SYNTHESIS AND CHARACTERIZATION OF FUNCTIONAL, CHIRAL
PERIODIC MESOPOROUS ORGANOSILICA MATERIALS

by

Lacey Reid

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
January, 2017

Copyright © Lacey Reid, 2017

Abstract
High-surface-area materials are ideal for recyclable supports and solid phases for
heterogeneous catalysis and for chromatography because they allow for a large
number of substrate-surface interactions. Such synthetic materials can be precisely
tuned in terms of pore size and shape, particle shape, hydrophobicity, and
functionality at the surface.
Periodic mesoporous organosilica (PMO) materials offer the stability of a
silicon framework; the functionality of an organic compound, ligand or complex; and
the opportunity for all of the aforementioned properties to be highly controlled.
Additionally, these materials can have chirality on the molecular or particle scale,
through the use of chiral building blocks during their synthesis.
In the work described herein, we have shown that molecular chirality can be
installed within PMO materials through the use of chiral organic monomers doped
into the material bulk phase. The chiral dopants and other functional dopants can
be chemically manipulated within the solid-state material, and we have shown that
the deprotection of masked biphenol groups yields free diols that can be
subsequently modified into new functionalities, such as phosphoric acid residues.
By cleaving the chiral auxiliary of the chiral dopants within the solid-state material,
we can remove the physical barrier to racemization; and yet, the dopant does not
lose its chiral information, even

after hydrothermal treatment. This work

demonstrates the potential for multifunctional PMOs as heterogeneous catalysts,
where selective functionalization of embedded dopants can establish different types
of active sites within the material.

ii

Lastly, the synthesis of new bulk phase monomers is investigated with the
idea that the complimentary quadrupole polarities of perfluorinated and nonfluorinated arenes will facilitate the self-assembly of the bulk and dopant monomers
by increasing electrostatic interactions during material synthesis.
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Chapter 1

Introduction to Porous Silicas and Their Applications

1.1 General Introduction
Consider the integral functions served by high-surface-area materials in
everyday life. As the reader finishes this sentence, hundreds of millions of alveoli
will have facilitated gas exchange across the surface of the lungs, unnoticed. In the
field of chemistry, the applications may be different than biology—absorption of
metals from wastewater perhaps, rather than absorption of oxygen from the air—yet
the means are much the same. For physical processes or chemical reactions
occurring at an interface, a high surface-to-volume ratio often translates to an
increase in rate or efficiency, which is certainly advantageous in chemical
applications.1,2 High-surface-area materials could take the form of small particles
with a high surface-to-volume ratio, or large solids with pits, cavities or channels.
Syntheses of “man-made” high-surface-area materials of the latter void-space type
proliferated from the early development of zeolites,3,4 pillared clays,4 and xerogels5,6
to later encompass mesoporous silicates,4,7 carbons,8 and metal oxides.3,4,9 Three
major classes of porous materials are defined by the IUPAC: microporous (<2 nm),
mesoporous (2-50 nm) and macroporous (>50 nm).1,4 Zeolite materials are classified
as microporous due to their < 2 nm pore sizes, and while these highly ordered
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aluminosilicate materials are invaluable for petrochemical cracking,3,6 their
capability as sorbents and catalysts is limited by their small pore size.4,7
Porous silicas, however, can be constructed to have mesoporous-sized
channels, and are typically prepared under milder conditions and at much lower
temperatures compared to the 80 - 300 °C required for zeolite crystallization.5,8
Furthermore, the surface of a porous silica can be modified with organic or
inorganic molecules to impart functionality for a desired application.10,11 The sheer
versatility of mesoporous silicas combined with their high stability and precisely
tunable pore sizes makes them promising candidates for several high-value
applications including sensing, gas storage, and heterogeneous catalysis.4,5,12
Catalysts are widely used across commercial industries, from fine chemical
synthesis and plastics to petroleum refinery. Global demand for catalysts is
expected to surpass (USD) $24 billion by the end of 2018.13 With the continued
search for economical and benign chemical processes, catalysts are a means to
increase energy efficiency and atom economy, while reducing the need for
potentially toxic separation and processing agents. Catalysts for “green chemistry”
are expected to be at the forefront of this growth as environmental regulations and
carbon taxes become more universally adopted in terms of industrial standards.13
As industrial processes shift to favour catalyst recycling and regeneration,
mesoporous silicas increasingly become prospective heterogeneous supports for a
variety of catalytic reactions, particularly where traditional homogeneous catalysts
(or the metals leached from them) are difficult to remove from process reaction
mixtures.14
2

A comparison of the development of homogeneous and heterogeneous
systems shows the maturity of two entirely different spheres of catalysts whose
overlap has accelerated since the early 2000s.14 While homogeneous catalysts have
been well studied, with active site reactivity and structure-function relationships
generally understood, heterogeneous catalysts typically have less well-defined active
sites and it may not be clear mechanistically what is happening at the surface.14,15
For example, the Philips catalyst (chromium on silica) has been used as a catalyst
for the industrial polymerization of ethylene, in the absence of an understanding of
the structure or even the oxidation state of the active centres.14,16 Groppo and
colleagues posed in 2005, “Is it possible to identify the polymerization mechanism?”16
As surface chemistry and characterization techniques improve over time, we will
surely

develop

a

greater

understanding

of

these

catalytic

processes

in

heterogeneous systems.
We will see in the coming chapters that modification of mesoporous silicas
can give rise to a seemingly infinite number of possible materials, and we expect
that sol-gel chemistry will play a role in shaping the design of high-value commodity
products.

1.2 Sol-gel Synthesis of Porous Silica Materials
Development of man-made high-surface-area materials in the late 1980s to
early 1990s saw chemists still tinkering with the composition of zeolites, using
organic salts of quinuclidine and alkylammonium molecules as templating agents to
increase the size of the void spaces in the material.4 While mesoporous zeolites
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could be successfully prepared by this method, many were thermally unstable and
thus unsuitable for the catalytic applications of their design.4 Framework elements
of aluminum, titanium, vanadium, and others were swapped out for phosphorus,
silicon and gallium.4 However, the concept of crystallizing the solid out of a
templating synthesis medium remained, even as these new materials could no
longer be called mesoporous zeolites.
In the early 1990s, Mobil Oil scientists developed the synthesis of the socalled M41S mesoporous silicas (Micelle-templated Silicas), using the metalloid
silicon as the framework element, bridged by oxide groups.17,18 The precursor was
an alkoxide, a type of organic compound known to easily undergo hydrolysis in the
presence of water (Eqn. 1-1).

Si(OR)4 + H2O ⇄ HO-Si(OR)3 + ROH

Eqn. 1-1

Si(OR)4 + 4 H2O ⇄ Si(OH)4 + 4 ROH

Eqn. 1-2

(OR)3Si-OH + HO-Si(OR)3 ⇄ (OR)3Si-O-Si(OR)3 + H2O

Eqn. 1-3

This process is generally reversible, with HO-Si(OR)3 able to form Si(OR)4
again in the presence of alcohol (where R = alkyl), but in the presence of excess
water the hydrolysis can go to completion (Eqn. 1-2).19 Condensation of the
hydrolyzed silicates gives rise to O-linked alkoxysilane oligomers and larger silica
polymers (Eqn. 3) by a process catalyzed by an acid (such as HCl or H2SO4) or base
(such as NaOH or NH4OH) and driven by the liberation of water or alcohol
4

molecules.19 The small silica polymers form a sol in the alcoholic or aqueous media,
formally a colloidal suspension of solid particles in a liquid templating medium.19 As
polycondensation proceeds, the sol develops into a gel, a diphasic system containing
liquid as a colloidal suspension within the condensed inorganic polymer. Aging of
the gel promotes further ordering of the continuous inorganic framework, giving rise
to a more robust and uniform material.19 The template—in this case, the solvent—
can then be removed simply by drying the polysilicate solid. Subject to the drying
conditions, amorphous silica xerogels or aerogels can be prepared, with specific
surface areas on the order of 500 - 900 m2/g, exceeding 1000 m2/g for aerogels.19
The replacement of the aerogel liquid phase with a supercritical fluid before drying
will prevent the collapse of the silica matrix due to the liquid capillary action
forces.19
1.2.1 Surfactant-Templated Mesoporous Silicas
For the M41S silicas, hydrolysis and condensation of the metal alkoxide
Si(OEt)4 (tetraethyl orthosilicate, or TEOS) was directed by a different kind of
template, ultimately forming highly ordered materials with well defined 2 – 10 nm
diameter channels.17,18 Thus the sol-gel synthesis of templated mesoporous silicates
was born. This method used long-chain trimethylammonium halide surfactants as
the template, which were later removed from the silica scaffold by calcination, a
process which causes the organics to thermally decompose. These amphiphilic
surfactant molecules are soluble in polar solvents like water, but at concentrations
above

the

critical

micelle

concentration

of

the

system,

the

molecules

will

spontaneously self-assemble into micelle structures (Scheme 1-1a). The ionic head
5

groups of the surfactant molecules are solvated by polar solvents while the
hydrophobic alkyl chains are buried within the interior of the spherical micelle.
Micelle formation is strongly influenced by the chemical nature and shape of the
surfactant molecules, which dictate intramolecular packing geometry. Consideration

Scheme 1-1. Self-assembly of (a) ionic, and (b) di- and triblock copolymer
surfactants into micelles provides a template for (c) the sol-gel synthesis of
mesoporous silicas
6

of the area of the polar head group and the excluded volume of the alkyl chain “tail”
can give a fairly accurate prediction of micelle structure.5,20
In a delicate balance mediated by surfactant concentration and temperature,
micelles can form higher order mesomorphic phases known as lyotropic liquid
crystal (LLC) phases. As more surfactant is added above the critical micelle
concentration, the equilibrium of the system shifts to lower the solvent-micelle
interfacial free energy.21 True liquid crystal templating of mesoporous silicas is a
method

that

allows

the

LLC

phase

to

form

under

very

high

surfactant

concentrations before adding a hydrolyzable silica source that ultimately forms the
rigid framework around the template (Scheme 1-1c). A silicate-initiated pathway is
also possible, where the silica precursor facilitates the LLC phase formation at
much lower surfactant concentrations, through a cooperative self-assembly process
(Scheme 1-1c). The three most well-studied LLC phases are lamellar, hexagonal,
and cubic, where surfactant molecules are arranged into flat bilayers, hexagonally
packed rods, or cubic-packed bicontinuous structures, respectively.21,22
Understanding the formation of these phases is important for mesoporous
silicas whose pore structures are directly templated in the geometry of the LLC
phase. Mobil’s early MCM-41 materials had well-defined 2D hexagonal pore
structures (Scheme 1-1c), while MCM-48 and MCM-50 showed cubic and lamellar
structures, respectively.17,18,23
Early syntheses of the surfactant-templated mesoporous silicas were
dominated by the cationic alkylammonium surfactants of the type CnH2n+1N(CH3)3X
(n = 8-22) as they were widely accessible, well-studied, highly soluble, and suitable
7

for acidic or basic solutions.5 However, further development saw the use of many
different kinds of surfactants, including neutral polyether surfactants, di- (Gemini),
tri- and tetra-head-group cationic surfactants, and negatively-charged anionic
carboxylate, sulfonate or phosphonate salts.5,24
Scheme 1-1a shows the anionic surfactant sodium dodecyl sulfate (SDS) and
the cationic surfactant octadecyltrimethylammonium chloride (OTAC). Non-ionic
surfactants such as high-molecular-weight di- and tri- block copolymers have
become popular templates for large-diameter pores, with SBA-15 silicas having up
to 30 nm diameter hexagonally-packed channels.25,26 Block co-polymers are highmolecular-weight structures containing sequences of chemically distinct units. In
the case of SBA-15, the template was P-123 triblock copolymer composed of
polyethylene and polypropylene segments in an ABA pattern (Scheme 1-1b). The
same types of supramolecular architectures as MCM-type materials are observed,
including 2D hexagonal,25 cubic and lamellar phases.26
The micelle structures are similarly dependent on concentration, solvent, and
temperature factors. An attractive interaction between the template and the silica
precursor is required for the condensation to proceed without phase separation.27,28
These electrostatic interactions allow the inorganic silica species to assume the
shape of the template by surrounding the head groups of the surfactants and filling
the intermediary space between the supramolecular aggregates in solution.27,28 For
example, under basic conditions the silica precursor is anionic [(OR)4-nSi-(O-)n] and
will experience an attraction to cationic alkyl ammonium surfactants such as the
long-chain trimethylammonium halides.27,28 Conversely, at a low pH (~2), the
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hydrolyzed silanol species will be positively charged and can charge-match with an
anionic surfactant such as sodium lauryl sulfate. These surfactant (S) – inorganic (I)
electrostatic interactions have been classified as S+I- and S-I+, respectively.27,28 There
are many reviews dedicated to the synthesis and characterization of these materials
as they have come to constitute a very broad research area.7,22,29,30

1.3 Functionalization of Mesoporous Silicas for Advanced Applications
By the mid 1990s, there were many reports on the sol-gel synthesis of
mesoporous silicas having a variety of pore sizes and geometries, and particle
morphologies.11,22,29 While these methods could produce very robust frameworks
with highly tunable characteristics, materials chemists were searching for ways to
imbue mesoporous silicas with organic functionality. Incorporation of organic
functional groups within mesoporous silicas would allow for tuning of surface
polarity and hydrophobicity, as well extending the range of potential applications for
these materials by creating active surface sites that could react with substrates.12
Organic functionality can be imparted into mesoporous silicas in three
primary ways. By one method, organic functional groups can be attached to the
inorganic framework of mesoporous silicas by a process referred to as grafting.12
This process uses organosilane precursors [(R’O)3-nSi-Rn; ClSiR3; HN(SiR3)2] that can
hydrolyze and condense with silanol groups (Si-OH) at defect sites within the
inorganic silica framework, in order to anchor the organic “R” groups to the surface
through covalent siloxane bonds.10 A variety of organic functional groups can be
installed by modifying “R” of the precursor, from simple alkyl silanes,31,32
9

nucleophilic halides,33 and amines,33,34 to thiols35 and sulfonic acids.35 Furthermore,
reactive organic groups can be further modified once attached to the material,
providing more complex functionality by a multi-step process. For example, shortchain amines34 grafted onto the surface of MCM-41 materials can be further
functionalized into N-linked naphthalimide dyes36 or anthracene fluorophores,37
giving completely different properties.
The commercial availability of short-chain organosilane coupling agents, or
linkers (Chart 1-1), has further expedited the multi-step functionalization of
inorganic silicas. Grafting is an effective method to coat the surface of porous silicas
without corrupting the mesostructural order,32 however in some cases where multistep functionalization is carried out, residual silanol groups must be passivated, or
poisoned, so they do not interfere with later chemical modification steps.34 A major
limitation of this method is that the grafting of organic groups occurs preferentially
on the external surface of the inorganic silica and around the openings of the
mesopores.38 Congregation of organic groups at pore entrances is not ideal for
substrate diffusion into the mesochannels, for example, if the organosilica material
would be later used for catalysis.
Another method of functionalizing mesoporous silicas is an extension of early
work on organic modified silicates, or Ormosils,39-41 which are amorphous xerogels
prepared with alkoxysilane precursors Si(OR)4 and R’-Si(OR)3, where R = CH3;
CH2CH3 and R’ is an organic functional group such as alkyl, phenyl, or vinyl.42,43
Synthesized in water, the hydrophobic organosilane precursors form pseudomicelles
whose interiors eventually form hydrophobic cavities in the porous xerogel
10

materials.41 It became obvious that the organosilane precursors used for grafting
functionalities onto MCM-type inorganic silicas could be incorporated into hybrid
organic-inorganic mesoporous silica materials by a one-step, or one-pot, cocondensation method.10,12 The groups of Stein,38 Macquarrie44 and Sartori44 have
investigated the reactivity of organic groups in grafted versus co-condensed
mesoporous silicas by comparison.
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Chart 1-1. Hydrolyte precursors for mesoporous silica and organosilica materials,
where R = CH3, CH2CH3; Y = O, S

Their findings have resulted in the conclusion that, while co-condensed
organic groups are more homogeneously dispersed within the material framework,
fewer of them are active or available for further reactivity compared to grafted
organic groups that benefit from greater coverage of the outer material surface.38,44
For example, Lim and Stein reported that the extent of bromination of co-condensed
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vinyl groups was only ca. 80% compared to vinyl-grafted MCM materials, according
to X-ray photoelectron spectroscopy measurements.38

Scheme

1-2.

Comparison

of

co-condensation

versus

grafting

methods

of

introducing organic groups to mesoporous silicas. Materials can be further modified
by post-functionalization of available organic groups.

Analogously to grafted MCM-type materials, the organic groups of cocondensed mesoporous silicas can be further modified within the solid-state
material by post-functionalization. Scheme 1-2 compares grafting,34,45 co-condensation,46,47 and post-functionalization48 methods for obtaining amino-derivatized
MCM mesoporous silica materials as an example.
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The third method for functionalizing mesoporous silicas incorporates the
organic “R” component as bridging groups directly within the walls of the silica
framework through the use of bis-silylated organosilane precursors [(R’O)3-RSi(OR’)3].10,12,49 As with the MCM-type hybrid organosilicas, these materials are
prepared by a one-pot, sol-gel condensation reaction, however the organosilane
precursor may form the sole component of the mesoporous framework so that an
inorganic silica source is not required.
The organic bridging groups are periodically ordered within the mesopore
walls of these materials, rather than extending outward into the pore void space.
The commercial availability of organosilica linkers (Chart 1-1) has advanced the
synthesis of a wide variety of bis-silylated precursors with increasing complexity of
the organic component. Particularly exciting has been the synthesis of bis-silylated
precursors bridged by chiral ligands and catalysts (see Chapter 3) with the goal to
prepare chiral periodic mesoporous organosilicas for asymmetric heterogeneous
catalysis.12,14,50 However, organosilane precursors of such complexity have typically
produced poor quality materials, and the requirement for an inorganic silica source
has translated to mesoporous organosilicas akin to MCM-type materials, with lower
loadings of the organic functionality.12
Literature in this area has not always made a clear distinction of true
periodic mesoporous organosilicas (PMOs) containing 100% of the bridging organic
groups, and those MCM-type organosilicas prepared with bis-silylated precursors
but requiring an additional inorganic silica source. Herein the latter group of
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mesoporous organosilicas are included, however the distinction is made between
MCM-like PMOs and true PMO materials.

1.4 Periodic Mesoporous Organosilica (PMO) Materials
The birth of PMO materials in 199951-53 signalled the discovery of remarkable
materials—truly hybrid organic-inorganic silicas whose synthesis still afforded welldefined mesostructures and whose potential for functionalization was unparalleled
among previous MCM-type materials.12 Changing the nature of the bridging “R”
group could offer virtually an unlimited number of organosilica materials, given the
potential for surface post-functionalization, tuning of pore size and geometry, and
choice of morphology from thin films and monoliths to dispersed spheres and
amorphous particles.6,12,54,55
In

its

infancy,

the

synthesis

of

PMO

materials

comprised

simple

saturated51,56,57 and unsaturated52,53 alkyl-bridged precursors (Chart 1-1), later
including aromatic bridges,58-62 pyridines63,64 and heterocycles,65,66 biaryls,67,68 and
dendrimers.69 Several groups have reported on the post-functionalization of solidstate PMO materials, indicating the availability and chemical reactivity of the
bridging groups despite being fixed in the pore walls.12,55 For example, in the first
reports of ethylene-bridged PMOs, bromination of the ethylene groups was
accomplished without loss of the PMO mesostructural order despite the change in
carbon-carbon bond hybridization.52,53 Other groups have since reported on the
epoxidation and subsequent ring-opening,70 and even Diels-Alder reactivity71,72 of
ethylene bridging groups within PMO materials. Our group has reported styrene15

bridged

PMOs

that

could

be

post-functionalized

with

osmate

esters

and

subsequently oxidized to yield aldehyde functional groups.73 Electrophilic aromatic
substitution chemistry has afforded the post-functionalization of aryl groups in
aromatic PMOs to access sulfonic acid60,71 and amino74 groups.
1.4.1 Crystal-like PMO Materials
Several research groups have also observed that the use of rigid organic
bridging groups can produce a higher degree of ordering within the PMO material,
beyond the mesostructural order generated by the surfactant template.12,55 Inagaki’s
group first reported highly ordered PMOs whose phenyl groups were arranged in
lamellar layers within the pore walls, creating alternating hydrophobic (phenyl) and
hydrophilic (siloxane) regions with a periodicity of 7.6 Å.60 Compared to PMOs with
isotropically oriented, or randomly directed, organic groups within the pore walls,
the rotational axes of the phenyl groups were anisotropically aligned along the
direction of the mesochannels.60 This phenomenon was later reported for PMOs
containing other bridging groups such as ethylene,75 biphenyl,67

vinylpyridine,63

and bipyridine.76 The crystal-like arrangement of organic groups in the PMO
framework is thought to arise from both hydrophobic and hydrophilic polarity
interactions during co-condensation.60,77 More recently, H-bonding interactions have
been shown to promote crystal-like ordering in cyclohexane triamide-bridged
PMOs.78
In summary, PMOs confer the advantage of high loadings of organic
functionality within the pores walls of mesostructured silica materials, compared to
co-condensed or grafted MCM-type organosilicas. Combinations of organosilane
16

precursors can give rise to multifunctional PMOs that are promising for applications
where different functional groups or reactive sites are required. Because bridging
groups can be further functionalized, and surface silanol groups can be exploited for
grafting, PMOs offer several pathways for building complex organic functionality.12,55
While crystal-like ordering of bridging groups is not a requirement for the
function of a PMO, it has been suggested that the periodic nature of hydrophobic
and hydrophilic sites could lend unique properties to these materials for optical and
sensing applications, for example.60 Structurally, the ordering of bridging groups
within discrete lamellar layers could have important implications for chirality within
the framework of PMO materials, as we will explore in later chapters. It has also
been proposed that the periodic alignment of organic groups could promote
anisotropic orientation of guest molecules within mesopores, which would have
implications for catalysis if the orientation of substrates could be controlled.60
Furthermore, crystal-like PMOs with aromatic bridging groups have the potential to
be conductive porous materials provided π-π stacking between adjacent bridging
groups could be facilitated.60 Overall, PMO materials are attractive candidates for a
multitude of high-value applications.

