral organosilica hybrids involves 

the attachment of the chiral unit to the siloxane precursor through a one-pot procedure as 

demonstrated by Garcia and co-workers through the formation of organosilica OS8. They found 

that when OS7 was synthesized and isolated prior to the transesterification to install the chiral 

group, the distribution of the tartrate was not uniform; this downfall could be amended by 

incorporating the tartrate-ester and amine-functionalized siloxane precursor from the beginning of 

the polycondensation process.[42, 92] Materials produced in this manner had a more uniform 
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distribution of chiral units and they were further able to apply this to make an analogous BINOL-

based precursor 1-24 in situ.[72] 

1.5.3 Chiral Induction 

The methods of incorporating chirality into the materials that have been mentioned thus far all 

involve the use of molecular scale chirality that is brought into the materials through the use or 

modification of one enantiomer of a chiral building block. One fundamentally different approach, 

which was described by our group in 2008, involves the production of materials using prochiral 

building blocks that can be influenced by chiral dopants within the material. In particular, 

monomers such as BTEBp that cannot be resolved into their two enantiomers due to rapid 

rotation about the central bond at ambient temperatures, were used as the bulk phase along with 

small amounts of resolvable chiral dopants such as 1-25, which then influenced chirality in the 

material.[60] Using this approach we were able to create chiral PMO materials with chirality in the 

walls of the materials by virtue of solid-state chirality transfer as shown schematically in Figure 

1-12, and the chirality of the resulting materials was probed using circular dichroism (CD) 

spectroscopy.[60] This concept of chiral induction in PMO materials will be discussed in greater 

detail in Chapter 2.  
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Figure 1-12. Chiral induction using Atropisomeric chiral dopants and bulk phases.[31] Images 

reproduced with permission  from reference 31. Copyright 2015 Wiley-VCH. 

1.5.4 Chiral Surfactants and Co-structure Directing Agents 

The materials mentioned above all feature chirality on the molecular or multi-molecular level. 

An approach that has been quite successful at introducing chirality on the sub-micron level—in 

the form of helical particles—involves the use of chiral surfactants as SDAs as well as the 

implementation of chiral co-structure directing agents (cSDA).[62] This method hinges on the 

ability of the chiral SDAs to form helical micelle aggregates that associate with the silica 

precursor either directly or through the use of a co-structure directing agent (positively charged 

siloxane precursors that induce favorable interactions when anionic surfactants are used).[93] Select 

chiral SDAs and co-structure directing agents are shown in Figure 1-13. One of the first reports 

of this method for templating helical silicas was reported by Che, Tatsumi, and co-workers who 

used alanine-based SDA 1-32 in conjunction with cSDA 1-34 or 1-34 and TEOS as the bulk silica 

species.[94] The resulting particles are shown in Figure 1-14a-b and display a helical particle 

structure that translates to helical channels within the materials.[94] This work has been expanded 
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using the other isomer of SDA 1-32, in conjunction with TEOS and cSDA 1-35, to produce 

analogous particles that could be tuned by temperature to control the pitch of the helix as shown 

in Figure 1-14c-d.[95]  

 

Figure 1-13. Chiral SDAs, cSDAs, and achiral SDAs used for the fabrication of helical 

mesoporous silicas. 

Helical particles can also be made from achiral SDAs; for example, Tang and co-workers 

reported the self assembly of sodium silicate with CTABr as the SDA to form helical MCM-41 

particles with dual axis chirality as demonstrated in Figure 1-15a-b.[96] Alternatively, our group 

has made hollow chiral helical nanotubes through the use of cSDA 1-34 with TEOS and the 

binaphthalene-bridged siloxane precursor 1-18 or its monsilylated analogue to produce the 

particles shown in Figure 1-15c-d.[97] We found that controlling the ratio of the constituents 

affected the particle size and morphology.[97] 
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Figure 1-14. Helical particles produced by Che, Tatsumi, and co-workers using SDA 1-32 with 

cSDA 1-35. SEM image (a) and TEM image (b) of initial particles,[94] as well as SEM images (c 

and d) demonstrating the control over the pitch of the particle with temperature.[95] Images 

reproduced with permission from references 94 and 95 respectively. Copyrights 2004 Nature 

Publishing Group and 2008 Wiley-VCH. 
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Figure 1-15. SEM image of the dual-axis chiral nanofibers (a) with cartoon representation of their 

formation;[96] and SEM (c) and TEM (d) images for the production of helical particles with cSDA 

1-34 and binaphthalene-bridged siloxane precursor 1-18.[97] Images reproduced with permission 

from references 96 and 97 respectively. Copyrights 2006 Wiley-VCH and 2012 American 

Chemical Society respectively. 
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These helical particles are nothing short of remarkable. However, much of this field has been 

dominated by the examination of the morphology of the particles rather then probing the materials 

for various chiral applications. A more rigorous approach was reported by Gao, Che, Tang, and 

co-workers for the production of gold-nanorods within the centers of chiral mesoporous silica 

core-shell nanoparticles.[98] The resulting particles are shown in Figure 1-16a, and the CD spectra 

(Figure 1-16b) exhibit chiral signals in the plasmonic absorption region of the spectra, thereby 

indicating the successful transfer of chirality to the encapsulated gold nanorods.[98] Unfortunately, 

no attempts at asymmetric catalysis were reported.   

 

Figure 1-16. TEM image (a) and CD spectrum (b) of gold nanorods at the center of chiral 

mesoporous silica core-shell nanoparticles.[98] Images reproduced with permission from reference 

98. Copyright 2013 American Chemical Society. 

1.6 Applications of Chiral Materials 

In order to supply the growing global demand for chiral small molecules, many of the chiral 

organosilica based materials outlined previously have successfully been employed in various 

applications. Herein we will focus on the materials as applied to chromatographic separations as 

well as asymmetric catalysis. 

 

 

(a) (b)
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1.6.1 Materials for Chromatographic Applications 

As alluded to previously, the ability to quickly separate two enantiomers is pivotal in the rapid 

screening of molecules for biological activity in their enantiopure form.[99] This has resulted in an 

abundance of chiral organosilica based materials formed through the grafting of chiral modifiers 

to the surface of porous silicas, which have been extensively reviewed.[100-101] Despite the obvious 

benefits of having the highest possible loading within the support, only two reports of chiral PMO 

materials exist pertaining to applications in chiral chromatography.[77, 82] 

Yang, Li, and co-workers presented chiral PMO materials that were formed using siloxane 

precursor 1-17 with BTEE. The resulting materials exhibited spherical particle morphology, with 

a particle diameter of 6-9 µm as shown in Figure 1-17a. Spherical morphology is an important 

aspect for high pressure chromatographic applications due to the importance of particle packing in 

the column.[100-101] The resulting particles were used effectively to separate the two enantiomers of 

BINOL, exhibiting higher separation capacity (Figure 1-17b II-IV) than analogous materials 

made through the grafting of 1-17 onto commercially available Kromasil silica spheres (Figure 

1-17b I).[82] Yang, Li, and co-workers attributed this higher efficiency to a higher ligand loading 

that is possible in the PMO materials when compared to the grafted analogues.[82] 

Di and co-workers produced similar BTEE-based PMO spheres using siloxane precursor 1-23 

and used the resulting particles to facilitate the enatioseparation of BINOL, wherein the PMO 

materials performed significantly better then the grafted analogues, even under faster mobile 

conditions.[77] 
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Figure 1-17. SEM of spherical morphology particles (a) and chromatogram of their 

implementation for the separation of 1,1’-bi-2-naphthol.[82] Images reproduced with permission 

from reference 82. Copyright 2008 Elsevier. 

1.6.2 Asymmetric Catalysis with Chiral Organosilicas 

Examples of chiral organosilicas that are designed to serve as catalysts in asymmetric 

transformations are much more prevalent than their chromatographic counterparts; this is due to 

their recyclability, which offers the potential to reuse the metal and the chiral source, as well as 

their stability under a multitude of reaction conditions. In addition, there is also an added benefit 

of size and shape selectivity that can potentially be harnessed to develop new catalytic reactions[25] 

through the fine tuning of the hydrophobicity within the pore.[102] Organosilica species that have 

been successfully implemented towards asymmetric catalysis are shown in Figure 1-18, and in 

many instances the chiral moiety is included with either an organic or inorganic building block for 

added structural support. Often times, the siloxane precursor used during the sol-gel synthesis is 

actually a modified version of the final catalytic site, and this sometimes results in the requirement 

that multiple steps are needed to prepare the catalytic site once the initial material is fabricated. 

These materials will be differentiated from their siloxane precursors by the use of OS 

(organosilica) in the identifier. For example, OS10 was prepared from siloxane precursor 1-26 

that features a protecting group on the metal binding sites; these were cleaved after the 

(a) (b)

II

I

III

IV
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polycondensation process to liberate the alcohols for metal binding.[72, 92] Alternatively, 

phosphane-based OS15 and OS16 were fabricated using siloxane precursors 1-19 and 1-20 with 

oxidized phosphorous units, which were then reduced after the polycondensation step.[71, 74] The 

organosilica species represented in Figure 1-18 contain the chiral unit after the transformative 

steps required to prepare the metal binding sites have been completed. These materials have been 

successfully implemented to facilitate three classes of transformations: asymmetric additions to 

carbonyl compounds, enantioselective oxidation reactions, and the formation of carbon-carbon 

bonds in an enantioselective manner. 

Unsymmetrical ketones and aldehydes have been shown to react with nucleophiles in the 

presence of chiral catalysts, as shown in equation 1-2. For example, salen-based OS13 was used 

for the vanadium-catalyzed cyanosilylation of benzaldehyde (Table 1-1; entry 1).[78] In this case 

however, the organosilica based catalyst fared significantly worse then the grafted analogue 

(Table 1-1; entry 2).[78] A better studied nucleophilic addition to benzaldehyde in the presence of 

a chiral catalyst and promoter is also shown in Table 1-1 (entries 3-6). Yang and co-workers used 

OS19 and OS17 to promote the addition of diethyl zinc to benzaldehyde; while doing so, they 

found that rigid organosilicas like OS19 (Table 1-1; entry 3) gave only moderate 

enantioselectivity,[73] organosilicas with a flexible organic bridge such as OS17 provided a 

significant increase in enantioselectivity (Table 1-1; entry 4).[75] It is likely that this longer linker 

allows the parent BINOL molecule to adopt a more natural conformation about the central 

naphthyl-naphthyl bond, thereby making it more similar to homogeneous examples. They also 

found that particle morphology played a significant role in the catalytic abilities of the resulting 

materials. Materials in which the morphology is tuned to exhibit ordered channels radiating from 

the center of the particles showed higher enantioselectivities (Table 1-1; entry 5) while analogues 

that were made from grafting the siloxane precursor onto preformed silica nanospheres fared 

worse (Table 1-1; entry 6).[76] 
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Figure 1-18. Organosilica species used for catalysis. 
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Table 1-1. Asymmetric additions of nucleophiles. 

  

Entry R 
(R’) 

Nucleophile Promoter Organosilica Yield 
[%] 

ee [%] 

1 H 

(TMS) 

CN 

(TMSCN) 
none 

OS13 320§ 30[78] 

2 OS13 (grafted) 287§ 63[78] 

3 

H 

(H) 

Et 

(ZnEt2) 
Ti(OiPr)4 

OS19 99 39[73] 

4 OS17 99 92[75] 

5 OS17 (refined) 99 94[76] 

6 OS17 (grafted) 95 76[76] 

7 

CH3 

(H) 

 

H 

(iPrOH) 
[Rh(cod)Cl]2

¶ 

OS12 93 27[103] 

8 OS12 (xerogel) 90 39[104] 

9 OS11 16 8[103] 

10 
N,N’-

bistolyldiaminocyclohexene 
89 47[104] 

¶Cyclooctadiene = cod; §Turn over number = TON 

 

Yang, Li and co-workers were able to expand these additions to include rhodium catalyzed 

hydride-transfer reactions with acetophenone by utilizing organosilicas OS11 and OS12 (Table 

1-1; entries 7-9).[103-104] Unfortunately, the ordered organosilicas (Table 1-1; entry 7) fared 

significantly worse[103] than the low surface-area xerogels reported by Moreau and co-workers 

(Table 1-1; entry 8).[104] Furthermore, they demonstrated that a less flexible ligand (OS11) 

produced lower enantioselectivities. This observation is contradictory to the results seen 

previously, but it can be explained because the shorter silicon tether is responsible for burying the 

amine functionality into the walls of the materials making the catalytic center inaccessible to the 

substrate. This burying is a result of hydrophobic interactions between the linkage and the 

structure-directing agent. Regardless, all the heterogeneous species fared significantly worse than 

the homogeneous analogue (Table 1-1; entry 10), demonstrating that the factors governing 

RO

R
Nuc
OR'

Promoter
Nuc

[eq 1-2]

chiral organosilica
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chirality transfer in these solid-state materials is not fully understood, and also that that the cost of 

recyclability can come at the expense of reactivity.  

BINAP-based organosilicas OS15 and OS16 have been employed in conjugation with 

ruthenium for asymmetric hydrogenations (equation 1-3). The first of these reports was by Yang 

and co-workers in 2009, using OS16 to perform a highly enantioselective hydrogenation of ß-keto 

esters.[71] More recently, our group has reported the analogous OS15 that features the silicon 

attachment directly to the aryl backbone of the skeleton.[74] We showed that these materials could 

transform ß-keto esters as well as ketones with high enantioselectivities.[74]  

  
Oxidations of sulfides are another class of reactions that can be performed in an asymmetric 

fashion, most employing TiIV
 in addition to a chiral bidentate diol ligand such as a tartrate or 

BINOL.[65] Organosilicas OS9 and OS18 have successfully been implemented to mimic 

homogeneous analogues as shown in equation 1-4.[105] Garcia and co-workers have worked 

extensively on reactions such as these, and selections of their findings are summarized in Table 

1-2. They were able to optimize the organosilica catalysts in terms of selectivity and activity, 

resulting in an organosilica analogue that performs better than its grafted analogues (Table 1-2; 

entry 3 versus entries 1 & 2);[92, 106] unfortunately, they still underperformed the homogeneous 

system (Table 1-2; entry 4).[42]  

The chirality transfer abilities of the organosilica could be increased when the tartrate siloxane 

precursor was formed during the polycondensation process, rather than generated over multiple 

steps. They attributed this unusual phenomenon to a more even distribution of chiral sites 

O O

OMe

O

OMe

OH
H2

[eq 1-3][RuCl2(C6H6)]2

chiral organosilica

OS16     94% ee, 99% yield

OS15     99% ee, 99% yield
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throughout the material that was made in a one-step process. More recently, these systems have 

been expanded to include BINOL-based OS18, wherein the catalyst benefited from even 

distribution of chiral sites to give moderate enantioselectivities and yield (Table 1-2; entries 5 and 

6) while recycled materials gave compatible selectivity yet lower yields.[72] The sometimes poor 

enantioselectivities of these alcohol-based systems can be accounted for by the abundance of 

silanol species present on the surface of the materials; these sites provide metal binding centers 

that are not chiral and this leads to an overall decrease in selectivity. One approach to amend this 

problem involves the use of trimethylsilyl (TMS) groups to cap the surface silanols, although this 

is still difficult to achieve at appropriate levels.[107] 

Table 1-2. Asymmetric oxidation using chiral organosilicas. 

  

Entry Organosilica Yield [%] ee [%] 

1 OS9 (in situ) 47 50[92] 

2 OS9 35 40[92] 

3 OS9 (grafted) 35 2[106] 

4 L-diisopropyltartrate 92 94[42] 

5 OS18 (uniform) 58 42[72] 

6 OS18 41 15[72] 
    

 

Other notable oxidations using chiral organosilicas involve the asymmetric epoxidation of 

olefins. This was recently reported by Yang, Li and co-workers using tartrate-based OS10 and 

titanium(IV)isopropoxide to facilitate the epoxidation of allyl alcohol as shown in equation 1-5. 

OH OH
O

O
OH

[eq 1-4]Ti(OiPr)4

chiral organosilica
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Unfortunately, the conversion to product was moderate, and the enantioselectivities were poor,[89] 

especially when compared with the grafted analogues.[27] 

  
The radical-mediated di-π-methane rearrangement was alluded to earlier in Chapter 1, and is 

shown in equation 1-6. Although the enantioselectivity is only 24% ee and the yield is low, this 

report is still significant, as the rearrangement does not proceed with any selectivity when 

performed in solution; even in the presence of chiral auxiliaries.[32] 

  
One interesting example wherein the interactions between the silanols of the materials and the 

catalytic center were probed was reported by Polarz and Kuschel for the aluminum promoted ene 

reaction of ß-methylstyrene with trichloroacetaldehyde as shown in equation 1-7. They found that 

it was necessary to cap the free silanols with trimethylsilyl chloride (TMSCl) to inhibit the 

coordination of the aluminum to the surface of organosilica OS14.[86] When they moved to a 

larger capping group, such as triethylsilyl (TES) or triisopropylsilyl (TIPS), the enantioselectivity 

was increased further, despite a reduction in the pore volume inside the materials. 

OH OH
O

O
OH

[eq 1-5]Ti(OiPr)4

chiral organosilica

OS10                   20% ee, 46% yield

OS10 (grafted)     80% ee, 43% yield

OS11      24% ee, 11% yield

O

O

[eq 1-6]

chiral organosilica
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Finally, the asymmetric Michael addition of malonates to nitroalkenes is shown in equation 1-

8 Liu, Li, and co-workers reported the implementation of organosilica OS12 for the alkylation of 

diethylmalonate as well as ß-ketoesters in 2012.[80] Both reactions proceeded with high 

enantioselectivity, even faring better then homogeneous analogues. The authors suggest that this 

enhancement of enantioselectivity can be explained by a positive confinement effect of the chiral 

ligand with the hydrophobic pores. These catalysts were shown to be effective even after 9 

reuses.[80]  

  
 

1.7 Objectives of This Thesis  

Clearly, the development of chiral materials to satisfy society’s need for chiral small 

molecules is a worthy enterprise, especially since PMO materials provide a high level of chiral 

unit per available surface area. Despite this potential promise, there are limited examples of chiral 

materials that have been successfully implemented at the applications level. This is because many 

of the factors that govern the transfer of chirality between materials and molecules remain largely 

unknown. As such, the objectives of this thesis are threefold: 1) to examine the factors that govern 

H

O
CCl3H OH

CCl3*AlMe2Cl
[eq 1-7]

chiral organosilica

OS14 (TMS)     74% ee

OS14 (TIPS)     80% ee

R= OEt    OS12     94% ee, 99% yield

R= Me     OS12     98% ee, 99% yield

R

O O

OEt R

O

CO2Et

NO2

Ph
Ph

NO2

[eq 1-8]
NiBr2

chiral organosilica
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the transfer of chirality within the walls of chiral PMO materials; 2) to develop new 

methodologies for the production of condensable silanes as a means to overcome current 

limitations with regards to monomer synthesis; and 3) to examine the synthesis of additional 

prochiral bulk phases that contain functional groups for the production of chiral PMO materials.  
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Chapter 2 

 

On the Induction of Chirality with 1,1’-Binaphthalene Dopants 

 

 

 

2.1 Introduction 

As alluded to in Chapter 1, the transfer of chirality from dopants to the bulk phase is an 

attractive strategy for the generation of chiral PMO materials. One method to achieve chiral 

induction is shown schematically in Figure 2-1 and involves a bulk phase with a low energy 

barrier chiral axis that is free to rotate between atropisomers at ambient temperature, along with a 

dopant that does not have free rotation. For example, biphenyl-based BTEBp has a chiral 

configuration about its biaryl axis in its most stable form, although a low barrier of rotation (10-15 

kcal/mol) allows for equilibration between two enantiomeric forms at room temperature.[1-2] When 

these prochiral building blocks are brought into close proximity to an enantiomerically pure 

atropisomer of a biaryl molecule with a higher barrier of rotation (such that it can be resolved into 

its two atropisomers), chirality can be imposed onto a portion of the bulk phase. This approach 

has the advantage that it requires only small quantities of chiral dopants to transfer chirality 

through the material, similar to the sergeants and soldiers effect in liquid crystals.[3-5] 
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Figure 2-1. Chiral induction in prochiral atropisomeric bulk phases.  

In a 2008 report from our group, we showed that chiral ester 2-1 was effective at transferring 

chirality; however, there are some issues with this approach. [6] Firstly, a more efficient synthesis 

was desired, as 2-1 was only produced in 24% overall yield in 10 steps (11 including the chiral 

resolution) from commercially available starting materials, and it could only be produced on a 

limited scale.[6-7] Secondly, we believed that a molecule with a greater bulk about the 

atropisomeric biaryl axis would be even more effective at perturbing the conformation of the bulk 

phase. Both of these shortcomings could be amended by the use of a chiral dopant from the 1,1’-

binaphthalene family of molecules as shown in Figure 2-2 with the numbering scheme of the 

skeleton given (Figure 2-2a). Figure 2 also shows the two atropisomers of 1,1’-binaphthalene 

(Figure 2-2b), as well as some of the more well known members of the family (Figure 2-3c).[8] 

These chiral molecules are well known for their ability to transfer chirality in small molecule 

synthesis,[9-10] as well as materials.[11] As such, the focus of this chapter will be the design and 

synthesis of chiral PMO materials formed through chiral induction with 1,1’-binaphthalene-based 

siloxane precursors as chiral dopants.[12]  
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Figure 2-2. Binaphthalenes: the numbering scheme (a), enantiomers (b), and notable members (c) 

of the 1,1’-binaphthalene family of molecules. 

Several of the chiral dopants showcased in Chapter 1, used as monomers in the production of 

chiral PMO materials, belong to the 1,1’-binaphthalene family of chiral molecules. These are 

reiterated in Figure 2-3, with emphasis placed on the anchoring point of the chiral bridge into the 

materials. A quick glance reveals attachment points at the 6,6’ (siloxane precursors 2-5 through 2-

7),[13-17] 5,5’ (siloxane precursors 2-8 and 2-9),[14, 18] 3,3’ (siloxane precursors 2-10 and 2-11),[19-20] 

and even attachment to the functional group at the 2,2’ positions (siloxane precursor 2-12).[21] 

What is astounding is that there are no examples of the anchorage into the materials existing at the 

4,4’ position of the skeleton, despite the fact that this position lies directly on the chiral axis. This 

led us to wonder if the attachment point into the materials might have an effect on the chiral 
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confirmation of the molecules embedded in the walls of the materials, and thereby over their 

ability to transfer chirality to the bulk phase.  

 

Figure 2-3. 1,1’-Binaphthalene-bridged siloxane precursors used to make chiral PMO materials. 

2.2 Results and Discussion 

2.2.1 Effects of Anchorage Point on Binaphthalene Chiral Dopants 

In order to understand the most favorable conformation for the chiral dopants, we determined 

the conformational energy profile for 2,2’-dimethoxy-1,1’-binaphthalene as a function of the 

dihedral angle ϕ defined by the carbons at the 1,1’ and 2,2’ positions of the skeleton. The resulting 

energy level diagram is shown in Figure 2-4a, and indicates that the most favorable conformation 

is close to 90º; although, remarkably, angles between 30 and 150º are all within 10 kcal /mole of 
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each other, and would therefore be accessible at ambient temperature. This suggests that the chiral 

dopant is free to fluctuate 60º in either direction in a hinge-like fashion within the materials. This 

led to a concern over the freezing of the off-axis molecules in what might be an unfavorable 

conformation for transmission of chirality in catalysis or materials (Figure 2-4b). 

 

Figure 2-4. (a) Conformational energy profile for 2,2’-dimethoxy-1,1’-binaphthalene. (Data 

courtesy of Prof. Robert Lemieux, University of Waterloo) (b) Cartoon representations of 1,1’-

binaphthalene chiral dopants with the points of attachment at the 3,3’ (I), 6,6’ (II), 5,5’ (III), and 

4,4’ (IV) positions, with the most favorable conformation shown in green. [Figures adapted from 

reference 12] 

(a)

(b)
I II

III IV
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2.2.2 Synthetic Considerations for the Production of On-axis Binaphthalene Chiral 

Dopants 

The reason that the binaphthalene-bridged siloxane precursors don’t have any examples of an 

on-axis anchorage is due to the way they are commonly prepared. The attachment of condensable 

silanes directly onto aromatic skeletons is achieved through the conversion of C-halogen bonds 

into C-Si bonds—a concept that will be explored in detail in Chapter 3. The substitution pattern 

for the incorporation of halogen-atoms onto the binaphthalene skeleton is governed largely by 

electronic effects as demonstrated in Figure 2-5. The problem with a 4,4’-substitution pattern 

arises because neither electron rich, nor electron poor substituents favor halogenation at this 

position. When electron rich substituents (such as hydroxyl groups at the 2,2’-positions of 2-15) 

are used, halogens can be incorporated at the 6,6’ positions (the pseudo-para positions relative to 

the directing group) to give 2-13 using electrophilic aromatic substitution (EAS). This proceeds 

through a cation stabilized intermediate that favors either ortho or pseudo-para positions, although 

steric hindrance makes the para position more favorable; conversely, no such stabilization is 

afforded to meta or pseudo-meta positions.[22-23] The ortho-positions can be easily accessed by 

anionic chemistry arising from the coordination of strong bases, such as organolithium species, to 

heteroatoms to direct the lithiation at the ortho site. This provides 2-14 by the well-studied 

directed ortho metallation reaction (DoM).[24]  

When deactivating (electron poor) groups are used at the 2,2’ positions of the skeleton, such 

as in phosphine based 2-18, the introduction of the halogen occurs at the meta position though 

EAS by the destabilization of cations at the ortho and para positions. This should theoretically 

give rise to 2-17; however, in practice the halogen appears at the 5,5’ (pseudo meta) positions to 

give 2-16 as the product rather than 2-28.[18] As such, the direct functionalization of the 1,1’ 

binaphthalene skeleton with halogen atoms at the 4,4’ positions is not achievable through direct 

functionalization.  
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Figure 2-5. The functionalization of 1,1’-binaphthalene analogues with halogens using (a) 

activating groups, (b) deactivating groups, and (c) a coupling approach. [Figure adapted from 

reference 12] 

We planned to circumvent this issue by a “stitch together” approach, wherein the halogens are 
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coupling of 2-19 giving the desired 2-20 with halogen attachment at the 4,4’ positions of the 

skeleton. 

This “stitch-together” approach is shown in Scheme 2-1 and was first reported by Chow and 

co-workers to convert 2-19 into 2-20,[25] and uses Newman and co-workers' route to 2-19 from 

commercially  available 2-21.[26]  We used a modification of these routes to prepare 2-20 in 50% 

overall yield on multi-gram scales as a racemic mixture. The resulting atropisomers could then be 

separated by preparative HPLC, followed by attachment of the methyl groups to give 2-24.  

 

Scheme 2-1. Synthesis of 4,4’ chiral dopant. 
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With the enantiomerically pure precursor in hand, the exchange of the C-Br bond in 2-24 for a 

C-Si analogue to give 2-25 was attempted unsuccessfully by previous group members on multiple 

occasions, with the traditional methods of silicon attachment (lithium-halogen exchange, Grignard 

reactions, and the Masuda cross-coupling;[27] see Chapter 3) gave predominantly the reduced 

product (C-H instead of C-Si) as well as mono-functionalized analogues.[28] We then turned to a 

Mizoroki-Heck cross-coupling strategy to give 2-26 in 73% yield (equation 2-1) using conditions 

that will be discussed in Chapter 3. For comparative purposes, we prepared the 3,3’ analogue 2-27 

in 71% yield from iodo-precursor 2-14 (equation 2-2).  

 

 

[eq 2-2]
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2.2.3 Synthesis and Characterization of PMO Materials Made with Axially Chiral 

Dopants 

Once the on-axis siloxane precursor 2-26 had been prepared, we set out to examine it as a 

chiral dopant in bipheny based materials. We focused on two different types of sol-gel conditions 

taking advantages of the inherent differences in the resulting materials; in addition, we varied the 

bulk phase of the materials. We explored similar materials made from the off-axis analogue 2-27 

as a means to determine the importance of the anchorage point on the transmission of chirality. 