1.5 Characterization of Hybrid Organic-Inorganic Mesoporous Silicas
One of the major difficulties in the synthesis of organosilica materials is
evaluating the degree of organic functionalization. Many traditional analytical or
surface analysis methods used to quantify organic structure are not suitable for
these amphiphilic, static-prone, amorphous silica powders, simply due to their
17

material properties and general stability. Fortunately, the advancement of solidstate nuclear magnetic resonance (NMR) spectroscopy has provided the tools to
probe the organic functional environment of solid-state materials for a variety of
atomic nuclei (carbon, silicon, phosphorous, even proton) analogous to the
measurement of solution-phase molecules. Although quantification of organic
functionality is difficult by these methods, estimations have been provided herein
where possible.
As highlighted throughout this chapter, mesoporosity is an important
requirement

for

organosilica

materials

destined

for

analytical

or

catalysis

applications due to the necessity that organic groups in the material framework are
widely available. In order to investigate the quality of the mesoporous organosilicas
herein, material surface area, pore volume, and pore diameter were investigated by
standard nitrogen gas physisorption analysis. Crystal-like ordering of organic
bridging groups was investigated by powder X-ray diffraction analysis. These
primary methods of evaluation are further discussed in the following chapters where
they are introduced in the text, in the hope that it may benefit the casual reader to
compare theory and visual references to the data presented in this thesis. Although
an important aspect for analytical applications, morphology control of the material
particles was not a major goal of this project. However, electron microscopy images
of the amorphous particles have been provided as a supporting analysis of the PMO
materials.
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1.6 Objectives of this Thesis
This chapter has described the extensive advancement of sol-gel science
toward high-value commercial products for a variety of applications including
catalysis and sensing. The aggressive development in this field around the turn of
the century followed, for a large part, the grafting of well-studied molecules, catalyst
ligands, and complexes to mesoporous silicas as a low-cost pathway to advanced
materials. Yet the emergence of truly novel applications has seemed to occur to a far
lesser extent. The foundations of this thesis hope to explore the interesting
properties displayed by crystal-like periodic mesoporous organosilicas as they relate
to the promotion of chirality in ordered materials, with the anticipation that an
understanding of material properties can help guide the way we think about
developing PMOs for applications and developing applications for PMOs. Following
this theme, the thesis will address:
(i)

the effect of functionalization and post-modification of biphenylenebridged PMO materials

(ii)

induction of chirality in solid-state PMOs using chiral dopants; and

(iii)

the limitations in synthesis of PMOs and their components, and in the
characterization and qualification of chirality information
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Chapter 2

Design of Functional PMO Materials

2.1 Introduction: PMOs for Catalysis
In the previous chapter, the merits of mesoporous organosilicas and PMO
materials for a variety of applications were presented. Catalysis has been
particularly highlighted due to the pressing need to develop recyclable catalysts for
greener chemistry, in addition to the notion that silica materials and their
properties are suited for industrial chemical processes provided their limitations
could be addressed.1 Above all, for catalytic applications, the selectivity of catalyst
active sites is key. While the selectivity of molecular catalysts is related to the
structure of well-defined active sites,2 surface sites within heterogeneous systems
are often less well-understood in terms of how they influence the transition state of
a particular chemical reaction.3,4
In developing mesoporous silicas for catalysis, the goal is to control the
interactions of any substrates with the surface, and thereby grant specific reactivity
to well-defined catalytic sites; an approach that has conventionally been termed the
single-site catalyst approach.2,5 Many groups have prepared active single-site
catalysts by “heterogenizing” typical homogeneous catalysts on mesoporous MCMtype silicas by the functionalization methods (grafting; co-condensation) described
in the first chapter.2 In this way, the understanding of the homogeneous catalyst is
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preserved on a molecular level, and by considering how the attached catalyst might
sterically interact with the nearby surface, we can develop a general understanding
of the new heterogeneous catalyst.2,4 Advances in DFT methods have made possible
the theoretical modeling of silica-bound catalyst species;6,7 however, computational
methods can still be challenging and costly even for simple clusters on amorphous
solids.7
While designing selectivity into an amorphous single-site catalyst might be a
daunting task, materials chemists can more easily screen for catalytic activity
across categories of reactions. In this regard, periodic mesoporous organosilicas can
potentially offer several advantages over conventional MCM-type organosilicas. First
and foremost, the incorporation of organic groups directly within the pore walls
addresses the limitations of grafting, as described in the previous chapter. In typical
heterogenized MCM-41 silicas, the active sites extend into the pore void space,
occupying pore volume and potentially limiting substrate diffusion.3
The use of smaller, more rigid tethering groups in bis-silylated (or trisilylated) PMO precursors can help overcome this limitation, while also allowing for
a higher density of active sites in PMO materials as a result of the high density (up
to 100%) of organic groups in the pore walls.3 Furthermore, it has been shown that
the hydrophobicity of true PMO materials can lend stability to the materials, slowing
catalyst deactivation.8

Morales et al. have reported that single-site sulfonic acid

catalysts with more hydrophobic acid residues experience higher catalytic activities
and less catalyst poisoning by adsorbed water—produced as a by-product from
catalytic etherification—near the acid sites.8
26

Scheme 2-1. Examples of single-site heterogeneous catalysts derived from
inorganic mesoporous silicas and PMO materials
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Scheme

2-1

shows

some

reported

examples

of

single-site

catalyst

organosilicas,9-11 true PMO materials,12-16 and their applications for heterogeneous
Bronsted acid,12,13 Lewis acid,9-11,16 and base14,15 catalysis. Turn over frequency
(TOF) values for catalysts are indicated for examples where information was
available,17 and comparisons are drawn between PMO catalysts and functionalized
inorganic silicas (MCM, SBA) or polymer resins (Amberlyst 15)18 where possible.
Several groups have shown that benzene-12,13 or biphenyl-bridged19 PMO materials
containing sulfonic acid residues are more active catalysts than sulfonated hybrid
mesoporous silica (HSM) materials, and can show different shape selectivities for
rearrangement reactions compared to homogeneous acid catalysts like paratoluenesulfonic acid.13
While fewer basic single-site PMOs have been developed for catalytic
applications, crystal-like benzene-bridged PMOs and dendrimers with basic residues
have been successfully applied to Knoevenagel condensation reactions (Scheme 21).14,15 Other groups have applied mesoporous organosilicas with Troger’s base,20 or
bis(dimethylamino)-naphthalene21 bridging groups for the same condensation
reaction.
Transition metal complexes have featured heavily in the development of
organosilica single-site catalysts for a number of reasons; among them, the breadth
of catalytic reactions accessible, and the commercial availability of precursors and
complexes that have well-established reactivity. Asymmetric catalysis on prochiral
substrates becomes possible when chiral ligands are featured in the active site, as
will be discussed in Chapter 3. Scheme 2-2 shows examples of metal complexes as
28

single-site

catalysts

for

oxidation,22

chiral

reduction,23

chiral

transfer

hydrogenation,23 and important C-C bond forming reactions,24 using vanadium,
ruthenium, and palladium metals.
These examples demonstrate how the actual incorporation of the complex
into PMOs—in comparison to heterogenizing a well-studied complex by grafting onto
mesoporous silica—can uniquely affect the catalyst environment, for example by
influencing the bite angle of a ligand with respect to the metal centre.23

Scheme 2-2. Examples of PMOs containing single-site transition metal complexes
and their use in heterogeneous catalysis
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With this in mind, this project was undertaken with the purpose of incorporating
functional ligands or complexes within PMO materials, with eventual applications
envisaged for single-site heterogeneous catalysts.

2.2 Building Functional Composite PMO Materials
The first step in designing a PMO with single-site functionality was to
consider both the limits of the structural component of the PMO and the nature of
the active site. Crystal-like PMOs will provide an ideal framework for these
materials, having highly uniform pores with ordered hydrophobic domains.25 At the
time, we suspected that biphenyl-bridged PMOs in particular might have interesting
𝜋 − 𝜋 effects that could extend over the material surface; additionally, the prospect
of eventually incorporating chiral ligands into a prochiral biphenyl bulk phase was
enticing. Previous work by our group indicated that functionalized biaryl monomers
could be incorporated as dopants within biphenyl-bridged PMOs.26 The loading of
the biaryl dopant in the PMO was limited to ca. 30 mol % by formulation,
highlighting the importance of structurally matching the dopant to the bulk
biphenyl monomer. While these materials were amorphous, it was hoped that
crystal-like materials could be prepared via adjustment of the PMO synthesis
conditions.
In terms of functionality, we were interested in ligands with well-established
reactivity in homogeneous catalysis for the purposes of benchmarking their
reactivity when embedded in a hydrophobic PMO material. Since biaryl-type
structures were important for ligand/backbone matching, this limited the focus to
30

bidentate ligands, preferably with small substituents so as not to disrupt the
mesoscopic ordering of the PMO material. Biphenols were an attractive choice, as
precursors to Schrock-type metal alkylidyne complexes,27,28 binaphthyl-1,1’-diol
(BINOL)-type Lewis acid catalysts,28,29 and phosphoric acid (Bronsted acid),30
phosphite31 and phosphoramidite catalysts.28,32
A biphenol precursor was envisioned, in which the diol functionality was
masked with a protecting group that would serve a dual purpose, the foremost being
to prevent the deprotonation of phenolic groups during PMO synthesis, which would
potentially disturb the self-assembly process. Secondly, protection of the biphenol
would allow the phenolic groups to be chemically differentiated from PMO surface
silanol groups. Once incorporated into the PMO material, the biphenol protecting
groups could be removed to reveal the free diols (Scheme 2-3), which could be
further manipulated into a variety of functional groups including ligands or

Scheme 2-3. Synthesis of PMO materials containing protected (PG) biphenol
monomers and post-synthetic deprotection and functionalization (FG) of unmasked
diol groups; MEM = CH2OCH2CH2OCH3
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catalyst systems described in section 2.1. In principle, the C2-symmetric diol could
be accessed selectively by deactivating any surface silanol groups before the
biphenol deprotection.

2.3 Synthesis of Organosilane Monomers
2.3.1 Biphenol Monomers
2,2’-Biphenol is available from a number of commercial suppliers, however
the difficulty in synthesizing a suitable monomer arises in the attachment and
placement of the hydrolysable alkoxysilane groups. We desired a functional
monomer that was structurally similar to the BTESBp bulk monomer 2-4 in order
to maximize incorporation of the functional dopant without disrupting the
mesoscopic or long-range order of the PMO framework. Additionally, the design of a
precursor to a bidentate ligand should consider the structural environment of the
biphenyl axis upon incorporation of the monomer into the PMO material.
Installing the alkoxysilane groups in the 4,4’ positions along the biphenyl
rotational axis would allow for some degree of conformational freedom around the
biaryl axis. Alternatively, installing the groups off-axis may lock the biphenol into an
unfavourable conformation (or a mixture of different conformations) for catalytic
complex formation.33 In biaryl-bridged bisphosphite complexes, for example, the
dihedral angle of the ligand can have profound effects on catalytic selectivity.34,35
The implications for chiral dihedral ligands are further discussed in Chapter 3. For
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these structural reasons, the choice of placement of the alkoxysilane groups along
the axial positions of the biphenol derivative was important.
The challenge in regioselectively functionalizing the 4,4’ positions of 2,2’biphenol precluded its use as a starting material. Instead, a synthesis of the biaryl
core was proposed by homocoupling an iodinated nitroanisole compound. Previous
work in our group showed that Ullmann coupling of similar aryl halides was a
scalable and higher yielding method compared to diazonium coupling of the
precursor

anilines,

despite

being

a

step

longer.36

The

synthesis

of

4,4’-

diiodobiphenyl derivative 2-9 was achieved in 4 steps from commercially available
2-5 (Scheme 2-4).37,38 Iodination of the starting material 2-5 afforded 2-6 cleanly in
~90% yield. Homocoupling of this product with stoichiometric copper yielded crude
2-7 in ca. 65% yield, having sufficient purity to carry through to the reduction,
which was quantitative. Bis-iodination of the diaminobiphenyl derivative 2-8 was
low yielding (20-30%) after column chromatography purification.
Attachment of the alkoxysilane groups via the aryl halide next proved to be a
formidable

challenge.

There

are

few

different

approaches

by

which

this

transformation has been achieved according to literature reports. DeShong’s group
has described the synthesis of aryl(trialkoxy)silanes via aryl lithium or Grignard
reagents quenched at low temperature with tetraalkyl orthosilicates.39,40 Masuda’s
group has reported the direct silylation of aryl halides by rhodium-catalyzed crosscoupling with trialkoxysilanes.41,42 Alternatively, the silane group can be attached by
a 2-carbon tether via Sonogashira coupling43 of terminal alkynes or MizorokiHeck44,45 coupling of vinyl alkoxysilanes with aryl halides. The latter method has
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been successfully used to prepare complex organosilane precursors in moderate
yields,33,46,47 thus it was by this method the silane attachment was first attempted.

NO2

NH2
O 2N

OMe

2-5

I

H2SO4, NaNO2
KI, 0 oC
AcOH/H2O
92% yield

O 2N

MeO

Cu0

OMe

2-6

OMe

DMF
140 oC
66% yield

NO2

2-7
SnCl2 2H2O
EtOH, 70 oC
99% yield

Si(OEt)3
PdCl2[P(o-tol)3]2
P(o-tol)3, Et3N

NH2

X

Si(OEt)3
MeO

HCl, NaNO2 MeO

MeO
OMe

OMe

DMF, 120 oC
39% yield
X

Si(OEt)3

2-1

[Rh(COD)Cl]2, Et3N
TBAI, HSi(OEt)3
DMF, 80 oC

aq. KI, 0 oC
AcOH/H2O
22% yield

OMe

NH2

2-8

2-9 : X = I
2-2 : X = Si(OEt)3

Scheme 2-4. Synthesis of PMO precursor monomers

The precursor 2-9 was silylated via a vinyl-linked tether using the conditions
reported by Brethon,47 substituting tri(o-tolyl)phosphine as the catalyst ligand. It
was notable that at reflux temperature in acetonitrile, or when using palladium
catalyst loadings lower than 10 mol %, no appreciable reaction was observed.
Unfortunately,

some

mono-silylated

biproduct,

as

well

as

residual

tri(o-

tolyl)phosphine and vinyltriethoxysiane, were present in the reaction workup
34

mixture and were difficult to separate from the crude product. The monomer was
also sensitive to moisture and prone to self-condensation. Nevertheless, 2-1 was
recovered as an oil in low yield (39%) and carried on immediately to PMO synthesis
with BTESBp.
The rhodium-catalyzed cross-coupling method was also attempted on this
substrate despite limited success using this method on other aryl halides (see
Chapter 3.3.1). Further optimization of the Masuda conditions42 was carried out,
giving the direct silylation of 2-9 in up to 45% yield by adopting a higher (up to 20
mol %) loading of rhodium over longer reaction times.38 The silylated monomer 2-2
was stable to silica gel column chromatography, however complete separation from
the mono-silylated impurity was not possible.

Nevertheless, this method was

adopted for direct silylation of subsequent substrates.
Conveniently, the precursor 2-9 described in the above synthesis could be
deprotected

under

standard

aryl

ether

cleavage

conditions48

to

yield

the

dihalogenated biphenol 2-10, a common intermediate for a variety of functional or
chiral dopant monomers (Scheme 2-5). The phenolic groups of 2-10 could be
deprotonated with a strong base to prepare the nucleophlic phenoxy alkali metal
salts, which could react with methoxyethoxymethyl (MEM) chloride or an alkyllinked bis-mesylate to give 2-11 or 2-12. The synthesis of a chiral annulated 2-12
by this method, using a chiral bis-mesylate, is discussed in Chapter 3.
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Scheme 2-5. Synthesis of functional PMO building block precursors from a
common intermediate

Use of the MEM chloride to prepare the aryl ether derivative 2-11 is a facile
way to protect the free biphenol groups of 2-10 so that they might be chemically
distinguished

from

other

protected

biphenols

or

surface

silanols.

Methoxyethoxymethyl and methoxymethyl (MOM) ethers are ubiquitous in organic
synthesis for the protection of alcohols to afford ether groups that can be later
cleaved under aqueous acidic or anhydrous Lewis acidic conditions using mild
reagents such as zinc bromide, magnesium bromide, or trimethylsilyl iodide.49 The
MEM-protected derivative 2-11 was prepared in 58% yield from 2-10 and rhodiumcatalyzed direct silylation of the iodides provided the organosilane precursor 2-3 in
ca. 40% yield.38
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2.3.2 Bidentate Phosphine Monomers
Additionally, the free biphenol groups of 2-10 could be converted into triflate
groups by treatment with triflic anhydride (Scheme 2-5). It was reasoned that
triflates may be more active coupling partners than the iodides toward transition
metal-catalyzed coupling with phosphines50,51 or phosphine oxides,52 leaving the
halides intact for later attachment of the alkoxysilanes. BINAP PMOs have been
reported,

having

excellent

selectivity

for

asymmetric

ruthenium-catalyzed

hydrogenations and transfer hydrogenations,23 but we are unaware of any such
PMOs employing 2,2’-bis(diphenylphosphino)biphenyl53 analogues. Such derivatives
would be promising prochiral functional ligands54 for the chiral PMO materials
discussed in later chapters, provided an efficient synthesis of the dopant monomer
could be derived.
The synthesis of bidentate phosphine or phosphine oxide organosilane
monomers was undertaken by an undergraduate student as a BSc. Chemistry
Honours thesis project.55 The ditriflate was afforded easily, however the nickelcatalyzed coupling with diphenylphosphine always resulted in a mixture of several
products that could not be purified without further decomposition of the crude
product. It was surmised that the regioselectivity of this reaction suffered from overphosphination of the ditriflate at the halide sites; furthermore, any surviving iodide
functional groups may not be stable to the oxidative conditions.
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2.4 Synthesis and Characterization of Composite PMOs Containing Functional
Dopants
With monomers 2-1, 2-2 and 2-3 in hand, PMO materials were synthesized
with varying amounts of the monomers doped into BTESBp 2-4. Incorporation of
the dopant within the PMO was determined by solid-state cross-polarization magic
angle spinning (CP MAS) NMR of carbon-13 and silicon-29 nuclei in much the same
way that a molecular powder sample would be analyzed. Surface characteristics of
PMOs were probed to determine how overall porosity and surface area qualities were
affected by different dopants, and qualitative comparisons were made between the
doped PMOs and 100% biphenyl-bridged PMO materials. Surface characteristics
between related families of doped PMOs were also considered to determine how
these qualities might be affected by higher dopant loadings within the biphenylene
bulk PMO framework.
2.4.1 Surface Characterization Methodology
Surface characteristics and porosity information were evaluated by nitrogen
gas porosimetry analysis. Porosimetry is a conventional technique for the
characterization of organic-inorganic hybrid materials and ordered mesoporous
solids to determine pore diameter and volume, and the surface area of a material by
doping measured amounts of adsorbate gas into the previously evacuated sample.5658

Plotting a series of these measurements at different pressures gives an adsorption

isotherm, which provides 1) a concise visual representation following gas adsorption
on the surface from monolayer through multilayer adsorption to capillary
condensation within the pores (Figure 2-1); 2) qualitative information on surface
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properties and on pore size and shape by the interpretation of the shape of the
isotherm,57-59 and; 3) calculation of specific surface area and average pore size by
fitting of these data.57,58,60
The surface areas of mesoporous materials are typically calculated using the
Brunauer-Emmett-Teller (BET) method, which determines the monolayer capacity
(nm) of the material in the monolayer adsorption region of the isotherm (Figure 2-1)
in the area where the slope is approximately linear.

Figure 2–1. Representative schematic of type IV nitrogen adsorption isotherm

Multiplication of the monolayer capacity term (nm) by the cross-sectional area (am) of
the number of adsorbate gas molecules per mole gives the surface area (As) by Eqn.
2-1, where NA is Avogadro’s number. Specific surface area is then a straight-forward
calculation by Eqn. 2-2, which accounts for the mass of adsorbent material (m).57
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𝑨𝑺 =    𝒏𝒂𝒎   ×  𝑵𝑨     ×  𝒂𝒎
𝒂𝒔 =   

𝑨𝒔

Eqn. 2-1
Eqn. 2-2

𝒎

The BET method is known to mathematically underestimate specific surface
area (as) for some hydrophobic organosilica materials61 and more generally may
deviate within 20% of the true surface area of porous solids.57,58 This is because the
BET method assumes that interactions between the adsorbent surface and the
adsorbate gas will not change the value of am (0.162 nm2 for nitrogen gas at 77 K).57
Nonetheless, the BET method has become a standard method for calculating
surface area of such materials due to the robustness of the equation in evaluating a
wide range of adsorbents that may differ broadly in microstructure and enthalpy of
adsorption.57,58 Notably, materials demonstrating certain isotherm characteristics
are generally better supported by BET surface area methods compared to others.57,58
There are five adsorption isotherm categories originally classified by
Brunauer (Figure 2-2).59 Type I isotherms are typically observed for microporous
materials, or may indicate strong adsorbent-adsorbate interactions, while type III
isotherms indicate pore adsorbent-adsorbate interactions (such as water vapour
adsorbed to a hydrophobic surface).58 Isotherms of types II and IV show a more
pronounced low-pressure step of monolayer formation followed by multilayer
adsorption, which better fits the BET isotherm model for the calculation of surface
area. Types IV and IVc have sharp steps where capillary condensation within
mesopores results in the rapid uptake of adsorbate gas.58 These latter isotherms are
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reflective of mesoporous silicas having ordered cylindrical pores such as the MCM
family of materials.62,63

Figure 2–2. Classification of gas adsorption isotherms (top), and adsorptiondesorption hysteresis loops (bottom); adapted from ref. 58

41

The total pore volume of a porous material considers the volume of gas
adsorbed at near vapour-saturation pressures (p/po = 0.99) as a condensed liquid
volume at the temperature of analysis (77 K for nitrogen physisorption), and can be
calculated using conversion factors.58,64 The average size (in diameter) of pores is
calculated as a distribution using the Barrett-Joyner-Halenda (BJH) method, which
is based on the classical Kelvin equation (Eqn. 2-3) relating equilibrium vapour
pressure (p) of gas adsorption to curved surfaces of radius r, where Vm is the molar
volume of adsorbed condensate gas, γ is the surface tension of liquid condensate
gas, R and T as the ideal gas constant and temperature, respectively.65
𝒍𝒏

𝒑
𝒑𝟎

=   

𝟐𝜸𝑽𝒎
𝒓𝑹𝑻

Eqn. 2-3

This method is based on the assumption that multilayer adsorption and capillary
condensation of an adsorbate gas is dictated by the pore diameter, which holds for
MCM-type materials having cylindrical pore geometry, but does not hold for other
systems with larger, irregularly shaped pores.62,66 In the latter case, the adsorbate
gas is desorbed at lower pressures than initially adsorbed into the pores, and this
phenomenon

can

be

observed

in

the

multilayer

adsorption

and

capillary

condensation regions of the isotherm as a hysteresis effect.58,67 The BJH method
should then reflect the capillary condensation described by the adsorption branch
of the isotherm.57,58 These types of isotherms are represented by the type IV and V
isotherms shown in Figure 2-2 (top) where adsorption and desorption branch
directions are indicated by arrows; however, adsorption-desorption hysteresis may
also present in different shapes (Figure 2-2, bottom).
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2.4.2 Vinylsilyl Attachment in Doped Biphenyl PMO Materials
Initially, composite PMO materials were prepared with the vinyl-linked
monomer 2-1 doped into BTESBp (Figure 2-3a). These vinylBP-PMOs were prepared
by base-catalyzed hydrolysis using OTAC surfactant as a templating agent,
according to previously described methods to prepare highly ordered PMO
materials.68,69 Removal of the template surfactant by solution-phase extraction with
acidified ethanol left behind void channels whose porosity characteristics were
determined by nitrogen gas porosimetry analysis. A PMO material containing 15% of
dopant 2-1 showed a type IV adsorption isotherm (Figure 2-3b) with a mesopore
condensation step occurring over a very broad range of relative pressures (p/p0
0.40-0.80).
The hysteresis loop appeared to be a hybrid between types H1 and H4 (see
Figure 2-2), which are typically observed for adsorbents having either well-defined,
regular pores or narrow, slit-like pores, respectively.57 In this regard, we could
expect the 15% vinylBP-PMO to have a hybrid of these pore structures, which was
further evident by the broadened pore size distribution (Figure 2-3c).
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a

b

c

Figure 2–3. (a) Synthesis of vinylsilane-doped composite PMO with BTESBp versus
100% vinylBP-PMO; (b) Nitrogen physisorption isotherm and (c) pore size
distribution data of PMOs prepared with 15% or 100% of dopant 2-1 compared to a
100% biphenyl-bridged BTESBp PMO

In comparison, 100% BTESBp showed a type IVc adsorption isotherm
representative of the MCM-41 materials having regular cylindrical pores.62,63
Although the surface areas of these two materials were comparable, pore volume
and centre of pore size distribution for composite 15% vinylBP-PMO was slightly
larger than 100% BTESBp, indicating that the vinyl-linked dopant was somewhat
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disruptive to the mesoporous structure of the BTESBp PMO. Broad pore size
distributions can arise from the presence of constricted or bottle-neck shaped pores,
which could restrict pore accessibility and substrate diffusion in catalysis
applications.70
Solid-state CP MAS NMR spectroscopy was used to gauge the extent of
incorporation of 2-1 in the material, based on the relative carbon-13 signals of the
composite vinylBP-PMO compared to a 100% BTESBp-PMO (Figure 2-4 a,b). The
aromatic carbon signals of vinylBP-PMO matched those of the 100% BTESBp PMO
due to the majority of biphenyl bulk monomers, and no additional signal from the
dopant aromatic carbons were observed. An aliphatic signal at 63 ppm overlapped
with the NMR spinning side bands in this region. This may arise from the dopant OCH3 carbon, or could arise from uncondensed surface ethoxy groups.
The integrity of the monomers within the vinylBP-PMO was investigated by
29Si

CP MAS NMR

(Figure 2-4 c,d). Silicon NMR provides information about the

degree of condensation of the monomers during the PMO synthesis, typically
showing well resolved T1, T2, or T3 peaks corresponding to silicon species covalently
bound to carbon and forming one [-Si(OH)2(OSi)], two [-Si(OH)(OSi)2], or three
[-Si(OSi)3]

siloxane bonds, respectively.71 Upfield of the T-site region, the

appearance of Q-site signals from HO-Si(OSi)n(OH)3-n species indicates cleavage of
the C-Si bond. Overall, the spectral information of the vinylBP-PMO indicated very
low loadings of 2-1 (Figure 2-4).
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Even at a low apparent loading, the porosimetry analysis had shown that the
dopant could disrupt the material mesostructure, perhaps due to the structural
mismatch between the vinyl-linked dopant and biphenyl bulk.

Figure 2–4. Solid-state

13C

CP MAS NMR of a) 100% BTESBp-PMO and b) vinylBP-

PMO, and; c,d) corresponding

29Si

CP MAS NMR, with

indicated, and MAS side bands denoted by asterisks (*)
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29Si

T-sites and Q-sites

A 100% vinylBP-PMO was prepared in the complete absence of BTESBp 2-4
to determine if 2-1 itself could self-assemble with crystal-like ordering within the
PMO pore walls in the same way as a previously reported ethenyl-benzene-bridged
PMO.72 This resulted in a low-surface-area PMO having a type I isotherm (Figure 23b), indicative of a purely microporous material, or a mesoporous material having a
substantially broadened pore size distribution that includes micrometer-sized
pores.57,58 This was confirmed by the broadened pore size distribution appearing to
extend into the micrometer region (Figure 2-3c).

Table 2-1. Surface area (SA), pore diameter (Dp) and pore volume (Vp) nitrogen
porosimetry characterization of PMOs doped with 2-1

15% vinylBP-PMO-B

Molar %
2-1/2-4
15 / 85

Hydrolysis
conditions
basic

SAa
(m2/g)
683

D pb
(Å)
27.6

V pc
(cm3/g)
0.877

2

15% vinylBP-PMO-A

15 / 85

acidic

483

20.9

0.386

3

100% vinylBP-PMO

100 / 0

basic

133

< 10

0.093

4

100% BTESBp-PMO

0 / 100

basic

711

20.5

0.521

Entry

PMO

1

(a) Surface area calculated from BET isotherm; (b) Calculated by BJH method from the adsorption branch; (c) Single point total pore
volume at P/Po = 0.9999 mmHg

A post-doctoral fellow in our lab, Dr. Xiaowei Wu, was able to prepare a PMO
material with 2-1 doped into BTESBp under acidic hydrolysis conditions, employing
polyethylene glycol (PEG) octadecyl ether (Brij 76) block copolymer surfactant.73,74 It
is noteworthy that BTESBp materials prepared under acidic conditions also tolerate
the inclusion of the dopant, albeit with lower surface area, pore size and pore
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volume characteristics (Table 2-1, entry 2). However, our primary interest in these
doped PMOs focused on basic conditions to promote crystal-like ordering of the
organic groups within the PMO pore walls, since no such ordering is observed under
acidic conditions.25,75
2.4.3 Direct Ar-Si Attachment in Biphenol Dopant
In order to test whether the dopant with direct aryl-silyl attachment might be
a better structural match for BTESBp PMOs, PMO materials were synthesized with
2-2 doped in BTESBp. The PMOs were doped with 10-30 mol % of the dopant, by
formulation, in order to compare physical properties across materials with
increasing amounts of dopant relative to BTESBp (Table 2-2). We have since
published an account of these composite “cPMOs” containing disguised biphenol
monomers.38 The composite MeO-cPMO materials showed type IVc isotherms
consistent with 100% BTESBp PMOs, and displayed narrow pore sizes distributed
around 21 Å (Figure 2-5), calculated by the BJH method from the adsorption
branches. In contrast to the divinylbiphenyl dopant, the physical properties of the
MeO-PMOs indicated that this dopant was less disruptive to the mesoporous
structure, even at 30 mol % loading.

48

Figure 2–5. Nitrogen physisorption isotherms and corresponding pore size
distributions of composite MeO-cPMOs

Table 2-2. Surface area (SA), pore diameter (Dp) and pore volume (Vp) nitrogen
porosimetry characterization of composite PMOs prepared with dopant 2-2 in
BTESBp

10-MeO-cPMO

Molar %
2-2 / 2-4
10 / 90

SAa
(m2/g)
591

D pb
(Å)
20.6

V pc
(cm3/g)
0.407

2

20-MeO-cPMO

20 / 80

647

20.7

0.421

3

30-MeO-cPMO

30 / 70

631

20.6

0.433

4

20-MeO-cPMO-TMSd

20 / 80

858

17.4

0.522

5

30-MeO-cPMO-TMSd

30 / 70

716

17.4

0.495

6

30-HO-cPMO-TMSd,e

30 / 70

712

17.7

0.401

Entry

PMO

1

(a) Surface area calculated from BET isotherm; (b) Calculated by BJH method from the adsorption branch; (c) Single point
total pore volume at P/Po = 0.9999 mmHg; (d) TMS-passivation of surface silanols; (e) treated with boron tribromide
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Surface areas and pore volumes of doped cPMOs were slightly decreased from
100% BTESBp-PMOs (Table 2-2). No clear trends in physical properties were
apparent in composite PMOs with increasing dopant levels, however it was clear
that surface area and pore volume characteristics were comparable for dopant levels
up to 30%, and no disruption of the mesoporosity occurred leading to poorly-defined
or collapsed mesopores. These results supported our choice of the biphenol-based
dopant that is structurally well matched to the BTESBp bulk phase.
Powder X-ray diffraction (PXRD) was used to gather further structural
information about the cPMO materials. This technique is useful for determining
lattice spacing information of the PMO structure, and analysis of the opaque powder
samples is easy in practice. In the small-angle region (2θ < 10°), a large peak is
typically observed at d ~ 45 Å corresponding to the (100) lattice spacing of the 2D
hexagonally close-packed pores of PMOs. This peak is represented in Figure 2-6 as
d100. The (110) and (200) reflections of the 2D hexagonal lattice may also be
observed for highly ordered PMOs,76 or they may be obscured by the intense 2D
(100) peak. Using the 2D hexagonal p6mm d100 value obtained by PXRD, we can
calculate the lattice constant “a”, as Eqn. 2-4, and from this lattice spacing, the wall
thickness can be determined (Figure 2-6, left) by subtracting the pore diameter da
(determined by porosimetry) from the lattice constant a.
a = 𝟐𝒅

𝟑

Eqn. 2-4

The (100) reflection for the lamellar ordering of the stacked monomers is also
observed in the small-angle region, for PMOs with crystal-like ordering. This d50

spacing represents the molecular O-Si-R-Si-O distance of the monomers within the
PMO framework, corresponding to d = 7.6 Å for benzene-bridged PMOs76 and 11.9 Å
for both vinylbenzene-bridged72 and biphenyl-bridged PMOs.69

Figure 2–6. Schematic of structural information of 2D hexagonal BTESBp PMOs
(left) obtainable by porosimetry and X-ray diffraction analysis; PXRD (right) showing
low to medium angle reflections and the molecular distance of the biphenyl
monomer unit

Higher order harmonics of the lamellar spacing can also be apparent in the
medium angle region (2θ = 10-40°) These are indicated in Figure 2-6 as (200)
through (500). Additionally, a broad peak at d = 4.3 Å is typically observed for highly
ordered materials, corresponding to the Si-O-Si-O-Si distances in the PMO
framework.77
Powder XRD analysis of composite MeO-cPMOs (Figure 2-7 a) showed the
largest signal occurring at 2θ = 1.98 corresponding to the 45 Å d100 spacing of the
p6mm hexagonally ordered pores, as expected.
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Figure 2–7. a) Medium and small (inset) angle X-ray diffractograms, and; TEM
images of composite b) 20-MeO- and c) 30-MeO-cPMOs (scale bar 50 nm)

Using this 2D interplanar spacing (d100 = 44.6 Å) the lattice constant was calculated
to be a = 51.5 Å, and subtraction of the pore diameter (Dp) gives a wall thickness of
31 Å for MeO-cPMOs. This is similar to what was previously reported for arenebridged PMOs.68
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PXRD analysis confirmed crystal-like ordering of the cPMO pore walls even at
high levels of dopant 2-2 (Figure 2-7a).38 The lamellar (100) reflection and higher
order diffraction peaks were evident at d-spacings of 11.8, 5.92, 3.95, 2.96 and 2.37
Å, indicating a molecular spacing of d = 11.8 Å (2θ = 7.48°). This molecular spacing
of the bridging biphenyl units is consistent with that previously reported by
Inagaki’s group for unfunctionalized material prepared from monomer 2-4.69
Overlapping one of the lamellar reflections, a broad signal at centered at 2θ = 20.2°
was also observed, corresponding to a d-spacing of 4.4 Å, representing the
intermolecular distance between adjacent biphenyl groups within one layer.78
The number and magnitude of higher order lamellar reflections was
maintained at 20% and 30% loadings of 2-2, suggesting that the BTESBp PMOs can
tolerate moderate levels of this structurally similar dopant without affecting pore
wall crystallinity.38 While 11.8 Å lattice fringes were not visible in the low-resolution
transmission electron microscopy (TEM) images, the 2D hexagonal ordering of the
channels was visible for both 20% and 30% doped MeO-cPMOs (Figure 2-7 b,c).
Solid-state

13C

CP MAS NMR analysis of the MeO-cPMO powders confirmed

the incorporation of dopant 2-2 within the material. Signals from the dopant O-CH3
and (Ar)C-O carbons were observed at 52 and 156 ppm, and became more sharp
with increased loading of the dopant relative to the bulk phase (Figure 2-8a). The
actual incorporation of 2-2 was estimated by line-fitting and deconvolution of the
aromatic biphenylene signals and comparison of the (Ar)C-O carbon signal with the
quaternary biphenylene (Ar)C-C(Ar) signal.79 Although these calculations are not
without error, the true loading of the functional dopant could be estimated within a
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range of < 5% (see Appendix A.1), giving values of 8-9% for 10-MeO-cPMO and 1518% for both 20- and 30-MeO-cPMOs.

80

The similar level of dopant incorporation

for the 20- and 30-MeO-cPMOs suggests that the upper limit of actual dopant
incorporation is ca. 20%.
29Si

CP MAS NMR showed a high degree of monomer condensation in all

composite PMOs, with major signals representing T2 and T3 sites (Figure 2-8b). No
Q-sites were visible, confirming that the (Ar)C-Si bond is highly stable relative to the
vinyl C-Si in the vinylBP-PMO. The vinyl-linked silyl group may be prone to acidassisted cleavage aided by the beta-silicon stabilization of the carbocation.81

Figure 2–8. Solid-state CP MAS NMR spectra of MeO-cPMOs for a)
nuclei, with MAS side bands indicated with an asterisk (*)
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13C

and; b)

29Si

2.4.4 Accessing the Free Diol Groups Inside the cPMO
Once we prepared high quality, crystal-like PMOs doped with 2-2, the next
step was to deprotect the methoxy-biphenol dopant to liberate the diol groups
within the solid-state PMO. A Lewis acid-assisted deprotection strategy was chosen,
using boron tribromide (BBr3) to cleave the methyl ether groups within the MeOcPMO.82 In preparation for the deprotection, reactive silanol (-Si-OH) groups were
TMS-capped using hexamethyldisilazane, to minimize decomposition of the BBr3 to
HBr.

29Si

NMR confirmed the presence of surface trimethylsilyl (TMS) groups as a

sharp signal at ca. -5 ppm in silanol-passivated materials, corresponding to the

13C

resonance at 0 ppm for TMS methyl groups (Figure 2-8). We have since observed
that an excess of the BBr3 reagent ( >10 eq) is also able to remove the methyl
substituents without needing to silylate residual silanols. Figure 2-9 a) shows the
deprotection of a non-passivated MeO-cPMO. The PMO powder was subjected to
anhydrous BBr3-assisted cleavage of the aryl methyl ethers according to literature
conditions,48,82 and the collected solid dried thoroughly under vacuum before
analysis. Remarkably, the cPMO was quite stable to the relatively harsh conditions,
showing no indication of mesoporous collapse (Table 2-2, entry 6) or C-Si cleavage
(Figure 2-9 b).
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Figure 2–9. Solid-state a)

13C

and; b)

29Si

CP MAS NMR spectra of 30-MeO-cPMO

before (black) and after (red) deprotection of the dopant with boron tribromide, with
MAS side bands indicated with an asterisk (*)

The cleavage of the methyl ethers was evident in the solid-state

13C

NMR

spectrum of the deprotected HO-cPMO, which showed a substantial decrease in the
O-CH3 signal and an upfield shift for the (Ar)C-OH carbon, compared to the MeOcPMO material (Figure 2-9a). However, complete deprotection of the MeO-cPMO
could not be achieved even with successive treatments of the same HO-cPMO under
identical conditions. The remaining methoxy-protected dopants were apparent as
residual signals at 52 and 156 ppm in the

13C

NMR spectrum (Figure 2-9a). This

suggested that some dopant monomers may be buried within the organosilica
framework where the methyl ether groups are not accessible.38 Yang’s group has
previously reported the deprotection of methoxy-BINOL groups within a PMO,82
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however, solid-state NMR and IR analysis indicated that a small

portion of the

methoxy groups remained intact.
In

subsequent

work

published

by

other

groups,

similar

protection-

deprotection strategies have been described using trimethylsilyl83 or MOM10 ether
protecting groups that can be cleaved under mild conditions. With this in mind, the
MEM-protected dopant 2-3 was synthesized and doped into BTESBp to prepare
MEMO-cPMO materials. This work was published in our account of the synthesis of
highly ordered biphenol functionalized PMOs.38
Despite the larger size of the MEM groups, which might be expected to have
greater potential to disrupt the BTESBp bulk phase, composite PMOs with up to
30% loadings of 2-3 could be prepared with high surface areas (ca. 700 m2/g) and
narrow pore size distributions similar to the MeO-cPMOs (Figure 2-10a, Table 2-3).
The MEMO-cPMOs were highly ordered, showing similar lamellar reflections in the
medium angle region in addition to the 45 Å d100 peak (Figure 2-10b). Estimates
obtained by deconvolution of

13C

CP MAS NMR spectra suggest that the true

incorporation is 14-17% for 20-MEMO-cPMO and 25-34% for 30-MEMO-cPMO (see
Appendix A.2).
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Figure 2–10. a) Nitrogen physisorption isotherms (solid lines) and corresponding
pore size distributions (dotted lines), and; b) Medium and small (inset) angle powder
X-ray diffractograms of MEMO-cPMOs
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Table 2-3. Surface area (SA), pore diameter (Dp) and pore volume (Vp) nitrogen
porosimetry characterization of composite PMOs prepared with dopant 2-3 in
BTESBp

10-MEMO-cPMO-Hd

Molar %
2-3/2-4
10 / 90

SAa
(m2/g)
723

D pb
(Å)
20.4

V pc
(cm3/g)
0.628

2

20-MEMO-cPMO-Hd

20 / 80

636

19.2

0.499

3

30-MEMO-cPMO-Hd

30 / 70

764

19.3

0.613

4

20-MEMO-cPMO-Ne

20 / 80

738

19.1

0.452

5

30-MEMO-cPMO-Ne

30 / 70

755

19.2

0.447

6

20-MEMO-cPMO-Ne,f

20 / 80

710

19.3

0.506

7

20-MEMO-cPMO-Ne,f,g

20 / 80

777

18.8

0.489

Entry

PMO

1

(a) Surface area calculated from BET isotherm; (b) Calculated by BJH method from the adsorption branch; (c) Single point
total pore volume at P/Po = 0.9999 mmHg; (d) Surfactant extracted with acidified ethanol (H); (e) Surfactant extracted with
neutral ethanol (N); (f) Post-extraction treatment with acidified ethanol; (g) TMS-passivation of surface silanol groups

As anticipated, cleavage of the MEM groups within the cPMO could be
affected under milder conditions than with related methyl ethers. Even acidified
ethanol was able to remove these groups, under conditions identical to those
employed to remove surfactant, therefore allowing the dopant to be deprotected at
the same time as surfactant removal. To observe the transformations in a step-bystep manner, a 20-MEMO-cPMO was repeatedly treated with neutral ethanol to
remove the OTAC surfactant template and the process followed by solid-state
MAS NMR (Figure 2-11).

59

13C

CP

Figure 2–11. Solid-state

13C

CP MAS NMR spectra of MEMO-cPMO before (black)

and after (red) treatment with acidified ethanol

While residual surfactant signals were obvious in the

13C

NMR spectrum, the

intact MEM group signals could be distinguished in the aliphatic region. Treatment
with acidified ethanol gave the deprotected HO-cPMO. However, as observed in the
case of the methoxylate materials, residual signals from the MEM groups did
remain, along with aliphatic signals at 15 and 57 ppm that may be surface
SiOCH2CH3 species or MEM hydrolysis products trapped within the PMO
framework. While this deprotection was generally affected more easily compared to
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the MeO-cPMOs, it appeared that MEMO-cPMOs also contained some buried
dopants inaccessible for deprotection.38
2.4.5 Functionalization of Free Diol Groups
Although quantitative deprotection was not achieved, it is important to note
that both biphenol protection-deprotection strategies successfully yielded free diol
groups within the HO-cPMOs without any observable loss of the structural order or
physical properties of the resulting materials. To determine if these diols were
accessible for further functionalization within the HO-cPMO, we opted to prepare
O,O-biphenyldiyl phosphorus functional groups, similar to binaphthyl-diyl hydrogen
phosphates,84 because these functional groups can be readily synthesized from
biphenol groups using phosphorus oxychloride,32 and the resulting phosphorus
environment could be studied by solid-state

31P

NMR.

Deprotected HO-cPMOs were suspended in pyridine and treated with
phosphorous oxychloride to prepare the hydrogen phosphate diesters upon
quenching with water. The resulting HOP(O)-cPMOs were characterized by

31P

MAS

NMR compared to control materials MeO-cPMO and 100% BTESBp PMO, which
were expected to show only surface bound phosphate species and no aryl hydrogen
phosphates (Figure 2-12a). HO-cPMOs subjected to the treatment showed major

31P

NMR signals at 0 ppm, regardless of whether the PMO was obtained from the
deprotection of MEMO- or MeO-cPMOs (Figure 2-12 i, ii). This signal was expected
to originate from the aryl hydrogen phosphate diester by comparison to a molecular
biphenyldiyl hydrogen phosphate compound prepared from precursor 2-10, whose
31P

resonance occurred at 3.3 ppm (Appendix B).
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Figure 2–12. Solid-state

31P

MAS NMR spectra of i) MEMO deprotected HO-cPMO;

ii) MeO deprotected HO-cPMO; iii) protected MeO-cPMO, and; iv) 100% BTESBp
PMO after treatment with phosphorus oxychloride

In contrast, control experiments using MeO-cPMO and BTESBp-PMO showed
major signals at -10 and -22 ppm (Figure 2-12 iii, iv), attributed to surface
[O=P(OSi)(OH)2] and [O=P(OSi)2(OH)] species.85-87 or condensed pyrophosphate
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species.88 However, small signals at 0 ppm in the control materials warranted
further investigation of the phosphorus species to confirm that the signals in
spectra of the composite materials were actually coming from aryl phosphate esters.
High-field solid-state 2D HETCOR NMR analysis was run on the HOP(O)cPMO to probe long-range

31P-1H

dipolar coupling of the hydrogen phosphate

phosphorus nuclei with the protons of the biphenyl core (Figure 2-13). A major
signal was observed for the coupling between the

31P

resonance at 0 ppm and the

aromatic proton signal centered at 7 ppm in the 1H NMR. A much weaker signal

Figure 2–13. High-field solid-state
regular

31P

31P-1H

HETCOR spectrum of HOP(O)-cPMO with

(horizontal) and 1H (vertical) MAS spectra
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between these protons and another small

31P

resonance at -6 ppm indicated an

additional phosphorus species to the O,O-biphenyldiyl hydrogen phosphate, and
was thought to be an aryl monoester phosphate having long-range coupling to the
aromatic protons of one biphenyl ring.
Stability studies were then conducted to probe the nature of the different
phosphorus species between the HOP(O)-cPMOs and control materials. As a control,
silicaceous MCM-type mesoporous silicas were treated with phosphorus oxychloride
to give HOP(O)-MCM materials, having only surface phosphate species similar to the
control BTESBp and MeO-cPMO materials.
A deuterated DOP(O)-MCM was also prepared, however 2D-31P coupling was
not obvious (Figure 2-14b).89 These materials along with HOP(O)-cPMO were
subjected to 2M HCl acid for 18 hours to test the idea that weaker surface Si-O-P
bound phosphates would be hydrolyzed under these conditions while stronger aryl
hydrogen phosphate species may be more resistant.90,91 In the event, all phosphorus
species in the MCM-type materials were completely hydrolyzed (Figure 2-14 b,c) and
those of HOP(O)-cPMO appearing at 0 ppm and -6 ppm were unchanged (Figure 214d). This supports the assignment of the former signal to the O,O-biphenyldiyl
hydrogen phosphate and the latter signal to an aryl monoester phosphate species.
Additionally, the reduction in the HOP(O)-cPMO

31P

signals at -10 and -22 ppm

indicated the facile acid-catalyzed hydrolysis of surface species while the more
stable aryl phosphate esters were resistant to this treatment.
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Figure 2–14. a) Comparison of hydrogen phosphate species in HOP(O)-cPMOs
versus surface species in silicaceous MCM materials; and solid-state

31P

CP MAS

NMR spectra of b) DOP(O)- or c) HOP(O) materials prepared from MCM-41 versus d)
HOP(O)-cPMO, before and after treatment with 2M HCl acid, with MAS side bands
indicated with an asterisk (*)

The preparation of O,O-biphenyldiyl hydrogen phosphate groups confirmed
that not only were most of the methoxy and MEM groups of functional dopants
accessible to deprotection, but that the corresponding free diols were reactive
toward post-functionalization, no matter their origin from 2-2 or 2-3. Biphenols still
masked with protecting groups showed no reactivity (Figure 2-12 iii), which is
promising for the selective functionalization of diol groups in future PMO materials.
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We

are

particularly

interested

in

the

potential

of

this

method

for

post-

functionalization of related chiral biphenol groups in order to prepare chiral
phosphates for catalysis.

2.5 Conclusions
The successful synthesis of doped PMOs bearing masked biphenol groups
demonstrates

the

capacity

for

biphenyl-bridged

PMOs

to

assume

complex

functionality. When the structure of the functional monomer was properly matched
with the bulk monomer, up to 30 mol % loading of the functional monomer could be
obtained without disrupting the crystal-like ordering in the pore walls. These
composite PMOs were highly stable; nearly complete deprotection of the biphenol
protecting groups could be accomplished without loss of mesostructural or longrange order. Once unmasked in the solid-state material, the free diol groups could
be further functionalized, providing an avenue toward single-site heterogeneous
catalysts. Phosphoric acid residues were easily installed, and were highly resistant
to acid-catalyzed hydrolysis, whereas surface silanol-bound hydrogen phosphate
groups were cleaved with mild acid treatment. Catalysis using these materials has
not yet been investigated; however, future work testing these cPMOs as phosphoric
acid catalysts would clearly be of merit. Additionally, the free C2 symmetric diol
groups could be host to other catalyst complexes with metals such as titanium and
zinc, analogous to BINOL-type ligands.
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2.6 Experimental Procedures
2.6.1 General Experimental
Chloro (1,5-cyclooctadiene) rhodium(I) dimer was prepared by a literature
procedure92 from rhodium(III) chloride generously provided by Johnson-Matthey.
Triethoxysilane was purchased from TCI America and used as received. Anhydrous
DMF was purchased from EMD Chemicals Inc. in a DrySolv container. Anhydrous
and 95% ethanol was purchased from Commercial Alcohols and used without
further treatment. Acidified ethanol was prepared by mixing a 2 M solution of
hydrochloric acid, purchased from Fisher Scientific with 95% ethanol to a
concentration of 0.05 M HCl. Triethylamine and dichloromethane were distilled over
CaH2 before use. THF and hexanes were distilled from sodium metal/benzophenone
ketyl before use. Pyridine was distilled and stored over sodium hydroxide pellets. All
other chemicals were purchased from Sigma Aldrich, Oakwood Chemicals or Acros
Organics and used as received unless otherwise indicated.
High-resolution mass spectroscopy (HRMS) analysis was measured on a
Micromass GCT GC-EI Time-of-Flight mass spectrometer using EI fragmentation, at
the Mass Spectroscopy and Proteomics Unit at Queen’s University, Kingston,
Ontario. Solution NMR was recorded on a Bruker Avance 300 instrument with a
QXI probe (1H: 300.1 MHz;

13C:

75.5 MHz), Bruker Avance 400 instrument with a

broadband fluorine observe (BBFO) probe (1H: 400.1 MHz;

13C:

101 MHz;

MHz) or a Bruker Avance 500 with a BBFO probe (1H: 500.0 MHz;

13C:

31P:

162

125.5 MHz).

Chemical shifts (𝛿) are reported in parts per million (ppm) and were referenced to
solvent residual peaks in CDCl3 or DMSO-d6 for 1H and
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13C

nuclei, or calibrated

externally to an 85% H3PO4 reference solution standard. Solid-state

13C, 29Si

and

NMR experiments were recorded using a Bruker Avance 600 (13C: 151 MHz;
119 MHz;

31P:

13C

and

29Si

nuclei, and 3.5 sec for

31P.