The conditions employed are summarized in Table 2-1. Our first set of conditions (Table 2-1, 

entry 1) involved BTEBp as the bulk siloxane precursor, and OTACl as the SDA under basic 

conditions—this is based on conditions used by Inagaki and co-workers to produce BTEBp 

composites with molecular-scale periodicity.[29] Our other conditions (Table 2-1, entry 2) were a 

modification of those reported previously by our group using Brij™76 as the SDA under acidic 

conditions.[6] These two choices would allow for a direct comparison of the effect that molecular- 

versus meso-scale periodicity has over the induction of chirality in porous solids. In addition, we 

produced a TEOS-based material with 2-26 (Table 2-1, entry 3) to serve as a control to 

differentiate between the chirality of the embedded siloxane precursor and the chirality arising 

through induction. Finally, materials were made using 2-27 as the dopant in BTEBp bulk under 

the conditions shown in entry 1. 
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Table 2-1. Materials formed with binaphthalene-based chiral dopants under a various conditions.  

 
Entry Dopant 

(loading) Bulk Conditions Naming Convention 
 

1 2-26 (5-20%) BTEBp basic† 2-26(5-20)•BTEBp-B 

2 2-26 (5-20%) BTEBp acidic§ 2-26(5-20)•BTEBp-A 

3 2-27 (15%) BTEBp basic 2-27(15)•BTEBp-B 

4 2-26 (15%) TEOS∏ basic 2-26(15)•TEOS-B 
† OTACl as SDA with NaOH; § Brij™76 as SDA with HCl; ∏ Loading 
normalized to silicon species. 

 

The adsorption and desorption of a non-wetting liquid at its boiling point onto a porous 

material can reveal much about the structural properties of the bulk materials. For example, 

adsorption at 0 to 0.25 relative pressure can be used to identify micropores in the composites, 

while adsoprtion beyone 0.9 relative pressure is generally attributed to macropores and inter-

particle spaces.[30] In addition, differences in the adsorption and desorption branches of the 

isotherm   (called hysteresis) can give insight into the shape of the pores, with more hysteresis 

present for bottle-neck pores.[30] A plot of the volume of the liquid verses the relative pressure of 

the system called an adsorption-desorption isotherm[30] can then be interpreted using mathematical 

models, such as those proposed by Brunauer, Emmett, and Teller to give the surface area of the 

sorbent (BET surface area).[31] Other models are available for the extrapolation of the pore 

diameter and pore volume of the materials from the isotherm, such as a density functional theory 

(DFT) model that is especially good for mesostructured pores.[32] The summary of this sorption 

data for nitrogen is shown in 

Table 2-2; all materials exhibit good BET surface areas and pore diameters between 2.7 and 

3.4 nm. The representative nitrogen adsorption-desorption isotherms for these materials are shown 

in Figure 2-6, exhibiting type IV isotherms, which are representative of mesostructured 

materials.[30] DFT pore size distribution for the materials are shown in Figure 2-7and indicate a 

narrow range of pore diameters, indicating effective ordering in the materials.   
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Table 2-2. Summary of the nitrogen sorption data for materials in Table 2-1 

 
Entry Material SA† (m2g-1) pore size 

(nm) PV§ (cm3g-1) 
 

1 2-26(15)•BTEBp-B 806 2.7 0.524 

2 2-26(15)•BTEBp-A 955 3.4 0.584 

3 2-26(15)•TEOS-B  990 3.4 0.725 

4 2-27(15)•BTEBp-B 786 2.7 0.554 
† BET surface area; § DFT pore volume 

 

Electron microscopy is a useful tool for observing mesoporous materials that is both 

informative and non-invasive. Scanning electron microscopy (SEM) images can provide vital 

information about the morphology and size of the particles.[33] Alternatively, transmission electron 

microscopy (TEM) enables resolution on the sub-nanometer scale and can be used to substantiate 

the pore diameter that the nitrogen sorption data give, in addition to providing insights into the 

general ordering of the materials.[33-34]  

 

 

Figure 2-6. Representative nitrogen adsorption-desorption isotherms for materials described in 

Table 2–2 showing type IV isotherms with minimal hysteresis. 

2-26(15)•TEOS-B [offset 300] 
2-26(15)•BTEBp-A [offset 200] 
2-26(15)•BTBEp-B [offset 100] 
2-27(15)•BTEBp-B 
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Figure 2-7. Representative DFT pore size distributations for materials described in Table 2–2 

showing a narrow range of pore sizes. 

 

Shown in Figure 2-8 is an SEM image of materials formed under basic conditions (R-2-

26(15)•BTEBp-B). The particles are largely amorphous, and appear in a variety of sizes. 

Furthermore, no helical particles are observed that would indicate chiral effects at the microscopic 

level. TEM images of 2-26(15)•BTEBp-B and 2-26(15)•BTEBp-A are shown in Figure 2-9 and 

exhibit ordered pores in both cases; however, meso-scale ordering appears more complete for the 

acid synthesized materials and the pores are hexagonally arrayed. Conversely, materials formed 

under basic conditions are less ordered and exhibit worm-like pore morphology. 

2-26(15)•TEOS-B 
2-26(15)•BTEBp-A 
2-26(15)•BTBEp-B 
2-27(15)•BTEBp-B 
 



 

 54 

 

Figure 2-8. SEM image of R-2-26(15)•BTEBp-B depicting irregular particle morphology. (scale 

bar is 10 µm) 

 

Figure 2-9. TEM image of (a) rac-2-26(15)•BTEBp-B and (b) rac-2-26(15)•BTEBp-A showing 

worm-like and hexagonally arrayed pores respectively. [Figure adapted from reference 12] 

Solid-state nuclear magnetic resonance (NMR) spectroscopy is a powerful tool to monitor the 

organic and inorganic components of hybrid materials. 13C cross-polarization magic angle 

spinning (CP/MAS) NMR spectra of the materials mentioned Table 2-1 are shown in Figure 2-10. 

Due to their similar building blocks, the 13C CP/MAS spectra for 2-26(15)•BTEBp-B (spectra a), 2-

27(15)•BTEBp-B (spectra b), and 2-26(15)•BTEBp-A (spectra c) all have a similar appearance. The 
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13C CP/MAS NMR spectra for 2-26(15)•TEOS-B (spectra d), wherein the only carbon containing 

component is 2-26, provides a nice comparison. Most of the carbon atoms of 2-26 would be 

obscured by the BTEBp carbons in the 120-150 ppm region, and the methoxy carbon at 55 ppm 

would be obscured by the spinning sidebands (marked with *) of BTEBp; however, the aryl 

carbon that is attached to the methoxy group appearing at approximately 155 ppm (marked with a 

u) should be visible. Curiously, this peak is only evident in 2-26(15)•BTEBp-A, suggesting that 

the dopant incorporation in base synthesized materials is lower than anticipated. This topic will be 

explored in further detail in Section 2.2.5, and for now the dopant loading will be considered to be 

the amount that was factored into the sol-gel synthesis and not the final amount present in the 

materials.  

Even more powerful at probing these silica-based hybrids than 13C CP/MAS is 29Si CP/MAS 

NMR. This technique is capable of revealing the environment that the silicon atoms are present in, 

and therefore give information about the silica network as shown in Figure 2-11.[35] For example, 

Q sites (centered around -100 ppm) are caused by quaternary silica sites and can indicate C-Si 

bond cleavage in PMO materials. Alternatively, T sites (centered at -80 ppm) can give 

information into the extent of binding in the network. Although the T sites will vary depending on 

the nature of the organic group in the bridge, the relative position of the 3 groups can be 

determined (T1 < T2 < T3). 29Si CP/MAS NMR for materials made with dopant and bulk phases 

from Table 2-1 are shown in Figure 2-12. Both 2-26(15)BTEBp•B and 2-27(15)BTEBp-B show an 

equal amount of T2 and T3 sites (ca. -75 and -85 ppm, respectively) with few T1 sites (ca. -65 

ppm), while no Q sites (ca. -100 ppm ) are visible. This indicates that the network is largely cross- 

linked, and that no C-Si bond cleavage has occurred. Conversely, 2-26(15)•BTEBp-A (spectra c) 

has a higher prevalence of T2 sites (ca. -75 ppm). This indicates that the base-synthesized 

materials are condensed to a greater degree than those formed under acidic conditions; this is 

space.  
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Figure 2-10. 13C CP/MAS NMR of materials described in Table 2-2. (spinning sidebands and aryl 

carbon attached to the methoxy group are denoted by * and u  respectively) 
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consistent with the findings of Shea and co-workers on organic-bridged Xerogels.[36] Lastly, the 

TEOS based 2-26(15)•TEOS-B has a large amount of Q sites (from the TEOS bulk) and T sites 

present (although, resolution is too poor to differentiate between the types of T sites present). 

 

Figure 2-11. The Silicon species that give rise to Q and T sites in 29Si CP/MAS NMR. 

Powder X-ray diffraction (PXRD) can be used to relay the ordering within the materials (both 

molecular scale ordering, as well as the ordering of the pores, providing the latter is not too 

large).[37] The PXRD for BTEBp-based materials produced according to Table 2-1 are shown in 

Figure 2-13. In the low scattering angle (2θ < 5º), both BTEBp-B based materials show an intense 

peak at 2θ = 1.85º (d-spacing of 4.7 nm), while acid synthesized BTEBp-A based materials have 

an intense peak at 2θ = 1.34º (d-spacing of 6.3 nm). In the medium scattering region (2θ = 5–50º), 

both 2-26(15)•BTEBp-B and 2-27(15)•BTEBp-B show an additional six peaks with d-spacings of 

1.18, 0.59, 0.45, 0.40, 0.30, and 0.24 nm which are indicative of molecular-scale periodicity of the 

biphenyl groups within the walls of the materials. Conversely, 2-26(15)BTEBp-A shows none of 

these peaks, thereby indicating that the walls of the acid synthesized materials are amorphous.  
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Figure 2-12. 29Si CP/MAS NMR of materials described in Table 2-2 demonstrating the degree of 

condensation in the materials. 
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(c) 

(a) 
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Figure 2-13. PXRD of BTEBp based materials in the low (top) and medium (bottom) scattering 

angles revealing the existance of molecular-scale periodicity in the walls of the base-synthesized 

materials.  

2.2.4 Assessment of Chirality in Materials Made with Axially Chiral Dopants 

With the materials introduced previously in hand, we proceeded to evaluate the transmission 

of chirality in these materials, and to extrapolate the effects that govern the transfer of chirality in 

PMO materials (i.e. crystal-like walls, points of attachment, chiral dopant loading). Both R and S 

enantiomers of 2-26 at various loadings in BTEBp based materials, formed under either basic or 

acidic conditions (to control the ordering in the walls) were examined. In addition, TEOS was 

used as the bulk phase in control materials as it is not prochiral and cannot take on the handedness 

2-26(15)•BTEBp-B [offset 10] 

2-27(15)•BTEBp-B [offset 5] 

2-26(15)•BTEBp-A  

2-26(15)•BTEBp-B  

2-27(15)•BTEBp-B  
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of the dopant. Finally, the off-axis analogue 2-27 was used to gain insights as to the effects that 

the point of attachment have over chiral induction.  

Chirality was measured using diffuse reflectance circular dichroism (DRCD) over a region of 

200-500 nm to encompass both the absorbance of the building blocks, and of the resulting solids. 

The resulting DRCD spectra are shown in Figure 2-14. The on-axis dopant (R) 2-26 shows strong 

signal with maxima at ca. 300 nm for both 20 and 5 % loaded materials, with the latter having a 

significantly reduced signal. The signals are mirrored for the (S) enantiomer of 2-26, as expected. 

The two enantiomers of 2-27 also produced similar intensity but opposite sign spectra to one 

another when used in 15% loading in BTEBp based materials; however, these are greatly reduced 

in intensity when compared to those made with 2-26 even at lower loading. This suggests that the 

anchorage point plays a significant role in the transfer of chirality into these biphenyl based PMO 

materials, and that the on-axis 2-26 is a much better dopant than 2-27. A comparison of the 

materials made under basic and acidic conditions can reveal the effects that molecular scale order 

has over the transmission of chirality in these materials. The base-synthesized materials had the 

large signals mentioned previously, while those produced under acidic conditions show no signal. 

This indicates that chiral induction in PMO materials is greatly benefited from the ordering at the 

molecular level throughout the materials. Lastly materials produced with TEOS show no CD 

signal through DRCD, this is unsurprising as the materials possess no BTEBp to take on a chiral 

confirmation, and the dopant level is not great enough to give a signal through DRCD.[38]  

The CD signals for the materials made under basic conditions with 2-26 as the chiral dopant 

are dependent on the amount of dopant used. This is demonstrated in Figure 2-15 wherein the CD 

spectra for the S enantiomer of 2-26 as a solution in MeOH and materials made with 2-26 chiral 

dopant made with 1, 5, 15, and 20% chiral loading. 

In an attempt to gain further insights into the chromophore responsible for the signal in the 

DRCD spectra, we prepared a composite that contained only the chiral dopant 2-26. The resulting 

solid (2-26(100)-B) was non-porous, and the 13C CP/MAS and 29Si CP/MAS NMR as shown in 
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Figure 2-16 (a and b respectively). These indicate that the chiral dopant remains unchanged 

during the synthesis and forms a silica network according to the T2 and T3 sites (ca. -75 and -80 

ppm respectively) in the 29Si CP/MAS NMR spectra. 

 

 

Figure 2-14. DRCD spectra of materials made with S-2-26 at varying amounts in BTEBp or 

TEOS materials. 

 

Figure 2-15. DRCD spectra of S-2-26(1-30)•BTEBp-B materials and solution CD of S-2-26 in 

MeOH. 

The DRCD of this material (Figure 2-17), as well as those of spectra measured by mixing S-2-

26(100)-B with BTEBp-B do not give rise to the signal observed in Figure 2-14 and Figure 2-15. 

This supports the claim that these CD signals are a result of chirality transfer in solids. 
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Figure 2-16. 13C CP/MAS and 29Si CP/MAS NMR spectra of the composite made exclusively of 

chiral dopant 2-26. 

 

Figure 2-17. DRCD spectra of 2-26(100)-B and of 2-26(100)-B mixed with BTEBp-B. 

(a) 

(b) 

 

S-2-26(100)-B (neat) 
S-2-26(100)-B (1%) 
S-2-26(100)-B (5%) 
S-2-26(100)-B (10%) 
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2.2.5 13C Labeling Experiments to Determine Dopant Incorporation in PMO Materials 

The lack of chirality in the acid synthesized materials, combined with the discrepancies in the 

13C CP/MAS spectra for materials produced with BTEBp under basic and acidic conditions led us 

to question the amount of monomer that was actually remaining in the composites after the sol-gel 

processing. For the TEOS based material, this is relatively straightforward as the chiral dopant is 

the only source of carbon present in the composites, leading to 14.2 % incorporation (22.4% 

carbon from combustion analysis, assuming the predominate silicon species is Q3 and normalizing 

to silicon) rather than the 20 % that was included at the beginning of the sol-gel synthesis. 

However, for the BTEBp based materials this becomes much more difficult as the ratios from the 

bulk and dopant phases would be too similar by combustion analysis to differentiate. As such, we 

hoped to examine the actual amount of chiral dopant remaining in the materials by the use of 

NMR spectroscopy. This was facilitated through the introduction of a 13C isotopically enriched 

methoxy group into 2-26 to give 2-26* as shown in equation 2-3, this dopant was then used to 

produce materials with identical ratios of 2-26* to BTEBp under both basic and acidic conditions. 

The resulting 13C CP/MAS spectra are shown in Figure 2-18, and it is immediately evident that 

there is more of 2-26* present in the materials when they are produced under acidic conditions, 

despite the apparent lack of DRCD signal for these materials.  

 

[eq 2-3]

PdCl2[P(o-tol)3]2, P(o-tol)3,
n-Bu4NBr, Et3N, DMF,

 125 ºC, 48h

Si(OEt)3

75 %

O13CH3
O13CH3

O13CH3
O13CH3

2-26*2-24*

Si(OEt)3

Si(OEt)3

Br

Br

2-20

I13CH3
acetone, K2CO3,

 65ºC, 8h

91 %
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Figure 2-18. 13C CP/MAS spectra of materials made with 2-26* as the dopant in BTEBp bulk. 

[Figure adapted from reference 12] 

In order to make use of this observation quantitatively—thereby negating the artifacts 

resulting from differences in the 1H-to-13C CP efficiencies amongst different types of carbons 

depending on their proximity to protons in the system—we compared the 13C NMR signals from 

two of the quaternary carbons (see Figure 2-19 for assignment). In this fashion, we could use 

carbon C1 from BTEBp and C2’ from dopant 2-26* as benchmarks to facilitate determination of 

the level of dopant incorporation into the materials. The accuracy of this comparison was 

increased by the utilization of non-quaternary suppression (NQS) methods during the spectra 

acquisition to remove the signals resulting from protonated carbons. The resulting NQS spectra 

are shown in Figure 2-20, and demonstrate that only quaternary carbons from 2-26* are visible, 

and the non-quaternary signals from the bulk BTEBp are greatly suppressed. Due to the presence 

of rotation around the biaryl axis present in biphenyl-based materials, the NQS experiments did 

not suppress the signal fully; this is expected due to recent finding of molecular motion in 
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organosilica materials.[39-40] By peak fitting the NQS spectra for the signals assigned to C1 of 

BTEBp and C2’ of 2-26*, we were able to estimate the dopant incorporation for (rac)-2-

26*(20)•BTEBp-A at approximately 14% loading in the resulting materials when 20% of the 

dopant was added at the beginning of the sol-gel synthesis. When this is correlated back to the 

materials formed under basic conditions, the dopant loading for (rac)-2-26*(20)•BTEBp-B is 

found to be only 1% loading in the materials, despite the fact that 20% of the dopant was added at 

the beginning of the synthesis. This indicates that the majority of dopant 2-26 is not being 

incorporated into the final materials.  

 

Figure 2-19. Assignment of carbons for the NQS experiment. 
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Figure 2-20. Aromatic regions of (a) the 13C CP/MAS and (b) NQS spectra of 2-26*(20)•BTEBp-

A (* denotes spinning sidebands). [Data courtesy of Prof. Gang Wu, Queen’s University; Figure 

adapted from reference 12] 

The NQS experiment raised the question as to where the remaining dopant was ending up. A 

schematic of the full sol-gel synthesis route is shown in Scheme 2-2, and involves two filtration 

steps (after ageing and after surfactant extraction) wherein the missing chiral dopant might be 

removed from the system. With this in mind, we performed materials synthesis with 2-26* again 

and collected the two wash steps. After evaporation of the solvent, we found that 2-26* was 

present in the first wash after ageing; this indicates that 2-26 remains soluble through either a lack 

of hydrolysis or insufficient condensation. The ability to form TEOS materials and non-porous 

composites would suggest that the latter step is the issue. The isolate, once evaporated, is no 
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longer soluble in aqueous or organic solvents, and as such, it was subjected to 13C CP/MAS and 

29Si CP/MAS NMR spectroscopy. The resulting spectra are shown in Figure 2-21. The 13C 

CP/MAS spectrum confirms the presence of 2-26*, while the 29Si CP/MAS spectrum indicates 

that a significant portion of the silica species present have undergone C-Si bond cleavage. This 

cleavage has likely occurred when the filtrate was concentrated (causing the hydroxide 

concentration to increase), as no Q sites were observed in the 29Si CP/MAS spectra of the 2-

26•BTEBp-B materials.  

 

Scheme 2-2. The synthesis of 2-26*(20)•BTEBp-B materials including washing steps. 
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Figure 2-21. (a) 13C CP/MAS and (b) 29Si CP/MAS NMR spectra for composites isolated from 

the materials synthesis of 2-26*(20)•BTEBp-B. 

2.3 Conclusions  

In conclusion, on-axis dopants were found to be considerably superior to those with 

anchorage points at the 3,3’ positions in regards to chirality transfer to BTEBp. In addition, 

materials formed under acidic conditions without molecular periodicity fared worse despite the 

high apparent amount of the chiral dopant. This indicates that 2-26 is an effective dopant even at 

remarkably low loading levels, in addition it exemplifies the importance that ordering of the 

biphenyl units at the molecular scale has over the ability of a chiral dopant to induce chirality in 

these solid-state materials.  
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2.4 Experimental 

2.4.1 General 

All reagents and solvents were purchased from Aldrich, Acros, or Tokyo Chemical Industry 

and used as received. Triethylamine and diethylether were dried over calcium hydride and sodium 

respectively then distilled prior to use. Solution NMR spectra were recorded on Bruker Avance 

400 (BBFO probe), Bruker Avance 500 (BBFO probe), or Bruker Avance 600 (TBI probe) 

instruments and shifts are reported in ppm relative to the residual solvent. High-resolution mass-

spectra (HRMS) were measured by the Queen's Mass Spectrometry and Proteomics Unit (MSPU) 

at Queen's University, Kingston, Ontario, Canada. Mass spectra were measured on Applied 

Biosystems/MDS Sciex QStar XL QqTOF or Waters ZQ Single Quad. Fragment signals are given 

in mass-to-charge ratio (m/z).  

 TEM measurements were taken at the Microscopy and Microanalysis facility at the 

University of New Brunswick, Fredericton, New Brunswick, Canada. Images were taken from the 

thin edges of particles supported on a porous carbon grid using a JEOL 2010 STEM instrument 

operating at 200 keV. The sample was suspended in ethanol using ultrasound, after which a 

droplet of the suspension was dried on the grid.  

 Nitrogen adsorption/desorption isotherms were measured at 77 K with a Micromeritics 

ASAP 2010. The surface area was calculated by the Brunauer-Emmett-Teller (BET) method, and 

the pore size was obtained using a DFT method with medium fit. 

 Solid-state CP/MAS 13C and 29Si NMR measurements were recorded on a Bruker Avance 

600 spectrometer operating at 150.9 and 119.2 MHz for 13C and 29Si, respectively, and using a 

Bruker 5 mm CP MAS probe. A cross-polarization contact time of 2 ms was used to acquire 29Si 

and 13C CP/MAS spectra with a repetition delay of 2 s. 

Circular dichroism (CD) spectra were obtained on solid samples measured through diffuse 

reflectance with powder samples of undiluted materials being held against a quartz window at the 
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back of an integrating sphere. The spectra were obtained using a JASCO J-815 CD Spectrometer 

with DRCD 466L attachment. All measurements were collected at various angles of the sample 

holder to minimize artifacts, and spectra were only acquired for regions in which the HT threshold 

was below 600. 

X-ray diffraction data were collected at the McMaster Analytical X-Ray Diffraction Facility 

(MAX), Hamilton, Ontario, Canada. Data were collected using a SMART6000 area detector with 

a fixed chi, 3 circle goniometer, parallel beam optics, and Rigaku Cu rotating anode operating at 

50 kV and 90 mA. Powder samples were loaded between two thin Mylar polymer sheets 

supported by a steel frame. Data were obtained in transmission mode and a blank, consisting of 

two Mylar sheets with no powder in between was collected and subtracted from each sample 

frame obtained. 

Dopant incorporation levels were determined from solid-state 13C CP/MAS NMR spectra 

obtained under the non-quaternary suppression (NQS) condition. A 13C π pulse of 7.0 µs was 

inserted in the midpoint of the dipolar dephasing period to ensure proper phases in all spinning 

sidebands. The dipolar dephasing period was also synchronized with the rotor period (Tr). A 

sample spinning frequency of 8.0 kHz (Tr = 125 µs) was chosen to avoid spectral overlaps 

between the methoxy and aromatic carbon signals. For the organosilica samples examined in this 

study, the optimal dipolar dephasing period was found to be 500 µs (4 × Tr). 

 

 

2.4.2 Synthesis 

 

4-Bromo-2-naphthol (2-19) 

This procedure was adapted from Newman et al.[26] Compound 2-23 (4.5 g, 18.1 mmol) was 

dissolved in ethanol (90 mL) and cooled to 0 °C. Once cooled, sodium borohydride (692 mg, 18.2 
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mmol) was added slowly. The mixture was allowed to stir for 3 h at 0 ºC before being poured into 

a solution of ice in water (500 mL) and hydrochloric acid (5 mL). This was extracted with 

dichloromethane (2 x 100 mL), the organics were combined and washed with water and dried 

with sodium sulfate to afford 4.0 g (18 mmol, 99 % yield) of 4-bromo-2-naphthol as an off-white 

solid. The spectra obtained matched those reported in the literature.[26]  1H NMR (500 MHz, 

CDCl3): δH 8.32 (d, J = 8 Hz, 1H), 7.77 (s, 1H), 7.51 (app t, J = 8 Hz, 1H), 7.38 (app t, J = 8 Hz, 

1H),  7.16 (s, J = 8 Hz, 1H), 4.99 (broad, 1H). 

 

4,4’-Dibromo-2,2’-binaphthol (2-20) 

This procedure was adapted from Chow et al.[25] Compound 2-19 (4g, 18 mmol) was 

dissolved in dichloromethane (80 mL) and CuCl(OH)•TMEDA (42 mg, 0.18 mmol) was added. 

The reaction mixture was placed under an oxygen atmosphere and allowed to stir for 16 h. The 

mixture was then concentrated under vacuum and subjected to column chromatography on silica 

gel with dichloromethane as the eluent to yield 3.62g (8.2 mmol, 91 % yield) as a white, light 

sensitive solid. The spectra obtained matched those reported in the literature.[25]  1H NMR (300 

MHz, CDCl3): δH 8.29 (d, J = 8 Hz, 2H), 7.78 (s, 2H), 7.50 (app t, J = 8 Hz, 2H), 7.36 (app t, J = 8 

Hz, 2H), 7.14 (d, J = 8 Hz, 2H), 5.04 (broad, 2H).  

 

Resolution of 4,4’-dibromo-2,2’-binaphthol (2-20)  

The resolution of rac-2-20 was performed using preparative HPLC with 20% i-PrOH in 

hexanes on a CHIRALPAK® AS column. 100 mg of rac-2-20 dissolved in 20 mL of solvent was 

injected every 35 minutes. The first peak corresponding to the S enantiomer of 2-20 elutes at 43 

minutes while the second peak corresponding to the R enantiomer elutes at 64 minutes. To 

prevent decomposition, R-2-20 and S-2-20 were methylated immediately following separation. 
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2,4-Dibromonaphthylamine (2-22) 

This procedure was adapted from Newman et al.[26] In a typical synthesis, 1-naphthylamine 

(10 g, 70 mmol) was dissolved in acetic acid (30 mL) and bromine (25 g, 154 mmol) in acetic 

acid (50 mL) was added with mechanical stirring at 0 ºC. Once the addition was complete, the 

mixture was stirred for an additional 5 minutes, then diluted with acetic acid (100 mL) and 

subsequently heated to 60 ºC for 15 min with mechanical stirring. The mixture was then cooled 

and the precipitate was collected by filtration and washed with acetic acid. The purple solid was 

then suspended in water and basified using NaOH until the pH was alkaline. The solid was 

collected and washed with copious amounts of water to give 20.7 g (69 mmol, 98 % yield). The 

spectra matched those reported in the literature and the product was used for the next step without 

purification.[26] 1H NMR (300 MHz, CDCl3): δH 8.14 (d, J = 8 Hz, 1H), 7.77 (s, 1H), 7.75 (d, J = 8 

Hz, 1H), 7.57 (app t, J = 8 Hz, 1H), 7.47 (app t, J = 8 Hz, 1H), 4.63 (s, 2H); HRMS(EI+): m/z 

calc. 298.8937 (M+), found 298.8937 (M+). 

 

4-Bromonaphth[1,2-d][1,2,3]oxadiazole (2-23) 

This procedure was adapted from Newman et al.[26] In a typical synthesis 2-22, (23.08 g, 77 

mmol) was dissolved in a mixture of acetic acid (400 mL) and propionic acid (75 mL) and cooled 

to 0 ºC. Sodium nitrite (5.5 g, 79 mmol) was then added in small portions. The reaction was 

allowed to stir for 10 min then it was diluted with 400 mL of water and filtered quickly. The 

filtrate was then poured into 2.5 L of water and the product was allowed to precipitate overnight 

and then collected by vacuum filtration to afford 10.86 g (44 mmol, 57 % yield) of 2-23 which 

was used for the next step without purification or characterization.[26] 
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4,4’-Dibromo-2,2’-dimethoxy-1,1’binaphthylene (2-24)   

In a typical procedure, R, S, or rac 2-20 (1.05 g, 2.4 mmol) was dissolved in warm acetone (3 

mL) in a vessel that could be sealed to hold pressure. To this was added potassium carbonate 

(1.13 g, 8.16 mmol) and methyl iodide (0.9 mL, 14.4 mmol) and the vessel was sealed and stirred 

at 65 ºC for 8 h. The mixture was then cooled and the acetone was removed in vacuo and the 

resulting solids were dissolved in dicholormethane and water. The organic layer was isolated and 

the aqueous layer washed with subsequent dichloromethane. The organic layers were combined 

and washed with water and then dried over sodium sulphate. Removal of the solvent and 

subsequent column chromatography (1:1 dichloromethane:hexanes) afforded 1.01 g (2.1 mmol, 

88%) of 2-24 as a white solid. The spectra obtained matched those reported in the literature.[25] 1H 

NMR (400 MHz, CDCl3): δH 8.26 (d, J = 8 Hz, 1H), 7.79 (s, 1H), 7.45 (app t, J = 8 Hz, 1H), 7.28 

(app t, J = 8 Hz, 1H), 7.11 (d, J = 8 Hz, 1H), 3.78 (s, 3H); optical rotation data were measured in 

chloroform, and agree with literature values.[25] (S) - [α]20D = -68; (R) - [α]20D = + 70. 