The rotor was spun at

a frequency of 10-12 kHz and the typical number of scans recorded for

13C, 29Si

and

were 800-2000, 1000-2000, and > 2000, respectively. Spectra were referenced to

adamantane and tetramethylsilane for
ammonium dihydrogen phosphate for
1H

29Si:

243 MHz) NMR spectrometer with a 5 mm CP MAS probe with a D1

delay time of 2 sec for

31P

31P

31P

13C

and

29Si

CP MAS NMR, and to

NMR. High-field 1H MAS,

31P

MAS and

31P-

HETCOR NMR analysis was performed on a Bruker 900 (1H: 899.8 MHz;

31P:

364.2 MHz) NMR spectrometer with a 2.5 mm H/X MAS Bruker probe, at the HighField NMR Facility in Ottawa, Ontario. 1H MAS spectra of PMOs were recorded with
32 scans, with a D1 delay time of 10 s with 90-90 rotor sync echo, MAS spinning
speed of 20 KHz, with chemical shifts referenced to adamantane. Direct polarization
(H-P decoupled)

31P

MAS NMR spectra of PMOs were recorded with a D1 delay time

of 5 s and P1 width of 2 us, spinning at 20 KHz for > 6000 scans, with chemical
shift referenced to ammonium dihydrogen phosphate.

31P-1H

HETCOR NMR

analysis of PMOs was recorded with no homonuclear decoupling, D1 delay time of 3
s, P15 contact time of 500 us, td2 x td1 = 1000 x 48, with > 2000 scans, with a
spinning frequency of 20 KHz.
Nitrogen physisorption experiments were performed on a Micromeritics ASAP
2010 porosimeter with nitrogen as the adsorbate gas at 77K. Powder samples were
degassed at 80°C for at least 8 hours before analysis. Powder X-ray diffraction
analysis was performed at the McMaster Analytical X-ray Diffraction Facility (MAX)
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in Hamilton, Ontario, using a SMART6000 2D detector with a fixed-chi, 3 circle
goniometer, parallel beam optics, and Rigaku Cu rotating anode operating at 50 kV
and 90 mÅ, at measuring angles of 2θ = 1 - 40°. Data were collected in transmission
mode over two 600 second frames, with powder samples supported between Mylar
films. Diffractograms were corrected for the Mylar background signal. Transmission
electron microscopy (TEM) analysis was performed at the Microscopy and
Microanalysis facility at the University of New Brunswick in Fredericton, New
Brunswick, using a JEOL 2010 scanning transmission electron microscope
operating at 200 keV. PMO samples were fixed onto a 200 mesh copper grid by
evaporating a few drops of an ethanolic suspension of the powders onto the carboncoated grid.

2.6.2 Synthesis of Precursor Monomers
2-iodo-5-nitroanisole (2-6) was prepared by a modification to the reported
literature procedure.93 2-Methoxy-4-nitroaniline (20 g, 119 mmol) was suspended in
a 50:50 solution of acetic acid: distilled water (320 mL) and cooled to 0 °C in an ice
bath. Concentrated sulfuric acid (12.5 mL) was slowly added at 0 °C and the
mixture was stirred for 10-15 min. Solid sodium nitrite (12.3 g, 178 mmol) was
added slowly in portions and the reaction was stirred at 0 – 5 °C for 4 h. Solid
potassium iodide (29.7 g, 178 mmol) was added cautiously in portions with vigorous
stirring. The reaction was allowed to warm to room temperature and stirred
overnight. The crude solid was collected by vacuum filtration, washing with
saturated sodium thiosulfate and distilled water. The solid was dried under dynamic
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vacuum for 6 h to give an orange solid, 30.5 g (92% yield). The crude product was
used in the next step without further purification. 1H NMR (400 MHz, CDCl3, δ):
7.94 (d, J = 8.3 Hz, 1H), 7.61-7.56 (m, 2H), 3.97 (s, 3H),
δ):

13C

NMR (101 MHz, CDCl3,

139.8, 116.9, 105.2, 56.9. TOF HRMS (EI) m/z: [M+] calcd for C7H6NO3I:

278.9392; found 278.9387 m/z.

2,2′-dimethoxy-4,4′-dinitro-1,1′-biphenyl (2-7) was prepared by a modification to
the reported literature procedure.93 Copper powder (9.7 g, 153 mmol) and 2-iodo-4nitroanisole (8.5 g, 30.5 mmol) were suspended in 50 mL of dry DMF under an
atmosphere of argon gas. The mixture was heated to 140 °C for 18 h then filtered
over vacuum. The crude solid was washed repeatedly with water and dried in air.
The product was recovered by Soxhlet extraction of the solid with 2 x 300 mL
chloroform to give a tan solid (3.1 g, 66% yield) upon removal of the solvent in
vacuo. NMR spectra of the crude product matched literature data;93 therefore the
collected product was carried forward to the next step without further purification.
1H

NMR (400 MHz, CDCl3, δ): 7.90 (dd, 2H, J = 8.3, 2.1 Hz), 7.82 (d, 2H, J = 2.1 Hz),

7.36 (d, 2H, J = 8.1 Hz), 3.86 (s, 6H),

13C

NMR (101 MHz, CDCl3, δ): 157.3, 132.5,

131.5, 115.7, 106.1, 56.2. TOF HRMS (EI) m/z: [M+] calcd for C14H16N2O6:
304.0695; found 304.0685 m/z.

4,4′-diamino-2,2′-dimethoxy-1,1′-biphenyl (2-8) was prepared by a modification
to the reported literature procedure.

36,93

Tin (II) chloride dihydrate (25.7 g) and 2,2′-

dimethoxy-4,4′-dinitro-1,1′-biphenyl (3.45 g) were dissolved in anhydrous ethanol
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(120 mL) and the reaction was stirred for 24 h at 70 °C. The mixture was poured
over crushed ice and the pH was adjusted to 7-8 with a saturated solution of
aqueous sodium bicarbonate. In a large separatory funnel, the thick aqueous
mixture was gently agitated with ethyl acetate to extract the product. The organic
layers (5 x 150 mL) were combined, washed with brine and dried over magnesium
sulfate. Removal of the solvent in vacuo gave a light tan powder (2.63 g, 95% yield).
The crude product was used in the next step without further purification. Spectral
data largely matched the literature report.93 1H NMR (400 MHz, CDCl3, δ): 6.99 (d,
2H, J = 8.3 Hz), 6.31-6.29 (m, 4H), 3.70 (s, 6H), 3.68-3.59 (bs, 4H),

13C

NMR (101

MHz, CDCl3, δ): 158.1, 146.7, 132.4, 118.3, 107.1, 99.1, 55.6. TOF HRMS (EI) m/z:
[M+] calcd for C14H16N2O2: 244.1212; found 244.1204 m/z.

4,4′-diiodo-2,2′-dimethoxy-1,1′-biphenyl (2-9) was prepared by a modification to
the reported literature procedure.93 The diaminobiphenyl precursor 2-8 (1.1 g) was
suspended in a 50:50 mixture of acetic acid : distilled water (20 mL) and cooled to 0
°C in an ice bath. Concentrated sulfuric acid (1 mL) was added to give a thick, beige
slurry. The mixture was stirred at 0 °C for 10 min and then solid sodium nitrite was
added in portions. The mixture was held at 0 °C for 4 h to give a clear, brown
solution. Solid potassium iodide was added in portions with vigorous off-gassing.
The reaction was allowed to warm to room temperature and then stirred overnight.
After 18 h, the mixture was diluted with a saturated solution of aqueous sodium
thiosulfate and then aqueous sodium bicarbonate was added slowly. The foamy
solid was filtered over vacuum, washing with thiosulfate and distilled water. The
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solid was dissolved in ethyl acetate and fixed onto silica gel. The product was
subjected to flash chromatography with 98:2 petroleum ether/ethyl acetate. The
collected fractions gave a waxy solid that was triturated with hexanes to give a
white, flaky solid (441 mg, 22% yield). Similar yields were obtained using the
method reported for this compound in the literature. By NMR analysis, our crude
product was identical the compound previously reported in the literature. 1H NMR
(300 MHz, CDCl3) δ ppm: 7.26 (dd, 2H, J = 7.9, 1.5Hz), 7.19 (s, 2H), 6.84 (d, 2H, J =
6.8 Hz), 3.68 (s, 6H),

13C

NMR (400 MHz, CDCl3) δ ppm: 157.4, 132.6, 129.7, 126.5,

120.5, 93.6, 55.9. TOF HRMS (EI+) found 465.8939 m/z (calc’d for C14H12O2I2 :
465.8927).

2,2’-Dimethoxy-4,4’-(2-triethoxysilyl)-ethynyl-1,1’-biphenyl (2-1) was prepared
by palladium-catalyzed Mizoroki-Heck coupling94 previously described for the
preparation of PMOs containing vinyl-linked BINOL analogues.47,82 Solids 2-9 (200
mg), PdCl2[P(o-tol)3]2 (34 mg), P(o-tol)3 (52 mg), and tetrabutylamminium iodide (160
mg) were dissolved in 2.2 mL DMF (500 ppm water) in a glass vial under an inert
atmosphere. Vinyltriethoxysilane and triethylamine were added and the vial was
tightly sealed with a Teflon-lined cap and heated at 125 °C for 24 h. The reaction
was cooled and passed through a celite/charcoal filter, and the solvents and
volatiles were removed by Kugelrohr distillation. The brown residue was triturated
with THF and passed through a plug of MgSO4 before removing the solvent in vacuo
to yield a brown oil. An attempt was made to precipitate out any residual P(o-tol)3
from a cold solution of the oil in benzene. The amber solution was filtered and the
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solvent removed in vacuo and the crude was was heated under dynamic vacuum for
several hours to yield a sticky, brown oil (226 mg, 89% yield). NMR analysis
indicated that the crude comprised residual phosphine ligand, solvent impurities
and vinyltriethoxysilane byproducts in as much as 57%; therefore the estimated
yield of the desired product was ca. 39 % based on the 1H NMR spectrum. 1H NMR
(300 MHz, CDCl3, 𝛿 ppm): 7.24-7.21 (m, 2H), 7.10-7.02 (m, 4H), 6.95-6.89 (m, 2H),
6.11 (d, 2H, J = 19.2 Hz), 3.82 (q, 12H, J = 7.0 Hz), 1.20 (t, 18H, J = 7.0 Hz).

13C

NMR (75.5 MHz, CDCl3, 𝛿 ppm): 157.2, 149.1, 131.5, 128.3, 119.3, 117.7, 109.2,
58.6, 46.3, 18.3.

4,4’-Bis(triethoxysilyl)-2,2’-dimethoxy-1,1’-biphenyl (2-2) was prepared by the
silylation of 2-9 according to the procedure we have reported.38 The bis-iodo
precursor 2-9 (218 mg), chloro (1,5-cyclooctadiene) rhodium(I) dimer catalyst (33
mg), and tetrabutylammonium iodide (330 mg) were dissolved in anhydrous DMF
(2.3 mL) with stirring, in a dried 20 mL glass vial under argon gas glow.
Cyclooctadiene (0.06 mL), triethoxysilane (0.34 mL) and triethylamine (0.39 mL)
were added by syringe before the septum was replaced with a Teflon-lined lid. The
vial was heated to 80 °C for 48 hours. The solvent and excess volatiles were
removed by Kugelrohr distillation at 80 °C under high vacuum. A brown residue
was recovered, which was triturated with diethyl ether (3 x 5 mL) and the combined
volume was concentrated and loaded onto a silica gel column for flash
chromatography purification. The product was eluted with petroleum ether: ethyl
acetate (7:1) to yield a yellow oil (113 mg, 45% yield). By 1H NMR, the product
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contained a small amount of mono-silylated monomer that could not be removed,
however the product was carried forward to PMO materials synthesis. 1H NMR (300
MHz, CDCl3, 𝛿 ppm): 7.34–7.27 (m, 6H), 3.94 (q, 12H, J = 7.0 Hz), 3.81 (s, 6H), 1.30
(t, 18H, J = 7.0 Hz),

13C

NMR (75.5 MHz, CDCl3, 𝛿 ppm): 156.5, 131.3, 131.1, 129.9,

127.0, 117.0, 59.2, 55.7, 18.3. TOF HRMS (EI) m/z: [M + H]+ calcd for C26H42O8Si2:
538.2418; found 538.2433 m/z.

2,2’-dihydroxy-4,4’-diiodo-1,1’-biphenyl (2-10) was prepared by the deprotection
of 2-9 according to the procedure we have reported.38 The dimethoxybiphenyl
precursor 2-9 (1.33 g) was dissolved in 5.8 mL freshly distilled dichloromethane
with stirring, in a flame-dried 50 mL round-bottom flask under argon gas. The
solution was cooled to -78 °C followed by the cautious addition of BBr3 (8.6 mL, 1 M
in CH2Cl2). The reaction was stirred at -78 °C for 2 h then allowed to gradually
warm to room temperature overnight. The reaction was cooled in an ice bath and
quenched cautiously with methanol, then diluted with distilled water and aqueous
sodium thiosulfate. The product was extracted with ethyl acetate and the combined
organic fractions were washed with sodium thiosulfate, water, then brine, before
drying over magnesium sulfate. Solvent was removed in vacuo to give a tan powder
that was recrystallized with ethyl acetate: hexanes (1:1) to give an off-white solid
(723 mg, 58% yield). 1H NMR (300 MHz, CDCl3, 𝛿 ppm): 7.41 (d, 4H, 7.2 Hz), 6.97
(d, 2H, 8.1 Hz). 1H NMR (300 MHz, DMSO-d6 𝛿 ppm): 9.66 (s, 2H), 7.23 (d, 2H,
J=1.7Hz), 7.16 (dd, 2H, J=8.0Hz, 1.7Hz), 6.89 (d, 2H, J= 1.7 Hz).
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13C

NMR (101

MHz, DMSO-d6 𝛿 ppm): 156.2, 133.5, 127.8, 125.1, 124.8, 93.7. TOF HRMS (EI)
m/z: [M + H]+ calcd for C12H8I2O2: 437.8614; found 437.8619 m/z.

4,4’-Diiodo-2,2’-di(2-methoxyethoxymethyl)-1,1’-biphenyl (2-11) was prepared
according to the procedure we have reported.38 The dihydroxybiphenyl precursor 210 (888 mg) was dissolved in 10 mL dry THF with stirring, in a flame-dried 50 mL
round-bottom flask under argon gas flow. The flask was cooled to 0 °C in an ice
bath followed by the quick addition of solid NaH (490 mg, 60% in mineral oil). The
resulting tan slurry was stirred for 1 h at °C before another portion of NaH (100 mg,
60% in mineral oil) was added. Methoxyethoxymethyl chloride was added dropwise
at 0 °C and the reaction was allowed to warm to room temperature. After 18 h, the
reaction was quenched dropwise with water then extracted with ethyl acetate. The
organic phase was washed with brine and dried over sodium sulfate, and
subsequently concentrated in vacuo to a volume of ~ 1 mL. The crude product was
purified by flash chromatography on a silica gel column using petroleum ether:
ethyl acetate (3:1) as an eluent. The product was collected as a yellow oil (724 mg,
58% yield). 1H NMR (400 MHz, CDCl3, 𝛿 ppm): 7.61 (d, 2H, J = 1.6 Hz), 7.41 (dd, 2H,
J = 8.0 Hz, 1.6 Hz), 6.91 (d, 2H, J = 8.0 Hz), 5.15 (s, 4H), 3.69 (AA’BB’, 4H), 3.52
(AA’BB’, 4H), 3.40 (s, 6H).

13C

NMR (101 MHz, CDCl3, 𝛿 ppm): 155.3, 132.5, 131.1,

127.7, 124.6, 94.2, 93.4, 71.5, 67.8, 59.1. TOF HRMS (EI) m/z: [M + H]+ calcd for
C20H24I2O6: 613.9662; found 613.9650 m/z.
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4,4’-Bis(triethoxysilyl)-2,2’-di(2-methoxyethoxymethyl)-1,1’-biphenyl (2-3) was
prepared by an identical procedure to the silylation of 2-9 as we have previously
reported.38 A brown residue was obtained after removal of the reaction solvent and
volatiles in vacuo, and was triturated with THF. The combined portions of THF were
concentrated and loaded onto a silica gel column for flash chromatography
purification using petroleum ether: ethyl acetate (1:1) as the eluent. The product
was recovered as a yellow oil in 41% yield. 1H NMR (400 MHz, CDCl3, 𝛿 ppm): 7.51
(s, 2H), 7.38 (dd, 2H, J = 7.5 Hz, 0.9 Hz), 7.27 (d, 2H, J = 7.5 Hz), 5.16 (s, 4 H), 3.93
(q, 12H, J = 7.0 Hz), 3.63 (AA’BB’, 4H, J = 12.1 Hz, 5.7 Hz, 3.8 Hz), 3.46 (AA’BB’,
4H, J = 12.1 Hz, 5.7 Hz, 3.8 Hz), 3.53 (s, 6H), 1.30 (t, 18H, J = 7.0 Hz),

13C

NMR

(101 MHz, CDCl3, 𝛿 ppm): 154.47, 131.75. 131.36, 131.03, 128.39, 121.84, 94.50,
71.56, 67.53, 58.96, 58.82, 18.27. TOF HRMS (EI) m/z: [M + H]+ calcd for
C32H54O12Si2: 686.3154; found 686.3145 m/z.
2.6.3 General Procedure for Materials Synthesis
Hybrid PMOs were prepared according to a procedure previously described by
Inagaki’s group for preparing highly ordered, crystal-like biphenyl-bridged PMOs.69
The dopant and bulk 4,4-bis(triethoxysilyl)biphenyl monomers were separately
weighed into a small vial and heated briefly in a warm bath to allow for mixing of
the viscous oils. The mixture of organosilane monomers was then added drop-wise
to a stirring alkaline solution (0.5 M NaOH) of octadecyltrimethylammonium
chloride surfactant in distilled water (1.3 eq surfactant and 1.3 eq water to total
moles of combined organosilane) at room temperature. The sol was stirred at room
temperature for 24 hours at 600 rpm and was sonicated for 2-5 minutes if the
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monomer oils were observed to bead out of the aqueous solution. The stir bar was
removed the solution was subjected to static aging at 95 °C for 24 hours. The
precipitated white solid was collected by vacuum filtration and washed with several
20 mL portions of distilled water. The powder was suspended in either ethanol or
acidified ethanol (0.05 M in HCl) and stirred at 60 °C for up to 8 hours. The solid
was once again collected by vacuum filtration and washed with several 20 mL
portions of ethanol, then dried overnight in a vacuum oven at 80 °C.
2.6.4 Surface TMS-Passivation of PMO Materials
PMO solids were suspended in dry, distilled hexanes (50 g/L) and
hexamethyldisilazane (0.003 L/g PMO) was added drop-wise to the stirring solution
at room temperature. The suspension was stirred at 65 °C for 18 hours then cooled
and filtered over vacuum, washing successively with hexanes, ethyl acetate,
anhydrous ethanol then acetone. The powder was dried overnight in a vacuum oven
at 80 °C to yield the TMS-capped PMO.
2.6.5 Deprotection of Composite PMO Materials
Deprotection of a MeO-cPMO was performed with boron tribromide based on
a procedure reported for demethylation of BINOL doped PMOs.82 The cPMO (40 mg)
was suspended in dry CH2Cl2 (1.5 mL) and cooled to -78 °C under an atmosphere of
argon. A solution of BBr3 1M in CH2Cl2, purchased from Sigma Aldrich, was added
drop-wise (1.5 mL) and the suspension was stirred for a further 2 hours at -78 °C
before slowly warming to room temperature. After 48 hours, the reaction was
quenched cautiously with distilled water and the material was collected by vacuum
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filtration, washing successively with aqueous thiosulfate solution, distilled water,
and ethanol. The powder was dried overnight in a vacuum oven at 80 °C to yield the
HO-cPMO as a white powder (34 mg).
MEMO-cPMOs were deprotected by acid-catalyzed cleavage of the MEM
groups. The cPMO (47 mg) was suspended in acidified ethanol (15 mL, 0.05 M HCl)
and stirred for 2 h at 60 °C. The solid was collected by vacuum filtration and
washed with acidified ethanol, followed by several portions of ethanol. The powder
was dried overnight in a vacuum oven at 80 °C to yield the HO-cPMO as a white
powder (31 mg).
2.6.6 General Procedure for Synthesis of Hydrogen Phosphate PMOs
HO-cPMO solids (40-50 mg) were suspended in dry pyridine (~1mL) in a dried
3 mL vial under an atmosphere of argon. Phosphorus oxychloride (0.05 – 0.1 mL)
was added and the suspension was stirred at room temperature for 18-24 h. The
reaction was cooled to 0 °C in an ice bath and was quenched with a few drops of
distilled water, then left to stir for up to 9 hours at room temperature before diluting
with distilled water. The solids were collected by vacuum filtration, washing
successively with 2 M HCl, distilled water, ethanol then ethyl acetate. The powder
was dried overnight in a vacuum oven at 80 °C to yield the HOP(O)-cPMO as a white
powder.
2.6.7 Synthesis of MCM-41 Materials
MCM-41 was prepared by a previous graduate student, Tomohiro Seki. In his
procedure, tetraethylorthosilicate (10.5 mL) was added to a stirring solution of cetyl
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trimethylammonium bromide (2.4 g) and 30% ammonium hydroxide (10.5 mL) in
distilled water (120 mL). The sol was stirred for 2 hours at room temperature and
the precipitated white sold was collected by vacuum filtration, washing with distilled
water. The material was dried overnight in a vacuum oven at 80 °C to yield the
MCM-41 as a white powder.
The MCM-41 was suspended in dry pyridine (0.5 M) in a dried 3 mL vial
under an atmosphere of argon gas. Phosphorus oxychloride (2 eq) was added and
the suspension was stirred at room temperature. For HOP(O)-MCM, the reaction
was cooled to 0 °C after 4 hours then quenched with distilled water (10 eq) and left
to stir at room temperature overnight. For DOP(O)-MCM, the reaction was cooled to
0 °C after 1 hour then quenched with heavy water (10 eq) and left to stir at room
temperature for another 4 hours. The material was collected by vacuum filtration,
washing with distilled water or heavy water, respectively. The powders were dried
overnight in a vacuum oven at 80 °C.
2.6.8 Stability Studies of cPMO and MCM Phosphate Materials
To determine the extent of phosphate ester cleavage, the HOP(O)-cPMO,
HOP(O)-MCM or DOP(O)-MCM material was suspended in 2 M HCl and stirred at
room temperature for 18 h. The solid was collected by vacuum filtration, washing
with 2 M HCl, distilled water, then ethyl acetate. The material was dried overnight in
a vacuum oven at 80 °C.
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Chapter 3

Chirality in Periodic Mesoporous Organosilicas

3.1 Introduction
The previous chapters have described the synthetic methods for preparing
functional periodic mesoporous organosilicas and their utility as solid supports for
heterogeneous catalysis in particular. Incorporation of chirality within PMOs can
extend the applications of these materials to include those in which a preference for
molecular handedness is required. Asymmetric catalysis1-3 and even enantioselective chromatography1,2 become possible, yet still in a recyclable and easy-toprocess way.
Many

properties

of

mesoporous

organosilicas

render

these

materials

particularly well suited for heterogeneous catalysis, where large particle sizes and
high chemical stability translates to ease in product separation and high potential
for catalyst reuse and regeneration.4 As the organic component is high in true PMO
materials, pore wall hydrophobicity may yet play an important role in chemical
interactions at the surface, for example, by directing the alignment of guest
molecules.5

Furthermore, within PMO materials having narrow, highly uniform

pore structures, it becomes possible to have a combination of molecular chirality
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and confinement effects over substrates inside the pores.6,7 We can imagine
controlling both the shape and functionality of the pores to engineer chiral spaces
with selective active sites that alter both the thermodynamics and kinetics of a
chemical reaction.7 While the influence of chirality within porous organosilica
materials is not yet fully understood,2,8 the wide-ranging implications for a myriad of
applications drives the fundamental research in this field. Chirality can be imparted
to silica materials in four fundamental ways.
(1) Chiral surfactants9 or structure directing agents,10 or organic gelating
agents11 introduced during the templating process can generate chiral mesoporous
particles with twisted or helical shapes (Figure 3-1a). These particles have
supramolecular chirality, with pitch lengths on the order of micrometers.10,11
(2) To impart chirality on the molecular scale however, chiral molecules can
be physically entrapped or imprinted within an otherwise achiral silica network
during the sol-gel condensation process (Figure 3-1b).12-14 Encapsulation of chiral
molecules such as amino acids,15

sugars,16

pharmaceuticals,17,18 and catalyst

complexes,19,20 have been reported for monolithic silicas; however substrate access
to the chiral sites is limited by slow diffusion through the bulk silica phase.21,22
Removal of the entrapped chiral molecule leaves behind a cavity with a particular
morphological shape and stereochemical “memory” that is specific to the original
imprinted molecule.12 This imprinting strategy can be used to design functionalized
and highly specific void spaces not unlike the active sites of enzymes,12 however
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great care must be taken not to deform the imprinted space during the template
removal or post-synthesis processing.23

Figure 3–1. Methods of generating chirality in silica materials; (a) Condensation of a
silica precursor with a chiral surfactant; (b) Molecular templating with a chiral
molecule; (c) Grafting of chiral monomers onto mesoporous silica, versus cocondensation with a silica bulk phase to give chiral PMO materials; (d) Synthesis of
100% chiral PMOs or chiral doped PMOs by co-condensation with bulk monomers

Slow diffusion of substrates to the empty cavities is still problematic,21 eliciting a
shift toward surface-imprinted silicas,24 or bulk-imprinted thin films having smaller
diffusion lengths.25 So-called molecularly imprinted polymers have the disadvantage
88

in catalytic applications that the more open, less "imprinted" sites are more active,
while the more highly defined sites are less active.12
(3) Surface functionalization of well-defined mesoporous silicas, such as
MCM or SBA materials, by post-synthetic grafting with chiral organosilanes
provides chiral groups that are both covalently attached to the scaffold and highly
accessible to substrates (Figure 3-1c).14 In an approach analogous to grafted silicas
described in Chapters 1 and 2, organosilane functional groups can be readily
prepared from desired organic molecules by installing a short alkoxysilane tethering
group. The synthetic ease of this approach fostered a growth in supported catalysts,
seeing many organic groups with “privileged” chiral structures26 (Chart 3-1) grafted
onto mesoporous silicas including cinchonine alkaloid 3-1,27

axially chiral bis-

amine 3-2,28 and copper (II) bis-oxazoline complex 3-3 among others (Chart 3-2).29
The diameters of the mesoporous channels are large enough to facilitate diffusion of
substrates to and from the active sites, allowing for high turnover frequencies. In
many cases, the catalytic efficiency and enantioselectivity of the supported catalysts
are competitive with the respective homogeneous systems.28-31
(4) Co-condensation of chiral building blocks during material synthesis
gives rise to mesoporous organosilica materials with a more uniform distribution of
chiral groups covalently anchored within the silica framework (Figure 3-1c).
Included in this category is post-synthesis manipulation of achiral building blocks
within the organosilica material to give chiral functionality,32,33 since the maximum
number of chiral sites corresponds to the amount of incorporated achiral monomer.
Similar to the grafting method, chiral building blocks may likewise be prepared from
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privileged chiral molecules by installing a short alkoxysilane tethering group or,
alternatively, a pair of tethering groups to give a bis-silylated building block. This
strategy has been exploited to prepare mesoporous organosilicas from chiral
monomers analogous to privileged structures in Chart 3-1.

Binaphthyl-based
Diels-Alder
Mukaiyama aldol
aldehyde allylation
hydrogenation
alkene isomerization
Mizoroki-Heck reaction

X
X

X = OH, PPh2

H

H
M

tBu

O

tBu

tBu

M = Mn, Cr, Co, Al, V
Me
N
Cinchona alkaloid
OH

N

O

tBu

dihydroxylation
acylation
hydrogenation

O
N

tBu

Ph Ph

Me

O
MeO

N

N

Salen complex
epoxidation
epoxide ring-opening
Diels-Alder
imine cyanation
conjugate addition

N

Me

O

Me

O

tBu

Bis(oxazoline)
Diels-Alder
Mukaiyama aldol
conjugate addition
cyclopropanation
aziridination

OH
OH
Ph Ph

TADDOL
Diels-Alder
aldehyde alkylation
ester alcoholysis
iodolactonization

Chart 3-1. Examples of privileged ligands and catalysts, adapted from ref. 26

Both surface grafting and co-condensation approaches are promising for
heterogeneous catalysis applications as the chiral sites can be tuned by tether
length and attachment point, as well as electronic and steric manipulation of the
ligand itself. Additionally, it has been proposed that both regioselectivity and

90

Si(OEt)3
SH

H
N

Si

(MeO)3Si

OH

NHCOCH3
NHCOCH3

H
N

9
O

O

+

N
Ph

N

3-2

3-1

N
V
OO O
N

NH

tBu

tBu

S(CH2)3Si(OMe)3

NH

(MeO)3Si

(MeO)3Si(H2C)3S

3-5

Si(OMe)3

O
3
HN

3 Si(OMe)3

O
N
H

O
HN
NH HN
NH
O

O

NH

(EtO)3Si
3
Si(OEt)3
3

P(O)Ph2
P(O)Ph2

Si(OEt)3
(EtO)3Si
H
N

3-7

NH
O O

NH
O

3-8

3-6

R'

Si(OEt)3
Si(OEt)3

R
OMe
OMe

R'

Ph

3-3

Si(OMe)3

3-4

N
Cu

Si(OEt)3

P(O)Ph2
P(O)Ph2

COOMe
COOMe

OMe
OMe

R

3-9 : R = H; R' = Si(OEt)3

Si(OEt)3

3-10: R = H; R' = E-(CH)2Si(OEt)3

Si(OEt)3

3-13

3-11 : R = Si(OEt)3; R' = H

3-14

3-15

Si(OEt)3

3-12 : R = E-(CH)2Si(OEt)3; R' = H

Si(OMe)3

(PrOi)3Si

Si(OEt)3
OMe

O
O B

(MeO)3Si

Si(OMe)3

Si(OMe)3

(EtO)3Si
3-16

*

3-17

3-18

Si(OiPr)3

O

N
H
3-19

Chart 3-2. Chiral precursors grafted or co-condensed in mesoporous silicas
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COOH

enantioselectivity can be enhanced due to confinement effects on substrates within
the mesoporous channels.6,34
Polarz et al. have pointed out that typically the thermodynamic parameters of
a chemical reaction depend on the probability distribution of the amount of
particles in the total reaction volume, described by Avogadro’s constant (NA).
Reactions occurring within high-surface-area solids can instead be represented by
the distributions of much smaller ensembles of particles within many tiny volume
compartments, changing the chemical behaviour of the system.35 Furthermore, a
substrate interacting simultaneously with a chiral complex and the adjacent pore
wall within a mesoporous channel is restricted in 3D space, and its reaction will be
contained within what Polarz and Kuschel have described as a “confining reaction
field” (CRF).7 Confinement effects induced by the CRF may alter both the
thermodynamics and kinetics of a catalytic reaction by influencing the dominant
reaction pathway of a prochiral substrate, thereby imparting enantioselectivity.7
Studies have shown an enhancement in the enantioselectivity of the asymmetric
hydrogenation of methyl benzoylformate when the RhI-organometallic catalyst was
constrained within the pores of MCM-41.36 Furthermore, modeling of the active site
supported the hypothesis that the enhancement was an effect of hindered substrate
access to the rhodium center due to the concave pore wall shape.37 A further study
demonstrated that enantioselectivity increased with decreasing pore diameter.36
These

results

are

promising

for

a

variety

of

asymmetric

reactions

from

hydrogenations to hydroformylations and epoxidations.34 However, while research
has advanced in the area of grafted and co-condensed mono-tethered organosilicas,
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confinement effects within PMO materials are far from well understood since the
detailed study of these effects has proven to be quite complicated.7

3.2 Chiral PMO Materials
3.2.1 Chiral Building Block Approach
Post-synthetic grafting of tethered chiral building blocks to mesoporous
silicas was initially a promising avenue for the preparation of heterogeneous chiral
ligands and catalysts, however the bulky structures of the privileged organosilane
monomers often limited surface coverage as the large groups clogged the pore
openings (Figure 3-1c).2,4 The focus on chiral building blocks then turned to bissilylated chiral derivatives that could be incorporated during materials synthesis to
give PMO materials (Figure 3-1d). These PMO materials conferred the same
advantages over grafted materials as described in previous chapters.
Because the privileged starting compounds contain reactive nucleophilic or
electrophilic

sites,

synthesis

of

bis-silylated

monomers

was

generally

straightforward where propyl alkoxysilane tethers were introduced via amide, ester
or ureyl linkages. This paved the way for PMO materials incorporating privileged
monomers such as diaminocyclohexane 3-4,38,39 vanadyl-salen complex 3-5,40 and
tartramide 3-6,41 and axially chiral binaphthyl-based monomers (3-7, 3-8, 3-10, 311, 3-13).42-47 While synthetically ideal, the attachment of tethering groups through
the functional sites of these ligands (see examples 3-4, 3-6, 3-7) could, in principle,
interfere electronically with the catalytic ability of these sites once inside the PMO.
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Fortunately, the maturation of aromatic substitution chemistry and C-Si silylation
methods expanded the scope of chiral building block synthesis and allowed for the
placement of silane attachment points in more innocent positions, such as the
aromatic backbone of binapthyl-based precursors (3-8 - 3-14).44-48
While traditionally falling under the nomenclature of periodic mesoporous
organosilicas, these chiral co-condensed materials are not pure PMOs. In order to
accommodate the large, flexible tethered chiral groups, a low-molecular-weight
silane precursor like TMOS or TEOS (Chapter 1, Chart 1-1) is typically added in
large quantities during synthesis. The condensed silica phase then makes up the
bulk of the material scaffold, with the chiral group anchored within the pore
walls.2,4 Originally, the choice of the silica bulk phase was pragmatic. TMOS and
TEOS each provide robust silica frameworks whose structures and particle
morphologies have been well studied for MCM- and SBA-type mesoporous silicas,
while BTME or BTEE (see Chapter 1) deliver ethylene-bridged PMOs with true
hybrid organic-inorganic character.1 However the development of ethenylene-,
phenylene- and aromatic-bridged PMOs described in previous chapters created the
opportunity for the bulk organosilica phase to posses a more functional purpose.
While many of these composite materials—composite in the sense that two or
more different silane precursors are co-condensed—have been demonstrated as
active heterogeneous catalysts,2

a general consequence of the phase dilution

approach is the limited amount of chiral groups ultimately incorporated. Typically
the bulk phase is tolerant of up to 15 mol % of the total monomer content before the
mesostructural order will deteriorate.2,4
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A small number of reports have demonstrated creative ways to prepare pure
PMO materials containing 100% chiral bridging groups, however the building blocks
(see examples 3-16 - 3-19)32,49-51

are smaller molecules for the most part having

one center of chirality and bearing no likeness to recognized privileged structures
represented in Chart 3-1. Attempts to address the limitations of chiral mesoporous
organosilicas have led to new types of PMO materials where the concept of chirality
introduction has been redefined.
3.2.2 Chiral Induction
Approaches toward incorporating chirality within PMO materials described
here thus far have focused on the immobilization of molecularly chiral building
blocks, whose privileged structures are well defined and reactivity well understood
within the realm of homogeneous chemical reactions.31 An alternative method relies
on small amounts of chiral building blocks incorporated into a highly ordered PMO
with a formally chiral but racemic bulk monomer such as BTESBp 3-20. The key
difference in this approach in is the exploitation of the bulk phase of the material for
the functional purpose of prochirality.
The bridging biphenyl unit in BTESBp 3-20, consisting of two phenyl rings
joined by a central aryl-aryl bond, is formally chiral due to the nonplanarity of the
aryl rings with respect to one another that breaks the symmetry of the σ! mirror
plane. The lowest energy conformation of biaryl compounds generally features the
aryl rings rotated with respect to each other by an intermediate angle between 0°
(planar) and 90° (orthogonal).52,53 Modeling of monomer BTESBp 3-20 has predicted
a dihedral angle of 37.5° between the two phenyl rings.54 While the nonplanar biaryl
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structure is formally chiral, BTESBp is functionally achiral since the energy barrier
to phenyl ring rotation about the central bond is low enough at ambient
temperature to permit free rotational motion. As a consequence, both enantiomeric
forms interconvert readily about the central C2-symmetric axis (Chart 3-3a).
High barriers to rotation in 2,2’-substituted binaphthyl and 2,2’,6,6’substituted biphenyl compounds allow for the resolution of axially chiral (R) and (S)

Chart 3-3. (a) Rotational motion about the central aryl-aryl bond is unrestricted in
tropos units (grey) or restricted in atropos substituted (red) or tethered (blue)
compounds; b) Bulk (prochiral) and chiral dopant monomers; c) Resolution of a
tropos precursor and the incorporation of either atropisomeric dopant into a
biphenyl-bridged PMO
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enantiomers that are prevented from racemizing by steric interactions between the
substituents (Chart 3-3a). The enantiomers are referred to as atropisomers, from
atropos (meaning ‘not turning’), compared to tropos (turning) units with unrestricted
rotational motion. Tethered biphenyl compounds with a short linker joining the
phenyl rings orthogonal to the central bond also display atropisomerism by virtue of
the linker group locking the rings into a conformation where free rotation is
prevented.55
Our group has previously reported on the synthesis of the chiral monomer 314 and its use as a dopant to generate chiral biphenyl-bridged PMO materials.56
Chirality within materials doped with either the (R) or (S) atropisomer of 3-14 was
characterized spectroscopically by circular dichroism spectra (CD) and absorption
measurements. These results and further DFT modeling studies supported the
formation of chiral aggregate domains of dopant and biphenyl bulk units within the
solid-state PMO.56 More recently, our group has reported on the same phenomenon
with chiral binaphthyl monomers 3-12 and 3-15 doped into biphenyl-bridged PMOs
under conditions favouring crystal-like versus amorphous materials.48 Remarkably,
while the chiral dopant incorporation was relatively high in amorphous PMOs, there
was less indication of chirality transfer within the PMO by circular dichroism. By
comparison, dopant loadings on the order of 1% largely influenced chirality within
crystal-like PMOs.48
These data support the hypothesis that small loadings of a suitable chiral
dopant can have a large influence over bulk phase chirality within crystal-like PMOs
where the biphenyl units are highly ordered within the pore walls. With this in
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mind, different chiral dopants were synthesized as part of this thesis work in order
to determine the effects of chirality transfer within BTESBp PMO materials.
Originally, the synthesis of effective chiral dopants focused on 1,1’-bi-2-naphtholderived (BINOL) monomers 3-10 and 3-11, whose individual enantiomers could be
synthesized step-wise from commercially available (R) or (S)-BINOL.
After successes in preparing PMO materials incorporating biphenol-derived
functional dopants (Chapter 2), a further extension of the chiral incorporation
strategy was warranted, using tropos dopants temporarily locked into atropos (and
enantiomerically pure) form. Reported herein is the synthesis of tethered chiral
dopant 3-21 from its tropos precursor 3-23, and its incorporation into crystal-like
BTESBp PMOs to deliver highly stable chirality within the solid-state material.57
Once installed in the PMO, the chiral dopant could be “deprotected” to cleave the
chiral auxiliary that originally locked the atropisomeric conformation in place.
Removal of this group did not destroy the chiral information translated to the bulk
phase. Furthermore, prolonged hydrothermal treatment did not racemize the
chirality of the formally tropos dopant within the PMO walls.57

3.3 Synthesis of Chiral Dopants
3.3.1 Binaphthol-based Monomers
Both (R) and (S) enantiomers of 1,1’-bi-2-naphthol (BINOL) are readily
available from commercial suppliers and can be functionalized without loss of
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enantiopurity. Since the axial chirality can be carried through from a commercial
source without the need for resolution of a racemate, BINOL derivatives were ideal
chiral dopants for this project. Synthesis of the chiral dopant 3-9 was designed to
install the silyl anchoring points at the 6,6’-positions of the binaphthol derivative,
taking advantage of the para-directing (in this case, pseudo-para-directing) nature
of the electron-donating methoxy ether groups (Scheme 3-1).
It was reasoned that attachment of the alkoxysilane groups directly to the
binaphthol backbone would provide a rigid dopant that could be easily-incorporated
into highly ordered biphenyl-bridged PMOs. Synthesis of dopant 3-9 commenced
from commercially available BINOL, using the more affordable racemate until the
appropriate conditions were optimized. The naphthol hydroxy groups were protected
as methoxy ethers, and the resulting methoxy BINOL was brominated under
standard electrophilic aromatic substitution conditions to give the 6,6’-substituted
3-22 product exclusively (Scheme 3-1).58,59
Bis-silylation of intermediate 3-22 proved to be highly challenging, with
several avenues affording only a complex mixture of products. Synthesis of
aryltrialkoxysilanes via Grignard reagents has been reported,60 however under these
conditions, formation of the aryl-Grignard reagent from 3-22 did not proceed to any
significant extent. Switching to activated magnesium turnings and use of the
(isopropyl)MgCl-LiCl adduct helped promote Grignard formation, however the
reaction favored reduced product (Ar-Br g Ar-H) rather than the silylated product
once the Grignard reagent was quenched with tetraethylorthosilicate (TEOS).
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Our group has since reported some success with rhodium-catalyzed Masudasilylation61,62

of

halogenated

binaphthylene

intermediates,46,47

however

this

particular substrate was completely unreactive.
Mg0, THF, Si(OEt)4
Br
OH
OH

Grignard

1. K2CO3, MeI
Me2CO

OMe
OMe

2. Br2, CH2Cl2
SEAr

iPrMgCl-LiCl,

Br
3-22

(EtO)3Si

HSi(OEt)3, Rhcat
Pdcat, PAr3
Et3N, DMF
Si(OEt)3

Mizoroki-Heck

OMe
OMe
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Si(OEt)4
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(EtO)3Si
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Masuda

(EtO)3Si
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3
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2
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OMe
OMe
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4'

(EtO)3Si
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Scheme 3-1. Synthesis of binaphthyl-derived chiral dopants

In a different approach, the silane attachment point was installed through a
vinyl tether according to the method described by Brethon et al. for preparing chiral
xerogels

with

3-10.63

This

method

employs

catalytic

palladium

(II)

and

vinyltriethoxysilane to give the trans-alkene Mizoroki-Heck product.64,65 It was
hoped that the 2-carbon tether would not significantly disrupt PMO ordering in the
pore walls. Unfortunately, the synthesis of 3-10 could not be reproduced since the
bis-silylated product could not be isolated from the mixture of mono-silylated and
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reduced products. The choice of PdCl2[P(o-tolyl)3]2 catalyst with wet DMF solvent
and tetrabutylammonium bromide phase-transfer catalyst improved the yield of the
reaction marginally, however isolation of the ultimately impure product, even after
column chromatography, was less than 20% (estimated by NMR). Our group has
since

reported

the

synthesis

of

3,3’-

and

4,4’-substituted

ethynyl-linked

binaphthylene monomers 3-12 and 3-15 for chiral PMOs,48 however the scope of
chiral dopants for this thesis project shifted toward biphenyl-based derivatives
whose electronics were predicted to be more cooperative toward the aryl silylation
methods described in the literature.60-62
3.3.2 Tethered Biphenol-based Monomer
The biphenol-based dopants for functional PMOs described in Chapter 2 were
commonly derived from intermediate 3-23, itself prepared by the synthesis outlined
in Scheme 2-2. Harada et al. have described the asymmetric desymmetrization of
tetrahydroxybiphenyls by an annulation reaction with chiral bis(mesylate).66 The
bis-etherification reaction is known to proceed stereospecifically according to the
enantiomer of the bis(mesylate) chiral auxiliary.66 With a supply of 3-23 in hand,
the annulation reaction was attempted on the biphenol using racemic bis(mesylate)
3-24, prepared from propylene glycol. The reaction proceeded smoothly only when
K2CO3 was used as a base (Appendix A.3).
When enantiopure bis(mesylate) (S)-(3-24) was used, the (aS,R)-enantiomer of
3-25 was obtained with >97% ee. Likewise, (aR,S)-(3-25) was obtained from
bis(mesylate) (R)-(3-24) (Scheme 3-2). Both enantiomers could be isolated with a
typical yield of ca. 40%. The stereochemistry of the products was assigned based on
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the original account of annulated hydroxybiphenyl compounds, where (aS,R)
indicates (S) axial chirality and (R) chirality at the methylethylene auxiliary.57,66 The
enantiomeric purities of the (aS,R) and (aR,S) annulated biphenyls were confirmed
by chiral supercritical fluid chromatography (SFC) with the racemate as a standard
(Appendix A.3).
The formerly tropos precursor 3-23 was now locked into a chiral atropos
conformation, with both (aS,R) and (aR,S) enantiomers readily accessible. Silylation
of the iodides was achieved by rhodium-catalyzed cross-coupling in the same way
that the functional biphenol dopants were prepared in Chapter 2.