 

13C labeled 4,4’-dibromo-2,2’-dimethoxy-1,1’binaphthylene (2-24*)   

The above procedure was used to give 427 mg (91 %, 0.91 mmol) of 2-24* from 2-20 (443 g, 

1 mmol) using isotpoically enriched (99% 13C) methyl iodide (416 mg, 2.9 mmol). The spectra 

matched those above. 

 

2,2’-Dimethoxy-4,4’-bis(2-triethoxysilyl)ethenyl-1,1’-binaphthalene (2-26)  

In a typical procedure, 2,2’-dimethoxy-4,4’-dibromo-1,1’-binaphthalene (2-24, 120 mg, 0.25 

mmol), bis[tri(o-tolyl)phosphine]palladium(II) dichloride (4.5 mg, 0.006 mmol), tri(o-

tolyl)phosphine (3.5 mg, 0.012 mmol) and tetra(n-butyl)ammonium bromide (17 mg, 0.053 

mmol) were combined in a glass vessel that could be sealed with a Teflon tap. The vessel was 

equipped with a Teflon stir bar. DMF (1.75 mL), triethylamine (0.25 mL, 1.8 mmol), water (1 µL, 

0.055 mmol), and vinyltriethoxysilane (0.15 mL, 0.7 mmol) were added. The mixture was then 
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thoroughly degassed, the atmosphere was replaced with argon, and the vessel sealed with the 

Teflon tap and heated at 125 ºC for 48 h with stirring. Upon cooling, the liquid was separated 

from the ammonium salt crystals by washing with a minimal amount (0.25 mL) of dry 

diethylether. The solvents were then removed by Kugelrohr distillation, and dry diethylether (10 

mL) was added to the mixture and it was sonicated briefly and then filtered through celite. The 

product was purified by column chromatography on silica gel, using dichloromethane (DCM) as 

the eluent (ca. 400 mL) before changing to 10% THF in DCM to elute the product, which was 

isolated as a clear yellow oil in 73% yield (130 mg, 0.19 mmol). 1H NMR (500 MHz, CDCl3): δH 

8.18 (d, J = 8 Hz, 1H), 8.14 (d, J = 19 Hz, 1H), 7.67 (s, 1H), 7.37 (app t, J = 8 Hz, 1H), 7.22 (app 

t, J = 8 Hz, 1H), 7.13 (d, J = 8 Hz, 1H), 6.38 (d, J = 19 Hz, 1H), 4.00 (q, J = 7 Hz, 6H), 3.80 (s, 

3H), 1.35 (t, J = 7 Hz, 9H); 13C NMR (125 MHz, CDCl3): δC  154.87, 146.52, 137.29, 134.44, 

127.07, 126.52, 126.04, 124.12, 123.63, 122.11, 120.92, 112.00, 58.92, 57.04, 18.52; HRMS 

(EI+): m/z calc. 690.3044 (M+), found 690.3062 (M+). 

 

13C labeled 2,2’-dimethoxy-4,4’-bis(2-triethoxysilyl)ethenyl-1,1’-binaphthalene (2-26*)  

The above procedure was used to give 131 mg (75 %, 0.19 mmol) of 2-26* from 2-24* (118 

mg, 0.25 mmol). The 1H NMR spectra matched that above, while the 13C NMR spectra was 

saturated with the methoxy peak at 57 ppm. 

 

2,2’-Dimethoxy-3,3’-bis(2-triethoxysilyl)ethenyl-1,1’-binaphthalene (2-27)  

The procedure described above was adapted using 2,2’-dimethoxy-3,3’-diiodo-1,1’-

binaphthalene (2-24, 136 mg, 0.24 mmol) to give the desired compound as a clear colourless oil in 

71% yield (118 mg, 0.17 mmol). 1H NMR (500 MHz, CDCl3): δH 8.21 (s, 1H), 7.91 (d, J = 8 Hz, 

1H), 7.75 (d, J = 19 Hz, 1H), 7.39 (app t, J = 8 Hz, 1H), 7.22 (app t, J = 8 Hz, 1H), 7.10 (d, J = 8 

Hz, 1H), 6.48 (d, J = 19 Hz, 1H), 3.93 (q, J = 7 Hz, 6H), 3.37 (s, 3H), 1.29 (t, J = 7 Hz, 9H); 13C 

NMR (125 MHz, CDCl3): δC 154.57, 144.51, 134.41, 131.72, 128.59, 126.91, 126.77, 125.81, 
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125.27, 125.23, 120.45, 61.51, 58.82, 18.48; HRMS (EI+): m/z calc. 690.3044 (M+), found 

690.3071 (M+). 

 

2.4.3 Materials Fabrication 

Basic conditions. For the synthesis of BTEBp-B materials, trimethylstearylammonium 

chloride (OTACl) was used as the structure-directing agent under alkaline conditions (molar 

ratio: Si:water:NaOH:OTACl = 1:1320:12.16:1.28). In a typical synthesis, H2O (17.84 g), OTACl 

(334 mg), and 6 N NaOH (1.52 g) were combined in a jar equipped with PTFE lid and Teflon 

coated stirbar. This mixture was stirred vigorously on a magnetic stirrer at 600 rpm for 

approximately 15 min. For materials containing 15% of the dopant, 2-26 (78 mg 0.11 mmoles) 

was weighed into a small vial with THF (80 mg) and BTEBp (304 mg, 0.63 mmol) then the 

mixture of the silanes was mixed until homogeneous and this was added to the to the surfactant 

mixture while stirring at 600 rpm. The mixture immediately became cloudy. The mixture was then 

stirred at 600 rpm at room temperature for 16 h, resulting in a clear and colourless solution. The 

stir bar was then removed and the vessel was sealed and the reaction mixture aged at 95 ºC for an 

additional 24 h. The resulting solids were then collected via vacuum filtration and washed twice 

with hot water. The resulting white powder was then put back into a jar with a Teflon lined cap 

and stirbar and the extracting solution (20 mL of a solution of 6 g of 12 M HCl in 180 g of EtOH) 

was added and the mixture was stirred for 6 h at 65 ºC. The material was then collected via 

vacuum filtration and washed with an additional portion of hot extracting solution (acidic ethanol 

as above, 20 mL) and subsequently by a portion of EtOH (20 mL). The materials were then placed 

into a vacuum oven at 80 ºC overnight prior to characterization. 

 

Acidic conditions. Brij-76 was employed as the structure-directing agent under acidic 

conditions (molar ratio: Si/water/HCl/NaCl/Brij-76 = 1/511/12.14/15.04/0.44). In a typical 
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synthesis, H2O (6.9 g), Brij-76 (234 mg) and HCl (500 mg of 12 M aqu. solution) were combined 

in a vial with a Teflon lined cap and stir bar and heated to 60 ºC for 1 h while stirring with a 

magnetic stirrer at 600 rpm. NaCl (660 mg) was then added and the mixture was allowed to stir an 

additional 3 h at 600 rpm and 60 ºC. For materials containing 15% of the dopant, 2-26 (78 mg, 

0.11 mmol) was weighed into a small vial with THF (80 mg) and BTEBp (304 mg, 0.63 mmol) 

was added then the mixture of the silanes was mixed until homogeneous and this was added to the 

to the surfactant mixture. While stirring at 600 rpm, the mixture immediately became cloudy. The 

mixture was then allowed to stir at 600 rpm and 60 ºC for an additional 16 h. The stir bar was then 

removed and the vessel was sealed and aged at 95 ºC for an additional 24 h. The resulting solids 

were then collected via vacuum filtration and washed twice with hot water. The surfactant was 

removed by Soxhlet extraction with EtOH for 16 h. The materials were then placed in a vacuum 

oven at 80 ºC overnight prior to characterization.  

The above procedures were adapted to make materials with X % resolved 2-26 to give 

material (R or S)-2-26X•BTEBp-A or B, as well as a variety of materials using racemic 2-26 at 

various loadings ((rac)-2-26(X)•BTEBp-A or B where X is the loading of the dopant, A denotes 

acidic conditions and B stands for basic). To determine overall incorporation of the chiral 

monomers, materials were made with a 98% isotopically enriched 13C methoxy labelled analogue 

of 2-26 at a loading of 20% to give material (rac)-2-26*(20)•BTEBp-A. 

 

(S)-2-26(15)-TEOS-B materials were made using the inorganic building block 

tetraethoxysilane (TEOS) and dopant 2-26 at 15% via an adaption of the above procedure in 

which the ratios were modified (molar ratio: Si:Water:NaOH:OTACl = 1:81:0.11:0.25) and the 

silicon component was normalized to 0.113 mmol of 2-26 to 1.28 mmol TEOS for a 0.75 mmol 

scale. 
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(S)-2-26(100)-B 

To compare the absorbance properties of materials made with dopant 2-26 as the sole silica 

source, materials were made following the basic conditions outlined in the body of this thesis. 

OTACl was used as the structure directing agent under alkaline conditions (molar ratio: 

Si:water:NaOH:OTACl = 1:1320:12.16:1.28). In a typical synthesis, H2O (12 g), OTACl (225 

mg), and 6 N NaOH (1 g) were combined in a jar equipped with PTFE lid and Teflon coated 

stirbar. This mixture was stirred vigorously at 600 rpm for approximately 15 min. Then 2-26 (236 

mg, 0.5 mmol) in THF (~100 mg) were added to the surfactant mixture while stirring at 600 rpm. 

The mixture immediately became cloudy. The mixture was then stirred at 600 rpm at room 

temperature for 16 h. The stir bar was then removed and the vessel was sealed and aged at 95 °C 

for an additional 24 h. The resulting solids were then collected via vacuum filtration and washed 

twice with hot water. The resulting brownish-white powder was then put back into a jar with a 

Teflon lined cap and stirbar and the extracting solution was added to the mixture and the mixture 

was stirred for 6 h at 65 °C. The material was then collected via vacuum filtration and washed 

with an additional portion of hot extracting solution and subsequently by a portion of EtOH. The 

materials were then placed into a vacuum oven at 80 °C overnight prior to characterization. 
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Chapter 3 

On the Attachment of Condensable Silanes 

3.1 Introduction – The Importance of the Aryl-silicon Bond. 

 

Perhaps the most critical component of the organic-bridged siloxane precursors designed for 

the manufacture of organosilica hybrid materials, is the covalent linkage between the organic unit 

and the condensable silane. This motif is ultimately responsible for connecting the functionality to 

the backbone of the materials. Numerous examples exist wherein the silicon is attached to sp3 or 

sp2 hybridized carbons (and to a lesser extent sp hybridized carbons) and these attachments can 

occur through a variety of methods.[1] For example, Scheme 3-1 shows the synthesis of 

norbornane-bridged siloxane precursor 3-2 by an asymmetric hydrosilylation of norbornene 3-1[2]; 

conversely,  diaminocyclohexane-bridged siloxane precursors 3-5 and 3-6 are synthesized through 

either a direct N-alkylation[3], or the formation of a ureyl linkage by condensation with 3-8[4] 

respectively (Scheme 3-2).  

 

Scheme 3-1. Generation of norbornane-bridged siloxane precursors through asymmetric 

hydrosilylation.[2] 
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Scheme 3-2. The generation of diaminocyclohexane-bridged siloxane precursors through 

alkylation or condensation.[3-4] 

One family of siloxane precursors that is sometimes particularly difficult to synthesize are 

those possessing rigid backbones; in particular, aryl motifs featuring direct attachment of the 

silane onto the aromatic ring. These aryl-bridged monomers have been incorporated into several 

well-ordered materials. Most importantly are those possessing molecular scale periodicity 

(discussed in chapter 1),[5-6] and chiral materials formed via chiral induction in the solid-state 

(chapter 2). The attachment of condensable silanes directly onto an aryl scaffold can be achieved 

through one of three methodologies (Scheme 3-3). All of the approaches employ an aryl halide as 

the starting material and then proceed through either metal-halogen exchange followed by 

quenching with a silicon electrophile,[7] or through the rhodium catalyzed Masuda cross-coupling 

with a trialkoxysilane.[8]  
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Scheme 3-3. Traditional routes to the synthesis of aryl-bridged siloxane precursors. 

The synthesis of more complex scaffolds through these traditional routes has proven to be 

severely limited, especially with more complicated precursors such as those shown in Figure 3-1. 

For example, Inagaki and co-workers have reported an inability to synthesize pyridine siloxane 

precursor 3-9[9], while 3-10 and 3-11 could only be synthesized through multi step routes.[10-12] 

Our group has faced similar challenges with the synthesis of binaphthalene systems 3-12 to 3-15; 

with the on-axis variant being the most challenging and affording 3-12 in an abysmal 5% yield on 

one, irreproducible occasion. [13-15]  
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Figure 3-1. Siloxane precursors that have proven difficult to obtain through traditional means.  

The issues that have hindered the synthesis of these more complicated substrates are two-fold: 

first, traditional routes often result in significant de-halogenation to give a monosilylated siloxane 

precursor, for which separation proves challenging; and second, the instability of the resulting 

condensable silane to premature polymerization makes isolation and purification almost 

impossible when the product has a boiling point too high to permit distillation without thermal 

decomposition of the silane. Two routes have been shown to be moderately effective at 

overcoming these limitations: 1) the introduction of a two-carbon tether to link the condensable 

silane to the aromatic bridge (Scheme 3-4a), and 2) the generation of allylsilanes to serve as a 

more robust condensable silane (Scheme 3-4b).  
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Scheme 3-4. Routes to amend the issues surrounding the synthesis of aryl-bridged siloxane 

precursors. 

3.1.1 Tethered Triethoxysilanes 

Several groups have explored the use of a two-carbon tether—either vinyl, alkyl, or 

acetylenic—between the aryl group and the condensable silane as demonstrated in Figure 3-2.[9, 

16-21] The most common of these are vinyl linkers as seen in siloxane precursors 3-16 through 3-

21. They are effective for large binaphthyl-bridged structures as demonstrated by Moreau and co-

workers whom synthesized 3-19 through a Mizoroki-Heck cross coupling.[16] Fröba and co-

workers also used this approach for the generation of amine based 3-10 used to make materials for 

peptide formation,[17] as well as 3-16, 3-20, and 3-21 for the production of luminescent PMO 

materials.[18] Alternatively the vinylic motif can be introduced through the hydrosilylation of an 

acetylene-bearing bridge, as demonstrated by Inagaki and co-workers for the generation of 3-17, a 

compound that was used to make metal sensing PMO materials.[9] Less commonly observed are 

alkynyl and alkyl based linkages such as those seen in siloxane precursors 3-22 and 3-23 

respectively. Corriu and co-workers made alkyne based 3-22 through the substitution of 

trimethylsilyl groups on previously installed acetylene moieties for the production of xerogel 

materials.[19-20] PMO materials with column-like walls were reported by Mizoshita, Inagkai and 

X=Br, I

Attachment 
Through Tether

Silicon 
Attachment

X

Si(OEt)3 SiRn(OEt)3-n

R=allyl; n=2-3

Allyl 
Protection

Si(OEt)3



 

 86 

co-workers using alkyl-linked siloxane precursor 3-23, wherein the condensable silanes were 

attached via a ruthenium-catalyzed direct alkylation with vinylsilane.[21] 

 

Figure 3-2. Select literature examples of Siloxane precursors that have incorporated a two-carbon 

spacer.[9, 16-21] 

3.1.2 Allylsilanes as Silica Protecting Groups 

An alternative to the tether approach is to address the stability of the resulting siloxane 

monomers directly through the use of allyl groups on the silicon to serve as pseudo protecting 

groups that can be hydrolyzed under sol-gel conditions to give silanols for the polycondensation 

process as shown in Figure 3-3a. The success of this route hinges on the ability of 

allyldimethylchloropropyl silane 3-24 to react with silica gel, which was demonstrated by 

Shimada, Inagaki, Hayashi and co-workers in 2003 as method to graft chloropropyl organic 

groups onto silica surfaces in refluxing toluene (Figure 3-3b).[22] Inagaki, Shimada, and co-

workers then expanded on this methodology to include silicon groups with multiple allyl groups 
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that could form extensive siliceous networks with molecular scale order,[23] as well as a variety of 

functional groups (Figure 3-4), some of which could be prepared through modification after the 

attachment of the silane.[24] 

 

Figure 3-3. a) The hydrolysis of allylsilanes. b) The attachment of allylsilanes to silica surfaces. 

 

Figure 3-4. Aryl-bridged siloxane precursors featuring allylsilanes as the condensable portion.[24-

25] 
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The allylsilanes are synthesized according to Scheme 3-5, wherein reaction with allyl-lithium 

gives complete substitution of the ethoxy groups (3-33), while the allyl-Grignard stops at the 

diallylethoxysilane (3-32).[23] One of the main pitfalls of this method is that the route requires the 

aryl triethoxysilane to be synthesized in a pure state prior to protection—a feat that remains either 

challenging or impossible for more complicated systems.  

  

  

 Scheme 3-5. Protection of condensable silanes with allyl groups.[22]  

3.2 Two-Carbon Tethered Siloxane-precursors. 

Our first foray into non-conventional silicon attachment routes for the generation of aryl-

bridged siloxane precursors involves the synthesis of the tethered biphenyl silica precursors 

shown in Figure 3-5. It was our intent that these monomeric units would serve as the bulk 

constituent in chiral materials made with chiral and functional dopants that have similar geometric 

lengths between the silica-sheets within the walls of the PMOs. We attempted the traditional 

vinylogous linkages first, as these appeared to have the most straightforward synthesis. In 

addition, alkyl and alkynyl based linkage were examined as more and less flexible alternatives 

respectively. 
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Figure 3-5. Siloxane precursors designed to replace the bulk constituent in chiral PMO materials. 

3.2.1 Synthesis of Vinyl-tethered Aryl-bridged Siloxane Precursors 

The synthesis of vinyl-linked precursors seemed easy enough, involving the implementation 

of well-established Mizoroki-Heck cross-coupling techniques that were discussed above. 

Unfortunately, issues with the palladium pre-catalysts arose that resulted in significantly 

diminished starting materials conversion. This prompted a brief screening of conditions to find a 

suitable alternative, these are shown in Table 3-1. We found that PdCl2[P(otol)3]2 was a more 

efficient palladium source, and that the reaction benefited from the inclusion of 20 mol% tetra-n-

butylammonium bromide (TBAB) as well as ppm levels of water. These advances allowed us to 

lower reaction conditions to 80 ºC permitting the use of acetonitrile as the solvent instead of 

DMF, thereby facilitating product isolation. 

These reaction conditions could be further applied to the creation of the binaphthyl-bridged 

siloxane precursors (3-38 and 3-39) for the chiral dopants discussed in chapter 2, as well as 

bipyridine-bridged 3-40 and biphenyldiamine-bridged 3-41 (shown in Figure 3-6). 

As the stability of these tethered siloxane precursors is still governed by their trialkoxysilane 

constituent, which made purification problematic, we attempted to implement the allyl protection 

strategy on these siloxane precursors (equation 3-2). Unfortunately, the addition of the allyl 

groups prompted a weakening of the vinyl-silicon bond and resulted in cleavage of the silane from 

the monomeric units under reaction conditions or the mildly acidic workup. 
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Table 3-1. Analysis of reaction conditions for reproducible, high yielding attachment of a vinyl 

silane to give 3-35. 

 

Entry Catalyst Precursor Additive Solvent (Temp) Conversiona 

1 Pd(OAc)2
b – DMF (120ºC) 0% 

2 Pd(OAc)2
b TBABe DMF (120ºC) 80% 

3 Pd(OAc)2
b H2Of DMF (80ºC) 80% 

4 Pd2(dba)3
b – DMF (120ºC) 40% 

5 PdCl2[P(otol)3]2
b – DMF (120ºC) 33% 

6 PdCl2[P(otol)3]2
b TBABe DMF (120ºC) 98% 

7 PdCl2[P(otol)3]2
b TBABe DMF (100ºC) 98% 

8 PdCl2[P(otol)3]2
b TBABe DMF (80ºC) 98% 

9 PdCl2[P(otol)3]2
b TBABe DMF (65ºC) 98% 

10 PdCl2[P(otol)3]2
b TBABe CH3CN (80ºC) 98% 

11 PdCl2[P(otol)3]2
b TBABe, H2Of CH3CN (80ºC) 99% 

12 PdCl2[P(otol)3]2
c TBABe, H2Of CH3CN (80ºC) 99% 

13 PdCl2[P(otol)3]2
d TBABe, H2Of CH3CN (80ºC) 80% 

14 PdCl2[P(otol)3]2
b TBABe Toluene (100ºC) 0% 

15 PdCl2[P(otol)3]2
b TBABe THF (65ºC) 0% 

a Vinyl incorporation to the aryl backbone as measured by 1H NMR spectroscopy; b 1 mol % 
catalyst loading; c 0.5 mol % catalyst loading; d0.1 mol % catalyst loading; e20 mol %; f500 ppm 
in solvent. 
 

(EtO)3Si

Si(OEt)3

[eq 3-1]
Br Br

Cat., Sol., Add.,
P(otol)3, Et3N,18h.

Si(OEt)3

3-37 3-35
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Figure 3-6. Other siloxane precursors made using a alkene-tethered strategy. 

 

 
We therefore examined the effects of an isopropoxy silane in the stead of ethoxysilanes to see 

if stability against premature hydrolysis could be increased due to a larger alkoxy group. The 

synthesis (equation 3-3) proved very successful; however, no significant increase in stability of 3-

46 was observed over 3-35 in terms of shelf-stability and stability during purification. 

3-39

N

N

Si(OEt)3

Si(OEt)3

Si(OEt)3

Si(OEt)3

OMe
OMe

OMe
OMe

Si(OEt)3

Si(OEt)3
Si(OEt)3

Si(OEt)3

H2N
NH2

3-38 3-40 3-41

Si

Si

EtO

OEt

[eq 3-2]

3-42

3-43

3-35

Et2O, r.t.,
16h

MgBr

[eq 3-3]

3-46

Si(iPrO)3

(PrOi)3Si

SiCl3 Si(OiPr)

iPrOH, DCM,
 1h

95%3-44 3-45

3-37
PdCl2[P(oTol)3]2,

TBAB, Et3N, CH3CN,
P(oTol)3, H2O, 80ºC, 18h

97%
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With a facile method for the synthesis of vinyl-linked siloxane precursors, we subjected these 

molecules to a variety of sol-gel synthesis conditions for the production of PMO materials. This 

will be explored in detail in Section 3.2.4 below. 

3.2.2 Synthesis of Alkynyl-tethered Aryl-bridged Siloxane Precursors 

For the more rigid alkyne-linked 3-36, we first tried the approach of Corriu and co-workers 

that involved the substitution of 3-48 to generate the lithium acetylide intermediate, followed by 

quenching with chlorotriethoxysilane (equation 3-4).[20] Unfortunately, this route, as well as a 

direct deprotonation of 3-47 failed to give high yields of 3-36. Moreover, all 3 species (3-36, 3-47, 

and 3-49) were observed and proved inseparable due to their low volatility and the instability of 

the condensable silane.  

 
Our attention then turned to the synthesis of 3-36 through a Sonogashira coupling with the 

4,4’-dihalogenated biphenyl (3-37). In order to accomplish this we first had to synthesize 

triethoxysilylacetylene 3-51, which is only available commercially on bulk-scales thereby making 

its purchase impractical. We first tried a synthesis-deprotection route (equation 3-5), wherein 

TMS-Si(OEt)3 (3-50) was synthesized via deprotonation of TMS acetylene with BuLi, followed 

by quenching with ClSi(OEt)3 to give 3-50 in fair yield. All attempts to selectively deprotect the 

TMS group in the presence of the alkoxysilane failed. However, the addition of 

R

R

3-47      R=H
3-48      R=TMS

H(EtO)3Si

Si(OEt)3(EtO)3Si

1) R'Li, THF, -78ºC, 2h
2) ClSi(OEt)3, -78ºC to r.t.

R = H; R' = nBu
R = H; R' = Me 3-49

3-47

3-36

HH

[eq 3-4]
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ethynylmagnesium bromide to a cooled solution of chlorotriethoxysilane could afford 3-51 in 

good yields (equation 3-6). 

 

 
With 3-51 in hand, we set out to examine its attachment to 4,4’-dibromobiphenyl through the 

Sonogashira-Hagahira coupling (equation 3-7). To our dismay, not only did the reaction fail to 

produce the bis-functionalized 3-36 in appreciable yields, but 3-49 and 3-47 were detected as 

major products. This indicates that the alkyne-silane bond is cleaved even under the mildly basic 

coupling conditions. This prompted us to re-evaluate the use of acetylene based siloxane 

precursors like 3-36 for the generation of surfactant templated PMO materials (which require 

significantly harsher conditions).  

 

 

TMS
TMS

Si(OEt)3

1) nBuLi, THF, -78ºC, 2h
2) ClSi(OEt)3, -78ºC to r.t.

70%

H Si(OEt)3

Polymeric
Material

Selective
 Deprotection

3-50

3-51
[eq 3-5]

MgBr ClSi(OEt)3, Et2O, 0ºC, 2h

90% H

Si(OEt)3

3-51

[eq 3-6]

H(EtO)3Si

Si(OEt)3(EtO)3Si

PdCl2(PPh3)2, CuI,
Et3N, THF, 65ºC, 18h

3-49

3-47

3-36

HH

[eq 3-7]3-37

3-51
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3.2.3 Synthesis of Alkyl Based Siloxane Precursors 

A hydrogenation of the olefins in 3-35 could facilitate the production of 3-34 in excellent 

yields. The conditions, shown in equation 3-8, are surprisingly harsh, but proceed with no effect 

on the condensable silane portion of the molecule and give the desired product in virtually 

quantitative yield.  

 

3.2.4 Materials Fabrication with Tethered Aryl-bridged Siloxane Precursors 

With the tethered aryl-bridged siloxane precursors in hand, we attempted a variety of material 

fabrication conditions for sol-gel polycondensation under alkaline conditions. A selection of these 

routes is shown in Table 3-2 using octadecyltrimethylammonium chloride (OTACl, entries 1-12) 

as well as the hexadecyl analogue hexadecyltrimethylammonium bromide (CTABr, entries 13 and 

14) as the SDA for vinyl-linked 3-35. In addition, we examined alkyl-tethered 3-34 with OTACl 

as the SDA (entries 15-17). 

Also in Table 3-2 is the summary of the BET surface area, DFT pore size distribution, and 

DFT pore volumes from the nitrogen gas sorption data for the materials. All of the materials are 

porous, however none exhibit the uniform meso-scale periodicity that is normally afforded to 

PMO materials. What is remarkable is that even drastic changes in the sol-gel conditions fail to 

elicit significant changes in the structuring of the pores.  

 

[eq 3-8]

(EtO)3Si

Si(OEt)3

3-35 (EtO)3Si

Si(OEt)3

Pd/C, 500 psi H2,
THF, 100ºC, 16h

99%

3-34
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Table 3-2. Synthetic ratios for the production of PMO materials using tethered aryl-bridged 

siloxane precursors under alkaline conditions. 