I
NH2
O 2N

OH

OMs
MsO
(S)-(3-24)

5 steps

R

O

O

(aS,R)

OMe
HO

I

R

3-23
MsO

OMs

R

O

(R)-(3-24)

[Rh(COD)Cl]2
HSi(OEt)3

O

(aR,S)

3-25 : R = I
R
3-21 : R = Si(OEt)3

Scheme 3-2. Synthesis of tethered chiral dopant from tropos precursor
3.4 Synthesis and Characterization of Chiral PMOs
With both enantiomers of 3-21 in hand, PMO materials were prepared with
either (aS,R)- or (aR,S)-(3-21) doped into BTESBp 3-20.57
prepared

under

base-catalyzed

hydrolysis

conditions

All chiral PMOs were

with

OTAC

surfactant

according to the procedure reported for highly ordered biphenyl-bridged PMOs.67
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Incorporation of the chiral dopant into the PMO was corroborated by solid-state

13C

CP MAS NMR. Families of (aS,R)- and (aR,S)-PMO materials were prepared with
increasing amounts of the chiral dopant to observe trends in physical properties,
qualitatively compared to 100% biphenyl-bridged PMOs. Additionally, the extent of
chiral induction within the solid-state material was compared across PMOs with
increasing dopant loadings. Once incorporated into the PMO material, the atropos
dopant could be deprotected by cleaving the chiral auxiliary to liberate the formally
tropos biphenol. After this transformation, retention of chirality within the PMO
walls was probed spectroscopically by circular dichroism studies.
3.4.1 Characterization of PMO Solid-State Chirality
Chirality of doped PMO materials was evaluated by circular dichroism (CD)
spectroscopy. The principles of this technique derive from electronic absorption
spectroscopy, where light impinged upon a molecule is absorbed as energy,
resulting in the excitation of electrons to higher energy molecular orbitals.68 These
transitions give rise to an excited state configuration where the electron density of
the molecule is rearranged from that of the ground state configuration. The
displacement of electron density can be described by an electric dipole transition
moment vector. Additionally, the magnetic component of the impinging light can
cause a circular displacement of charge, described by a magnetic dipole transition
moment. When the symmetry of the molecule is broken, as is the case with chiral
compounds, the linear electronic and circular magnetic moments can combine to
create a helical dislocation of electron density.69-71 Enantiomers of chiral molecules
may then be distinguished using impinging light of chiral handedness. Left and
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right circularly polarized light (CPL) interacts differently with the electron density of
chiral molecules, and the subsequent differential absorption of left versus right CPL
is known as circular dichroism (CD).72
The intensity of the CD signal quantifies the degree of differential absorption
(∆𝐴) and is typically expressed in units of molar circular dichroism (Eqn. 3-1) or
degrees of ellipticity (Eqn. 3-2), where ∆𝜀 is the difference in left (𝜀! ) and right (𝜀! )
molar extinction coefficients, c is the molar concentration of the sample, and l is the
cell path length in centimeters, and 𝜃 is molar ellipticity.
∆𝜺 =    𝜺𝑳 − 𝜺𝑹 =   
𝜽 =   

𝟒𝟓𝟎𝟎
𝝅

∆𝑨

Eqn. 3-1

𝒄𝒍

   𝜺𝑳 −    𝜺𝑹 𝐥𝐨𝐠 𝒆 𝟏𝟎

Eqn. 3-2

Circular dichroism spectroscopy of solid-state materials and polymers can be
complicated by high molecular extinction coefficients and light scattering effects,
respectively consequences of densely packed chromophores and large particle sizes
comparable to the wavelength of incident light.70,71,73 Rather than by the
conventional transmission mode, where absorbance is measured as the logarithm of
(I0/I), spectra can be collected in diffuse reflectance mode, where reflected and
scattered light are directed toward the detector.70,71,74 This technique is discussed in
further detail in section 3.5.
Like any characterization technique, solid-state circular dichroism has its
limitations. Only within the last 15 years have CD spectrophotometers been
designed to capably measure circular dichroism alongside the linear dichroism and
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birefringence terms that affect CD measurement of solid samples—and even fewer
years since the equipment has become commercially available.75-79 While our need
to rely upon diffuse reflectance CD analysis is not ideal, other techniques for
measuring chirality within ordered solid-state materials are still in their infancy and
far from ubiquitous. Avnir and colleagues have described the measurement of
induced CD (ICD) from the interaction of an achiral absorbing dye molecule with
silica sols and xerogels templated with a chiral surfactant.70 ICD could prove to be
an effective tool for probing chirality of solid-state xerogels and mesoporous silicas,
with the stipulation that the material does not itself absorb in the same spectral
region as the dye molecule. In this same report, they have also described the use of
solid-state

31P

NMR to detect diastereomer formation between the chiral surfactant

and enantiomers of binaphthyl hydrogen phosphate esters, however the peak
separation (Δ𝛿) was fairly small.80 Nonetheless,

31P

NMR could be a useful

supporting technique for systems where such diastereomeric pairs can be formed.
Circularly

polarized

luminescence

is

a

related

technique

to

circular

dichroism, instead measuring the differential emission of left and right CPL within
samples having chiral fluorophores.81 However these measurements are subject to
their own artifacts as a result of optical anisotropies within ordered samples.81
Vibrational CD (VCD) is another relatively new technique in terms of commercially
available instrumentation.82,83 For solution phase measurements, VCD has become
a widely used tool for studying polypeptides and other biological systems, however
solid-state analysis has been subject to many of the same limitations as traditional
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CD spectroscopy.84 The utility of these techniques for the analysis of chiral silicas
and PMO materials remains to be seen in the coming years.

3.5 Incorporation of Tethered Chiral Dopant within PMO Materials
Initially, PMO synthesis conditions were tested on racemic monomer 3-21 to
yield rac-PMOs with 10 or 20 mol % of the monomer doped in BTESBp. Solid-state
13C

CP MAS NMR confirmed that rac-3-21 was incorporated within the PMO

material (Appendix A.5, A.6) and the physical characteristics of these PMOs were
similar to 100% BTESBp PMO, albeit with reduced surface areas and pore volumes
(Table 3-1). Synthesis of chiral PMOs was then carried out under identical
conditions, and the dopant loading of (aS,R)- or (aR,S)-3-21 was increased up to 30
molar % by formulation.
Solid-state

13C

CP MAS NMR confirmed the incorporation of the chiral dopant

3-21 within the PMO material, similar to the racemic materials (Appendix A.5, A.6).
With the NMR spinning side bands shifted so as not to overlap with the dopant
signals in the aliphatic region, the resonances of the chiral bridging methylethylene
group were visible at ca. 80 ppm and 18 ppm, and aromatic (Ar)C-OR carbons were
observed at 157 ppm (Figure 3-2). The unique dopant signals increased in
magnitude, compared to the aromatic bulk-biphenyl signals, as the loading of the
chiral dopant was increased up to 30%. Small signals at 58 ppm appeared to come
from uncondensed Si-OCH2CH3 groups,85 with the CH3 signal likely overlapped with
the methyl group of the chiral auxiliary. The aliphatic proton resonances could be
observed at ca. 1 ppm and 3 ppm by high-field 1H CP MAS NMR in addition to the
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broad aromatic biphenylene signals at ca. 7 ppm (Appendix A.7) Solid-state

29Si

NMR showed a high degree of monomer condensation (Figure 3-2) comparable to
100% BTESBp PMOs and the composite PMOs described in Chapter 2.
Deconvolution of the

13C

CP MAS spectra gives an estimate of only 8% actual

loading of dopant 3-21 in 20-(aS,R)-cPMO (20% initial loading), and approximately
16-20% in 30-(aS,R)-cPMOs (30% initial loading), indicating that the true loading
may be significantly lower than expected. These estimates reflected 10-12% in 20(aR,S)-cPMO and 19-23% in 30-(aR,S)-cPMO (see Appendix A.8, A.9).

The lower

loading of the dopant could arise from solubility differences of the dopant and bulk
monomers, or phase separation of the monomers due to a difference in the
hydrolysis and condensation kinetics.86
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Figure 3–2. Solid-state

13C

(left) and

29Si

(right) CP MAS NMR of chiral cPMO

powders containing 20% and 30% (aS,R)-3-21 dopant loadings, with MAS side
bands indicated by square brackets

Chiral PMOs showed type IVc adsorption isotherms (Figure 3-3a) comparable
to 100% BTESBp and composite biphenol-doped PMOs described in Chapter 2. The
chiral and racemic PMOs all have similar mesopore diameters, with an average
value of 20.7 Å, however the surface areas and pore volumes varied widely between
570 – 1300 m2/g (Table 3-1). Racemic PMOs tended to have lower surface area and
pore volume values than 100% BTESBp and chiral PMOs. Across the families of
(aS,R)- and (aR,S)-doped PMOs, surface area appeared to generally increase with
increasing loadings of the chiral dopant. This could indicate morphological changes
within the PMO, or a greater degree of micropore formation, expressed by the taller
first step of the adsorption isotherm in Figure 3-3a.
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Figure 3–3. Nitrogen gas physisorption (a) isotherms, and; (b) isotherm derivatives
showing pore size distributions for chiral and racemic PMOs

Table 3-1. Surface area (SA), pore diameter (Dp) and pore volume (Vp) nitrogen
porosimetry characterization of PMOs prepared with dopant 3-21 in BTESBp
Entry

PMO

SAa
(m2/g)
711

Dpb (Å)

100% BTESBp-PMOd

Dopant
loading (%)
0

20.5

V pc
(cm3/g)
0.521

1
2

10-rac-PMOe

10

572

20.7

0.412

3

20-rac-PMOe

20

628

20.2

0.414

4

20-(aS,R)-PMO

20

766

20.6

0.535

5

30-(aS,R)-PMO

30

1145

20.6

0.805

6

20-(aR,S)-PMO

20

793

21.5

0.583

7

30-(aR,S)-PMO

30

865

20.5

0.568

8

20-(aR)-PMOf

20

1301

20.3

0.911

(a) Surface area calculated from BET isotherm; (b) Calculated by BJH method from the adsorption branch; (c) Single point total pore
volume at P/Po = 0.9999 mmHg; (d) As reported in reference 103; (e) PMO prepared with racemic 3-21 dopant; (f) PMO treated with
boron tribromide

109

The chiral PMO materials were composed of large, dense particles that could
be up to several hundred microns in size. TEM images of the particles showed
domains of 2D hexagonally ordered pores where these features were not obscured
by the particle density (Figure 3-4 a-c). Additionally, rows of mesoporous channels
could be observed when the lattice was imaged side-on (Figure 3-4d). Scanning
electron microscopy (SEM) images of the particles showed co-continuous monolithic
organosilica particles for chiral and racemic PMOs (Figure 3-4 e-g). In some
materials, the PMO morphology showed a mixture of the monolithic structure with
smaller particles or agglomerations of particles (Figure 3-4h).

Figure 3–4. TEM (top) and SEM (bottom) images of (a,e) 10% rac-PMO; (b,f) 20%
(aS,R)-PMO; (c,g) 30% (aS,R)-PMO, and; (d,h) 30% (aR,S)-PMO; SEM scale bar, 2 µμm
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This is likely caused by small differences in the PMO synthesis conditions
such as base concentration or aging temperature, which affect the kinetics of
monomer polycondensation.87,88 Hasegawa et al. have also shown that morphologies
of phenylene- and biphenylene-bridged porous silica monoliths are dependent on
the concentration of block copolymer surfactant.71
These mixed-morpholgy PMO materials showed hysteresis of the desorption
branch of the isotherm, just before the mesoporous step (Appendix A.10). The H3type hysteresis loop may indicate the presence of agglomerated particles having slitlike or blocked pores,71,89 and is typically observed for lower quality MCM
materials.90 Curiously, cPMOs with greatest degree of mixed-morphology character
showed a greater degree of actual incorporation of the chiral dopant, which suggests
this may be a result of phase separation of dopants into distinct domains (see
Appendix A.11, A.12).
Powder X-ray diffraction (PXRD) analysis of the PMO solids showed
reflections corresponding to d-spacings of 46.2 Å (p6mm d100) and 11.7 Å (biphenyl
molecular spacing) as well as higher order lamellar reflections at d = 5.9, 3.9, 3.0
and 2.4 Å (Figure 3-5). A broad signal centered at 2θ = 20.8° was also observed,
corresponding to a d-spacing of 4.3 Å, representing the biphenyl-biphenyl
intermolecular distance. This was in accordance with the composite materials
described in Chapter 2 and crystal-like BTESBp PMOs reported elsewhere.91,92 Even
at 30% loadings, the chiral dopant locked by the chiral auxiliary does not appear to
disrupt the lamellar crystal-like ordering of the biphenyl groups within the PMO
pore walls, much like the biphenol-based functional dopants.
111

Attempts to increase the chiral dopant loadings to 40% or higher failed to
produce a precipitated gel, however. When gelation was forced over several days of
prolonged aging at 95 °C, a solid was precipitated that contained 21-27% of the
dopant by deconvolution of the solid-state

13C

NMR (Appendix A.8). The 40-(aS,R)-

cPMO material showed a disordered pore system with a very broad size distribution,
and no obvious type IV mesoporous step in the nitrogen adsorption isotherm
(Appendix A.13).
Small signals were apparent in PXRD diffractograms of some of the 20 and
30 mol % doped chiral PMOs in addition to the 2D-hexagonal mesophase and
lamellar ordering signals. These additional signals are apparent in some samples as
sharp features occurring at 3.6, 3.4, 3.3, 3.1, 2.9 and 2.8 Å, or as a broadened,
weak signal centered at 3.4-3.2 Å (Figure 3-5b). Some chiral PMOs, such as the 30%
(aS,R)-PMO shown in Figure 3-5b, do not appear to show these signals at all. The
20% racemic PMO shows a weak, broadened signal in this region. Thus we can infer
that the signals do not occur as a result of an additional degree of ordering due to
the chirality of the dopant. This is also apparent in the 100% BTESBp sample,
which shows a broad signal (Figure 3-5b). The sharp signals are obvious in PMO
materials whose particle morphology differs from the continuous monolithic
particles typically observed for the chiral PMOs. Phase separation and condensation
of the hydrophobic dopant monomers may give rise to non-mesoporous crystallites
which appear as irregularly shaped, flattened or jagged particle fragments in the
electron microscopy images of mixed-phase morphology PMOs (Figure 3-4h). The
local crystallinity of these areas may give rise to these spurious PXRD signals.
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Figure 3–5. PXRD patterns of (a) racemic and chiral PMOs at low and (inset)
medium diffraction angles, with the molecular spacing distance indicated; (b)
Different batches of chiral PMOs compared in the medium angle region between 2θ
= 25-35

Figure 3–6. CD and absorbance spectra of PMO precursors 3-21 and 3-25
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The chirality of the PMO materials was evaluated by CD spectroscopy. As a
reference, the CD spectra of the chiral precursor iodides (aS,R)- and (aR,S)-3-25
were evaluated between 200-450 nm (Figure 3-6). Mirror image CD curves were
observed for the opposite enantiomers of 3-25, with the major CD signal occurring
at 260 nm, coincident with the absorbance λmax. The organosilane precursors (aS,R)and (aR,S)-3-21 showed similar CD features, with the major CD signal and
corresponding absorbance λmax slightly blue-shifted to 255 nm.
CD analysis of the chiral PMOs was originally evaluated on suspensions of
the solids in ethanol. Mirror image CD curves were observed for PMOs prepared
with opposite enantiomers of 3-21 (Figure 3-7), with the major CD signal occurring
at 260 nm and a second, broad signal centered at ca. 280 nm. There appeared to be
significant

light

scattering

above

320

nm,

which

was

intensified

as

the

concentration of the suspension was increased. Curiously, the sign of the CD
signals for chiral PMOs doped with an enantiomer of 3-21 (Figure 3-7) were
opposite in sign to the CD of the dopant itself (Figure 3-6). We have not been able to
determine the origin of this chiroptical switching, however it became apparent that
significant light scattering within these colloidal suspensions may strongly influence
the CD spectra and cannot be ignored.
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30-(aS,R)-PMO

increasing
concentration

30-(aR,S)-PMO

increasing
concentration

Figure 3–7. CD spectra profiles of ethanolic suspensions of 30% (aS,R)- and (aR,S)PMO materials

Initially it was suspected that light scattering from micron-sized PMO
particles would inflate the magnitude of CD signals since the corresponding
absorption of the suspension (ASusλ) is the sum of intrinsic absorption from any
chromophores (Aλ) and the apparent absorption (ASλ) due to scattering effects.93,94
This relationship is described by the equation (ASusλ) = (Aλ) + (ASλ) - (AFλ) , where the
AFλ term describes absorption flattening that can occur if particles having dense
concentrations of chromophores are not uniformly distributed along the forward
direction of light through the sample.93,95 Light scattering is a function of the
refractive index of the material,96 however our attempts have failed in matching the
refractive indices of PMO powders with that of various aqueous and organic
solvents.
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Furthermore, a chiral sample impinged with circularly polarized light may
show nefarious CD information due to the difference in refractive index for left
versus right CPL.70 The resulting differential light scattering (ASLλ - ASRλ) of left and
right CPL can produce wavelength-shifted CD maxima whose magnitudes are
significantly increased or decreased, as well as creating the appearance of CD
signals

outside

of

chromophore

adsorption

bands.93

Differential

absorption

flattening may also occur by loss of incident photons that, as a result of the
scattering, do not impinge on chromophores to give a real absorption signal.91,97 The
degree of light scattering in our PMO colloidal samples became obvious with
additional CD studies where the chromophore concentration or the photon detection
angle was manipulated (Appendix A.15). With all these phenomena in mind, it was
determined that any scattering effects within the colloidal PMO samples were likely
to be non-innocent, and therefore it was more ideal to measure CD of the PMO
powders directly.
The CD spectra of chiral PMOs were measured by loading the solids within a
windowed sample holder where the PMO powders were pressed between a quartz
window and a backing plate. Spectra were recorded in diffuse reflectance mode
rather than transmission mode, using an integrating sphere to reflect diffused
scattered light onto the detector.98 Diffuse reflectance circular dichroism (DRCD)
analysis is ideal for the measurement of opaque powders, as well as highly
absorptive crystalline and microcrystalline solids.78,79
Chiral PMO materials doped with (aS,R)- or (aR,S)-3-21 showed mirror image
DRCD signals at 270 and 300 nm as well as a smaller shoulder at 320 nm (Figure
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3-8a), coincident with broad absorption bands in these regions (Figure 3-8b).
Racemic PMOs showed similar absorbance profiles, but no circular dichroism. In
the solid-state CD, the sign of the CD curves for (aS,R)- or (aR,S)-PMOs matched
that for the corresponding dopant measured in the solution-phase (Figure 3-6).
Furthermore, the magnitude of the CD signals increased for PMOs of both
handedness when the loading of the corresponding dopant was increased within the
PMO material (Figure 3-8a), further evidence for the incorporation of the chiral
dopant.99
Solid-state CD spectra are still subject to spurious artifacts from light
scattering, absorbance flattening and other effects, so care was taken in measuring
and interpreting spectra of the PMO powders. In fact, even the technique used to
load the sample cell can have an effect on the CD information. Figure 3-8c shows
the effect of successively tightening and loosening the backing screw of the cell,
which dictates how closely the powder sample is wedged between the backing plate
and the transparent quartz window. Over-tightening the sample holding cell
appeared to produce stress-induced birefringence in the quartz window, which
manifested optically as a moderate positive signal (-10 g +10 mdeg) at 300-320 nm.
This was a completely reversible phenomenon. In addition to instrument- or
equipment-induced artifacts, spurious DRCD signals may arise from linear
dichroism (LD) and linear birefringence (LB) within the sample as a result of
macroscopic anisotropy of sample particles.79

117

a

b

c

d

Figure 3–8. Diffuse reflectance (a) CD and (b) absorbance spectra of chiral, racemic
and pure BTESBp PMO powders; (c) CD spectra of (aS,R)-PMO after successively
loosening and tightening the powder-holding cell assembly; (d) LD (solid line) and
absorbance (dashed line) spectra of 30-(aS,R)-PMO

While the monolithic particles of the chiral PMO samples are amorphous and
not oriented, care was still taken to rule out these effects. Measurements of LD
alongside CD spectra showed no interfering linear dichroism (Figure 3-8d).
Furthermore, LD and CD spectra were not dependent on the rotation angle of the
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sample cell about the axis of light propagation (Appendix A.16). In interpreting the
DRCD spectra, comparisons were drawn between the solid-state DRCD and the
solution-phase CD and absorbance spectra of the precursor dopants and BTESBp.
The major solution CD signal of dopant 3-21 occurred at 255 nm (Figure 3-6), thus
the large, broadened signal at 270 nm observed in the DRCD spectra of chiral PMOs
(Figure 3-8a) was assigned to the chromophore absorption.
The most intense peak of the DRCD occurred at 300 nm, however,
moderately red-shifted from the absorbance λmax of dopant 3-21 or of BTESBp (λmax
= 260 nm). This phenomenon was investigated in a previous report by our group in
the study of chiral PMOs doped with atropos dopant 3-14.56 In that investigation,
modeling data supported the assignment of the signal at 320 nm to a red-shifting of
the dopant and bulk biphenyl signals as they formed dimers with delocalized πelectrons (Figure 3-9).
However, since that study there have been more detailed investigations into
the nature of BTESBp PMOs on the molecular scale, particularly in probing the
formation of dimers in the solid-state material.54 The examination concluded that
the excited state dynamics of the BTESBp PMOs comprised several different excimer
states of very short lifetimes (< 30 ns).54 The presence of dimers or oligomers was
not observed in ground state.54
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Figure 3–9. (Left) CD spectra of PMOs prepared with 15% (+)- or (-)-3-14 doped in
BTESBp, and (right) dimeric structures used to model chiral interactions between 314 and bulk BTESBp; Adapted from reference 56

Furthermore, when the biphenyl units are staggered between layers within
the PMO wall (see Figure 3-5a, inset), the biphenyl-biphenyl distance is
approximately 0.44 nm,67 too great a distance for π-π delocalization to occur. Within
the bulk of the BTESBp material this may be the case, however there may be defect
regions within the walls or along grain boundaries of our chiral PMOs where
neighboring

biphenyl-biphenyl

or

biphenyl-chromophore

groups

are

directly

adjacent, not staggered. DRCD of 100% biphenyl PMOs shows a similar absorption
band at 305 nm (Figure 3-8b), suggesting this may occur even within pure
biphenyl-bridged PMOs, as would be expected.
Precluding the formation of π-π stacked dimers within PMO materials, the
signal at 300 nm could come from the chiral chromophore itself. The absorbance
120

spectrum of 3-21 shows a small absorption band at λ2 = 290 nm from a weak
transition that may experience a bathochromic shift once incorporated into the PMO
material. While we haven’t been able to definitively assign the long-wavelength
signal, it is suspected that a combination of steric and electronic effects—from the
4-atom chiral auxiliary and from the 2,2’-oxygen atoms, respectively—draw out the
weakly allowed transitions that can often be hidden behind the conjugation
band.100,101 Inside the solid-state PMO environment, these transitions may become
more symmetry-allowed, giving rise to a more intense absorption band and
generating a chiral signal in this area.
To further probe the nature of this signal, a silicaceous mesoporous material
was prepared with 7.5% (aS,R)-3-21 doped into a TEOS bulk phase. The 7.5-(aS,R)TEOS material showed no chirality information by DRCD (Figure 3-10), yet when
diluted in a suspension in ethanol, a weak CD signal could be observed at 250 nm
which was assigned to the chiral chromophore. It was not clear if the very weak
signal at ca. 320 nm was arising from the material chirality or from light scattering.
However, the lack of an obvious signal at 300 nm here, and the complete lack of
signals in the DRCD spectrum of this material indicate that the long-wavelength
DRCD signal of the doped BTESBp-based PMOs is contingent on the presence of
both the chiral dopant with the bulk BTESBp monomers within the chiral PMO.
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Figure 3–10. Diffuse reflectance (black) and solution-phase (grey) CD spectra of a
7.5-(aS,R)-TEOS material, and corresponding absorbance profiles. Solution CD was
measured as a suspension of the powder in ethanol from low to high (light to dark
grey) concentration.

3.5.1 Deprotection of Chiral Dopant within the PMO Material
With the atropos chiral dopants incorporated within the BTESBp PMOs, we
were interested in the effect of removing the chiral auxiliary from the dopants to give
tropos biphenol groups within the solid-state material. Deprotection of alkyl ether
groups was described in Chapter 2 for biphenol-based dopants, whose free diol
groups could then be further functionalized. In this case, deprotection can provide
qualitative information about the stability of chiral domains inside the PMO walls.
Such a transformation on a dopant molecule in solution would lead to complete
racemization.
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A 20% (aR,S)-PMO was subjected to BBr3-assisted cleavage of the chiral
methylethylene auxiliary (Figure 3-11). Prior to the bis-ether deprotection, the PMO
surface was passivated with TMS groups that might deactivate the Lewis acid, in a
similar manner as the methoxy-biphenol PMOs were primed in Chapter 2. Cleavage
of the chiral methylethylene groups was effected over several days and the
transformation was corroborated by solid-state
following

the

disappearance

of

the

13C

CP MAS NMR (Figure 3-11) by

oxymethylene

resonances

at

80

ppm.

Additionally, the (Ar)C-O carbon signal shifted upfield from 157 ppm as the free
biphenol groups were liberated. Weak signals at 58 and 18 ppm indicated residual
SiOCH2CH3 groups on the surface, and the signal at 0 ppm showed that the surface
TMS groups withstood the Lewis acid treatment.
In terms of physical characteristics, the BET surface area and pore volume of
the deprotected PMO increased from 793 to 1301 m2/g, and from 0.583 to 0.911
cm3/g, respectively, compared to the parent (aR,S)-PMO (Table 3-1). These changes
could reflect the presence of microporous cavities in the PMO walls resulting from
the removal of the methylethylene group.
Diffuse reflectance CD on the deprotected (aR)-PMO showed virtually no
change in the magnitude or shape of the CD curve compared to the parent (aR,S)PMO (Figure 3-12), indicating that the removal of the chiral auxiliary does not
influence the chirality within the PMO material. This would suggest that the chiral
dopants are still conformationally restricted within the walls of the PMO, even when
they are not formally locked into an atropos conformation by a bridging group. An
(aS,R)-PMO was subjected to the same conditions and the CD spectrum of the
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resulting (aS)-PMO was slightly reduced in magnitude (Figure 3-12). This could be a
result of some racemization of the chiral dopant, or a change of refractive index in
the material.102 It is not clear why these changes were only observed in the (aS)PMO.