Entry Monomer SDAa 

Molar ratio/Si Porosimetry Data 

H2O SDA NaOH SAb (m2g-1) Pore sizec 
(nm) 

PVd   
(cm3g-1) 

1 3-35 OTACl 2854 2.95 12.31 564 2-13 0.575 

2 3-35 OTACl 1575 1.60 6.23 593 2-13 0.712 

3 3-35 OTACl 1034 1.05 4.66 536 2-13 0.455 

4 3-35 OTACl 680 .77 1.93 692 2-13 0.698 

5 3-35 OTACl 670 1.5 2 708 2-13 0.777 

6 3-35 OTACl 670 .75 .5 717 2-13 0.633 

7 3-35 OTACl 610 .75 1 707 2-13 0.606 

8 3-35 OTACl 670 .75 3 723 2-13 0.812 

9 3-35 OTACl 670 .75 4 732 2-13 0.706 

10 3-35 OTACl 400 .75 2 667 2-13 0.607 

11 3-35 OTACl 670 .5 3 744 2-13 0.646 

12 3-35 OTACl 670 1 3 741 2-13 0.736 

13 3-35 CTABr 670 .75 2 693 2-13 0.564 

14 3-35 CTABr 670 1.5 2 693 2-13 0.626 

15 3-34 OTACl 670 .75 4 626 2-13 0.629 

16 3-34 OTACl 335 .75 2 622 2-13 0.621 

17 3-34 OTACl 335 1.5 2 648 2-13 0.779 
a OTACl (octadecyltrimethylammonium chloride) and CTABr (hexadecyltrimethyammonium 

bromide) bBET surface area; cDFT pore diameter; dDFT Pore Volume 

 

Representative nitrogen adsorption-desorption isotherms for these materials are shown in 

Figure 3-7 and all of the materials exhibit the type IV adsorption isotherms typical of meso-

structured materials. In addition, a minimal amount of micropores are present (0 - 0.05 relative 

pressure) and the materials exhibit a large hysteresis (0.6 – 0.8 relative pressure) indicative of 

non-cylindrical mesopores, commonly observed with type IV isotherms. The DFT pore size 
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distributions from the adsorption branch of these isotherms are shown in Figure 3-8, and shown a 

broad range of pores measuring 1-13 nm in diameter. 

 

 

Figure 3-7. Representative nitrogen adsorption-desorption isotherms for materials made with 3-

34 or 3-35 as the siloxane precursor under alkaline conditions showing type IV isotherms. 

 

Figure 3-8. Representative DFT pore size distributions for PMO materials made with 3-34 or 3-

35 as the siloxane precursor under alkaline conditions showing a moderate range of pore sizes. 

 

 

 

 

(offset	200	ml/g)	

(offset	100	ml/g)	



 

 97 

TEM images of the materials made with 3-35 and OTACl (Table 3-2, entry 4) are shown in 

Figure 3-9 and exhibit a pore structuring that is largely “worm-like” with varying domains that 

feature more ordering, as well as regions that are non-porous. 

 

 

Figure 3-9. TEM images of PMO materials made using 3-35 as the siloxane precursor with 

OTACl as the SDA under alkaline conditions showing worm-like pore morphology. 

 

The 13C CPMAS NMR spectra (Figure 3-10) for materials made with 3-35 (Table 3-2, entry 

4) and 3-34 (Table 3-2, entry 17) differ mainly in the presence of the alkyl carbons from the alkyl 

tethers in 3-34 that appear at 20 and 35 ppm at high relative intensity to the biphenyl carbons 

between 120 and 160 ppm. 
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Figure 3-10. 13C CPMAS NMR for materials formed from 3-35 (top) and 3-34 (bottom) under 

alkaline conditions demonstrating that the organic unit remains unchanged after the materials 

synthesis. 

29Si CPMAS NMR is a useful tool for revealing the nature of the silica sheets of these 

materials. Spectra for the corresponding materials from Figure 3-10 are shown in Figure 3-11. In 

both classes of materials, the Q sites (ca. -100 ppm)—corresponding to C-Si bond cleavage from 

the organic bridge during the sol-gel synthesis—are relatively low, but are present. The T sites, 

used to distinguish between the types of silicon atoms in the silica sheets of the materials as 

described in chapter 2, indicate that materials made from 3-35 have significantly more T3 sites 

(ca. -80 ppm) and almost no T1 sites (ca. -60 ppm) when compared to materials made from 3-34 

that have a large abundance of T2 sites (ca. -70 ppm). This indicates that the siliceous network is 

more extensive—and thereby less prone to degradation through hydrolysis—for materials 
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fabricated from 3-35. This might be due to resonance stabilization of the silicon during the 

formation of the silica matrix. 

 

Figure 3-11. 29Si CPMAS NMR for materials formed from 3-35 (top) and 3-34 (bottom) under 

alkaline conditions indicating the degree of crosslinking in the composites, as well as revealing 

minimal carbon-silicon bond cleavage. 

Materials were also synthesized from 3-35 under acidic conditions with Brij™76 as the SDA. 

This is shown in Table 3-3, wherein entry 1 represents a material in which the sole constituent is 

3-35, while entry 2 also contains 15% of 3-38. The resulting materials exhibit below average BET 

surface areas, as well as limited porosity and pore volume. Nitrogen adsorption-desorption 

isotherms are shown in Figure 3-12 and exhibit a flattened type II adsorption isotherm. While the 

DFT pore size distribution (Figure 3-13) shows limited porosity with small (~5 nm diameter) 
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pores. Due to the disappointing templating results, these materials were not studied as extensively 

as those produced under alkaline conditions.  

Table 3-3. Summary of materials formed under acidic conditions.   

Entry Monomer SDA 
Molar ratio/Si Porosimetry Data 

H2O SDA Cat. SAa (m2g-1) Pore sizeb 
(nm) 

PVc 
(cm3g-1) 

1 3-35 Brij™76 572 0.48 7.60 410 1-10 0.298 
2 3-35 & 3-38 Brij™76 572 0.48 7.60 590 1-10 0.203 

aBET surface area; bDFT pore diameter; cDFT Pore Volume  

 

 

Figure 3-12. Representative nitrogen adsorption-desorption isotherms from materials produced 
with 3-35 under acidic conditions showing type II isotherms with significant hysteresis. 

 

Figure 3-13. DFT pore size distribution of materials produced with 3-35 under acidic conditions 
showing a wide array of pore sizes and indicating disorder in the composites. 
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The TEM of these materials (Figure 3-14) show that they are highly disordered, and the 

mesopores are not particularly evident. In order to understand the problems with these solids, we 

measured the solid state NMR of the materials (Figure 3-15). The 29Si CPMAS NMR spectra 

showed minimal Q sites (ca. -100 ppm) as well as a large presence of T2 and T3 sites (ca. -70 and 

-80 ppm, respectively) along with a small amount of T1 sites (ca. -60 ppm). In fact, these materials 

have a very similar siliceous makeup as those produced from 3-34 under alkaline conditions. The 

13C CPMAS spectra (Figure 3-15b) do not show any significant degradation of the carbon portion 

of the framework, and largely resemble the spectra in Figure 3-10a. 

 

 

Figure 3-14. TEM of materials made from 3-35 under acidic conditions showing a structure that 

appears largely non-porous. 



 

 102 

 

Figure 3-15. Solid state NMR of materials formed from 3-35 under acidic conditions. a) 29Si 

CPMAS NMR, b) 13C CPMAS NMR showing minimal carbon-silicon bond cleavage and that the 

organic component remains unchanged after materials formation respectively. 

3.2.5 Linker Summary 

In summary, aryl-bridged siloxane precursors with a two-carbon tether were easily 

synthesized for a variety of substrates when the tether was alkyl or vinyl. However, the resulting 

precursors showed no increase in stability over their BTEBp based cousins and the materials that 

were produced were of low to poor quality. As such, the fabrication of PMO materials with the 

linked siloxane precursors (3-34, 3-35, and 3-36) as the bulk constituent served to further 

demonstrate the superiority of siloxane precursors with the condensable silane attached directly to 

the aryl backbone.   

 

a 

b 
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3.3 Triallylsilanes  

The generation of aryl-bridged triallyl- and diallylethoxysilanes (Scheme 3-6 top), as 

introduced previously, is an effective route to take a condensable silane and make it more stable 

and easier to work with. This method fails, however, to address the issues that arise from the 

synthesis of the triethoxysilyl-bearing aryl-bridged siloxane precursors that has limited the 

production of more complicated substrates. In order to circumvent this, we envisioned the direct 

synthesis of a triallylsilane from a halogenated precursor to give a more stable siloxane precursor 

directly after the silicon attachment step (Scheme 3-6 bottom).   

  

Scheme 3-6. Direct synthesis of silica precursors bearing allyl substituted condensable silanes. 

3.3.1 Synthesis of Triallylbromosilane 

Our route to the direct attachment of triallylsilyl-moieties as siloxane precursors followed the 

work of Gebbink and co-workers for the production of carbosilane dendrimers.[26] First, 

triallylsilane (3-52) was synthesized by Grignard addition to either trichlorosilane or 

triethoxysilane (equation 3-9). Both precursors gave 3-52 in good yields, and diallylethoxysilane 

was not observed, despite the fact that Grignard addition to aryltriethoxysilanes gives exclusively 

the aryldiallylethoxysilane. This is likely due to lower steric interactions on trisubstitued silanes 

X

Si(OEt)3

SiRn(OEt)3-n

X=Br, I R=allyl; n=1-3

Attachment of 
Condensable Silane

Protection of 
Condensable Silane

Attachment of Protected Condensable Silane

Metal-Halogen 
Exchange

ClSiRn(OEt)3-n
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such as HSiCl3 or HSi(OEt)3. Treatment of 3-52 with palladium dichloride and allylbromide gave 

bromotriallylsilane (3-53) in 90% yield. 

 

3.3.2 Attachment of Silicon to Substrates 

With TASBr in hand, methods to attach the condensable silane directly onto the aryl backbone 

proceeded easily utilizing lithium halogen exchange methodology as shown for biphenyl analogue 

3-54 in high yields (equation 3-10). The choice of butyl lithium source had little effect on the 

product yields or ease of synthesis when normal addition protocols were implemented; however, 

tertiary butyl lithium reacted with TASBr sufficiently slowly enough to permit the implementation 

of Barbier-type lithium-halogen exchange condition, wherein the silicon electrophile is present 

prior to the addition of the lithium source. This latter advance would allow for the synthesis of 

compounds with shorter-lived lithiated intermediates. 

 

[eq 3-9]

3-52 3-53
TASBr

HSiCl3

or

HSi(OEt)3

MgBr

Et2O, rt, 6h
HSi BrSi

90% 90%

PdCl2, benzene, 
60ºC

Br

Br

Br

Si

Si

TAS

TAS

=

3-54

1) BuLi, THF, -78ºC, 1h
2) 2-53, -78ºC to rt, 3h

Bu = nBu;  96%
         sBu;  94%
         tBu;   97%
(Reverse Addition)
Bu = tBu;   95%

[eq 3-10]
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3.3.3 Stability of Monomers and Materials Fabrication 

The resulting triallylsilyl containing aryl-bridged siloxane precursors exhibited superior 

stability and were amenable to column chromatography on SiO2, in addition to surviving exposure 

to mild aqueous acids and bases. Unfortunately, the stability made the production of ordered 

organosilica materials from these monomers prohibitively difficult. Materials produced under 

either acidic or alkaline conditions often resulted in no gelation—something we attributed to 

incomplete hydrolysis, which would lead to a poorly cross-linked network—while materials that 

formed solids showed poor ordering. Table 3-4 gives two examples of materials made with 3-54; 

one was formed under basic conditions (entry 1), while the other was treated to a hydrolysis step 

in acidic conditions prior to being subjected to alkaline conditions for the remainder of the 

synthesis (entry 2). In both cases, the porosity was limited and the DFT pore diameters and pore 

volumes were not good. Nitrogen adsorption-desorption isotherms are shown in Figure 3-16 and 

exhibit type II adsorption isotherm with a significant amount of macropores especially in the 

materials described by entry 1. Figure 3-17 shows the DFT pore size distributions and exhibit 

little to no ordering in the materials.   

Table 3-4. Materials fabrication with 3-54 as the bulk constituent under basic conditions. 

Entry Pretreatment SDA 
Molar ratio/Si Porosimetry Data 

H2O SDA Cat. SAa (m2g-1) Pore sizeb 
(nm) 

PVc 
(cm3g-1) 

1 None OTACl 1320 1.28 12.16 744 1-10 0.476 
2 Acidd OTACl 1320 1.28 24.16 731 broad 1.15 

aBET surface area; bDFT pore diameter; cDFT Pore Volume; d12 mmol/mmol silane added 
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Figure 3-16. Nitrogen physisorption isotherm of materials made using 3-54 as the siloxane 

precursor showing type II isotherms. 

 

Figure 3-17. DFT pore size distribution of materials produced from 3-54 as the siloxane precursor 

showing a broad array of pore sizes and little ordering in the materials. 

Examination of the solid state NMR spectra (Figure 3-18) showed that the hydrolysis was 

incomplete, due to the presence of allyl carbons at approximately 20 ppm in the 13C CPMAS 

NMR. The prevalence of this incomplete hydrolysis is more easily revealed in the 29Si CPMAS 

NMR (Figure 3-18b) by the presence of a sizeable peak at ca. -40 ppm, which corresponds to a 

silicon species that is bearing both allyl and aryl groups; also present in the 29Si CPMAS NMR are 

T2 and T3 sites (ca. -70 and -80 ppm respectively). 
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Figure 3-18. Solid state NMR spectra of materials made with 3-54 as the siloxane precursor. a) 
13C cpMAS spectra, b) 29Si cpMAS spectra both spectra suggesting that the hydrolysis was not 

complete. 

In brief summary, aryl-bridged siloxane precursors bearing triallylsilanes as their condensable 

silane could be readily synthesized with superior stability; however, incomplete hydrolysis under 

a multitude of conditions has ultimately made them undesirable for the production of well-ordered 

PMO materials.  

3.4 Allyldiethoxysilane – Walking the Line Between Stability and Functionality 

The adverse effects that the high of stability of triallylsilane analogues had in regards to the 

production of well ordered materials led us to explore other silicon electrophiles. Of particular 

interest was diallylethoxyhalosilane, wherein the halogen could be either chlorine or bromide, 

a 

b 
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which was designed with the intent to facilitate the direct synthesis of aryl-diallylethoxysilyl 

siloxane precursors.  

3.4.1 Synthesis of Mixed Allyl-ethoxy-chloro Silanes 

We originally endeavored to synthesize the diallylethoxysilyl electrophile though an 

analogous approach as before, but with control of the number of Grignard equivalents (equation 

3-11). However, unfortunately, the Grignard addition resulted in the production of 3-52, 3-56, and 

starting material instead of the desired 3-55; and even low temperature and control of the amount 

of Grignard failed to produce a significant excess of the desired 3-55.  

 
Abandoning the diallylethoxy motif, we set out to synthesize 3-59 according to a 

disproportionation (equation 3-12). In the literature, Kawashima and co-workers described the 

production of 3-59 using allyltrichlorosilane and tetraethoxysilane.[27] Although this route 

provided 3-59, the product is inevitably contaminated by chlorotriethoxysilane.[27] This requires a 

fractional distillation to remove contaminates prior to use and is difficult to accomplish on a small 

scale, thereby impeding its use as an electrophile for siloxane precursors. Our strategy however, 

uses allyltriethxoysilane (3-57) and allyl trichlorosilane (3-58) for the disproportionation; this 

results in the production of the desired allyldiethoxychlorosilane (3-59) as well as 3-57, which is 

simply a spectator during the metal-halogen exchange.  

3-52

HSi(OEt)3

MgBr

HSi

3-55

HSi OEt

3-56

HSi
OEt
OEt HSi(OEt)3 [eq 3-11]
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3.4.2 Attachment of Silanes  

With a convenient route to ADESCl in hand, we set out to explore reaction conditions to 

facilitate its attachment to aryl systems through metal halogen exchange (equation 3-13), keeping 

in mind that the resulting arylallyldiethoxysilane will have intermittent stability between the 

triallyl- and triethoxy-silyl systems. Under normal addition conditions, all of the lithiating 

reagents proved successful when the amount of the reagent was kept strictly 1:1 in terms of the 

halide on the substrate. When excess reagent was used (1.1 eq of the lithium source per bromide) 

up to 10% of the product was found to contain the butyl group in the cases of N and sec BuLi 

(Figure 3-19). The exception to this occurred when tertiary butyllithium was used, wherein even 

under Barbier-style conditions tert-butyl incorporation was not observed.  

 

3-59
ADESCl

3-60

[eq 3-12]

Si(OEt)3

SiCl3

3-57

3-58

cat. PPh3
160ºC, 36h

SiCl(OEt)2

SiCl2(OEt)

3-57
3-58

(Major) (Minor) (Unobserved)

Br

Br

Si

Si

O
O

O
O

ADES

ADES

=

3-61

1) BuLi, THF, -78ºC, 1h
2) ADESCl, -78ºC to rt, 3h

Bu = nBu;  96%
         sBu;  89%
         tBu;   93%
(Reverse Addition)
Bu = tBu;   95%

[eq 3-13]
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Figure 3-19. Byproducts that occur when excess n or sec butyl lithium reagents are used. 

3.4.3 Stability of ADES Siloxane Precursors 

Gratifyingly, the ADES based siloxane precursors exhibited an improved stability over 

trialkoxysilanes as shown in Table 3-5.  

Table 3-5. Stability of ADES siloxane precursor 3-61 as compared to BTEBp. 

Hydrolysis Conditions 
Silane 

ADESBp BTEBp 

H2O Excellent Poor 

H2O (80ºC) Excellent Complete Hydrolysis 

NH4Cl Excellent Good 

NaHCO3 Excellent Good 

AcOH Complete Hydrolysis Complete Hydrolysis 

NH4OH Complete Hydrolysis Complete Hydrolysis 

Silica gel (dry) Moderate Poor 

Excellent (85-100), Good (75-85), Moderate (65-75), Poor (40-65), Complete Hydrolysis (0-40) 

 

3.4.4 Materials Fabrication Using ADES Siloxane Precursors 

With the ADES-based 3-61 in hand, we attempted to form materials with it as the sole 

constituent. Initially these materials failed to consistently hydrolyze in a timely fashion at room 

temperature; however, this limitation could be overcome by increasing the hydrolysis temperature 

to 40ºC. The resulting materials are summarized in Table 3-6, and have respectable BET surface 

areas as well as good DFT pore volume and pores of approximately 2.5 nm in diameter. Nitrogen 

adsorption-desorption isotherms are shown in Figure 3-20 and resemble type IV adsorption 

3-633-62

Si OSi Si OSi
O
O

O
O
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isotherms. Figure 3-21 shows the DFT pore size distribution that features a very narrow pore 

diameter range at ca. 2.5 nm. 

Table 3-6. Materials conditions 

Entry Monomer SDA 
Molar ratio/Si Porosimetry Data 

H2O SDA Cat. SAa (m2g-1) Pore sizeb 
(nm) 

PVc 
(cm3g-1) 

1 3-61 OTACl 1320 1.28 12.16 784 1.8-3.4 0.399 
aBET surface area; bDFT pore diameter; cDFT Pore Volume 

 

 

Figure 3-20. Nitrogen adsorption-desorption isotherm of materials made using 3-61 as the 
siloxane precursor showing a type IV isotherm that matches well with materials made from 
BTEBp. 

 

Figure 3-21. DFT pore size distribution of materials made using 3-61 as the siloxane precursor 
demonstrating a narrow range of pore sizes comparable to materials produced using BTEBp. 
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Solid-state NMR (Figure 3-22) show 13C CPMAS spectra that are indistinguishable from 

those produced from BTEBp, while 29Si NMR CPMAS spectra show mostly T2 and T3 sites (ca. -

75 and -85, respectively) as is observed for BTEBp based PMO materials formed under similar 

conditions. 

 

Figure 3-22. Solid-state NMR spectra of materials made with 3-61 as the siloxane precursor. a) 
13C CPMAS spectra, b) 29Si CPMAS spectra both demonstrating a complete hydrolysis of the allyl 
silane. 

Gratifyingly, the PXRD plot of the materials made form 3-61 as the bulk constituent (Figure 

3-23) reveals molecular scale ordering in the walls of the materials. Similarly, d spacings of 4.7, 

1.18, 0.59, 0.45, 0.40, 0.30, and 0.24 nm match those that are formed when BTEBp is subjected to 

the same synthetic ratios.[5] 

a 

b 
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Figure 3-23. PXRD of materials made using 3-61 as the siloxane precursor showing molecular-

scale periodicity. 

 

When ADES precursors were used for the synthesis of materials under acidic conditions, the 

resulting solids were found to have limited porosity and little mesoscale order when compared 

with those produced using BTEBp as the siloxane precursor.  

3.4.5 Scope and Limitations 

Once the ADES-based siloxane precursors had proven more stable as well as being amenable 

to the production of PMO materials, we then set out to examine the scope of the ADES 

attachment. Multi substituted aryl-bridged siloxane precursors that could be formed in this manner 

are shown in Figure 3-24. These include 1,1’-binaphthalene-bridged siloxane precursors 3-64 

through 3-66, which were difficult or impossible to synthesize in their analogous triethoxysilyl 

form. Particularly noteworthy are on-axis siloxanes 3-64 as well as 3-65 that were synthesized 

through directed ortho metallation, a route that does not require the synthesis and purification of 

the halogenated intermediate. Anisole and aniline derivatives 3-67 and 3-68 also fared well, as did 

the heterocyclic sulfur-based thiophene-bridged siloxane precursor 3-69. Testing the number of 



 

 114 

successful attachments with the 1,3,5-trisphenylbenzene-bridged 3-70 that could be isolated in a 

moderate yield showed high versatility of this strategy.  

 

Figure 3-24. ADES silanes that are readily synthesized using this methodology. 

The ADES attachment did have some synthetic limitations as shown in Figure 3-25. The 

limitations can be divided into two categories: 1) substrates that don’t metallate well, and 2) 

substrates that have prohibitive ortho bulk. In the first category are the heterocycles 3-70 through 

3-73, which have a tendency to produce a variety of undesired isomers when bis-metallation is 

attempted.[28] Also in this category are molecules such as 3-74 and 3-75, which have a propensity 

to favor reduction of the functional group rather then undergo a metal-halogen exchange. The 

second category includes molecules that have large amounts of steric hindrance in the ortho 

position, such as esterone based 3-76 and aniline based 3-77 and 3-78. In these instances, the de-

halogenated products are recovered, indicating that the quenching with the electrophile is the 

problematic step.  
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Figure 3-25. Substrates that that are not amenable to production through this method. 

3.4.6 ADES Based Siloxane Precursors Summary and Future Work 

In brief summary, the fabrication of siloxane precursors via the use of ADES silanes as the 

condensable portion has proven to be an effective method, allowing the production of substrates 

that could not be achieved through traditional methods previously. Moreover, the ability of the 

ADES precursors to readily hydrolyze and facilitate the formation of surfactant-templated 

organosilicas makes this method an easy choice for the production of PMO materials from 

challenging substrates.  

3.5 Experimental 

For general experimental procedures see Section 2.4 

3.5.1 Small Molecule Synthesis from Section 3.2 

General Procedure A: Heck cross-coupling 

In a typical procedure, aryl halide (1 eq), bis[tri(o-tolyl)phosphine]palladium(II) dichloride 

(0.005 eq/halide), tri(o-tolyl)phosphine (0.02 eq/halide) and tetra(n-butyl)ammonium bromide 

(0.1 eq/halide) were combined in a glass vessel that could be sealed with a Teflon tap equipped 
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with a Teflon stir bar. CH3CN (6 mL/mmol substrate), triethylamine (3 eq/halide), water (0.11 

eq/halide), and vinyltriethoxysilane (1.1 eq/halide) were added. The mixture was then thoroughly 

degassed, the atmosphere was replaced with argon, and then sealed with the Teflon tap and heated 

at 80 ºC for 24 h with stirring. Upon cooling, the liquid was separated from the ammonium salt 

crystals by washing with a minimal amount (1 mL) of dry diethylether. The solvents were then 

removed by Kugelrohr distillation, and dry diethylether (15 mL) was added to the mixture and it 

was sonicated briefly and then filtered through celite. Some of the products could be purified by 

column chromatography on silica gel, using dichloromethane (DCM) as the eluent (ca. 400 mL) 

before changing to 50% Et2O in DCM to elute the product. 

 

4,4’-Bis(2-triethoxysilylethenyl)1,1’-biphenyl (3-35) 

General procedure A was used to give 3-35 in 98% yield (1.56 g, 2.94 mmol) from 4,4’-

dibromo1,1’-biphenyl (930 mg, 3 mmol) as a clear yellow oil. 1H NMR (500 MHz, CDCl3): δH 

7.60 (d, J = 8 Hz, 4H), 7.55 (d, J = 8 Hz, 4H), 7.25 (d, J = 20 Hz, 2H), 6.22 (d, J = 20 Hz, 2H), 

3.90 (q, J = 7 Hz, 12H), 1.28 (t, J = 7 Hz, 18H); 13C NMR (100 MHz, CDCl3): δC 148.50, 140.78, 

136.84, 127.29, 127.07, 117.99, 58.63, 18.29. 29Si NMR (99 MHz, CDCl3): ∂Si -56.6. HRMS 

(ESI): calcd. 531.25927 [M+H]+, found 531.25978 [M+H]+. 

 

2,2’-Dimethoxy-4,4’-bis(2-triethoxysilyl)ethenyl-1,1’-binaphthalene (3-38) 

A modification of general procedure A was used; for details and characterization see the 

synthesis of 2-26 in Chapter 2. 

 

2,2’-Dimethoxy-3,3’-bis(2-triethoxysilyl)ethenyl-1,1’-binaphthalene (3-39) 

A modification of general procedure A was used; for details and characterization see the 

synthesis of 2-27 in Chapter 2. 
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5,5’-Bis(2-triethoxysilyl)ethenyl-2,2’-bipyridine (3-40) 

In a typical procedure, 5,5’-Dibromo-2,2’-bipyridyl (78.5 mg, 0.25 mmol), bis[tri(o-

tolyl)phosphine]palladium(II) dichloride (20 mg, 0.025 mmol), tri(o-tolyl)phosphine (30 mg, 0.1 

mmol) and tetra(n-butyl)ammonium bromide (16 mg, 0.05 mmol) were combined in a glass vessel 

that could be sealed with a Teflon tap equipped with a Teflon stir bar. DMA (1.25 mL), 

triethylamine (0.25 mL, 1.8 mmol), water (0.5 µL, 0.027 mmol), and vinyltriethoxysilane (0.16 

mL, 0.75 mmol) were added. The mixture was then thoroughly degassed, the atmosphere was 

replaced with argon, and then sealed with the Teflon tap and heated at 160 ºC for 48 h with 

stirring. Upon cooling, the liquid was separated from the ammonium salt crystals by washing with 

a minimal amount (0.25 mL) of dry diethylether. The solvents were then removed by Kugelrohr 

distillation (60 ºC, 1 mmHg), and dry diethylether (10 mL) was added to the mixture and it was 

sonicated briefly and then filtered through celite. The product was purified by column 

chromatography on silica gel, using dichloromethane (DCM) as the eluent (ca. 400 mL) before 

changing to 40% THF in DCM to elute the product which was isolated as a clear oil in 86 % yield 

(117 mg, 0.22 mmol). 1H NMR (500 MHz, CDCl3): ∂H 8.71 (d, J = 1.5 Hz, 2H), 8.40 (d, J = 8.4 

Hz, 2H), 7.92 (dd, J = 8.4 & 1.5 Hz, 2H), 7.25 (d, J = 19 Hz, 2H), 6.33 (d, J = 19 Hz, 2H), 3.91 

(q, J = 7 Hz, 12H), 1.29 (t, J = 7 Hz, 18H). 13C NMR (125 MHz, CDCl3): ∂C 155.59, 148.53, 

145.09, 133.87, 130.87, 121.27, 120.99, 58.74, 18.28. HRMS (EI+): m/z calc. 532.2425 (M+), 

found 532.2443 (M+).   

 

2,2’-Diamino-4,4’-bis(2-triethoxysilyl)ethenyl-1,1’-biphenyl (3-41) 

In a typical procedure, 4,4’-Dibromobiphenyl-2,2’-diamine (154 mg, 0.45 mmol), bis[tri(o-

tolyl)phosphine]palladium(II) dichloride (3.54 mg, 0.0045 mmol), tri(o-tolyl)phosphine (5.5 mg, 

0.018 mmol) and tetra(n-butyl)ammonium bromide (29 mg, 0.09 mmol) were combined in a glass 

vessel that could be sealed with a Teflon tap equipped with a Teflon stir bar. DMF (2 mL), 

triethylamine (0.25 mL, 1.8 mmol), water (1 µL, 0.055 mmol), and vinyltriethoxysilane (0.25 mL, 
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1.2 mmol) were added. The mixture was then thoroughly degassed, the atmosphere was replaced 

with argon, and then sealed with the Teflon tap and heated at 125 ºC for 24 h with stirring. Upon 

cooling, the liquid was separated from the ammonium salt crystals by washing with a minimal 

amount (0.25 mL) of dry diethylether. The solvents were then removed by Kugelrohr distillation 

(60 ºC, 1 mmHg), and dry diethylether (10 mL) was added to the mixture and it was sonicated 

briefly and then filtered through celite. The product was purified by column chromatography on 

silica gel, using dichloromethane (DCM) as the eluent (ca. 400 mL) before changing to 10% THF 

in DCM to elute the product which was isolated as a clear oil in 94% yield (237 mg, 0.42 mmol). 

1H NMR (600 MHz, CDCl3): ∂H 7.16 (d, J = 20 Hz, 2H), 7.10 (d, J = 8 Hz, 2H), 6.97 (d, J = 8 Hz, 

2H), 6.89 (s, 2H), 6.16 (d, J = 20 Hz, 2H), 3.89 (q, J = 7 Hz, 12H), 3.74 (broad s, 4H), 1.27 (t, J = 

7 Hz, 18H); 13C NMR (150 MHz, CDCl3): ∂C 148.96, 132.94, 131.98, 131.22, 125.53, 117.55, 

117.67, 113.75, 58.62, 18.31; 29Si NMR (119 MHz, CDCl3): ∂Si -56; HRMS (ESI): calcd 

561.28107 [M+H]+, found 561.28330 [M+H]+ 

 

Tri(isopropoxy)vinylsilane (3-45)  

This procedure was inspired by the work of Belyakova and co-workers.[29] In a typical 

synthesis, dry isopropanol (30 mL, 390 mmol) was added dropwise to a solution of 

trichlorovinylsilane (12.7 mL, 100 mmol) in dichloromethane (70 mL) over 1.5h while argon was 

vigorously bubbled through the reaction mixture. The mixture was allowed to stir for an 

additional 1.5h at 50 ºC. The remaining solvent was then removed under reduced pressure, basic 

alumina was added, and the product was distilled to give 3-45 as a clear, colorless oil in 95 % 

yield (22 g, 95 mmol). The spectra matched those reported in the literature.[29] 

 

4,4’-bis(2-tri(isopropoxy)silyl)ethenyl-1,1’-biphenyl (3-46) 

A modification of general procedure A was used wherein 3-45 was used instead of 

triethoxyvinylsilane to yield 3-46 in 97 % yield (1.79 g, 2.9 mmol) from 4,4’-dibromo-1,1’-
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biphenyl (936 mg, 3 mmol). 1H NMR (600 MHz, CDCl3): ∂H 7.59 (d, J = 8 Hz, 4H), 7.54 (d, J = 8 

Hz, 4H), 7.22 (d, J = 19 Hz, 2H), 6.23 (d, J = 19 Hz, 2H), 4.30 (sept, J = 6 Hz, 6H), 1.25 (d, J = 6 

Hz, 36H). 13C NMR (150 MHz, CDCl3): ∂C 147.70, 140.66, 137.14, 127.26, 127.05, 120.21, 

65.31, 25.58. 29Si NMR (119 MHz, CDCL3): ∂Si -60.5. HRMS (ESI): calcd 615.35372 [M+H]+, 

found 615.35054 [M+H]+ 

 

Triethoxysilylacetylene (3-51) 

This procedure was inspired by Eckelbarger and co-workers.[30] In oven-dried glassware, 

0.5M solution of ethynyl magnesium bromide in THF (55 mL, 27.5 mmol) was added dropwise to 

a stirred solution of chlorotriethoxysilane (3.2 mL, 17.7 mmol) in diethyl ether (50 mL) at 0 ºC 

over a period of 2 h. The reaction mixture was then allowed to warm to room temperature, the 

volatiles were removed under reduced pressure, replaced with diethyl ether (50 mL) and the 

reaction mixture was filtered through dry celite. The ether was then removed and the product was 

distilled under vacuum to give 3-51 as a clear colorless oil in 90 % yield (2.9 g, 15.9 mmol). The 

obtained spectra matched those reported in the literature.[30] 

 

4,4’-Bis(2-(triethoxysilyl)ethyl)-1,1’-biphenyl (3-34) 

In a typical procedure, 3-35 (5.02g, 9.5 mmol) was dissolved in 40 mL of THF and places in a 

stainless steel Parr vessel with Teflon stir bar. To this was added 10% Pd/C (1.43g, 1.35 mmol) 

and the vessel was sealed. The headspace in the Parr vessel was replaced with hydrogen charged 

to 300 psi, the vessel was then sealed and heated to 100 ºC. Once at temperature the vessel was 

filled to 500 psi with hydrogen and the vessel was sealed. The reaction mixture was then heated 

for 24 h with stirring. Upon completion, the vessel was allowed to cool to room temperature and 

then depressurized. The resulting liquid was then filtered through celite and the volatiles removed 

in vacuo to give 3-34 as a clear colorless oil in 99% yield (5.03g, 9.4 mmol), which required no 

further purification. 1H NMR (600 MHz, CDCl3): δH 7.49 (d, J = 8 Hz, 4H), 7.27 (d, J = 8 Hz, 
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4H), 3.84 (q, J = 7 Hz, 12H), 2.77 (m, 4H), 1.24 (t, J = 7 Hz, 12H), 1.03 (m, 4H); 13C NMR (150 

MHz, CDCl3): δC 143.46, 138.59, 128.17, 126.90, 58.43, 28.52, 18.32, 12.50; 29Si NMR (119 

MHz, CDCl3): ∂Si -45.9; HRMS (ESI): calcd. 535.29057 [M+H]+, found 535.29160 [M+H]+. 

3.5.2 Materials Synthesis from Section 3.2 

 

General Procedure B: Sol-gel synthesis of PMO materials under basic conditions 

In a typical synthesis (ratios as specified in Table 3-2), H2O, SDA, and 6 N NaOH  were 

combined in a jar equipped with PTFE lid and Teflon covered stirbar. This mixture was stirred 

vigorously on a magnetic stirrer at 600 rpm for approximately 15 min. The siloxane precursor was 

then added to the to the surfactant mixture while stirring at 600 rpm. The mixture immediately 

became cloudy. The mixture was then stirred at 600 rpm at room temperature for 16 h, this 

resulted in a clear and colourless solution. The stir bar was then removed and the vessel was 

sealed and aged at 95 ºC for an additional 24 h. The resulting solids were then collected via 

vacuum filtration and washed twice with hot water. The resulting white powder was then put back 

into a jar with a Teflon lined cap and stirbar and extracting solution (20 mL of a solution of 6 g of 

12 M HCl in 180 g of EtOH) was added and the mixture was stirred for 6 h at 65 ºC. The material 

was then collected via vacuum filtration and washed with an additional portion of hot extracting 

solution (acidic ethanol as above, 20 mL) and subsequently by a portion of EtOH (20 mL). The 

materials were then placed into a vacuum oven at 80 ºC overnight prior to characterization. 

 

General Procedure C: Sol-gel synthesis of PMO materials under acidic conditions 

Brij-76 was employed as the structure-directing agent under acidic conditions (molar ratio as 

specified in Table 3-2). In a typical synthesis, H2O, Brij-76 and HCl (12 M aqu. solution) were 

combined in a vial with a Teflon lined cap and stir bar and heated to 60 ºC for 1 h while stirring 

with a magnetic stirrer at 600 rpm. NaCl was then added and the mixture was allowed to stir an 
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additional 3 h at 600 rpm and 60 ºC. The siloxane precursor was then added to the to the 

surfactant mixture. While stirring at 600 rpm the mixture immediately became cloudy. The 

mixture was then allowed to stir at 600 rpm and 60 ºC for an additional 16 h. The stir bar was then 

removed and the vessel was sealed and aged at 95 ºC for an additional 24 h. The resulting solids 

were then collected via vacuum filtration and washed twice with hot water. The surfactant was 

removed by Soxhlet extraction with EtOH for 16 h. The materials were then placed in a vacuum 

oven at 80 ºC overnight prior to characterization.  

3.5.3 Small Molecule Synthesis from Section 3.3 

Triallylsilane (3-52)  

To a flame dried flask fitted with reflux condenser and dropping funnel were added 

trichlorosilane (1.26 mL, 12.5 mmol) and dry Et2O (100 mL), and the mixture was cooled to 0ºC. 

Allylmagnesium chloride (25 mL, 2 M solution in THF, 50 mmol) was then added to the mixture 

dropwise over 30 min, then heated at reflux for 3h. The reaction mixture was then cooled and 

poured over an iced saturated ammonium chloride solution, the organics were separated and then 

washed with water, then brine and dried over sodium sulfate prior to removing the volatiles under 

reduced pressure. The resulting liquid could then be distilled under reduced pressure to give 

triallylsilane as a clear colorless liquid. 90 % yield (1.7 g, 11.3 mmol). Spectra matched those 

reported in the literature.[26]  

 

Triallylbromosilane (3-53)  

In a typical procedure, triallylsilane 3-52 (1.7 g, 11.3 mmol), allylbromide (1.5 mL, 17.3 

mmol), and palladium dichloride (~10 mg, 0.06 mmol) were dissolved in dry benzene (15 mL) in 

a sealable reaction vessel. The mixture was then thoroughly degassed, and the headspace replaced 

with argon; the vessel was then sealed and the reaction was heated to 60ºC for 3h. The reaction 

mixture was then cooled to room temperature, and all of the volatiles were removed under 
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reduced pressure. The product was then distilled under high vacuum at 140ºC to give 3-53 as a 

clear, slightly green liquid in 90% yield (2.3 g, 10.2 mmol). Spectral data matches those 

previously reported.[26] 

General Procedure D: Normal-addition lithium-halogen exchange attachment of silanes 

In a typical reaction, aryl halide (1 mol eq) was added to a flame dried Schlenk flask equipped 

with a rubber septum, the headspace was then evacuated and replaced with argon. To this was 

added THF (30 mL/ mmol substrate) and the mixture was cooled to -78ºC. Butyllithium (1.05 mol 

eq per halide for n- and s- BuLi; 2.05 mol eq per halide for t-BuLi) was then added drop-wise (no 

more then 0.1 mL/min) and the mixture was allowed to stir at -78ºC for 2h. The silicon 

electrophile (TASBr or ADESCl; 1.2 mol eq per halide) was then added drop-wise and the 

mixture was allowed to stir at -78ºC for 15 min prior to being warmed to room temperature where 

the mixture remained stirring for 1.5 h. The mixture was then quenched with saturated NaHCO3 

solution and extracted with ether; the organics were then washed with water then brine, and 

subsequently dried over anhydrous sodium sulfate. The volatiles could then be removed in vacuo 

and the resulting oil purified using column chromatography or preparative TLC with hexane-

diethylether combinations as the eluent. 

General Procedure E: Barbier-style lithium-halogen exchange attachment of silanes 

In a typical reaction, aryl halide (1 mol eq) was added to a flame dried Schlenk flask equipped 

with a rubber septum, the headspace was then evacuated and replaced with argon. To this was 

added THF (30 mL/ mmol substrate) and the silicon electrophile (TASBr or ADESCl; 1.2 mol eq 

per halide), then the mixture was cooled to -78ºC. Butyllithium (2.05 mol eq t-BuLi) was then 

added drop-wise (no more then 0.05 mL/min) and the mixture was allowed to stir at -78ºC for 2 h 

prior to raising to room temperature where it was stirred for an additional 1.5 h. The mixture was 

then quenched with saturated NaHCO3 solution and extracted with ether; the organics were then 

washed with water then brine, and subsequently dried over anhydrous sodium sulfate. The 
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volatiles could then be removed in vacuo and the resulting oil purified using column 

chromatography or preparative TLC with hexane-diethylether combinations as the eluent. 

4,4’-Bis(triallylsilyl)-1,1’-biphenyl (3-54) 

General procedure D or E were used to convert 4,4’-dibromo-1,1’-biphenyl into 3-54 as a 

clear colorless oil in 96 % yield (nBuLi, 837 mg, 1.92 mmol), 94 % yield (sBuLi, 428 mg, 0.94 

mmol), and 97 % yield (tBuLi, 1.77 g, 3.9 mmol). 1H NMR (600 MHz, CDCl3): ∂H 7.60 (s, 8H), 

5.82 (m, 6H), 4.94 (d, J = 17 Hz, 6H), 4.91 (d, J = 10 Hz, 6H), 1.90 (d, J = 8 Hz, 12H). 13C NMR 

(150 MHz, CDCl3): ∂C 141.72, 134.77, 134.29, 133.82, 126.41, 114.42, 19.64. 29Si NMR (119 

MHz, CDCl3): ∂Si -7.20. HRMS (ESI): calcd. 455.25848 [M+H]+, found 455.25748 [M+H]+. 

3.5.4 Materials Synthesis from Section 3.3 

General procedure B was used to form materials with 3-54 as the siloxane precursor. 

 

 

3.5.5 Small Molecule Synthesis from Section 3.4 

Allyldiethoxychlorosilane (ADESCl) (3-59) 

In a typical synthesis allyltriethoxysilane (14 mL, 62 mmol), allyltrichlorosilane (3 m, 21 

mmol), and triphenyl phosphine (10 mg, 0.04 mmol) were added, under argon, into an oven-dried 

Schlenk bomb equipped with a Teflon covered stir bar. The vessel was sealed and heated to 150 

ºC for 18h with stirring; upon cooling, the liquid was transferred to an oven-dried distillation set-

up and distilled under reduced pressure at 130 ºC to yield the title compound as a clear colorless 

liquid in 90 % yield in a 85:15 mixture of 3-59:allyltriethoxysilane (3.8 g 3-59, 4.5 g of mixture; 

20 mmol of 3-59). 1H NMR (500 MHz, CDCl3): ∂H 5.76 (m, 1H), 5.03 (d, J = 17 Hz, 1H), 4.98 (d, 

J = 10 Hz, 1H), 3.87 (q, J = 7 Hz, 4H), 1.83 (d, J = 8 Hz, 2H), 1.22 (t, J = 7 Hz, 6H). 13C NMR 

(150 MHz, CDCl3): ∂C 130.57, 116.18, 59.71, 22.56, 17.73. 29Si NMR (119 MHz, CDCl3): ∂Si –

32.5. HRMS (ESI): calcd 195.06081 [M+H]+, found 195.02571. 
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4,4’-Bis(allyldiethoxysilyl)-1,1’-biphenyl (3-51) 

The general procedure E was used to give 3-51 as a clear, colorless oil in 95 % yield  (2.23 g, 

4.75 mmol) from 4,4’-dibromo-1,1’-biphenyl (1.56 g, 5 mmol). General procedure D could also 

be used and give 96 % yield (nBuLi, 670 mg, 1.4 mmol), 89 % yield (sBuLi, 418 mg, 0.89 mmol), 

and 93 % yield (tBuLi, 440 mg, 0.93 mmol). 1H NMR (600 MHz, CDCl3): ∂H 7.71 (d, J = 8 Hz, 

4H), 7.62 (d, J = 8 Hz, 4H), 5.84 (m, 2H), 4.96 (d, J = 17 Hz, 2H), 4.91 (d, J = 10 Hz, 2H), 3.87 

(q, J = 8Hz, 8H), 1.93 (d, J = 8 Hz, 4H), 1.86 (t, J = 7 Hz, 12H).  13C NMR (150 MHz, CDCl3): ∂C 

142.47, 134.94, 132.80, 132.37, 126.50, 114.88, 58.84, 20.94, 18.35. 29Si NMR (119 MHz, 

CDCl3): ∂Si -24.1. HRMS (ESI): m/z calcd 471.23814 [M+H]+, found 471.23590 [M+H]+ 

 

4,4’-Bis(allyldiethoxysilyl)-2,2’-dimethoxy-1,1’-binapthalene (3-64) 

General procedure B above was used to give 3-64 as clear colorless oil in 68 % yield (214 mg, 

0.34 mmol) from 4,4’-dibromo-2,2’-dimethoxy-1,1’-binapthalene (236 mg, 0.5 mmol). 1H NMR 

(500 MHz, CDCl3): ∂H 8.37 (d, J = 8 Hz, 2H), 7.93 (s, 2H), 7.36 (t, J = 8 Hz, 2H), 7.21 (t, J = 8 

Hz, 2H), 7.11 (d, J = 8 Hz, 2H), 5.93 (m, 2H), 5.02 (d, J = 17 Hz, 2H), 4.95 (d, J = 10 Hz, 2H), 

4.02 (q, J = 7Hz, 8H), 3.79 (s, 6H), 2.13 (d, J = 8 Hz, 4H), 1.36 (t, J = 7 Hz, 12H).  13C NMR (125 

MHz, CDCl3): ∂C 153.98, 134.16, 133.39, 133.14, 132.87, 128.25, 126.00, 125.86, 132.75, 

123.62, 122.55, 114.84, 59.07, 56.90, 22.24, 18.40. 29Si NMR (99 MHz, CDCl3): ∂Si -23.5. HRMS 

(ESI): m/z calcd 631.29057 [M+H]+, found 631.29135 [M+H]+ 

 

3,3’-Bis(allyldiethoxysilyl)-2,2’-dimethylmethoxy-1,1’-binapthalene (3-65) 

A modification of the general procedure D was used to give 3-65 in a 40 % yield (103 mg, 

0.15 mmol) as a clear colorless oil from 2,2’-dimethylmethoxy-1,1’-binapthalene (140 mg, 0.37 

mmol). 1H NMR (600 MHz): ∂H 8.31 (s, 2H), 7.87 (d, J = 8 Hz, 2H), 7.35 (t, J = 8 Hz, 2H), 7.25 
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(t, J = 8 Hz, 2H), 7.22 (d, J = 8 Hz, 2H), 5.85 (m, 2H), 4.97 (d, J = 17 Hz, 2H), 4.83 (d, J = 11 Hz, 

2H), 4.59 (d, J = 5 Hz, 2H), 4.42 (d, J = h Hz, 2H), 3.95 (q, J = 7 Hz, 8H), 2.62 (s, 6H), 2.06 (d, J 

= 8 Hz, 4H), 1.30 (t, J = 7 Hz, 6H), 1.26 (t, J = 7 Hz, 6H). 13C NMR (150 MHz): ∂C 157.48, 

139.33, 135.75, 133.21, 130.25, 128.53, 127.48, 127.19, 126.15, 124.60, 123.66, 114.62, 98.61, 

58.84, 58.82, 56.16, 21.26, 18.32, 18.28. 29Si NMR (125 MHz): ∂Si -24.6. HRMS (ESI): calcd. 

713.29364 [M+Na]+, found 713.29576 [M+Na]+.     

 

6,6’-Bis(allyldiethoxysilyl)-2,2’-methylmethoxy-1,1’-binapthalene (3-66) 

General procedure B above was used to give 3-66 (311 mg, 90 % yield,  0.45 mmol) from 266 

mg of 6,6’-dibromo-2,2’-methylmethoxy-1,1’-binapthalene (0.5 mmol). 1H NMR (400 MHz): ∂H 

8.19 (s, 2H), 7.98 (d, J = 9 Hz, 2H), 7.58 (d, J = 9 Hz, 2H), 7.42 (d, J = 9 Hz, 2H), 7.14 (d, J = 9 

Hz, 2H), 5.09 (d, J = 7.5 Hz, 2H), 4.98 (d, J = 7.5 Hz, 2H), 4.93 (d, J = 17 Hz, 2H), 4.87 (d, J = 

10 Hz, 2H), 3.87 (q, J = 7 Hz, 8H), 3.14 (s, 6H), 1.92 (d, J = 7 Hz, 4H), 1.24 (t, J = 7 Hz, 12H).   

13C NMR (100 MHz): ∂c 153.36, 135.78, 134.95, 132.91, 130.61, 130.04, 129.23, 128.54, 124.71, 

120.89, 117.00, 114.78, 95.07, 58.84, 55.82, 21.00, 18.34. 29Si NMR (80 MHz): ∂Si -35. HRMS 

(ESI): m/z calcd 691.31170 [M+H]+, found 691.31201 [M+H]+ 

 

2,4-Bis(allyldiethoxysilyl)anisole (3-67) 

Using general procedure E, 2,4-dibromoanisole (200 mg, 0.75 mmol) gave 3-67 as a clear 

colorless oil in 70 % yield (225 mg, 0.53 mmol). 1H NMR (500 MHz, CDCl3): ∂H 7.88 (s, 1H), 

7.67 (d, J = 8 Hz, 1H), 6.85 (d, J = 8 Hz, 1H), 5.81 (m, 2H), 4.87 (m, 4H), 3.83 (m, 11H), 1.93 (d, 

J = 8 Hz, 2H), 1.86 (d, J = 8 Hz, 2H), 1.23 (m, 12 H).  13C NMR (125 MHz, CDCl3): ∂C 165.94, 

143.34, 138.77, 133.55, 133.11, 123.96, 120.81, 114.59, 114.06, 109.02, 58.78, 58.70, 54.86, 

21.80, 21.12, 18.33, 18.30. 29Si NMR (99 MHz, CDCl3): ∂Si -23.71, -26.65. HRMS (ESI): m/z 

calcd 425.21740 [M+H]+, found 425.21620 [M+H]+ 
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2,5-Bis(allyldiethoxysilyl)thiophene (3-68) 

Using general procedure D, 2,5-dibromothiophene (90 mg, 0.37 mmol) gave 3-68 as a clear 

green oil in 70 % yield (104 mg, 0.26 mmol). 1H NMR (500 MHz, CDCl3): ∂H 7.50 (s, 2H), 5.83 

(m, 2H), 4.95 (m, 4H), 3.87 (q, J = 7Hz,  8H), 31.9 (d, J = 8Hz, 4H), 1.24 (t, J = 7 Hz, 12 H).  13C 

NMR (125 MHz, CDCl3): ∂C 139.09, 137.03, 132.29, 115.22, 59.11, 21.79, 18.26. 29Si NMR (99 

MHz, CDCl3): ∂Si
 -28.07. HRMS (ESI): m/z calcd 423.14520 [M+Na]+, found 423.14394 

[M+Na]+ 

 

1,3,5-Tris(4’(allyldiethoxysilyl)phenyl)benzene (3-69) 

Using general procedure E above, 1,3,5-tris(4-bromophenyl)benzene (270 mg, 0.5 mmol) 

gave 3-69 as a clear colorless oil in 55% yield (215 mg, 0.28 mmol). 1H NMR (500 MHz, CDCl3) 

∂H 7.82 (s, 3 H), 7.76 (d, J = 7 Hz, 6H), 7.71 (d, J = 7 Hz, 6H), 5.85 (m, 3 H), 4.98 (d, J = 18 Hz, 

3H), 4.92 (d, J = 10 Hz, 3H), 3.89 (q, J = 7 Hz, 12H), 1.93 (d, J = 8 Hz, 6H), 1.28 (t, J = 7 Hz, 

18H).  13C NMR (125 MHz, CDCl3) ∂C 142.60, 142.22, 135.06, 132.78, 132.53, 126.70, 125.44, 

114.94, 58.87, 20.98, 18.37. 29Si NMR (99 MHz, CDCl3) ∂Si -24.50. HRMS (ESI): m/z calcd 

781.37705 [M+H]+, found 781.37531 [M+H]+ 

 

3.5.6 Materials Synthesis from Section 3.4 

General procedure B above was used to produce materials for this section; however, the initial 

temperature was raised from room temperature to 40ºC.  
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Chapter 4 

 

New Prochiral Bulk Phases for PMO Materials 

 

 

 

4.1 Introduction and Concept 

One potentially valuable opportunity that can be envisioned when preparing chiral materials 

through chiral induction (the topic of chapter 2) is the ability to employ prochiral functional 

siloxane precursors and then introduce them into PMO materials in the presence of chiral dopants 

rather than prepare more complex siloxane precursors that bear functional groups as well as 

chirality. This concept is shown schematically in Figure 4-1, and involves the utilization of 2,2’-

disubstituted 1,1’-biphenyl moieties—that are free to rotate about their bi-aryl axis at ambient 

temperature—in combination with a fixed chiral dopant and bulk phase for additional structural 

support. Some of the prochiral functional units that we were interested in are shown in Figure 

4-2, and include biphenyldiamine-bridged 4-1, bipyridine-bridged based 4-2, and 

phenylpyrimidine-bridged 4-3. All of these nitrogen based siloxane precursors would be expected 

to make interesting chiral materials, with 4-1 serving as a mimic of the binapthyl-based analogue, 

while 4-2 and 4-3 have no chiral analogues due to the nitrogen atoms at the ortho positions 

relative to the bi-aryl bond. Herein, we will discuss the synthesis of these new bulk phases, as well 

as an examination of their uses as siloxane precursors, including some of the challenges faced in 

the preparation of these monomers and their corresponding materials.  
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Figure 4-1 Three part approach to chiral materials. 

 

Figure 4-2 Biphenyl-based analogues for chiral materials. 

4.2 Biphenyldiamine: a Prochiral BINAM Analogue 

The 1,1’-binaphthalene family of molecules, most famously known for its diol and bis-

phosphine based members BINOL and BINAP, also contains amine based 1,1’-binaphthyl-2,2’-

diamine (4-4), commonly abbreviated as BINAM. Unlike BINOL and BINAP, BINAM has seen 

limited use in the literature as a chiral amine, with many chemists opting to use 1,2-

cyclohexyldiamine for chiral transfer applications.[1] This is likely because BINAM is more 

expensive to purchase in its enantiopure form ($51 per mmol versus $14 per mmol).[2] More 

recently, BINAM has found promising catalytic applications where lanthanide BINAM metal 

complexes have been used for enantioselective hydroamination.[3] In addition, BINAM-bridged 

organosilicas have been employed as chiral stationary phases for chiral HPLC.[4] Because of the 

potential utility of a recoverable version of BINAM, we choose to undertake the synthesis of 
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biphenyl-2,2’-diamine-bridged siloxane precursors and examine their fabrication into PMO 

materials. 

 

Figure 4-3 BINAM and its biphenyl analogue. 

4.2.1 Synthesis of Biphenyldiamine-bridged Siloxane Precursors 

The synthetic scheme for BINAM analogue 4-1 is based on the route that was described 

by Holmes and co-workers,[5] and is shown in equation 4-1. It involves the Ulmann coupling of 

2,5-dibromonitrobenzene (4-6) to give 4,4’-dibromo-2,2’-dinitrobiphenyl (4-7), which occurs in 

high yields. The activating ability of the nitro group on the cuprate intermediate allows for the 

selective coupling at the position ortho to the nitro functionality to give 4-7 as the exclusive 

biphenyl isomer. The reduction of the nitro groups could then be facilitated through a dissolving-

metal reduction with iron in acetic acid to produce 4-8 in good yield. This procedure can be used 

for the preparation of 4-8 on multi-gram scales in 69 % overall yield in 2 steps from commercially 

available starting materials. 

 

NH2
NH2

NH2
H2N

4-4 4-5

Fe, AcOH, 
r.t., 6h

4-74-6

Br

NO2
O2N

Br

Cu, DMF,
120ºC, 1.5h

85 % 81 %
[eq 4-1]
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With 4-8 in hand, we proceeded to attempt the preparation of diamine-bridged siloxane 

precursors directly, as shown in equation 4-2. Unfortunately, installation of the silane directly 

onto 4-8 via metal halogen exchange or Masuda coupling to give 4-9 (equation 4-2 top) proved 

unsuccessful. We suspect this is due to the propensity for the butyl lithium to deprotonate the 

amine of 4-8 rather then undergoing lithium-halogen exchange, and the use of excess of both 

butyl lithium reagent and silicon electrophile was avoided to prevent the formation of N-silylated 

species. The use of a two-carbon bridging unit (introduced in Section 3.2.1) was successful and 

afforded 4-11 in high yields directly from 4-8 using a Mizoroki-Heck cross coupling reaction 

(equation 4-2 bottom). 

 
As more highly ordered materials are typically formed when the silane is attached directly to 

the aromatic ring, we prepared the tetraallylated version 4-12. We initially targeted either benzyl 

or allyl protecting groups because of their ability to be cleaved under anhydrous conditions, which 

would limit moisture exposure of the siloxane precursors and prevent premature polymerization. 