Figure 3–11. Boron-tribromide assisted deprotection of the chiral dopants within a
20% (aR,S)-PMO material (black) to yield (aR)-PMO (red), evaluated by solid-state

13C

CP MAS NMR, with MAS side-bands indicated with an asterisk (*). The (aR,S)-PMO
was TMS-passivated prior to the deprotection step.

To probe the stability of the chiral domains within the PMO, the powders
were subjected to hydrothermal treatment at 95 °C in water for 24 hours. Although
the PMO materials were dried under vacuum with heating for several days, the
prolonged contact with hot solvent appeared to have changed the refractive index of
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each material (Figure 3-12, right). DRCD spectra were normalized to absorbance
values to attempt to correct for this. Spectra of both (aR)- and (aS)-PMOs showed no
decrease in magnitude of the CD signals, even after the prolonged hydrothermal
treatment (Figure 3-12, left). Changes in the shape of the CD curve may be a result
of sample cell loading (see Figure 3-3c), although care was taken to load the PMOs
as loosely packed powders.102

Figure 3–12. Diffuse reflectance CD (left) and absorbance (right) spectra for 20%
(aR)-PMO (black) and 20% (aS)-PMO (grey) materials before and after hydrothermal
treatment, compared to parent (aR,S)- and (aS,R)-PMOs. DRCD spectra are
normalized with respect to absorption values.

It is remarkable that the formally tropos dopants were not at least partially
racemized during the hydrothermal treatment, considering the previous report on
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PMOs containing chiral dopant 3-14.56 Subject to the same hydrothermal
treatment, those chiral PMOs completely lost long-wavelength CD information and
the resulting CD spectra resembled that of a purely silicaceous material doped with
3-14.103 It is noteworthy that in this previous report, the PMOs were prepared under
acid-catalyzed hydrolysis conditions and consequently were not crystal-like within
the pore walls. The high degree of ordering of dopant and bulk monomers in crystallike PMOs may restrict the conformational motion of the deprotected dopant enough
to prevent racemization.
In 100% BTESBp PMOs, the biphenyl units have been shown to display fast
rotational motion about the long axis, such that they can be envisioned as
molecular rotors within their respective lamellar layers.104 The lateral spread of the
biphenyl unit (3.4 Å) is small enough that neighbouring biphenyl groups (4.4 Å
apart) do not sterically interfere with the rotational motion of each other.104
However, within chiral PMOs, rotational motion is likely to be much more restricted
due to the presence of the bulky chiral bridging group. The geometry-optimized
structure of (aR,S)-3-21 was predicted using Avogadro modeling software,105 shown
in Figure 3-13 as ball and stick and Van der Waals models. The aryl rings of the
biphenyl core are offset from each other by a dihedral angle of 59°. The molecular
distances between the center of the biphenyl axis and the proximal and distal
hydrogen atoms of the methyl group were calculated to be 4.9 and 5.4 Å, giving an
estimate of the size of the chiral auxiliary with respect to the lateral breadth of the
biphenyl unit (Figure 3-13c).
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Figure 3–13. Geometry optimized structure of (aR,S)-(3-21) showing (a) ball-andstick, and (b) Van der Waals radii models; (c) Calculated (blue) and reported (red)
molecular distances describing dimensions of dopant and bulk units within PMO
materials

The inter-biphenyl distance of 4.4 Å, confirmed herein by PXRD studies
(Figure 3-5), may permit rotational motion between adjacent biphenyl groups, but
would certainly be expected to restrict motion between an adjacent dopant-biphenyl
pair. In the deprotected PMO (Appendix A.17), the corresponding distance to the
hydroxyl hydrogen atom was calculated to be 3.2 Å, which may be just large enough
to interfere with rotational motion between adjacent biphenol-biphenyl units such
that racemization does not occur.
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3.6 Conclusions and Future Work
This project has yielded further evidence for the generation of chirality within
PMO materials via chiral induction from dopant monomers. The functionality of
composite PMOs described in the previous chapter is carried forward into materials
with disguised chiral biphenol groups that could potentially be accessed as ligands
for a variety of enantioselective applications.
The complete synthesis of these materials from organic building blocks is by
no means “simple” compared to other grafted or imprinted silicas. However, we have
shown here that persistent and stable chirality can be realized within solid-state
materials, which lays the groundwork for multifunctional PMOs and the potential to
influence chemical reactions within complex confining reaction fields, much like
enzymes do. Further work should seek to understand how exactly chirality is
induced by the dopant across the biphenyl bulk phase, and how far this effect might
propagate within the solid-state PMO. A follow up study using the exposed chiral
biphenol ligands for asymmetric catalysis would be a nice proof-of-concept for the
utility of these PMOs as highly stable heterogeneous catalysts.

3.7 Experimental Procedures
3.7.1 General Experimental
See Chapter 2.4.1 for general experimental details on chemicals and solvents,
as well as general information on characterization techniques including highresolution mass spectroscopy (HRMS), solution NMR, solid-state (13C and
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29Si),

and

high-field (1H) CP MAS NMR, nitrogen gas physisorption, PXRD and TEM analysis.
Enantiomers of 1,2-propanediol were purchased from Sigma Aldrich and used as
received. The optical purity was reported to be 98% ee as determined by gas-liquid
chromatography, [α]D20 = −16.5° (neat).
Supercritical fluid chromatography (SFC) traces were recorded on a Jasco SF2000 SFC instrument equipped with an AD chiral column heated to 40 °C. A
gradient mixture of 5-40% methanol in CO2 (35 bar) was used as the eluent, with a
flow rate of 2 mL/min. A racemate of 3-21 was used as a reference for the (aR,S)
and (aS,R) enantiomers which had retention times of 9.0 min and 10.3 minutes,
respectively. Optical rotation was evaluated using an Atago AP-300 automatic
polarimeter as an average of 3 measurements at the indicated temperature, using
THF solvent as a blank reference sample.
SEM images were recorded with a JEOL JSM-6400 scanning electron
microscope equipped with an EDAX Genesis 4000 energy dispersive X-ray (EDS)
analyzer. Measurements were recorded at the Microscopy and Microanalysis Facility
at the University of New Brunswick. PMOs were dispersed onto carbon tape and
then carbon coated using an Edwards 306A carbon coater. Analysis in EDS mode
was performed at an accelerating voltage of 15 kV and beam current of 1.5 nA, with
a collection time of 50 s per analysis point, at a working distance of 14 mm.
Circular dichroism spectroscopy measurements were recorded on a JASCO J815 CD spectrometer. Solution CD and absorbance spectra were obtained on dilute
solutions of chiral precursors (10-4-10-5 M) or suspensions of PMO powders in
ethanol, in a 10 mm quartz cell, as the average of 3 scans with 1 nm data pitch and
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100 nm/min scanning speed. DRCD spectra of PMO powders were recorded using a
DRCD 466L attachment with an integrating sphere lined with barium sulfate.
Spectra were recorded as the average of three scans and were automatically
background corrected against a barium sulfate blank. PMO samples were loaded
into a powder or paste cell holder that was positioned at the rear of the integrating
sphere, and the cylindrical sample cell was rotated between scans. Scans were
recorded at a speed of 100 nm/min, D.I.T. of 1 sec, bandwidth of 1.00 nm and data
pitch of 0.5 – 1 nm. Normalized DRCD spectra were obtained by dividing the CD by
absorbance values.

3.7.2 Synthesis of Precursor Monomers

2,2’-Dimethoxy-1,1’-binaphthyl was prepared by the methylation of commercial
2,2’-dihydroxy-1,1-binaphthylene (BINOL) according to the literature procedure.58
Electrophilic aromatic bromination of the obtained methoxy-BINOL gave the 6,6’dibromo-2,2’-dimethoxy-1,1’-binaphthylene 3-22 according to the procedure by
Liang et al. Spectral data matched those reported in the literature.59

2,2’-Dihydroxy-4,4’-diiodo-1,1’-biphenyl (3-23) was prepared according to the
procedure described in Chapter 2.4.2.
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(S)-Methylene bis(methanesulfonate) (3-24) was prepared as described in the
literature,66 from commercially available (S)-1,2-propane diol. (R)-(3-24) was
prepared in the same manner using (R)-1,2-propane diol.

(6R)-6,7-Dihydro-6-methyl-5,8-dioxa-dibenzo[a,c]cyclooctene-3,10-diiodo
[(aS,R)-(3-25)] was prepared by a modification of the procedure reported by Harada
et al. for tetrahydroxybiphenyls.105 Potassium carbonate (294 mg), (S)-(3-24) (85 mg)
and dihydroxybiphenyl precursor 3-23 (300 mg) were suspended in 12 mL
anhydrous DMF in a 20 mL glass vial with stirring. The vial was sealed with a
Teflon-lined cap and heated to 80 °C, stirring at a rate of 600 rpm. The reaction was
monitored over 5 days with thin-layer chromatography (TLC), during which time (S)7 and K2CO3 were added in 0.5 and 1.0 eq. portions, respectively. In total, 2 eq. of
(S)-(3-24) and 6 eq. K2CO3 were consumed. When TLC indicated no further reaction,
the suspension was cooled to room temperature and diluted with 50 mL distilled
water. Dropwise addition of 6 M HCl caused the product to flocculate out of solution
as a sticky tan solid. When the solution reached pH ~ 8, the product was filtered
over vacuum and washed with distilled water (2 x 10 mL). The aqueous filtrate was
extracted with CH2Cl2 and the filtered solid was taken up in the organic phase to a
total volume of ~100 mL CH2Cl2. The organic phase was washed with several
portions of water followed by brine, then dried over magnesium sulphate and
concentrated to a volume of < 1 mL. The concentrate was loaded onto a silica gel
column and eluted with 5:1 hexanes: ethyl acetate to yield a yellow oil. The oil was
placed under dynamic vacuum for several hours to obtain an off-white foam, 185
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mg (56% yield, > 97% ee). [α]D24 = +0.30 deg cm2 g-1 (c = 1.00 g dm-3, THF); 1H NMR
(400 MHz, CDCl3, δ): 7.55 (dd, J = 8.0 Hz, 1.7 Hz, 2H, Ar H), 7.52 (s, 2H, Ar H), 7.04
(t, J = 7.7 Hz, 2H, Ar H), 4.40 (dd, J = 12.3 Hz, 3.1 Hz, 1H, CH2), 4.24 (br s, 1H,
CH), 3.73 (t, J = 11 Hz, 1H, CH2), 1.36 (d, J = 6.7 Hz, 3H, CH3).

13C

NMR (100 MHz,

CDCl3, δ): 133.9, 133.8, 132.0, 131.9, 131.1, 131.0, 93.7, 80.6, 78.0, 17.1; TOF
HRMS (EI+) m/z: [M + H]+ calc’d for C15H12I2O2, 477.8927; found 477.8932.
The (aR,S) enantiomer was prepared by the same procedure, using (R)-(3-24)
bis(methanesulfonate), and matched the spectroscopic data of the (6R)-enantiomer.
[α]D24 = -0.40 deg cm2 g-1 (c = 1.00 g dm-3, THF)

(6R)-6,7-Dihydro-6-methyl-5,8-dioxa-dibenzo[a,c]cyclooctene-3,10triethoxysilyl [(aS,R)-(3-21)]: Solids (aS,R)-3-25 (184 mg), tetrabutyl-ammonium
iodide (280 mg) and chloro(1,5-cyclooctadiene)rhodium(I) dimer catalyst (19 mg, 10
mol%) were dissolved in anhydrous DMF (2.2 mL) in a dried 20 mL glass vial under
argon flow. Cyclooctadiene (0.01 mL), triethoxysilane (0.29 mL) and triethylamine
(0.32 mL) were added by syringe to the amber solution with stirring. The vial was
capped tightly with a Teflon-lined lid and heated to 80 °C for 4 days. The reaction
was cooled passed through a short celite/charcoal plug with additional DMF. The
solvent and volatiles were removed by Kugelrohr distillation at 80 °C under high
vacuum to give a brown residue that was triturated with THF (4 x 3 mL). The
combined THF portions were concentrated to < 0.5 mL and loaded onto a silica gel
column. The product was eluted with 9:1 petroleum ether: ethyl acetate to give a
yellow oil (80.1 mg, 38% yield). By 1H NMR, the oil contained a small amount of
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mono-silylated monomer that could not be removed, however the product was
carried on to PMO synthesis. 1H NMR (400 MHz, CDCl3, δ): 7.52 (dd, J = 7.5 Hz, 4
Hz, 2H, Ar H), 7.46 (d, J = 4.6 Hz, 2H, Ar H), 7.40-7.37 (m, 2H, Ar H), 4.42 (d, J =
11.2 Hz, 1H, CH2), 4.29 (br s, 1H, CH), 3.93 (q, J = 7.0 Hz, 12H, CH2), 3.79 (t, J =
11.2 Hz, 1H, CH2), 1.39 (d, 6.2 Hz, 3H, CH3), 1.30 (t, J = 7.0 Hz, 18H, CH3),

13C

NMR (100 MHz, CDCl3, δ): 131.1, 127.0, 125.5, 117.0, 58.8, 55.7, 18.3. TOF HRMS
(EI+) m/z: [M + H]+ calc’d for C27H42O8Si2, 550.2418; found, 550.2424.
3.7.3 Materials Synthesis General Procedure
Chiral and racemic PMOs were prepared according to a previously reported
procedure

for

crystal-like

biphenyl-bridged

PMO

materials.106

In

a

general

procedure, octadecyltrimethylammonium chloride (OTAC) surfactant was dissolved
in distilled water in a 20 mL glass vial with stirring. Sodium hydroxide (6 M) was
added and the alkaline surfactant solution was stirred for ~10 min at room
temperature while the chiral monomer 3-21 (10-30%) and BTESBp (90-70%) were
premixed in a separate vial. The molar ratio of silane precursors : OTAC : NaOH :
water was 1 : 1.28 : 12.16 : 1.32. The mixture of silane precursors was added
dropwise to the surfactant solution and the sol was stirred at 600 rpm at room
temperature for 24 h. The stir bar was removed and the mixture was subjected to
static aging at 95 °C for 24 h during which time the PMO precipitated out as a
thick, white solid. The suspension was cooled and filtered over vacuum, washing
with distilled water (3 x 20 mL). The PMO was filtered until it became a loose solid
and was then suspended in 20 mL acidified ethanol (0.05 M in HCl) in a glass vial,
in order to extract the surfactant template. The PMO suspension was stirred for 4-6
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h at 60 °C, then the solid was collected by vacuum filtration, washing with acidified
ethanol. The PMO was dried overnight at 80 °C under vacuum to give a white,
powdery solid typically in 60-80% yield.
3.7.4 Deprotection of Chiral PMOs
In preparation for the deprotection, 20% (aR,S)-PMO was passivated with
TMS groups to deactivate surface silanol groups. 20-(aR,S)-PMO (65 mg) was stirred
in a solution of bis(trimethylsilyl)amine (0.3 mL) in dry hexanes (2.5 mL) at 65 °C for
24 h. The PMO was collected by vacuum filtration, washing with hexanes, ethyl
acetate, then ethanol. The powder was dried overnight under vacuum at 80 °C to
yield the passivated PMO (65 mg). The TMS-passivated PMO was suspended in
freshly distilled CH2Cl2 (1.3 mL) and cooled to -78 °C under a flow of argon gas.
Boron tribromide (2.5 mL, 1 M in CH2Cl2) was added cautiously by syringe The
suspension was allowed to gradually warm to room temperature as the cooling bath
evaporated, and stirred for a total of 2 days under argon flow. The reaction was
quenched by dropwise addition of water, after which the PMO was collected by
vacuum filtration, washing with hexanes, ethyl acetate, water and ethanol. The PMO
was dried overnight under vacuum at 80 °C to yield the (aR)-PMO was a white
powder, 54 mg. 20-(aS,R)-PMO was deprotected by the same procedure to give the
20-(aS)-PMO.
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3.7.5 Chiral PMO Stability Studies
(aR)- and (aS)-PMOs were suspended in 2 mL distilled water and heated at 95
°C for 24 h. The solids were collected by vacuum filtration and dried for 1 week at
80 °C under dynamic vacuum to remove all traces of water.
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Chapter 4

Multifunctional PMOs with Stable Solid-State Chirality

4.1 Introduction
The previous chapters have described the respective syntheses of functional
and chiral PMO materials towards applications in catalysis. This chapter examines
the combination of chirality and functionality with the distinction that these terms
may not be mutually exclusive within multi-component PMOs. Comprehensive
review articles on PMOs and mesoporous organosilicas have defined multicomponent or multi-functional PMOs as materials prepared from mixtures of two or
more different bissilylated monomers.1,2 By this definition, the biphenol PMOs
discussed in this thesis are multi-component PMOs, as are the chiral atropos PMOs
and many of the PMOs with chiral monomers doped into BTESB or BTESBp, despite
having only one type of single-site functionality. While these materials have been
referred to as “composite PMOs” herein, due to their singular reactivity, we should
remember that since it is subsequently possible to add higher functionality by postfunctionalization (see Chapter 1), two-component PMOs have the potential to be
multi-functional with several different types of single-site reactivity.
Post-grafting of silanol groups in these PMOs can offer another level of
functionality, and we have shown in the previous chapters how the functionality of
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embedded dopants can be masked or unmasked, which allows for the selective
modification of those units with respect to other functional groups. Combined, all of
these functionalization methods could allow us to create highly complex multifunctional PMOs for light-harvesting3,4

and photocatalysis5 applications, or

potentially for cascade reactions along the mesoporous channel.
As the development of early PMO materials saw more and more complex
bissilylated precursors used as singular building blocks, it should only follow that
materials chemists would attempt to prepare PMOs with mixtures of precursors to
study their properties (Chart 4-1).6-9 As an extension of well-characterized PMO
materials, several groups used bissilylated ethane, benzene, and thiophene
precursors in mixtures to prepare early multi-component PMOs (M1-M4).6-8
Later multi-component PMOs incorporated biphenyl-bridged precursors with
benzene-, ethyne-, and styrene-based monomers (M5-M8)9-11 as well as heterocyclic
bipyridine or viologen bridging groups (M10-M11).5,12 The Polarz group has reported
more aptly named multifunctional PMOs containing mixtures of dithiobenzoic acid
and bromobenzene or benzoic acid functional groups (M12-M13), with the idea that
the individual groups could be post-functionalized to give even more combinations
of reactivity.13
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Chart 4-1. Examples of multi-component PMOs in references 6-18
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Examples of chiral PMOs in Chapter 3 primarily included materials prepared
from privileged chiral monomers (see Chart 3-2) by the single-site approach of
installing well-defined active sites within another bulk phase. Many of these
examples are also multi-component PMOs, where the bulk phase was biphenyl or
phenyl, and the chiral dopant was a binaphthyl- or biphenyl-based group (M9,
M14-M16).14-17

Scheme 4-1. Multicomponent PMO with functional and chiral dopants

Whether these PMOs were catalytically active or not, the single-site areas
were defined by the functional groups of the chiral monomers. This chapter
describes the synthesis of multi-component PMOs from ternary mixtures of chiral,
functional and bulk dopants with the goal of preparing multi-functional PMOs with
more than one type of reactivity (Scheme 4-1). While there have been many reports
of two-component PMOs (Chart 4-1), there have been only a few reports of multicomponent PMOs prepared from ternary (M3) or quaternary (M4) mixtures of small,
simple monomers.6,8,18 We are not aware of any multi-component PMOs from
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ternary mixtures of biaryl monomers, chiral or racemic; therefore we hope to be the
first to report such materials with functional and chiral biaryl-based dopants in a
biphenyl-bridged PMO.
In the short term, this aspect of the thesis project has aimed to address the
feasibility of incorporating multi-functionality and chirality into composite biphenylbased PMOs. Where Chapter 2 has addressed the incorporation of functional
biphenol groups and limitations of bulk-dopant structure matching, Chapter 3 has
explored the potential for chiral induction across the bulk phase by chiral dopant
monomers.
With these concepts in mind, the long-term goal of the project is to install
chiral single-site functionality in a new way, where single-site chirality does not
come from the chiral monomer directly, but rather comes from a racemic functional
dopant whose chiral conformation has been directed by an embedded chiral dopant.
Because the chiral dopant can have its own single-site reactivity, we hope to
ultimately prepare multi-functional PMOs with two or more dopants that can be
selectively functionalized to have different reactivity.
4.2 Toward Chiral Multi-component PMO Materials
Due to the success in incorporating dopant monomers at moderate loadings
in biphenyl-bridged PMOs, BTESBp 4-1 was chosen as a bulk phase monomer
(Chart 4-2). Additionally, it was our focus to determine if crystal-like ordering of the
biphenyl groups was maintained in the presence of multiple dopants. Should
crystal-like ordering be preserved in these materials, it would be promising for the
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induction of chirality from chiral dopants across racemic functional and bulk units,
since the monomers arrange themselves in discrete layers.19

Si(OEt)3

Si(OEt)3

Si(OEt)3

Si(OEt)3
Si(OEt)3

OMe
OMe

OMEM
OMEM

O

OMe
OMe

O

Si(OEt)3
Si(OEt)3

Si(OEt)3

Si(OEt)3

4-1

4-2

4-3

Si(OEt)3
4-4

4-5

Chart 4-2. Bulk, functional and chiral monomers for multi-component PMOs

Over the course of this project, different chiral dopants were examined for
chiral PMOs. Early on, binaphthyl-based dopants were considered due to the
commercial availability of both (R)- and (S)-enantiomers of BINOL and their
potential for functionalization. While the synthesis of binaphthyl monomers 3-9 and
3-10 failed (see Chapter 3.3.1), our group had reported on the synthesis of dopant
4-4 for the preparation of chiral mesoporous silicas.17,20 Later work on the atropos
annulated biaryl dopants for this project confirmed that this chiral dopant could be
incorporated in BTESBp PMOs at loadings of up to 30 mol %, therefore 4-5 was also
a target for multi-component PMOs. Monomer 4-2, and later, 4-3, was used for the
functional dopant component of the ternary mixtures, with the idea that 4-3 would
allow for the step-wise functionalization of the multi-component PMO by selective
deprotection of MEM versus chiral methylethylene tethering groups.
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4.2.1 Binaphthol-Based Chirality
The 3,3’-bissilylated chiral dopant 4-4 was synthesized according to the
previous reported procedure,17,20 shown in Scheme 4-2. Where silylation of the 6,6’halogenated precursor to monomer 3-9 had previously failed, the 3,3’-positions of
the halogenated precursor 4-7 proved to be significantly more reactive toward the
rhodium-catalyzed cross-coupling with triethoxysilane. The halogenated 4-7 was
prepared by directed ortho-metalation of the methoxy- BINOL 4-6, using butyl
lithium quenched with molecular iodine.