Br

NH2
H2N

Br
NH2

H2N

Si(OEt)3

Si(OEt)3

Si

NH2
H2N

Si

4-9     Si = Si(OEt)3
4-10   Si = ADES

4-11

Metal-Halogen Exchange
Masuda Reaction

[eq 4-2]

PdCl2[P(oTol)3]2,
TBAB, Et3N, DMF,

P(oTol)3, H2O, 126ºC, 24h

94 %
4-8

Si(OEt)3
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We found that allyl attachment protocols gave significantly higher yields than the benzyl 

analogues, likely due to the steric demands of placing 4 benzyl groups on the amines at the 2,2’-

postions of a biphenyl system. Gratifyingly, metal-halogen exchange and introduction of the 

silanes to 4-12 proceeded effectively to give either 4-13 or 4-14 in good yields, depending on the 

choice of silyl electrophile (equation 4-3). 

 
For the removal of the allyl groups, we had hoped that hydrogenolysis would be effective, 

however those protocols resulted in the hydrogenation of the alkene to give the complex mixtures 

of allyl and propyl groups on the nitrogens. In the literature, the removal of allyl protecting groups 

is facilitated catalytically using tetrakis(triphenylphosphine)palladium(0) under mild reaction 

conditions with an allyl scavenger such as the 1,3-dimethylbarbituric acid 4-15. Unfortunately, 4-

15—due to its membership in the barbiturate family of drug molecules—has been included in 

item 1 of Schedule IV of the Canadian Controlled Drugs and Substances Act (CDSA) rendering 

its purchase and importation prohibitive and its synthesis in our labs frowned upon. Initially we 

examined other, less strictly controlled, allyl scavengers; however these proved unsuccessful. As 

such, we were left with little alternative than to obtain approval from Health Canada in the form 

of an “exemption to use a controlled substance for scientific purposes” and purchase 4-15. This 

species did indeed prove effective in removing the allyl groups from 4-13 to give 4-9 in moderate 

but sufficient yield as shown in equation 4-4. 
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Br

N
N

Br

CH3CN, K2CO3,
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90 % 80-95 %
[eq 4-3]

Br Si
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N
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2) ClSi(OEt)3,
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 -78ºC to rt, 14h

4-13   Si = Si(OEt)3
4-14   Si = ADES
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4.2.2 Amine Functionalized Materials 

With amine bearing siloxane precursors in hand, we examined their fabrication into PMO 

materials. Initially, attempts to form 100% materials from the amine-based monomers resulted in 

poor gelation and little ordering. When an additional bulk phase monomers were used, the 

materials produced were porous and moderately ordered on the mesoscale. The porosimetry data 

are summarized in Table 4-1 with the isotherms and pores size distribution shown in Figure 4-4 

and Figure 4-5 respectively. Most of these materials are rather unremarkable, with the exception 

of 4-1320•BTEBpB, which exhibits two distinct pore size regions (1.5-2.5 nm and 6-30 nm). We 

suspect this anomaly is caused by the interaction of the allyl groups with the hydrophobic chains 

of the SDA. 
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N
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[eq 4-4]
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Table 4-1 Materials formed using biphenyldiamine-bridged siloxane precursors.  

 

Materiala SDA 
Molar ratio/Si Porosimetry Data 

H2O SDA Cat. SAb (m2g-1) Pore sizec 
(nm) 

PVd 
(cm3g-1) 

4-1120•BTEBpAB OTACl 1350 1.29 18.4e 899 2-6 0.630 
4-1120•BTEBpB OTACl 1350 1.29 12.4 691 2-4 0.552 
4-1120•BTEBpA Brij™76 504 0.42 6.4 723 2-4 0.930 

4-1320•BTEBpB OTACl 1350 1.29 12.4 704 1.5-2.5 
6-30 0.877 

4-925•BTEBpB OTACl 1320 1.28 12.2 896 2-4 0.892 
4-950•BTEBpB OTACl 1320 1.28 12.2 760 2-4 0.479 

aAminemole %•BulkPhase 
  bBET surface area; cDFT pore diameter; dDFT Pore Volume; e 6 eq HCl 

followed by 18.4 eq NaOH  
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Figure 4-4. Representative nitrogen adsorption-desorption isotherms for materials described in 

Table 4-1. 

 

 

Figure 4-5. DFT pore size distributions for materials described in Table 4-1. 
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4-1120•BTEBpB (offset 400) 
4-1120•BTEBpA (offset 300) 
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4-925•BTEBpB (offset 100) 
4-950•BTEBpB 
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13C CP/MAS NMR spectra of 4-925•BTEBpB and 4-1320•BTEBpB are shown in Figure 4-6 

and both largely resemble the BTEBp parent materials, with the added allyl carbon signal at ca. 

120 ppm in the case of the 4-13 materials. Note that the remaining allyl carbons are hidden by the 

spinning sidebands and BTEBp carbons. 29Si CP/MAS NMR spectra (Figure 4-7) look similar to 

BTEBp based materials for both 4-925•BTEBpB and 4-1320•BTEBpB. 

 

 

 

Figure 4-6. Representative 13C CP/MAS NMR spectra of (a) 4-925•BTEBpB and (b) 4-

1320•BTEBpB.  

(a) 

(b) 
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Figure 4-7. Representative 29Si CP/MAS NMR spectra of (a) 4-925•BTEBpB and (b) 4-

1320•BTEBpB. 

In order to assess how much of the amine-bridged dopant ends up in the composites, and 

thereby gain insight into the varying rate of gelation and solubility of the functional precursors, 

we subjected the PMO materials to elemental analysis (EA) by combustion (Table 4-2). These 

data are difficult to interpret for two reasons. Firstly, the presence of silica sites in either T1, T2, or 

T3 makes the prediction of the theoretical EA values difficult. To simplify this we have assumed 

that all silanes are present in their T3 form. In addition, the use of a nitrogen based surfactant 

could cause artificial high nitrogen content from residual surfactant. To take this into account, we 

have included EA data for BTEBp PMO materials as well.  

(a) 

(b) 
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In addition to the EA data, we have included the % of dopant incorporated in Table 4-2. Upon 

analysis of the functional dopants incorporation levels, it is evident that when the sol-gel synthesis 

is performed under acidic conditions (4-1120•BTEBpA and to some extent 4-1120•BTEBpAB) the 

incorporation/gelation of the amine-based unit is favored over the bulk phase. For example, while 

4-1120•BTEBpA, and 1120•BTEBpAB both had 20 mol % dopant loading at the beginning of the 

sol-gel synthesis, only 7.8 % is actually incorporated during the base synthesis and 16.6 % is 

actually incorporated when the hydrolysis begins in acidic medium prior to basifying the reaction 

mixture for the rest of the synthesis. This is compared with 38.8 % dopant being incorporated in 

the final materials under acidic conditions. We suspect that this may be due to the charge on the 

amine portion of 4-11 that results from protonation in acidic medium and increased interactions 

with the surfactant. This SDA interaction could also be used to explain why the tetra-allyl 

analogue 4-13 is fully incorporated while 4-9 is not; however, this time due to interactions of the 

ally groups with the hydrophobic portion of the SDA. Additionally, it is important to note that 

after the synthesis and extraction of BTEBpB materials, the nitrogen content is low (0.05%), 

showing that the removal of the nitrogen based SDA is effective. 

Table 4-2. Nitrogen content in amine bridged PMO materials 

Material 
Calculated Found %  of Dopant 

Incorporateda C H N C H N 

4-1120BTEBpAB 56.33 3.35 1.66 48.64 3.44 1.18 16.6 % 

4-1120BTEBpB 56.33 3.35 1.66 45.28 3.31 0.51 7.8 % 

4-1120BTEBpA 56.33 3.35 1.66 47.77 4.01 2.85 38.8 % 

4-1320BTEBpB 57.88 3.69 1.25 52.78 3.88 1.32 23 % 

4-925BTEBpB 54.75 3.24 2.45 49.28 3.71 1.21 9.8 % 

4-950BTEBpB 53.28 3.34 4.89 49.80 3.56 1.69 28 % 

BTEBpB 56.22 3.15 0 53.06 3.53 0.05 N/A 

a An approximate of the mol % of dopant incorporated in the resulting solids.   
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In brief summary, the synthesis of biphenyldiamine-bridged siloxane precursors 4-11 and 4-9 

could be achieved. However, their formation into PMO materials as the bulk constituent proved 

unsuccessful, and the inclusion of dopant level loadings resulted in variable incorporation of the 

nitrogen containing units.  

4.3 Bipyridine 

2,2’-Bipyridine (4-16) is one of the most frequently used bidentate ligands in organometallic 

chemistry, with a simple Sci-Finder search revealing more then 60000 complexes containing 2,2’-

bipyridine as one of the ligands.[6] Applications of these complexes range from 

tris(bipyridyl)ruthenium (II) (4-17), and its use as a photosensitizer,[7] to iridium complex 4-18 

that can facilitate the mild catalytic borylation of arenes.[8] This versatility, combined with an 

appealing goal to facilitate chiral catalysis with racemic ligands, caused us to explore the 

production of bipyridine-bridged siloxane precursors further. 

 

Figure 4-8. 2,2’-Bipyridine and 2,2’-bipyridyl-containing metal complexes.  

4.3.1 Synthesis of 2,2’-Bipyridyl-bridged Siloxane Precursors 

Because of its versatility, several attempts pertaining to the incorporation of the 2,2’-

bipyridine motif into PMO materials have been reported.[9-10] The first was by Inagaki and co-

workers who described the synthesis of siloxane precursor 4-19 for the production of metal 

sensing luminescent PMO materials.[9] The resulting materials underwent a change in emission 
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spectra upon complexation of a metal to the bipyridyl units embedded within the materials 

framework.[9] Due to synthetic limitations, it was necessary to incorporate a phenylacetylene 

linker between the condensable silane and the bipyridine unit within the bridge (Scheme 4-1, top). 

More recently, Inagaki and co-workers have expanded on bipyridine based PMOs with the 

production of catalytic materials for CH boryation of aromatics.[10] Once again, a multi step route 

(Scheme 4-1, bottom) was needed to prepare siloxane precursor 4-22 through a Stille coupling of 

pyridine based 4-25 that already had the condensable silane attached directly to the aromatic 

portion. It is worth noting that both of these reports appeared after we had begun working on the 

project.   
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Scheme 4-1. Synthetic routes from the literature for the creation of bipyridine based siloxane 

precursors.[9-10] 

Our synthetic route to the halogenated bypridine is shown in equation 4-5 and is based on that 

proposed by Khimich and co-workers.[11] As anticipated, the bromination of the hydrobromide salt 

of 2,2’-bipyridie (4-25), in the melt, afforded 5,5’-dibromo analogue 4-21 in moderate yields. 

 
Attachment of the condensable silane directly to 4-21 (equation 4-6 top) proved prohibitively 

difficult in our hands, such that 4-26 was never produced in more than trace amounts. Conversely, 

a slight modification of the Heck strategy discussed in Chapter 3 provided the bipyridine-bridged 

siloxane precursor 4-27 in good yields (equation 4-6 bottom). 
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[eq 4-5]
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4.3.2 Materials Fabrication 

With the siloxane precursor 4-27 in hand, we set out to use it as the bulk constituent for the 

fabrication of PMO materials. Unfortunately, at 50-100 % loading, we had difficulties forming a 

gel; and under harsher conditions, the resulting solids were non-porous. Therefore, we attempted 

to make materials with 4-27 at smaller loadings along with additionally added bulk precursor for 

structural support. These attempts are summarized by a selection of materials in Table 4-3 made 

with either BTEBp or the 4,4’-bis(2-triethoxysilylethenyl)1,1’-biphenyl (DVTEBp–compound 3-

35 from Chapter 3). 

Nitrogen sorption measurements revealed that all of the materials produced in the manner 

described above were porous (Figure 4-9), with moderate ordering of the pore size (Figure 4-10).  
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Table 4-3. Materials made from 4-27 with additional bulk siloxane-precursors.  

Materiala SDA 
Molar ratio/Si Porosimetry Data 

H2O SDA Cat. SAb (m2g-1) Pore sizec 
(nm) 

PVd 
(cm3g-1) 

4-2720•BTEBpB OTACl 1330 1.29 12.2 825 2-4 0.570 
4-2710•BTEBpA Brij™76 534 0.44 6.8 758 2-5 0.536 

4-2715•DVTEBpBe OTACl 1330 1.29 12.2 693 2-12 0.636 
aAminemole%•BulkPhase 

  bBET surface area; cDFT pore diameter; dDFT Pore Volume; e DVTEBp is  
4,4’-bis(2-triethoxysilylethenyl)1,1’-biphenyl (3-35 from Chapter 3) 
 

 

Figure 4-9. Representative nitrogen adsorption-desorption isotherms for materials described in 

Table 4-3. 

 

 

Figure 4-10. DFT pore size distribution plot for materials described in Table 4-3. 

4-2710•BTEBpA 
4-2720•BTEBpB (offset 100) 
4-2715•DVTEBpB (offset 200) 

4-2710•BTEBpA 
4-2720•BTEBpB 
4-2715•DVTEBpB 
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13C solid-state CP/MAS NMR spectra (Figure 4-11) for 4-2715•DVTEBpB reveal the 

existence of the bipyridyl-bridge in the final materials by the presence of the carbon at 

approximately 160 ppm. Despite this, the materials seem to exhibit some degree of carbon-silicon 

bond cleavage due to the presence of the Q sites (ca. -100 ppm) in the 29Si CP/MAS NMR 

spectra. Unfortunately, we are unable tell which of the two components is responsible for the 

bond cleavage.  

 

Figure 4-11. NMR spectra of 4-2715•DVTEBpB (a) 13C CP/MAS and (b) 29Si CP/MAS. 

In order to understand how much of the bipyridyl-bridge was remaining in the materials, we 

performed elemental analysis (EA) through combustion on the isolated and extracted solids. The 

results are summarized in Table 4-4; along with a % of dopant incorporated. Using the same logic 

(a) 

(b) 
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as for biphenyldiaimine materials, 4-2710BTEBpA and 4-2715•DVTEBpB show similar and 

complete incorporation levels of the bipyridyl, while the incorporation of the bipyridyl unit is 

moderately lower for 4-2720BTEBpB. We suspect that this is a result of the better ordering of 

BTEBp based materials being less amenable for the incorporation of a different sized organic-

bridge being incorporated. 

Table 4-4. Nitrogen content of materials from combustion analysis 

Material 
Calculated Found %  of Dopant 

Incorporateda 
C H N C H N 

4-2720BTEBpB 55.81 3.17 1.80 46.07 3.37 0.69 11.6 % 

4-2710BTEBpA 56.02 3.16 0.90 48.54 4.02 0.91 10.7 % 

4-2715•DVTEBpB 55.91 3.17 1.35 56.98 3.99 1.38 15 % 

a An approximate of the mol % of dopant incorporated in the resulting solids.   

 

 

In brief summary, 4-27 could be readily prepared and used in PMO materials at moderate 

loadings with an additional bulk phase. However, due to time constraints, their implementation 

into chiral materials was not attempted.  

4.4 Phenyl-pyrimidine  

Much like the bipyridine analogue mentioned in section 4.3, phenyl-pyrimidine has no chiral 

analogue that can be separated into enantiomers, nor does it have a binaphthalene analogue. 

Combined, these features make it a worthy target as a bulk phase for the production of chiral 

materials through chiral induction in the solid-state. Moreover, the phenyl-pyrimidine motif is 

commonly featured in liquid crystals, such as 4-30 and 4-31; the former taking on a confirmation 

from atropisomeric biphenyl 4-29,[12] while the latter posses chirality on the backbone.[13] Our 

group, in collaboration with Lemieux and co-workers, has shown that chiral PMO materials with 

biphenyl walls are capable of inducing a handedness in liquid crystals which extend from the 
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chiral pores.[14] As such, the production of chiral PMO materials with phenyl-pyrimidine motif in 

the backbone was a desired scaffold for these materials.  

 

 

Figure 4-12. Compounds with the phenyl-pyrimidine backbone 

4.4.1 Synthesis of Phenyl-pyrimidine-bridged Siloxane Precursors 

 Our initial synthetic route to this siloxane precursor is shown in Scheme 4-2 and involves 

the attachment of the condensable silane as the final step to give siloxane precursor 4-3 from 4-32. 

This is preceded by functional group manipulations to convert the nitro group from 4-33 into a 

halide. The phenyl-pyrimidine bond was to be formed through a Suzuki-Miyura coupling between 

4-34 and 4-35—where the activating propensity of the pyrimidine ntirogens would serve as a 

directing force for the coupling specificity. 

The synthesis of 2,5-dibromopyrimidine (4-38) proved more difficult than expected. We 

initially attempted to follow the route described by Pratt and co-workers from the amino 

pyrimidine 4-36 as shown in equation 4-7.[15] While the first steps involving an electrophilic 

bromination gave 4-37 in high yields, we were not able to successfully implement the Sandmeyer 

reaction to give 4-38.[15] The difficulties with this step prompted us to adopt a significantly less 

economical route from the 2-hydroxypyrimidine hydrochloride as proposed by Horváth and co-
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workers and shown in equation 4-8.[16] This involves the bromination of 2-hydroxypyrimidine at 

the 5-position to give 4-40, a displacement-dehydration gives 4-41 in 54 % yield over 2 steps. 

Finally, the chlorine at the 2-position can be displaced by bromide to give 4-38 in good yield on 

multi-gram scales.   

 

 

Scheme 4-2 Initial synthetic route to phenyl-pyrimidine based PMO materials. 
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With the requisite pyrimidine-coupling partner in hand, we proceeded to attempt the coupling 

of 4-38 with nitrophenylboronic ester 4-44 to produce 4-41 (equation 4-9). While the reaction was 

selective for incorporation of the nitrophenyl group at the 2-position of the pyrimidine ring, the 

bromine at the 5-position was cleaved during reaction conditions. While we were attempting the 

optimization of this step, Wang and co-workers reported a much simpler, albeit significantly more 

expensive route involving a single Suzuki-Miyura coupling between 4-bromophenylboronic acid 

(4-46) and 2-iodo-5-bromopyrimidine (4-45) that is shown in equation 4-10.[17] Suffice it to say, 

we went with the easier route and produced 4-43 in fair yields on gram scale.  

 
 

With 4-43 in hand, we attempted to attach the silicon directly to the aromatic backbone 

through metal-halogen exchange to give 4-47. On a test-scale this appeared promising, as 

indicated by the cross peaks between the silicon and the protons on both the phenyl and 

pyrimidine rings as seen in the 29Si HMBC spectra (Figure 4-13). Unfortunately, this was difficult 

to reproduce and we were unable to realize the preparation of 4-47 on usable scales for materials 
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synthesis.  Conversely, we did not pursue the Heck route due to time constraints, combined with 

poor quality materials that resulted from the vinyl-linked siloxane precursors. 

 

 

Figure 4-13. 29Si HMBC NMR spectra of 4-47 produced on a small scale. 
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4.5 Conclusions 

In summary, methods for synthesis of 2,2’-bipyridine and biphenyl-2,2’-diamine-bridged 

siloxane precursors were achieved on reasonable scale and yield. However, problems with the 

gelation of materials and difficulties in incorporating the functional units beyond dopant levels 

hindered the use of either as new prochiral bulk precursors for PMO materials. Conversely, the 

scale-up of the phenyl-pyrimidine-bridged siloxane precursor hindered its use for the production 

of PMO materials. Because of these shortcomings, we were never able to realize the transfer of 

chirality from the chiral dopants described in Chapter 2 onto nitrogen bearing prochiral functional 

units to give functional chiral materials via chiral induction.  

4.6 Experimental 

General experimental conditions can be found in section 2.4. 

4.6.1 Synthesis of Small Molecules from Section 4.2 

4,4’-Dibromo-2,2’-dinitrobiphenyl (4-7) 

This procedure was adapted from Holmes et al.[5] In a typical synthesis, 2,5-

dibromonitrobenzene (10.5 g, 37.6 mmol) was dissolved in 50 mL DMF and copper powder (6.6 

g, 104 mmol) was added. The mixture was then degassed briefly by bubbling argon through the 

mixture, and the mixture was heated and stirred at 120 ºC for 1.5 h. The hot mixture was then 

filtered through a celite plug, and the plug was washed with DMF (2 x 5 mL). The DMF was then 

poured into a saturated ammonium chloride solution (1 L) and this was extracted twice with 

dichloromethane (2 X 50 mL). The organic phases were then combined and washed with saturated 

ammonium chloride solution (50 mL washes) until the aqueous layer remained colorless, and then 

washed with water (50 mL). The organic phase was then dried over MgSO4 and the volatiles were 

removed under reduced pressure to give 12.8 g of the title compound (32 mmol, 85 % yield). The 
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spectra matched those reported in the literature,[5] and the product was used without any further 

purification.  

 

4,4’-Dibromobiphenyl-2,2’-diamine (4-8) 

In a typical synthesis, 4,4’-dibromo-2,2’-dinitrobiphenyl (4.6 g, 11.5 mmol) was dissolved in 

glacial acetic acid (150 mL). To this was added iron powder (5.15 g, 92 mmol) and the mixture 

was stirred vigorously at room temperature for 6 h. The mixture was then filtered, washed with 

AcOH (50 mL), and the filtrate was poured into water (1 L). The aqueous phase was then 

extracted with dichloromethane (4 x 50 mL), the combined organic phases were washed with 

water (50 mL), then saturated sodium bicarbonate solution (3 x 50 mL), and then dried over 

MgSO4. The volatiles were removed under reduced pressure to give 3.17 g of the title compound 

(9.3 mmol, 81 % yield). The spectra matched those reported in the literature,[5] and the product 

was used without any purification.  

 

4,4’-Bis(triethoxysilyl)biphenyl-2,2’-diamine (4-9) 

In a typical synthesis, N,N,N’,N’-tetraallyl-4,4’-bis(triethoxysilyl)biphenyl-2,2’-diamine (780 

mg, 1.16 mmol), Pd(PPh3)4 (45 mg, 0.04 mmol), and 1,3-dimethylbarbituric acid (2.17 g, 13.92 

mmol) were dissolved in dichloromethane (20 mL) and degassed by bubbling argon through the 

mixture while stirring for several minutes. The vessel was then sealed and heated at 35 ºC for 36 h 

with stirring. Upon cooling the solvent was evaporated, hexanes was added and the solid was 

sonicated for 5 min. Then the mixture was filtered and the solvent was removed to give a yellow 

oil. Distillation afforded the title compound in 40 % yield (237 mg, 0.47 mmol) as a clear 

colorless oil. 1H NMR (600 MHz, CDCl3): ∂H 7.08 (m, 6H), 3.87 (q, J = 7 Hz, 12H), 3.71 (broad s, 

4H), 1.23 (t, J = 7 Hz, 18H); 13C NMR (150 MHz, CDCl3): ∂C 143.62, 130.51, 126.65, 125.18, 

125.04, 122.01, 58.86, 18.36; 29Si NMR (119 MHz, CDCl3): ∂Si -58.2; HRMS (ESI): calcd 

509.24977 [M+H]+, found 509.25208 [M+H]+ 
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4,4’-Bis(triethoxysilyl)ethenyl-2,2’-diamino-1,1’-biphenyl (4-11) 

For details and characterization see the synthesis of 3-41 in Chapter 3. 

 

N,N,N’,N’-Tetraallyl-4,4’-Dibromobiphenyl-2,2’-diamine (4-12) 

In a typical synthesis, 4,4’-dibromobiphenyl-2,2’-diamine (2 g, 5.8 mmol) and K2CO3 (4.83 g, 

35 mmol) were suspended in acetonitrile (50 mL), this mixture was degassed by bubbling argon 

through the suspension while stirring. Allylbromide (3.5 mL, 35 mmol) was then added and the 

mixture was refluxed under argon with stirring for 36 h. Upon cooling, the mixture was poured 

into water (250 mL), and extracted with dichloromethane (2 X 50 mL). The organics were then 

combined and washed with water (50 mL) and then dried over MgSO4. The volatiles were 

removed under reduced pressure and the residue was purified by column chromatography with 3:1 

hexanes to dichloromethane as the eluent to give the title compound in 2.6 g (5.2 mmol, 90 % 

yield). 1H NMR (600 MHz, CDCl3): ∂H 7.18 (d, J = 8 Hz, 2H), 7.12 (s, 2H), 7.09 (d, J = 8 Hz, 

2H), 5.55 (m, 4H), 5.07 (broad s, 4H), 5.05 (d, J = 8 Hz, 4H), 3.45 (broad s, 8H). 13C NMR (150 

MHz, CDCl3): ∂C 149.66, 134.19, 132.74, 132.00, 124.73, 124.52, 121.28, 117.72, 54.00. HRMS 

(EI): m/z calcd 500.0463 [M+], found 500.0473 [M+].  

 

N,N,N’,N’-Tetraallyl-4,4’-bis(triethoxysilyl)biphenyl-2,2’-diamine (4-13) 

In a typical synthesis, N,N,N’,N’-tetraallyl-4,4’-Dibromobiphenyl-2,2’-diamine (753 mg, 1.5 

mmol) was added to a flame dried Schlenk flask equipped with a rubber septum, the headspace 

was then evacuated and replaced with argon. To this was added THF (60 mL/ mmol substrate) 

and the mixture was cooled to -78ºC. Butyllithium (1.05 mol eq per halide for n- and s- BuLi; 

2.05 mol eq per halide for t-BuLi) was then added drop-wise (no more then 0.1 mL/min) and the 

mixture was allowed to stir at -78ºC for 2h. The silicon electrophile (TASBr or ADESCl; 1.2 mol 

eq per halide) was then added drop-wise and the mixture was allowed to stir at -78ºC for 15 min 
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prior to being warmed to room temperature where the mixture remained stirring for 1.5 h. The 

mixture was then quenched with saturated NaHCO3 solution and extracted with ether; the organics 

were then washed with water then brine, and subsequently dried over anhydrous sodium sulfate. 

The volatiles could then be removed in vacuo and the resulting oil gave the title compound in 80 

% yield (803 g, 1.2 mmol) and was used for the subsequent step without further purification. 1H 

NMR (500 MHz, CDCl3): ∂H 7.33 (m, 6H), 5.51 (m, 4H), 5.04 (d, J = 15 Hz, 4H), 4.98 (d, J = 9 

Hz, 4H), 3.90 (q, J = 7 Hz,12H), 3.48 (broad s, 8H), 1.28 (t, J = 7 Hz, 18H); 13C NMR (400 MHz, 

CDCl3): ∂C 148.00, 137.21, 135.53, 131.38, 129.46, 128.33, 127.55, 116.84, 58.71, 54.88, 18.27; 

29Si NMR (99 MHz, CDCl3): ∂Si -57.1; HRMS (ESI): calcd 669.37497 [M+H]+, found 669.37726 

[M+H]+ 

 

N,N,N’,N’-Tetraallyl-4,4’-bis(allyldiethoxysilyl)biphenyl-2,2’-diamine (4-14) 

The above procedure was modified using ADESCl as the electrophile to give the title 

compound in 95 % yield (470 mg, 0.71 mmol) from N,N,N’,N’-tetraallyl-4,4’-dibromobiphenyl-

2,2’-diamine (377 mg, 0.75 mmol). The product was not further purified and intended for use in 

the subsequent deprotection step. 1H NMR (600 MHz, CDCl3): ∂H 7.33 (d, J = 7 Hz, 2H), 7.28 (s, 

2H), 7.26 (d, J = 7 Hz, 2H), 5.84 (m, 2H), 5.49 (m, 4H), 4.98 (m, 12H), 3.85 (q, J = 7 Hz, 8H), 

3.45 (broad s, 8H), 1.90 (d, J = 8 Hz, 4H), 1.26 (t, J = 7 Hz, 12H). 13C NMR (150 MHz, CDCl3): 

∂C 148.00, 137.02, 135.60, 133.08, 132.72, 131.31, 127.87, 127.13, 116.75, 114.7, 58.77, 54.90, 

21.01, 18.36; 29Si NMR (119 MHz, CDCl3): ∂Si -23.47; HRMS (ESI): calcd 661.38514 [M+H]+, 

found 661.38696 [M+H]+ 
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4.6.2 Synthesis of Materials from Section 4.2 

General Procedure: Sol-gel synthesis of PMO materials under basic conditions 

In a typical synthesis (ratios as specified in Table 4-1), H2O, SDA, and 6 N NaOH were 

combined in a jar equipped with PTFE lid and Teflon covered stirbar. This mixture was stirred 

vigorously on a magnetic stirrer at 600 rpm for approximately 15 min. The siloxane precursor was 

then added to the to the surfactant mixture while stirring at 600 rpm. The mixture immediately 

became cloudy. The mixture was then stirred at 600 rpm at room temperature for 16 h, this 

resulted in a clear and colourless solution. The stir bar was then removed and the vessel was 

sealed and aged at 95 ºC for an additional 24 h. The resulting solids were then collected via 

vacuum filtration and washed twice with hot water. The resulting white powder was then put back 

into a jar with a Teflon lined cap and stirbar and extracting solution (20 mL of a solution of 6 g of 

12 M HCl in 180 g of EtOH) was added and the mixture was stirred for 6 h at 65 ºC. The material 

was then collected via vacuum filtration and washed with an additional portion of hot extracting 

solution (acidic ethanol as above, 20 mL) and subsequently by a portion of EtOH (20 mL). The 

materials were then placed into a vacuum oven at 80 ºC overnight prior to characterization. 

 

General Procedure: Sol-gel synthesis of PMO materials under acidic conditions 

Brij-76 was employed as the structure-directing agent under acidic conditions (molar ratio as 

specified in Table 4-1). In a typical synthesis, H2O, Brij-76 and HCl (12 M aqu. solution) were 

combined in a vial with a Teflon lined cap and stir bar and heated to 60 ºC for 1 h while stirring 

with a magnetic stirrer at 600 rpm. NaCl was then added and the mixture was allowed to stir an 

additional 3 h at 600 rpm and 60 ºC. The siloxane precursor was then added to the to the 

surfactant mixture. While stirring at 600 rpm the mixture immediately became cloudy. The 

mixture was then allowed to stir at 600 rpm and 60 ºC for an additional 16 h. The stir bar was then 

removed and the vessel was sealed and aged at 95 ºC for an additional 24 h. The resulting solids 
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were then collected via vacuum filtration and washed twice with hot water. The surfactant was 

removed by Soxhlet extraction with EtOH for 16 h. The materials were then placed in a vacuum 

oven at 80 ºC overnight prior to characterization.  

4.6.3 Synthesis of Small Molecules from Section 4.3 

2,2’-Bipyridyl hydrobromide (4-25) 

In a typical synthesis, 2,2’-bipyridyl (5.5g, 35 mmol) was dissolved in methanol (20 mL). To 

a vigorously stirred solution of this mixture was added 48 wt. % hydrobromic acid solution (13.75 

g, 82 mmol) slowly, the mixture was then allowed to stir for 10 minutes and the solvent was 

removed under reduced pressure, then dried at 80 ºC under vacuum overnight to give the title 

compound in quantitative yield (11.13 g, 35 mmol). The product was neither purified nor 

characterized prior to the next step.  

 

5,5’-Dibromo-2,2’-bipyridyl (4-21) 

Using a modification of the procedure reported by Khimich and co-workers,[11] 2,2’-bipyridyl 

hydrobromide (1.5 g, 4.7 mmol) and bromine (2.5 g, 15 mmol) were sealed in a pressure tube. 

The tube was then heated at 180 ºC for 4 days, such that the full length of the pressure tube was 

heated. The reaction was then cooled, and the HBr gas that was generated was released from the 

tube. The solid material was then removed from the tube and ground with 6 M NaOH solution (~ 

5 mL). This powder was first washed with water, the aqueous layer discarded, then washed 

repetitively with chloroform (15 X 5 mL). The solvent was then evaporated and the product re-

crystallized form chloroform to give the title compound as a dark red crystal in 40 % yield (586 

mg, 1.88 mmol). The spectra matched those reported in the literature.[11]  

 

5,5’-Bis(triethoxysilyl)ethenyl-2,2’-bipyridyl (4-27) 

For synthetic details and characterization see the synthesis of 3-40 in Chapter 3. 
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4.6.4 Synthesis of Materials from Section 4.3 

The general procedures form Section 4.6.2 were used with the materials ratios from Table 

4-3. 

4.6.5 Synthesis of Small Molecules from Section 4.4 

 

2-Amino-5-bromopyrimidine (4-37) 

This procedure is based on that described by Pratt and co-workers,[15] 2-aminopyrimidine 

(2.52 g, 27 mmol) was dissolved in acetonitrile (25 mL). To this was added NBS (4.61 g ) in one 

portion, and the reaction was refluxed in the dark for 18 h. Upon cooling, the solvent was 

removed under reduced pressure, and the resulting product was washed with copious amounts of 

water then recrystallized from ethanol to give the title compound as a yellow powder in 90 % 

yield (4.15 g, 24.3 mmol). The spectra matched those reported in the literature.[15]  

 

5-Bromo-2-hydroxypyrimidine (4-40) 

This procedure was based on that of Horváth and co-workers,[16] 2-Hydroxypyrimidine 

hydrochloride (6 g, 45 mmol) was added to a stirred solution of sodium carbonate (2.4 g, 22.5 

mmol) in water (135 mL). To this mixture was added bromine (2.4 mL, 47 mmol) and the mixture 

was allowed to stir for 30 minutes. The solvent was removed under reduced pressure, and the 

powder was dried overnight at 80 ºC under vacuum. The resulting product was used for the 

subsequent step without further purification or characterization. 

 

5-Bromo-2-chloropyrimidine (4-41) 

This procedure was also from Horváth and co-workers,[16] 5-bromo-2-hydroxypyrimidine 

(everything from the previous step), N,N-dimethylaniline (2.2 mL, 17 mmol), phosphorus (V) 

oxychloride (22 mL, 236 mmol) were mixed and heated to reflux for 8 h. The reaction mixture 
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was then cooled and dumped over 500 mL of ice in water. The resulting suspension was then 

washed with diethyl ether (4 X 50 mL), the organic layers combined and washed with brine and 

then dried over magnesium sulfate. The volatiles were removed under reduced pressure and the 

residue purified from recrystallization from diethylether to give 4.7 g of the title compound (24.5 

mmol, 54 % yield over two steps). The spectra matched those reported in the literature.[16] 

 

2,5-Dibromopyrimidine (4-38) 

This procedure was inspired by Horváth and co-workers.[16] In a typical synthesis,  5-bromo-

2-chloropyrimidine (4.7 g, 24.5 mmol) was dissolved in DCM (15 mL) and tetra(n-

octyl)ammonium bromide (~ 15 mg) was added. Then 48 wt. % hydrobromic acid solution (15 

mL, 133 mmol) and the mixture was stirred vigorously for 18 h. The solvent was then evaporated 

and the reside was washed several times with water. The resulting solid was re-crystallized from 

hexanes to give 4.64 g of the title compound as green crystals (19.7 mmol, 80 % yield). The 

spectra matched those reported by Pratt and co-workers.[15] 

 

5-Bromo-2-(4-bromophenyl)pyrimidine (4-43) 

This procedure was adapted from Wang and co-workers,[17] 5-bromo-2-iodopyrimidine (1 g, 

3.5 mmol), potassium carbonate (1.5 g, 10.9 mmol), Pd(PPh3)4 (120 mg, 0.105 mmol), 4-

bromophenylboronic acid (700 mg, 3.5 mmol), THF (30 mL), and water (30 mL) were combined 

and the solution was degassed by bubbling argon through the mixture. Once degassed, the mixture 

was heated to 85 ºC under argon for 18 h. The mixture was then cooled and extracted with 

dichloromethane (4 X 50 mL), the organic layers combined and washed with water then dried 

over magnesium sulfate. The solvent was then removed under reduced pressure and the residue 

was purified by column chromatography with 2:1 hexanes to dichloromethane as the eluent to 

give the title compound as a white powder in 60 % yield (660 mg, 2.1 mmol). The spectra 

matched those reported in the literature.[17]  
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Chapter 5 

Conclusions and Outlook 

Since the fundamental experiments that led to the discovery of chirality—and its importance 

to living organisms—at the turn of the 19th century, chemists have been developing methodologies 

to fabricate molecules in an asymmetric fashion as well as to separate the resulting enantiomers. 

One exciting route to facilitate the production and isolation of chiral small molecules involves the 

use of chiral heterogeneous supports. These are not only effective, but also economical and 

environmentally friendly due to this ability to be re-used repetitively. 

One evolving class of chiral heterogeneous supports is chiral PMO materials that are based on 

organosilica platforms. When these PMOs are built from biphenyl-bridged siloxane precursors, 

they have the ability to take on chirality from a small amount of chiral dopant. The work 

presented in this thesis has, therefore, focused on understanding and controlling the transfer of 

chirality in functional analogues of these materials through the examination of chiral dopants, the 

introduction of new prochiral bulk phases, and the development of new methodologies to facilitate 

the formation of aryl-based siloxane precursors that is pertinent to both the bulk and chiral phases 

of these materials.  

In Chapter 2, we examined the effects that govern the transfer of chirality in biphenyl-bridged 

PMOs through the use of 1,1’-binapthalene-bridged siloxane precursors. Finding, not only that the 

ordering on the molecular level in the walls of the materials—controlled through the pH of the 

sol-gel synthesis—plays a significant role over chirality transfer, but also that the point of 

attachment of the binapthalene-bridge into the siliceous-framework of the material has large 

effects on the transmission of chirality. These studies led us to develop an effective 4,4’-

disubstitued analogue of 1,1’-binaphthalene that could induce chirality effectively in biphenyl-

bridged PMO materials with loadings of as little as 1 % of the siloxane precursor. We also learned 
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that differences in the nature of the silica source could result in large differences in the 

hydrolysis/condensation rate, which ultimately leads to less than intended dopant incorporation. 

We also aimed to amend some of the issues surrounding the synthesis of certain aryl-bridged 

siloxane precursors that might be responsible for limiting the progression of the field. In Chapter 

3, we introduced the methodologies to produce several two-carbon tethers to serve as new bulk 

phases for PMO materials. In doing so, we realized that the direct-attachment to give a more rigid 

siloxane precursor would produce better quality then PMOs produced from the more flexible 

tethered siloxane precursors. With this in mind, we examined the direct synthesis of allyl-based 

silanes and found that triallylsilanes are too stable to permit facile hydrolysis and thereby well 

ordered materials, while allyldiethoxysilanes were stable enough to be easily synthesized, and 

could be readily hydrolyzed to produce well ordered materials. We were able to apply this 

attachment methodology to new aryl-based siloxane precursors.  

Finally, Chapter 4 introduces some new, nitrogen containing, biphenyl-bridged siloxane 

precursors that were designed to serve as new prochiral bulk phases for chiral PMO materials. 

Unfortunately, the solubility differences of these new monomers to their purely aromatic 

counterparts caused lower dopant incorporation levels and made poorly ordered materials when 

100 % of the new bulk phases were used. 

From the combined body chapters of this thesis, the major contributation to the field of 

materials science is the investigations towards the production of siloxane precursors, which is 

often a limiting factor for the rapid production of highly functional organosilica materials. More 

specifically, I believe that the allyldiethoxysilane methodology described in Chapter 3 will allow 

for the production of new functional materials at an unprecedented pace. 

Despite these advances, there is much room to grow for the implementation of chiral PMO 

materials formed through chiral induction with prochiral-functional bulk phases and chiral 

dopants. In particular, more work is needed into the control and distribution of the various 

siloxane precursors in multi-component materials. However, there is still much promise that 
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materials such as these will one day be able to supplant society’s ever growing demand for chiral 

small molecules in a practical and effective manner. 
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Appendix A 

Research Abroad 

Preface 

As part of my graduate research, I had the opportunity to undertake research abroad as part of 

a four-month exchange funded jointly by the CREATE program in Chiral Materials, Queen’s 

School of Graduate Studies, and the Kitagawa Lab at Kyoto University. This was facilitated in 

Kyoto, Japan in the lab of Professor Susumu Kitagawa at Kyoto University. Working under 

associate professor Takashi Uemura, my project explored the polymerization of conductive 

polymers within porous coordination polymers (PCPs)—also known as metal organic frameworks 

(MOFs). Working with the aid of fellow doctoral student Takashi Kitao, I was able to prepare 

polythiophene (AA1) within the constraints of PCPs with variable pore geometries. This resulted 

in a variety of polymer-PCP composites with interesting properties that were related to the amount 

of the polymers bundled within the pores.  

Using this method we were able to prepare composites in which the number of chains within 

the pores could be controlled, and in doing so we were able to gain insight into the properties of 

polythiophene that arise from inter versus intra-chain electronics. Collaborators Takeo Suga, 

Motohiro Mizuno, and Shu Seki were able to aid with molecular dynamic simulations and 

microwave conductivity of the polymers to give a handle on their behavior when confined.  

The fruit of this exchange is as follows; reproduced with permission from Angew. Chem. Int. 

Ed. 2016, 55, 708-713. Copyright 2016 Wiley-VCH. 
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Unraveling Inter- and Intra-chain Electronics in 
Polythiophene Assemblies Mediated by Coordination 
Nanospaces 
Michael W. A. MacLean, Takashi Kitao, Takeo Suga, Motohiro Mizuno, Shu Seki, 
Takashi Uemura,* and Susumu Kitagawa* 

 

Abstract: Strong interchain interactions render unsubstituted polythiophene un-fusible, non-

melting, and insoluble; hence, the control of the packing structure—which has a profound effect 

on the polymer’s optical and electronic properties—has never been achieved. In this study, 

unsubstituted polythiophene was prepared in the one-dimensional channels of [La(1,3,5-

benzenetrisbenzoate)]n, where polymer chains form unprecedented assembly structures mediated 

by the host framework. It is noteworthy that the emission and carrier transport properties were 

drastically changed by varying the number of chains within a particular assembly. The composites 

response to additional guests is also examined as a method to use the composites as low 

concentration sensors. Our findings show that the encapsulation of polymer chains in host 

materials is a facile methodology for understanding the intrinsic properties of conjugated 

polymers, in addition to controlling and enhancing their functions. 

 

Main 

To satisfy a growing global demand for modern electronics, there is an increasing need for 

flexible materials with emissive and conducting properties. Conjugated polymers have become an 

interesting way to supplant these needs in organoelectronic and photovoltaic devices.[1] Of 

particular interest is the heterocyclic variant polythiophene, having garnered much research in the 

past decades either with attempts to tailor the polymer for high conductivity,[2] or harnessing the 

semiconducting properties for applications in optical and sensor technologies.[3] One important 

factor affecting polythiophene’s optical and electronic properties, such as fluorescence and 
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conductivity, is the assembly packing structure of the polymer’s local environment. Unsubstituted 

polythiophene has a longer effective conjugation length than substituted variants due to the lack of 

perturbation of the backbone’s planarity that is caused by bulky substituents. This is why 

unsubstituted polythiophene can be expected to exhibit unique optical and electronic properties 

through the control of the polymer chain assemblies. Unfortunately, strong interchain interactions 

render polythiophene un-fusible, non-melting, and insoluble; hence the control of the packing 

structure—an essential aspect for the discovery of new functions in an established polymer—has 

never been achieved.  

One effective strategy for the control of polymer assemblies involves the use of a porous 

framework as a host to encapsulate polymer chains.[4] Non-covalent interactions between host and 

guest, as well as geometrical constraints of the host’s pores, can induce the formation of new 

polymer chain assemblies within. These principles have been applied towards the fabrication of 

single, unsubstituted polythiophene chains within cyclodextrin and zeolite hosts; however, details 

of the polymer’s conformation and properties in confined systems such as these remains largely 

unknown.[5] In addition, manipulating the number of polythiophene chains—which is paramount 

for the optical and electronic properties—has remained a major challenge.  

Porous coordination polymers (PCPs) or metal–organic frameworks (MOFs), prepared by the 

self-assembly of metal ions and functional ligands, are currently under investigation for a variety 

of potential applications including, but not limited to, gas storage and separation, ion conductivity, 

and heterogeneous catalysis.[6] The characteristic features of PCPs are their highly regular and 

controllable channels that vary in accordance with the metal ions and organic linkers used. It is 

these advantages that allow us to achieve precise polymer assemblies within the regular 

nanochannels of PCPs, and can be expected to have great benefits, not only to answer 

fundamental questions about the nature of the discrete polymer, but also offering the potential to 

create polymers with optimized functions.[7]  
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Herein, we report the effective encapsulation, isolation, and systematic amalgamation of 

unsubstituted polythiophene to form unprecedented assembly structures that exhibit unique 

fluorescence and conducting behaviors. By varying the number of chains within a particular 

assembly, the aforementioned properties were drastically changed, a feat that was unbeknownst 

for such systems. As conjugated polymers were designed to serve as molecular wires and emitting 

elements in advanced nano-scale devices,[8] future applications will require a deeper 

understanding of nano-scale electronics that can only be realized through the unraveling of the 

optical and electrical properties in low dimensional polymer assemblies that, until now, have 

remained elusive. The obtained results indicate that our methodology is a significant approach, 

not only for enhancing and controlling the functions of unprocessable polymers, but also for 

broadening the understanding the true nature of conjugated polymers. 

The synthesis of the polymer-PCP composites is illustrated in Scheme 1: first, the vapor 

adsorption of the monomer (2,2’:5’,2’’-Terthiophene, TTh) throughout the internal and external 

surface of the PCP [La(BTB)]n (1; BTB = 1,3,5-benzentrisbenzoate), which has one-dimensional 

regular nanopores along the c-axis (channel size = 10.7 × 10.7 Å2);[9] then, the externally adsorbed 

monomer was removed to ensure an even distribution of monomer throughout the channels of the 

host;[10] and finally, the polymerization was achieved by a similar vapor adsorption of iodine 

throughout the host-TTh composite followed by heating at 90 ˚C for 12 h to perform the oxidative 

polymerization of TTh within the channels of the host and afford the PCP−unsubstituted 

polythiophene composite (1⊃PTh). To control the assembly state of PTh, the weight ratio between 

TTh and 1 was systematically increased (1⊃PTh·x; where x represents the weight ratio of PTh to 

1⊃PTh). Oxidative polymerization of TTh results in p-doped PTh which exhibits different 

absorption properties and must be converted into the un-doped state by treatment with a mild 

reductant, in this case dilute hydrazine. The UV/vis spectra of 1⊃PTh indicated that PTh 

confined in 1 was in the neutral state (Figure S1).[11] In fact, I2 was not detected in SEM-
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EDX measurements of 1⊃PTh after the dedoping treatment (Figure S2). The amount of I2 in the 

composite was less than 1 wt %, which was evidenced by X-ray fluorescence spectroscopy. 

Powder X-ray diffraction (PXRD) measurements of 1⊃PTh indicated that the channel structure of 

1 was maintained during the polymerization and dedoping processes (Figure S3). The obvious 

changes in the relative intensities in the PXRD pattern were detected after the polymerization in 1, 

which was ascribed to the change of electron density within the pores.[7c,12] SEM-EDX elemental 

mapping measurements to confirmed the homogeneous distribution of polymer chains in the 

channels of 1 (Figure S4) through the homogeneous dispersion of S atoms in the PCP crystals. 

The particle size distribution of 1⊃PTh was almost the same to that of the original host, 

suggesting no leakage of PTh from the channels of 1 (Figure S5). In addition, the adsorption 

isotherms of 1⊃PTh exhibit a drastic decrease in the amount of adsorption compared with those of 

1 (Figure S6). All these results clearly indicated the accommodation of PTh in the nanochannels 

of 1. PTh from composites prepared as above could be more thoroughly analyzed once they were 

liberated from the host using Na4EDTA. MALDI-TOF-MS, solid-state 13C-NMR, and PXRD 

measurements showed the typical characteristics of PTh devoid of branching (maximum 

molecular weight = 2700, Figure S7, S8, and S3 respectively); and the conversion from Th to PTh 

was over 90 % as determined by isolated yield.[11c] In SEM measurements, it is of interest that the 

morphology of the recovered PTh particles retained the microrod shape of the original host 

(Figure S9). This is a clear demonstration that polymerization occurs entirely within the 

crystalline framework.[4a] 
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Initial studies, aiming to explore the local conformation of the PTh confined within the 

nanopores, were facilitated using Raman spectroscopy, where the intensity of the PTh within the 

pores was selectively enhanced through resonance Raman effects with incident laser 

frequency of 785 nm. The Raman spectra of 1⊃PTh·30 (Figure 1a, S10) shows the C=C in-

phase stretching mode at 1454 cm-1, suggesting that the backbone exists in a planar 

confirmation.[13] The peak shift of the C=C in-phase stretching mode, and therefore the planarity, 

is fairly independent of the amount of PTh in 1, and is even maintained in composites containing 

only small amounts of PTh (1⊃PTh·5).  

Molecular scale motion of polymers has been heavily explored through 2H NMR studies on 

deuterated analogues. In order to probe the molecular motion of polythiophene within 1⊃PTh, we 

prepared the 3,4,5,3’,4’,3’’,4’’,5’’-octadeutero-2,2’:5’:2’’-terthiophene (DTh) and polymerized it 

within the pores of 1 in a similar fashion to give 1⊃PDTh·5 and 1⊃PDTh·30. The 2H NMR 

spectra of 1⊃PDTh (Figure 1b) showed typical rigid limit line shape indicating that the exchange 

of chemical environments is ultraslow regardless of temperature and loading amount. This 

provides further support that the polymer chains exist statically in 1 without rotation of the 

thiophene rings. 

 

Scheme 1. Synthetic strategy for the confinement of unsubstituted polythiophene (PTh) 
within the 1D channels of 1. 
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The specific assembly of the PTh chains confined in 1 should play a crucial role for the 

optical and electronic properties; hence, they were studied using molecular dynamics (MD) 

simulations (Figure 2). The conformation of the confined PTh seems almost planar, which is fairly 

consistent with the results of Raman and 2H NMR spectroscopy measurements. This holds true 

even for systems with low PTh loading, despite the low torsional energy barrier that is expected to 

exist between the two thiophene rings (3.5 kcal/mol for the isolated polythiophene).[14] The lack of 

twisting can be explained by the association of the polymer with the walls of the host, as observed 

through the presences of CH‧‧‧π interactions in the MD simulation. It is these interactions 

that are suspected to be responsible for increasing the energy barrier enough to inhibit 

rotation about the backbone[15], as confirmed by 2H-NMR measurements. 

Figure 1. (a) Raman spectra of 1⊃PTh. (b) 2H NMR spectra of  
1⊃PDTh‧x (x = weight ratio of DPTh to 1⊃PDTh). x = 30  (left) 
and x = 5 (right). 
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By controlling the amount of TTh present during the vapor adsorption, we are able to give rise 

to a variety of different sized polythiophene assemblies. MD simulations indicated that the 

monochain and dichain (assemblies of two polymer chains) exist in the composites with lower 

PTh loading, whereas trichain and tetrachain assemblies are formed as the loading of PTh is 

increased. Regardless of the number of chains within a given pore, the PTh chains exist in a 

planar fashion with no evidence of twisting. In addition, it is striking that the confined PTh chain 

assemblies in 1⊃PTh·30 formed cofacial π-stacked structure, which is completely different from 

the herringbone packing that is observed in the bulk state.[16]�   

To investigate the optical properties of chain assemblies mediated by 1 we carried out 

fluorescence measurements of the 1⊃PTh composites (Figure 3a and S11). Accommodation of 

PTh chains in 1 resulted in a blue shift of the emission wavelength in all cases; moreover, as the 

loading of the polymer within the channels is decreased, the magnitude of the blue shift is 

increased (1⊃PTh·22, 670 nm; 1⊃PTh·5, 647 nm).[17] Aggregated polythiophenes—in which the 

excitons can migrate among neighboring chains in order to reach the lowest-energy sites—show a 

red-shifted emission peak with respect to the isolated chains (as was observed upon the 

dissolution of the host framework; Figure 3a-dashed lines).[18] MD simulations suggested that 

Figure 2. MD structures of the PTh chain assemblies confined in the nanochannels 
of 1: (a) 1⊃PTh‧6, (b) 1⊃PTh‧15, and (c) 1⊃PTh‧30. (S, yellow; La, light blue; O, 
red; C, gray; H, white.) 



 

 172 

polymer assemblies containing fewer chains are formed as the composite loading is decreased; 

therefore, the largest blue shifted emission of 1⊃PTh·5 would be attributed to the greatest chance 

of finding a discrete polymer chain within the channels of the PCP.  

 

 
In addition to changes in the energy of the emission caused by encapsulation, the quantum 

yield were affected by entrapment of the polymer within the PCP framework. The highest 

quantum yield (2 %) can be seen for 1⊃PTh·5 while 1⊃PTh·22 and bulk polymer had quantum 

yields of 0.5 % and 0.2 % respectively. 

Figure 3. (a) Fluorescence spectra (excitation at 468 nm) for 1⊃PTh‧22 (red solid), 
1⊃PTh‧15 (green solid), 1⊃PTh‧5 (blue solid), 1⊃PTh‧5 after exposure to MeOH 
(orange solid); as well as liberated PTh from 1⊃PTh‧22 (red dashed) and 1⊃PTh‧5 
(blue dashed). (b) Kinetics traces of conductivity transients observed for 1 (black), 
1⊃PTh‧5 (orange), 1⊃PTh‧15 (green), 1⊃PTh‧22 (blue), and 1⊃PTh‧30 (red) upon 
exposure to 355 nm pulses at 7.7 – 8.9 × 1015 photons cm-2. Transients were recorded 
ar RT under O2 saturated atmosphere. 
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These obtained results illustrate that the accommodation of polymer chains within host 

materials is a key strategy for modulating and enhancing the luminescence of unprocessable 

polymers. Moreover, this method provides an opportunity for the development of sensing devices 

because the extra space within the host’s pores can further accommodate additional molecules 

(e.g. gas and solvents). The new guests should affect the polymer assembly structures to bring 

about changes in the optical and electronic properties of the polymer, a phenomenon that is less 

prevalent for bulk PTh due to strong interchainaggregation. For example, although the emission 

peak of bulk PTh was not changed before and after the addition of MeOH (Figure S12), a large 

blue shift is observed when the PTh composites were subjected to MeOH vapor (Figure 3a). 

These shifts are most prominent for 1⊃PTh·5 due to the larger sized void available for the 

diffusion of MeOH molecules. Although the blue shifting of the emission of polythiophene upon 

exposure to methanol is contradictory to what is observed for bulk PTh, it can be rationalized by 

the coordination of MeOH molecules to the open metal sites of 1, a phenomenon that is confirmed 

by single crystal analysis in analogous systems.[9] In fact, other vapor molecules without hydroxyl 

functionality do not induce a large emission shift for PTh in 1 (Figure S13). The coordination of 

MeOH molecules to the open metal sites of 1 would inhibit the CH···π interaction between PTh 

and 1 to cause the perturbation of the backbone’s planarity and, in turn, decreases the effective 

conjugation length to result in a blue shift of the emission. Raman spectra of 1⊃PTh·5 upon 

exposure to MeOH vapor shows a shift in the band at 1454 cm-1 to longer wavenumber, and can 

be attributed to a loss of planarity of the backbone (Figure S14).[19] As the adsorption isotherm of 

MeOH for 1⊃PTh·5 shows a steep rise even in the low-pressure region, it demonstrates that the 

hybridization of functional polymers within porous materials is a key strategy for sensing systems 

intended to detect very low concentration of vapors (Figure S15). 

The carrier transporting properties of conducting polymers confined in the pores cannot be 

evaluated appropriately by bulk conductivity measurements, such as time-of-flight, because the 
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polymer chain assemblies are decoupled from each other in the pores (Figure S16).[4d] In contrast, 

flash-photolysis time-resolved microwave conductivity  (FP-TRMC) measurement enables the 

evaluation of intrinsic charge carrier mobility of the polymers even in the pores by using 

microwaves.[20] Thus, TRMC was employed to study the carrier transport properties of the PTh 

chain assemblies contained within 1. Upon exposure of composite 1⊃PTh to a laser pulse with 

excitation wavelength of 355 nm, a rapid rise of the transient conductivity (φΣµ, where φ and Σµ 

are the charge carrier generation yield and the sum of the charge carrier mobilities respectively) 

was observed (Figure 3b). Conversely, the transient conductivity profile for the unoccupied host 

showed no such rapid increase, thus confirming that the conductivity signal observed in 1⊃PTh is 

a result of the guest PTh rather than the host 1. The value of µ in 1⊃PTh was calculated on the 

basis of φΣµ and φ, which could be derived from TRMC and transient absorption measurements 

respectively (Figure S17 and S18). It is also worthy to note that a discontinuous change in the 

carrier mobility of PTh was observed as the amount of polymer chains was increased. For 

example, when the loading of PTh within 1⊃PTh with small, the carrier mobility of PTh remained 

unchanged (µ = 0.04 cm2 V-1 s-1) until the PTh loading reaches approximately 15 % w/w. After 

this threshold, the carrier mobility is rapidly increased to a maximum mobility of 0.3 cm2 V-1 s-1 in 

1⊃PTh·30. It has been proposed that the key factor in effective carrier transport is π-orbital 

overlap, which is also responsible for dictating the inter-chain orientations in PTh.[21] As the MD 

simulations of 1⊃PTh have suggested, the assembly structure of PTh confined in 1 is varied and 

depends largely on the amount of PTh within the host; an increase in the amount of PTh would 

lead to the formation of unique cofacial π-stacking structure within the assemblies, and this is to 

be attributed to the enhanced charge carrier mobility. In addition, it should be noted that the hole 

mobility of 1⊃PTh·30 exhibited a very low decay rate constant when compared with the lower 
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loaded 1⊃PTh analogues. This suggests that the π-stacked aggregation of the polymer 

prevents the holes from undergoing a charge recombination process. 

The local motion of charge carriers in a particular assembly, induced by the electric field of 

the probing microwave when operated in alternating current mode, is dependent on the thermal 

diffusive motion of the polymer within the time constant (τ) of the cavity employed (τ ~ 100 ns 

within the cavity with a Q factor ~ 103 for the probing microwave frequency f ~ 9 × 109 s-1). Here, 

the PTh’s conjugated backbone, as well as the cofacial polymer aggregates serves as a platform 

for the positive holes to diffuse about the polymer when confined in 1. The following Kubo 

equation derived from Einstein-Smoluchowski relation provides an estimate of spatial size (∆x) of 

the statistical local motion of holes within the assemblies (Equation 1; where kB and e are 

Boltzmann’s constant and the elementary charge respectively).[22]  

 
∆! = (!!!!!!!!!!)!/!                (1) 
 

The value of ∆x, and thereby an estimate of the effective conjugation length, was 3.2 nm in 1

⊃PTh·5; this is comparable with reported values of averaged conjugation length in single 

polythiophene chains,[23] while ∆x value in 1⊃PTh·30 was found to be 8.8 nm. These results 

suggest that the controlled packing of the polymer chains plays a remarkable role in extending the 

conjugation of the system without any change in chemical composition of the components.  

The carrier transport behavior of PTh in low−dimensional assemblies, containing few chains 

of polymer, has been unknown due to the lack of effective methods for the manipulation of 

individual chains. By utilizing regular PCP channels as host matrices, we have succeeded in 

controlling the number of polymer chains for the first time and, in doing so, have shed light on the 

discontinuous relationship between the number of polymer chains and the carrier transport 

properties through the formation of a π-π stacked structure. This provides a deeper understanding 

for future design and optimization of molecular-scale devices. 



 

 176 

In conclusion, we have demonstrated a simple and effective methodology for the control and 

enhancement of the optical and electronic properties of polythiophene—a promising heterocyclic 

conjugated polymer that is not amenable to processing by traditional means—through the use of a 

microporous PCP host. The obtained results illustrate that encapsulation of polymer chains is a 

key strategy to control the chain assembly structures with precision. In this regard, numerous 

other unprocessable polymers, such as unsubstituted polyfluorene and poly(p-phenylene 

vinylene), can be controlled in a similar fashion to elicit potentially useful yet unexplored 

properties. We believe that these findings will contribute not only to the preparation of a variety 

of advanced nanocomposite materials based on PCPs and functional polymers but also 

significantly towards the understanding of the intrinsic properties of conjugated polymers in 

general.  
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Supplementary	Information	

Experimental 

     All the reagents were purchased from commercial sources and used as received without 

further purification. [La(BTB)]n (1; BTB = 1,3,5-benzentrisbenzoate) was prepared according to 

previously described methods.[1] 

In a typical reaction procedure, 1 (150 mg) was heated at 150 ºC under vacuum for 12 h to 

fully degas the sample. Terthiophene (TTh) was finely ground, and the two powders were mixed 

vigorously. The flask was then evacuated and sealed prior to heating at 180 ºC for 1 h followed by 

heating at 180 ºC under vacuum for 1.5 h to obtain the 1-TTh composite (1⊃TTh). The mixture 

was then cooled, and the composite was subjected to thermogravimetric analysis (TGA) to 

determine the TTh loading. 

1⊃TTh (200 mg) was mixed with iodine (2.5 eq based on TTh loading from TGA) in a 

sealable flask. The flask was evacuated, sealed, and subsequently heated at 90 ºC for 12 h to 

facilitate the oxidative polymerization and afford 1-PTh composite (1⊃PTh). Upon cooling, the 

solids were dispersed in methanol (50 mL) and collected by centrifugation and subsequently 

washed with methanol (50 mL) then acetone (2 × 50 mL). The solids were then dried and heated 

at 180 ºC under vacuum for 16 h.  

The 1⊃PTh (100 mg) was dispersed in 5 % v/v hydrazine monohydrate in ethanol (20 mL) 

and the mixture was stirred for 3 h. The solids were then collected by centrifugation and washed 

with ethanol (20 mL), water (20 mL) and then acetone (20 mL) prior to drying under vacuum at 

100 ºC overnight. 

1⊃PTh (100 mg) was dispersed in methanol (10 mL) and 0.2 M Na4EDTA (10 mL) was 

added. The mixture was then stirred for 16 h and the PTh was collected by centrifugation, and 

subsequently washed with methanol (2 × 20 mL), water (2 × 20 mL) and acetone (20 mL) prior to 

drying under vacuum. 
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A mixture of TTh (250 mg), PtO2 (3.5 mg), and D2O (14.4 mL) was placed in a Teflon 

autoclave and heated at 220 ºC for 48 h. The crude compound was then extracted with CHCl3 and 

purified by sublimation to give deuterated TTh (60.3 mg). The deuteration ratio (> 99.9 %) was 

calculated on the basis of the integrated value of proton peaks of the internal standard material 

(tetramethylsilane). 

X-ray powder diffraction (XRPD) data were collected on a Rigaku RINT 2000 Ultima 

diffractometer with Cu Kα radiation. Microscopic Raman spectroscopy was carried out using a 

LabRAM HR-800 spectrometer (HORIBA Jobin Yvon Ltd). A 785 nm semiconductor laser was 

used as the excitation source. 1H and 13C NMR spectra were obtained using a JEOL A-500 

spectrometer operating at 500 and 125 MHz respectively. Solid-state NMR measurements were 

carried out on 9.4T Bruker solid-state NMR instrument with an ADVANCE III 400 MHz 

spectrometer. 13C cross-polarization magic angle spinning (CP MAS) spectra were obtained using 

a double resonance 4 mm magic angle spinning probe, with recycle delay and spinning rate of 2 s 

and 6 kHz respectively. The adsorption isotherms of CO2 at 195 K were measured by BELSORP-

mini equipment. Adsorption isotherms of MeOH at 298 K were measured with an automatic 

volumetric adsorption apparatus BELSORP-max (MicrotracBEL Corp.). Before the adsorption 

measurements, the sample was treated under reduced pressure (<10–2 Pa) at 373 K for 5 h. Matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) spectra 

were recorded on an ultraflex instrument (Bruker Daltonics) using TTh as the matrix. 2H-NMR 

spectra were measured by a JEOL ECA-300 spectrometer at 45.282 MHz with a quadrupole echo 

sequence (π/2)x-τ-(π/2)y-τ-acq. π/2 pulse width and τ were 2.8 and 20 µs, respectively. 

Fluorescence spectra were measured on Fluorolog-3 (HORIBA Jobin Yvon Inc.) with double-

grating monochromators, 450-W xenon lamp, and R928 photomultiplier tube run in photon-

counting mode. The background interference occurred at the long wavelength region in the 

emission spectra of 1⊃PTh due to the low fluorescence quantum yield. The baseline correction 
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was performed against the all emission spectra by extracting the background from the original 

emission spectra. SEM-energy-dispersive X-ray (EDX) measurements were conducted using a 

HORIBA EMAXEvolution EX-370 attached to a HITACHI S-3000N operated at an accelerating 

voltage of 20 kV. Samples were placed on a conducting carbon tape attached by SEM grid, and 

then coated with platinum. UV–vis spectra were recorded on a JASCO V-670 spectrometer. The 

X-ray fluorescence spectroscopy was performed using Rigaku EDXL300. 

Charge carrier mobility was evaluated by flash-photolysis time-resolved microwave 

conductivity (FP-TRMC) and transient absorption spectroscopy (TAS) techniques at room 

temperature under an O2-saturated atmosphere. Solid samples were placed onto quartz substrates 

with poly(vinylalcohol) and dried under vacuum for 3 h. Charge carriers were photochemically 

generated using a third harmonic generation (λ = 355 nm) of a Spectra Physics model INDI-HG 

Nd:YAG laser with a pulse duration of 5–8 ns and frequency of 10 Hz.  The photon density of a 

355 nm pulse was 8.9 × 1015 photons cm–2 pulse–1. The microwave frequency and power were set 

at ~9.1 GHz and 3 mW respectively, and guided into a microwave cavity with Q-factor of 2200 – 

2500, where the substrates with solid samples were set at the point where the electric field would 

be at a maximum. The reflected power of the probing microwave, picked up by a diode (rise time 

< 1 ns), was monitored by a Tektronics model TDS3032B digital oscilloscope after an 

amplification by Ciao Electronics CA812-304 FET amplifier system. The observed change in the 

reflected microwave power (ΔPr) was normalised with the steady reflection of the microwave 

from the cavity (Pr), and converted into φΣµ = (1/eAI0Flight)(ΔPr/Pr), where e, A, I0, Flight, φ and 

Σµ are unit charge of a single electron, sensitivity factor (S–1 cm), incident photon density of the 

excitation laser (photon cm–2), correction (or filling) factor (cm–1), a photocarrier generation yield 

(φ) and the sum of the charge carrier mobilities. The other details of the setup of the FP-TRMC 

apparatus are described elsewhere.[2] 
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TAS measurements were carried out at room temperature. The identical solid films were used 

for TAS measurements, and photoexcited at 355 nm, 3.3 × 1016 photons cm–2 pulse–1. A white 

light continuum from a Xe lamp was used as a probe light source for transient absorption 

spectroscopy. The probe light was guided into a Hamamatsu model C7700 wide-dynamic-range 

streak camera system, which collected a two-dimensional image of the spectral and temporal 

profiles of light intensity. The value of φ was determined based on the transient absorption 

observed at 550 nm and attributed to radical cations with a molar extinction coefficient ε+ of 2.5 × 

104 mol-1 dm3 cm-1.[3] 

MD simulations were performed using the Materials Studio Modeling v4.4 software package 

(Accelrys Inc., San Diego, CA, USA) using the Universal Force Field, as implemented in the 

Forcite module. The charges were dealt with by the charge equilibration method in this system. 

The initial structure of 1 was generated based on the X-ray crystal structure of 1. MD calculations 

were carried out at 298 K for 2500 ps under NVE conditions. 

 

Figure S1. Diffuse reflectance UV/Vis spectra of 1 (black), 1⊃PTh·30 before 
(blue) and after (red) the dedoping treatment. Characteristic absorption bands for 
polaron and bipolaron of polythiophene were observed in 1⊃PTh before the 
dedoping treatment. However, the dedoping treatment with hydrazine resulted in 
drastic change of the color (or spectrum) of the composite, affording characteristic 
absorption bands for neutral polythiophene.[4] 
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Figure S2. SEM images of 1⊃PTh·30 (a) before (b) after dedoping. SEM-EDX 
analysis (iodine mapping) of the corresponding 1⊃PTh (c) before (d) after 
dedoping. This demonstrates the removal of iodine during the dedoping treatment. 
Scale bars = 10 µm.  

Figure S3. Powder X-Ray diffraction (PXRD) patterns of 1, TTh, 1⊃TTh, 1⊃PTh 
before and after dedoping, and isolated PTh from 1. XRPD patterns of 1⊃PTh 
indicated that the channel structure of 1 was maintained during the polymerization 
and dedoping processes. The obvious change in the relative peak intensities was 
detected in comparison to that of the host alone, and this change of the intensity 
ratio was ascribed to a variation of electron density in the pores.[5] Consistently, the 
same change of the relative intensities was observed after the accommodation of 
guest molecules in the pores of 1.[6] 
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Figure S4. (a) SEM image and SEM-EDX elemental (b; lanthanum, c; sulfur) 
maps of 1⊃PTh‧30. Scale bars = 10 µm. 

Figure S5. Particle size distributions of 1 (dotted line) and 1⊃PTh‧30 (solid line) 
evaluated by laser light diffraction. The size distribution of 1 after the 
polymerization of TTh was almost the same to that of the original host 1, 
indicating no leakage of PTh from the channels of 1.[7] 

Figure S6. CO2 adsorption measurements of 1 and 1⊃PTh‧30 at 195 K. The 
adsorption isotherms of 1⊃PTh‧30 showed drastic decrease in the amount of 
adsorption compared with that of 1, which directly indicated the presence of PTh 
chains within nanochannels.[6-8] 
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Figure S7. MALDI-TOF mass spectra of PTh isolated from 1. 

Figure S8. Cross polarization magic angle spinning (CP-MAS) solid state 13C 
NMR spectra of isolated PTh from 1. Asterisks mark spinning side bands. 
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Figure S9. SEM images of (a) 1, (b) PTh isolated from 1⊃PTh‧15, and (c) PTh 
prepared by bulk polymerization. The morphology of the PTh particles recovered 
from 1 could retain the microrod shape of the original host of 1, which highly 
contrasts to the uncontrolled morphology of PTh prepared by bulk polymerization. 
These results indicated that PTh was synthesized in the pores of 1.[6,7,9]  

Figure S10. Raman spectra of 1 (black), 1⊃PTh‧30(red), and 1⊃PTh‧5 (blue). The 
intensity of the PTh within the pores was selectively enhanced through resonance 
Raman effects with incident laser frequency of 785 nm. [10] 
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Figure S11. Fluorescence spectra (excitation at 468 nm) for 1⊃PTh·30. 
Fluorescence was observed around 680 nm, however, it was very weak (Quantum 
yield < 0.1 %) probably because of the self-quenching.  

Figure S12. Fluorescence spectra (excitation at 468 nm) for bulk PTh before 
(black) and after (red) the addition of MeOH. 
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Figure S13. Fluorescence spectra (excitation at 468 nm) for 1⊃PTh·5 (black) and 
1⊃PTh·5 after exposure to toluene (blue), acetone (green), and MeOH (red). 

Figure S14. Raman spectra of 1⊃PTh·5 before (black) and after (red) the addition 
of MeOH. The inset shows an enlarged scale. 
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Figure S15. Adsorption isotherm of MeOH for 1⊃PTh·5 at 298 K. 

Figure S16.  Log-log plot of current transients observed for 1⊃PTh·30 bound in 
PMMA matrix (1⊃PTh·30 : PMMA = 3 : 7 w/w) upon exposure to 355 nm laser. 
The transient was observed under bias applied at 1.2 × 105 V cm-1. The value of 
hole mobility in 1⊃PTh·30 was estimated to be 3 × 10-5 cm2 V-1 s-1. In general, the 
carrier transport properties of conducting polymers confined in the pores cannot be 
evaluated appropriately using bulk conductivity measurements because the 
polymer chain assemblies are decoupled from each other in the pores.[11] The 
probability of the intermolecular carrier hopping is reduced exponentially as the 
intermolecular distance was increased.[12] Therefore, the long-range carrier 
transport should be hindered in 1⊃PTh with decreasing the loading amount of PTh 
in 1. The aim of our research is to reveal the inherent carrier transport properties of 
a few polythiophene chain assemblies encapsulated in 1. The microwave-based 
technic, TRMC, employed in our work, is not influenced by the connectivity 
between the polymer assemblies, allowing for the evaluation of intrinsic carrier 
mobilities of polymers even in the pores. 
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Figure S17.  Transient absorption spectra of (a) 1⊃PTh·30 and (b) PTh isolated 
from 1 upon exposure to 355 nm laser pulses at 3.3 ×1016 

photons cm-2.  Spectra 
were observed immediately after 1 ms (blue), 3 ms (turquoise), and 10 ms (violet) 
after pulse exposure. All of the spectra were recorded at RT under O2 saturated 
atmosphere.  

(a)	 (b)	

(a)	 (b)	

Figure S18.  Kinetic traces of transient photoconductivity (black) recorded by 
FP-TRMC measurements and transient optical absorption kinetic traces at (a) 430 
nm (blue) and 550 nm (green) for 1⊃PTh·30, and (b) 550 nm (green) and 650 nm 
(red) for PTh upon exposure to 355 nm laser pulses at 8.9 × 1015 

photons cm-2 

(conductivity) and 3.3 × 1016 
photons cm-2 (optical) respectively.  
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Appendix B 

NHC Functionalized Nanoparticles Through Exchange 

Preface 
When undertaking something as lengthy as graduate studies in an evolving field like materials 

chemistry, it is to be expected that the “hot” areas of the field near the end can be significantly 

different than those near the beginning. The same is true for the research in the Crudden lab, in 

that near the middle of my graduate studies there was a paradigm shift from the use of N-

heterocyclic carbenes (NHCs) solely for the production of organometallic complexes, to their 

implementation towards a variety of metallic materials cunningly tailored for various applications. 

As such, I enthusiastically took on projects related to the new theme; with specific focus on the 

production of NHC functionalized gold nanoparticles and clusters. One such area is summarized 

in the following manuscript draft. It deals with the re-surfacing of sulfide based gold nanoparticles 

with NHCs; with a particular interest in the use of bidentate NHCs for the added stability they 

provide organometallic complexes.  

The project was initially started by postdoctoral fellow Olena Zenkina working with 

undergraduate student Alexander Rousina-Webb who performed some of the preliminary 

experiments. Since their departure from our lab, I’ve served as the principal materials chemist on 

the project, tasked with the production of the starting nanoparticles, their exchange with NHCs, 

and the characterization of the resulting NHC nanoparticles. These tasks were completed with the 

help of postdoctoral fellows Matthew Zamora (synthesis of some of the NHC precursors and 

formation of some NHCs), Henry Li (stability studies on the resulting NHC nanoparticles) and 

Renee Mann (synthesis of the long chain benzimidazole precursor). 

It should be noted that this research is still on going, and this draft is meant to serve as a 

snapshot of the project at this time.  
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Nanoparticles with Bidentate N-Heterocyclic 

Carbenes 

Michael W A MacLean, Chien-Hung Li, Olena V Zenkina, Matthew T Zamora,       

Renee W Y Mann, Lisa N Saunders, Alexander Rousina-Webb, Iraklii I Ebralidze, and 

Cathleen M Crudden*  

 

 

Introduction 

Gold nanoparticles—arguably one of the first forms of nanotechnology to be conceived—

have continued to find new and exciting applications in catalysis,[1] sensor technologies,[2] 

electronics,[2] and biomedical applications[1, 3-4] among others. These materials are coveted for 

their high surface-area to bulk ratios and unique optical properties that arise from metal-metal 

interactions in the particle, interactions that can be tailored on the basis of size and shape of the 

particle through the control of its protective organic monolayer that is formed during particle 

synthesis.[5-8] The monolayer is also responsible for the interactions of the particle with the 

surrounding media as well as its dispersion during processing.[9] The most commonly utilized 

protective layer for gold nanoparticles are thiols and thioethers; however, these are ultimately 

limited by the oxidation and high temperature decomposition of their protective layer resulting in 

space 



 

 195 

agglomeration.[10] Several attempts to overcome these limitations using bidentate[11-12] and 

polydentate[13-14] systems, in addition to exploring different stabilizing ligands such as amines, 

phosphine, or organic acids as the stabilizing layer, albeit with limited improvements.[1]  

One alternative class of surface stabilizers are N-heterocyclic carbenes (NHCs)—a frequently 

and consistently employed ligand in organometallic chemistry[15]— which have only recently 

began to appear in materials applications such as the formation of ultra-stable monolayers on gold 

(111), capable of withstanding high and low pH, extreme temperatures, and even dilute H2O2.[16] 

In addition to flat gold surfaces, NHCs have been successfully implemented as stabilizing ligands 

as monolayers on palladium,[17] ruthenium,[18] and gold nanoparticles for a variety of uses.[17, 19-30]  

The protection of NHC-stabilized gold nanoparticles can arise through one of two general 

routes as shown in Scheme 1. The first, or bottom-up route involves the formation of the 

nanoparticles from discreet molecular species; while the second, or top-down route, facilitates the 

change from nanoparticle to nanoparticle through the ligand exchange at the surface. The bottom-

up route is more commonly used for the production of NHC protected nanoparticles and has been 

successfully implemented using a variety of molecular gold precursors and particle formation 

mechanisms including, but not limited to: direct reduction of pre-formed NHC gold complexes,[20-

23] direct reduction of in situ generated NHC gold complexes via deprotonation of imidazolium 

haloaurate salts,[17, 24] disproportion of NHC gold complexes,[25] and solvent-free thermolysis of 

NHC gold (0) complexes.[26]  

 

Scheme 1. The formation of NHC stabilized gold nanoparticles. 

NHC

NHC NHC

NHC
NHC

NHC

NHC

NHC

NHC

DDS

DDS DDS

DDS
DDS

DDS

DDS

DDS

DDS

NHC-Au
 Molecular Precursor

NHC

DDS

Reduction
Disproportion
Thermolysis

"top-down" "bottom-up"



 

 196 

Conversely, the top-down route has been demonstrated with sulfide protected nanoparticles 

using either the free NHCs[27-29] or NHC gold(I) complexes.[30] This route has the benefit of 

employing well-established protocols that give rise to sulfur protected gold particles of 

controllable size and shape, rather than undertaking a re-optimization of protocols through trial 

and error.  

Herein, we expand on the production of NHC gold nanoparticles through the top-down 

approach via the exchange of DDS nanoparticles with a free NHC ligand, placing an emphasis on 

examining the effects of bidentate analogues for the increased stability they are likely to provide. 

 

Experimental 

Synthesis of DDS gold nanoparticles 

In a typical synthesis, gold (III) chloride trihydrate (80 mg, 0.2 mmol) was dissolved in water 

(7.9 mL) and stirred vigorously. To this solution was added tetraoctylammonium bromide (257 

mg, 0.47 mmol) in toluene (4.7 mL), and the resulting biphasic mixture was stirred until the 

aqueous layer became colorless (30 minutes). The aqueous layer was then removed and the 

resulting organic layer was allowed to stir for and additional 16 h. Dodecyl sulfide (262 mg, 0.71 

mmol), dissolved in toluene (17.7 mL), was then added, and the mixture was allowed to stir for 5 

minutes before sodium borohydride (107 mg, 2.8 mmol) in water (27.7 mL) was added in one 

portion. The reaction mixture was sealed and stirred vigorously for an additional hour, with 

occasional release of the built up gases. The aqueous layer was then separated from the organic 

layer, and the volatiles were removed from the organic layer at room temperature under high 

vacuum. The resulting particles were then suspended in acetone (50 mL) and collected by 

centrifugation (10 min at 4000rcf), this washing step was repeated 4 times with acetone (50 mL 

each time). This yielded 25 mg of DDS nanoparticles, which were stored as solids at -10 ºC.  
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NHC exchange on DDS AuNP (representative procedure using NHC1 

The following was performed under nitrogen atmosphere in a glove box. In a typical 

synthesis, the respective benzimidazolium salt (0.12 mmol for bis NHC, 0.24 mmol for mono 

NHC) was suspended in THF (2 mL) and potassium tertbutoxide (28 mg, 0.25 mmol) in THF (0.5 

mL) was added dropwise over 30 minutes. The mixture was then allowed to stir at room 

temperature for 1 hour prior to the removal of the solvent under reduced pressure at room 

temperature. Benzene (3 mL) was then added to the residue and the resulting suspension was 

filtered into a stirred solution of DDS nanoparticles (7 mg) in benzene (2 mL). Once the addition 

was complete, the vessel was sealed to preserve the nitrogen atmosphere and the vessel was 

removed from the glove box and placed in an ultrasonic bath for 20 minutes prior to being stirred 

at room temperature for 40 h. The vessel was then opened to the atmosphere and the solvent was 

removed under reduced pressure at room temperature. The residue was suspended in acetone (15 

mL) and the particles collected by centrifugation (30 min at 4000 rcf, 10 ºC), this washing step 

was repeated 4 times with acetone (15 mL each time). The resulting particles were stored as solids 

at -10ºC.  

Results and Discussion 

Our NHC design is shown in Figure 2 and involves two distinct types of benzimidazole-based 

system, the parent benzimidazole (NHCs 1-4) as well as three 12-pentacosene decorated 

analogues (NHCs 5-7); the latter being designed to mimic long-chain sulfur analogues. Moreover, 

we have introduced 5 chelating variants, wherein an alkyl tether serves to link the adjoining 

NHCs. This linker separates the two NHCs with 3, 6, or 10 methylene units to provide a range of 

possible binding orientations on the surface of the particle. The NHCs were formed directly from 

the corresponding benzimidazolium salts (see supporting information for synthesis) prior to use; 

and the nanoparticle source was dodecylsulfide (DDS) functionalized nanoparticles synthesized 

through a modification of the Brust-Schiffrin method.[31] 
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Figure 1. Mono and bidentate NHCs explored for the resurfacing of DDS nanoparticles. 

The degree of substitution of DDS with NHCs 1-6 was assessed by the examination of the 

loss of the sulfur (S 2p) peaks at 163 eV and the appearance of a nitrogen (N 1s) peak at 401 eV in 

the X-ray photoelectron spectra (XPS) (Figure 3). NHCs 1-7 all displace the DDS to some degree, 

with the long chain variants (NHC 5-7) being slightly less effective than the benzimidazole 

analogues (NHC 1-4).  

Transmission electron microscopy (TEM) was used to assess the particle morphology after 

ligand exchange had occurred, and the resulting images and their particle distributions are shown 

in Figure 4. All of the resulting particles, including those for which incomplete exchange has 

occurred, exhibit spherical particle morphology with an average particle size between 1.5 and 5 

nm in diameter. It would appear that particles covered in long chain NHCs (NHC5 through 

NHC7) are roughly 1 nm larger in diameter, on average, than those produced from the 

benzimidazole NHCs alone.  
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Figure 3. XPS of NHC nanoparticles through exchange. 
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Figure 4. TEM images of NHC nanoparticles. (a) NHC1@AuNP, (b) NHC5@AuNP, (c) 
NHC2@AuNP, (d) NHC6@AuNP, (e) NHC3@AuNP, (f) NHC7@AuNP, (g) NHC4@AuNP, 
and (h) DDSAuNP (prior to NHC exchange) 
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The UV-vis absorbance spectra of the nanoparticles is shown in Figure 5, showing the surface 

plasmon band at ca. 525 nm. The particles appear to be better dispersed in THF than toluene.  

 
Figure 5. UV-Vis absorbance spectra for nanoparticles in a) Toluene and b) THF at room 
temperature. 
 

In order to gain insight into the ability of NHCs 1-7 to stabilize goldnanoparticles, we are 

examining the stability of the resulting particles: (a) at elevated temperatures, (b) in solvents of 

different polarity, (c) in acidic and basic media, (d) in the presence of peroxides, and (e) to 

ultraviolet (UV) light. In addition, etching experiments of the particles in the presence of KCN 

have been carried out in order to determine the relative extent of surface protection on the surface. 

The temperature stability studies for the NHC functionalized nanoparticles are shown in 

Figure 6 and demonstrate that the NHC functionalized nanoparticles are significantly more stable 

to high temperature treatment than their DDS stabilized counterparts. Even after 24 hours at 

elevated temperatures, the plasmon band of NHC5 @ AuNP remains unchanged, while NHC6 @ 

AuNP and NHC7 @ AuNP show peaks at the same wavelength, but of slightly greater intensity. 

Conversely, after 4 hours of heating the DDS @ AuNP, the plasmon band has completely 

disappeared, indicating aggregation of the resulting particles.  
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Figure 6. Temperature stability studies of NHC gold nanoparticles in THF. 

 

In conclusion, research on the production of NHC-functionalized gold nanoparticles through 

ligand exchange on DDS-stabilized gold nanoparticles is ongoing, but preliminary results show 

that the displacement of the DDS using free NHCs is an effective method for producing 

functionalized nanoparticles without drastic changes to the size and shape of the particles. 

Moreover, the resulting NHC functionalized particles that have been examined and show greater 

thermal stability to their parent DDS particles. Future work will include completing the stability 

studies on all of the above-mentioned particles, and comparing these results to dodecanethiol 

(DDT) functionalized particles. In addition, etching experiment of the particles will be conducted 

with KCN. 
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Appendix C 

Selected NMR Spectra 
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