I
13CH

OH
OH

13CH I
3

O

K2CO3

1. n-BuLi
TMEDA, Et2O

3

2. I2

O
13CH

13CH

O

3

3

O
13CH

75-85% yield

3

I
(S)-BINOL

(S)-4-6

(S)-4-7
Si(OEt)3
13CH

O

3

O
13CH

3

Si(OEt)3

[Rh(cod)Cl]2
Et3N, HSi(OEt)3
35% yield

(13C) (S)-4-4

Scheme 4-2. Synthesis of labeled binaphthyl-based chiral dopant

Due to early success in preparing functional composite PMOs with biphenol
monomer 4-2, this functional monomer and the (S)-axially chiral methoxy-BINOL
monomer (S)-4-4 were chosen to prepare chiral multi-component PMO (mPMO)
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materials. To confirm that both chiral and functional monomers were incorporated
in the mPMO, we set out to label the dopants with carbon-13 isotopically enriched
methoxy groups in order to separately prepare [4-1/4-2/(13CH3)4-4] and [41/(13CH3)4-2/4-4] mPMOs.
precursor was protected with

Beginning with the chiral dopant, the (S)-BINOL
13CH3

enriched methyl iodide, and the synthesis of the

bissilylated monomer was carried through with the (13CH3)-protected derivative as
per Scheme 4-2.
With 4-2 already in hand from the synthesis of previous composite MeOcPMOs, multi-component mPMO was prepared with 4-1/4-2/(13CH3)4-4 in a molar
ratio of 65 : 20 : 15 by formulation.21 The resulting (S)-MeO-mPMO was analyzed by
solid-state

13C

CP MAS NMR to determine the extent of chiral dopant incorporation

(Figure 4-1). The signal at 52 ppm, representing (Ar)-OCH3 carbons from both 4-2
and 4-4 dopants, was largely suppressed compared to what was expected for a PMO
containing the

13CH3

enriched dopant. The lack of naphthylene aromatic signals,

compared to what was expected for a binaphthyl-doped PMO,15 also indicated that
little to none of the labeled (S)-4-4 dopant was incorporated in the mPMO. The
signals at 157 and 52 ppm, from (Ar)C-OR and (Ar)-OCH3 carbon environments,
likely originated from only the functional dopant 4-2, which was obvious by a
comparison of spectra with a MeO-cPMO containing only 4-2 in BTESBp (Figure 41).
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Figure 4–1. Solid-state

13C

(left) and

mPMO containing dopants 4-2 and

29Si

(right) CP MAS NMR of chiral (S)-MeO-

13C-enriched

(S)-4-4, compared with MeO-cPMO

containing only 4-2 in BTESBp, with MAS side bands indicated by asterisks (*)

In terms of physical characteristics, the (S)-MeO-mPMO was comparable to a
composite MeO-cPMO,22 with a surface area of 667 m2/g and average pore diameter
of 20 Å (2 nm); however the (S)-MeO-mPMO displayed an abrupt multilayer
absorption close to the saturation vapour pressure (Figure 4-2). This indicates that
the presence of the (S)-4-4 dopant, although not incorporated into the mPMO, may
cause structural changes during PMO synthesis that affect surface properties.
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Figure 4–2. Nitrogen adsorption isotherm (solid line) and pore size distribution
(dotted line) of multi-component (S)-MeO-mPMO compared to MeO-cPMO containing
only 4-2 doped 20% in BTESBp

As a final test, diffuse reflectance CD confirmed the absence of chirality in the
multifunctional PMO (Figure 4-3). Unfortunately this attempt to prepare a chiral
multifunctional PMO was not successful since the chiral binaphthyl-based dopant
was not incorporated to any great extent within the PMO material. It was reasoned
that the binaphthyl dopant was not structurally well-matched with the biphenyl
bulk monomer; however our group has since observed that similar divinyl-linked
binaphthyl dopants can be incorporated into BTESBp PMOs, and can induce large
CD effects within the PMO.15

151

Figure 4–3. Diffuse reflectance CD and absorbance spectra of (S)-MeO-mPMO

It is known that different bissilylated precursors show differing hydrolysis
and condensation kinetics and that this behaviour can manifest in the resultant
PMO as distinct domains of one type of monomer.9 Therefore it may be possible that
as condensation of the biphenyl bulk and biphenol dopant monomers occurred in
tandem, phase separation of the 4-4 dopant would have excluded its self-assembly
with the other monomers.
4.2.2 Chirality from Annulated Biphenol Dopant
With the successful incorporation of the chiral annulated dopant (see
Chapter 3) into two-component cPMOs, the synthesis of a multi-component PMO
was attempted with this dopant along with functional MEM-protected dopant 4-3.
The monomers 4-1, 4-3, and 4-5 were premixed in a respective molar ratio of 70 :
15 : 15 and were added to the alkaline surfactant solution to prepare the multi152

component PMO, 15/15-(aS,R)-MEMO-mPMO. At a glance,

13C

CP MAS NMR

showed the successful incorporation of both dopants into the 15/15-(aS,R)-MEMOmPMO, in approximately equal amounts (Figure 4-4a).

29Si

CP MAS NMR showed a

highly condensed mPMO material with no Q-sites that would indicate Si-C bond
cleavage (Figure 4-4b).
The (Ar)C-OR signals of the functional MEMO and chiral (aS,R) dopants were
visible as twin peaks at 157 and 153 ppm in the

13C

CP MAS NMR, downfield from

the larger aromatic signals from the biphenyl bulk units. Aliphatic signals of the
MEM groups could be observed at 93, 70, 66 and 57 ppm. The surfactant template
did not appear to be completely removed, even after several cycles of extraction with
ethanol at 60 °C.23,24 This is consistent with the spectrum of 20% 4-3 doped MEMOcPMO22 shown in Figure 4-4a (red), that overlaps nearly identically with the 15/15(aS,R)-MEMO-mPMO. The same is true for the major signals in the spectrum of
(aS,R)-cPMO25 (blue) containing 4-5 doped 20 mol % in BTESBp.
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Figure 4–4. Solid-state a)

13C

CP MAS NMR spectrum of 15/15-(aS,R)-MEMO-

mPMO (black) overlaid with spectra of two-component 20-(aS,R)-cPMO (blue) and
20-MEMO-cPMO (red) materials, with MAS side bands indicated with asterisks (*) or
curved brackets; b)

29Si

CP MAS of (aS,R)-MEMO-mPMO
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In an attempt to quantify the actual incorporation of each dopant with
respect to the other, the aromatic signals of the

13C

CP MAS NMR spectrum of

(aS,R)-MEMO-mPMO were deconvoluted and line-fitted.26 Estimates of the true
loadings of dopants 4-3 and 4-5 were calculated based on the ratio of areas of
signals at 157 ppm (Area1) or 153 ppm (Area2) to the signal at 140 ppm (Area3),
representing the respective quaternary carbon signals from (Ar)C-OR (dopant 4-5) or
(Ar)C-OMEM (dopant 4-3) and (Ar)C-C(Ar) (bulk and dopant).27

Figure 4–5. Deconvolution and line fitting (red) of

13C

CP MAS NMR spectrum

(black) of 15/15-(aS,R)-MEMO-PMO extracted with neutral ethanol, showing (inset)
tabulated estimations of mol % loadings of dopants 4-3 and 4-5

The estimates are represented as a range between an upper (maximum) and lower
(minimum) limit of the dopant loadings, according to Eqn. 4-1 and 4-2,
respectively.28
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Lower estimate limit:

Upper estimate limit:

𝒎𝒐𝒍%  𝒅𝒐𝒑𝒂𝒏𝒕
𝒎𝒐𝒍%  𝒃𝒖𝒍𝒌

𝒎𝒐𝒍%  𝒅𝒐𝒑𝒂𝒏𝒕
𝒎𝒐𝒍%  𝒃𝒖𝒍𝒌

=   

=   

𝑨𝒓𝒆𝒂𝟏
𝑨𝒓𝒆𝒂𝟑

  ×  𝟏𝟎𝟎%                      

𝑨𝒓𝒆𝒂𝟏
(𝑨𝒓𝒆𝒂𝟑 !  𝑨𝒓𝒆𝒂𝟏 )

Eqn. 4-1

  ×  𝟏𝟎𝟎%          Eqn. 4-2

By these estimations, the MEMO functional dopant 4-3 appeared to be
incorporated to a greater extent, between 20 – 24 mol %, compared to the loading of
the chiral dopant, 13 – 15 mol %.29 These estimates would also indicate a combined
dopant loading between roughly 30 – 40 mol % with respect to the bulk biphenyl
phase. Remarkably, even at such a relatively high combined dopant loading, the
multi-component PMO retained the crystal-like ordering of the BTESBp bulk phase,
showing lamellar reflections at d-spacings of 11.8, 5.93, 3.95, 2.96 and 2.37 Å
(Figure 4-6) although the signals were not as sharp or as intense as previous
cPMOs.
With a chiral dopant loading of ca. 15 mol %, it was expected that the mPMO
would show significant chiral information by circular dichoroism analysis. However,
the corresponding DRCD spectrum of the 15/15-(aS,R)-MEMO-mPMO was so small
that an average of 10 scans was required just to distinguish the signal from
background noise (Figure 4-7). The shape of the CD curve resembled that of (aS,R)cPMO materials (see Chapter 3.1.5) yet the major signals at ca. 270 and 315 nm
were an order of magnitude smaller than those of the two-component chiral cPMOs.
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Figure 4–6. Small and (inset) medium angle powder X-ray diffractogram of 15/15(aS,R)-MEMO-mPMO

Figure 4–7. Diffuse reflectance CD and absorbance spectra of 15/15-(aS,R)-MEMOmPMO
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Seemingly, 15 mol % loading of the chiral dopant in the mPMO did not
translate to the same degree of incorporation and subsequent chiral induction as
had occurred in (aS,R)-cPMOs. It was possible that phase separation had caused
some of the chiral dopant monomers to be attached to the PMO but perhaps not
incorporated into the crystal-like layers of the mPMO framework.
The synthesis of the multi-component (aS,R)-MEMO-mPMO was attempted
once more with dopants 4-3 and 4-5, however this time the dopants were premixed
and added to the alkaline surfactant solution so that the hydrolysis of the dopants
could proceed for at least 30 minutes before the addition of the biphenyl bulk
phase. Inspection of the binary mixture during hydrolysis indicated that the dopant
monomers were phase separating out of solution as small oil droplets, forming an
emulsion. The mixture was sonicated to dissolve the dopants in the alkaline
solution as best as possible, and the biphenyl bulk monomer was added after the
pre-hydrolysis step.
It was reasoned that if slow hydrolysis and condensation kinetics were
hindering the incorporation of either dopant into the mPMO framework, the prehydrolysis step would allow the condensation of the hydrolyzed dopants to compete
with the bulk phase monomer. The resulting 2nd generation (aS,R)-MEMO-mPMO
prepared with the dopant pre-hydrolysis step showed significantly more intense
DRCD signals compared to the mPMO prepared with all monomers added at the
same time. The corresponding (aR,S)-MEMO-cPMO, prepared from functional
dopant 4-3 and (aR,S)-4-5 in BTESBp, showed equally intense CD signals using the
pre-hydrolysis step. Similar to the chiral cPMOs, the biphenyl conjugation band
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produced a CD signal at 272 nm, and a major signal at 305 nm was present,
corresponding to a broadened absorption band.

Figure 4–8. Diffuse reflectance CD and absorbance spectra of chiral (aS,R)-MEMOmPMOs prepared with or without the dopant pre-hydrolysis step

This signal at 305 nm is red shifted from the UV absorbance 𝜆!"# of the bulk
monomer (𝜆!"# = 260 nm), functional monomer 4-3 (𝜆! = 255 nm, 𝜆! = 290 nm), or
chiral monomer 4-5 (𝜆! = 249 nm, 𝜆! = 285 nm).22,25,30
These PMOs also showed more intense PXRD signals, with sharp peaks
obvious for the higher order lamellar reflections in the medium angle region (Figure
4-9), indicating a greater degree of crystallinity in the biphenyl framework of the
mPMO.
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Figure 4–9. Medium to (inset) low angle powder x-ray diffractograms of (aS,R)- and
(aR,S)-MEMO-mPMOs prepared with the dopant pre-hydrolysis step

Figure 4–10. Nitrogen physisorption isotherms (left) and corresponding pore size
distributions (right) of ternary mPMOs compared to cPMOs containing only chiral
(4-5) or MEM (4-3) dopants in BTESBp
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Physical properties of the chiral mPMO were generally similar to composite
PMOs with chiral 4-5 doped in BTESBp (Figure 4-10; Table 4-1), with surface area,
pore size and pore volume characteristics slightly larger than those observed in
MEMO-cPMOs. While the pre-hydrolyzed (aS,R)- and (aR,S)-MEMO-mPMOs were
similar in surface area and pore volume, it is not known why the (aR,S)-MEMOmPMO showed a significantly smaller average pore diameter; however, the
discrepancy does not seem to originate from the chirality of the dopant.29

Table 4-1. Surface area (SA), pore diameter (Dp) and pore volume (Vp) nitrogen
porosimetry characterization of mPMOs compared to two-component cPMOs
Entry

PMO

Loading
of 4-3
(mol %)
20f

SAa
(m2/g)

D pb
(Å)

V pc
(cm3/g)

20-MeO-cPMOd

Loading
of 4-5
(mol %)
0

1

647

20.6

0.421

2

(S)-MeO-mPMO

15g

20f

667

19.8

0.605

3

20-MEMO-cPMO

0

20h

738

19.1

0.452

4

20-(aS,R)-cPMOe

20i

0

766

20.6

0.535

5

15i

15h

747

9.4

0.561

6

15/15-(aS,R)-MEMOmPMO
(aS,R)-MEMO-mPMO

15i,j

15h

796

20.3

0.557

7

(aR,S)-MEMO-mPMO

15i,j

15h

801

10.2

0.533

8

(aS,R)-HO-mPMO

15i

15h

825

21.7

0.583

9

(aS)-HO-mPMOf

15i

15h

842

21.9

0.611

(a) Surface area calculated from BET isotherm; (b) Calculated by BJH method; (c) Single point total pore volume at P/Po = 0.9999
mmHg; (d) As previously described in Chapter 2, see ref. 22; (e) As previously described in Chapter 3, see ref. 25; (f) Dopant 4-2; (g)
13C-enriched dopant (S)-4-4; (h) Dopant 4-3; (i) Dopant 4-5; (j) Pre-hydrolysis of dopants 4-3 and 4-5 before addition of BTESBp
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TEM images of the (aS,R)- and (aR,S)-MEMO-mPMO materials showed large,
dense particles up to several hundred micrometers in size, with 2D hexagonally
ordered PMO pores visible (Figure 4-11 a-c). SEM images indicated that the multicomponent PMOs were similar in morphology to related two-component chiral
PMOs, with dense monolithic structures having interconnected networks of

a

b

c

d

e

f

Figure 4–11. TEM images of multi-component a) (aS,R)- and b) (aR,S)-MEMOmPMO, with c) magnification of 2D hexagonal ordered regions of (aR,S)-MEMOmPMO; SEM images (scale bar = 2 µμm) of d) (aS,R)- and e) (aR,S)-MEMO-mPMO
compared to f) 20-(aS,R)-cPMO
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organosilica domains (Figure 4-11 d-f).
Overall, the BTESBp-type PMOs tended to incorporate the biaryl-based
dopants quite well, allowing for chirality induction within the material framework
without loss of its crystal-like order. Somewhat unexpectedly, the mPMOs appeared
to tolerate a larger combined dopant loading than the individual two-component
cPMOs prepared with either 4-3 or 4-5 in BTESBp. Especially promising was the
incorporation of 4-3 at loadings of 20 – 24 mol % since we wanted to explore the
selective deprotection and functionalization of the chiral versus racemic biphenol
groups in the solid-state PMO. To test if this was feasible, the stepwise deprotection
of mPMO had to be demonstrated.

Scheme 4-3. Synthesis of true multi-component PMOs was successful depending
on the choice of the chiral dopant
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4.2.3 Stepwise Deprotection of Dopants within the mPMO
Stepwise deprotection of the MEM groups from dopant 4-3 was attempted in
the (aS,R)-MEMO-mPMO simply by washing with acidified ethanol, as described in
Chapter 2. As with the composite MEMO-cPMOs, the aliphatic signals in the

13C

CP

MAS NMR spectrum from the MEM protecting groups were largely decreased after
the treatment (Figure 4-12); however some MEM groups remained intact in the
(aS,R)-HO-mPMO, even after repeated MEM hydrolysis steps on the same material.

Figure 4–12. Solid-state

13C

CP MAS NMR spectra of (aS,R)-MEMO-mPMO

subjected to stepwise deprotection of MEM groups then chiral methylethylene
groups
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In a similar manner to chiral cPMOs, the methylethylene tethering group was
cleaved with BBr3 to liberate the free chiral diol groups, which should become
formally tropos within the PMO material.25

13C

CP MAS NMR showed the

disappearance of the methylethylene signals, however the (Ar)C-OH signal was still
distinguishable from the corresponding carbon from the 4-3 dopant (Figure 4-12).
Most importantly, there was no loss of chirality information within the PMO
material during the stepwise deprotection. The magnitude of the CD was observed
to actually increase slightly, which could be due to changes in the mPMO refractive
index.31 The removal of the chiral auxiliary group does not appear to racemize the
tropos dopant once incorporated in the mPMO, similar to our observation of chiral
cPMOs.

Figure 4–13. Absorbance normalized DRCD spectra of (aS,R)-MEMO-mPMO before
and after stepwise deprotection of MEM and chiral methylethylene groups
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To compare the stability of the mPMO chirality to our previous chiral cPMOs,
the deprotected (aS)-HO-mPMO was also subjected to hydrothermal treatment at 95
°C in water for 24 hours. As with the cPMO, mPMO subjected to hydrothermal
treatment was dried with heating under dynamic vacuum for up to one week to
remove traces of water from the material framework.
The normalized DRCD spectrum of the mPMO (Figure 4-14) confirmed the
preservation of chiral information after the prolonged hydrothermal treatment,
consistent with the chiral cPMO materials. The magnitude of the signal at 300 nm
appeared to decrease by only 5 millidegrees, suggesting that some of the chiral
dopants within the material may be affected; however the overall racemization of the
mPMO chirality is prevented once the dopants are embedded within the material
framework.

Figure 4–14. Absorbance normalized DRCD spectra of (aS)-HO-mPMO before and
after hydrothermal treatment at 95 °C

166

4.3 Conclusions
This chapter has described the synthesis of multi-component PMOs for the
purpose of generating complex, multi-functionality in crystal-like PMO materials.
We have described the first example of biaryl-based mPMOs prepared from ternary
mixtures of functional and chiral dopants whose properties are hybrid between twocomponent MEMO-cPMOs and chiral (aS,R)- or (aR,S)-cPMOs.
These mPMOs tolerate the incorporation of chiral biphenyl-based dopants
whose chirality information is expressed in the solid-state material, giving rise to a
large, red-shifted CD signal that suggests chiral induction from dopant to bulk
phase has taken place. Removal of the chiral auxiliary can liberate the formally
tropos diol of the chiral dopant, yet circular dichroism indicates that chiral
information is not lost in this transformation. This suggests that the rotational
motion of the tropos monomer is restricted once installed into the bulk biphenyl
phase, preventing the racemization of the free diol and thereby preserving the
original chiral sense of the atropos dopant.
The stepwise deprotection of the separate diols provides a pathway to mutlifunctional mPMOs with different active sites, which could be used for cascade
catalytic reactions inside the PMO channels. Unfortunately, as we have attempted to
meticulously characterize these materials to understand changes in their physical
properties,

there

has

been

insufficient

time

for

the

successful

multi-

functionalization of the different diol environments to create differing reactivity.
Future work should investigate the selective synthesis of phosphoric acid or
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phosphoramidate complexes, particularly those having chiral auxiliary groups, or
the installation of different Lewis-acidic sites with d-block metals.
Primarily we are interested in the extent to which the racemic functional
dopant is influenced by the chiral dopant, and whether chirality transfer can occur
efficiently enough that the racemic active sites function the way the chiral diol
would. Likely this effect would not be substantial enough for asymmetric catalysis
just yet, but it may be effective for selective recognition or chiral chromatography
applications.

4.4 Experimental Procedures
4.4.1 Preparation of

13C-enriched

Chiral Dopant

3,3’-Bis(triethoxysilyl)-2,2’-dimethoxy-1,1’-binaphthyl

was

prepared

according to the procedure previously reported by our group.17,20 The naphthol
groups of (S)-BINOL were protected with

13C-enriched

literature conditions,32 to give a mixture of

13C-labeled

iodomethane according to

3,3’-bis(iodo)-2,2’-dimethoxy-

1,1’-binaphthyl compounds (see Appendix B for spectral information) which were
carried on to the silylation step.
The silylation was achieved by rhodium catalyzed cross-coupling with
triethoxysilane.33,34 The 3,3’-diiodo-2,2’-dimethoxy-1,1’-binaphthyl precursor (322
mg) was placed in a dried, degassed glass vial with a rubber septum, along with
solids [Rh(COD)Cl]2 (42 mg) and tetrabutylammonium iodide (420 mg, 2 eq), under
argon gas flow. The solids were dissolved in dry DMF (3 mL) before adding
triethoxysilane (0.42 mL) and freshly distilled triethylamine (0.48 mL) by syringe
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through the septum. The septum was quickly replaced with a Teflon-lined cap and
the vial sealed tightly before heating to 80 °C for 48 h. The reaction was cooled and
filtered through celite, washing with diethyl ether. The volatiles were removed in
vacuo and the brown residue was triturated with diethyl ether, concentrated, and
stored in THF at 5 °C until the oil could be isolated and purified by column
chromatography on silica gel with a 7:1 petroleum ether/ethyl acetate eluent. The
product was collected as a yellow oil (61.1 mg) in 17% yield; however NMR analysis
of the product indicated that the actual yield was as low as 10%, with 1-2% of the
monosilylated (mono-reduced) product also present, which could not be removed
(see Appendix B for spectral information). 1H NMR (400 MHz, CDCl3, 𝛿): 8.35 (s, 2H,
Ar H), 7.91 (d, J = 8.0 Hz, 2H, Ar H), 7.37 (m, 2H, Ar H), 7.28-7.25 (m, 4H, Ar H;
CDCl3 = 7.26 ppm), 7.21 (d, J = 8.49 Hz, 2H, Ar H), 3.96 (q, J = 7.0 Hz, 12H, CH 2),
3.22 (s, 4H, O13CH3), 1.28 (t (m), J = 6.9 Hz, 26H, CH3)
For the most part, the

13C-enriched

products of the reaction were isolated as

monosilylated or completely reduced (methoxy-BINOL) by-products. The bissilylated
product was carried on to materials synthesis despite the small amount of
monosilylated impurity.
4.4.2 Synthesis of Multi-component PMOs
(S)-MeO-PMO was prepared according to the literature procedure for crystallike biphenyl-bridged PMOs.19 OTAC surfactant was dissolved in distilled water and
6 M NaOH was added. The alkaline surfactant solution was stirred at room
temperature at 600 rpm and the ternary mixture of alkoxysilane monomers 4-1, 4-2
and 4-4 were added dropwise. The molar ratio of the monomers was respectively 65
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: 20 : 15,

21

and the overall ratio of alkoxysilane : OTAC surfactant : 6 M NaOH :

distilled water, was 1 : 1.28 : 12.16 : 1.32. The suspension was stirred at room
temperature at 600 rpm for 24 h, then subjected to static aging for 24 h at 95 °C
before it was cooled and the precipitated solid filtered over vacuum. The surfactant
was washed away with several portions of distilled water and the collected solid was
suspended in acidified ethanol (0.05 M in HCl) to extract the template surfactant in
the pores. The suspension was heated to 60 °C for up to 6 h, then filtered over
vacuum, washing with ethanol.
15/15-(aS,R)-MEMO-mPMO was prepared according to the above procedure
for (S)-MeO-mPMO, however dopants 4-1, 4-3 and 4-5 monomers were used in a
molar ratio of 70 : 15 : 15. The surfactant was extracted from the PMO using 15 mL
of anhydrous ethanol stirring at room temperature overnight. Multi-component
(aS,R)- and (aR,S)-MEMO-mPMO materials were prepared by the same procedure,
however the monomers 4-3 and 4-5 were premixed and added dropwise to the
stirring alkaline surfactant solution for 30 min before monomer 4-1 was added.
Several hours after the addition, the emulsion was sonicated to redissolve the
alkysilane monomers. The surfactant was extracted over two cycles stirring in 15
mL neutral ethanol at 60 °C, then another short cycle with acidified ethanol (0.05 M
HCl) for 1.5 h at room temperature.
4.4.3 Stepwise deprotection of (aR,S)-MEMO-mPMO
(aS,R)-HO-mPMO was obtained by stirring the (aS,R)-MEMO-mPMO in
acidified ethanol for 18 h at 60 °C. The mPMO was filtered over vacuum, washing
with acidified ethanol, distilled water, and ethanol.
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(aS)-HO-mPMO was obtained by the BBr3-assisted cleavage

35,36

of the chiral

methylethylene bridging group of the (aS,R)-HO-mPMO in a similar procedure for
the chiral cPMO deprotection described in Chapter 3. To a suspension of the PMO in
dry CH2Cl2 at -78 °C was added ca. 15 eq. of BBr3 (1M in CH2Cl2) and the
suspension was stirred overnight as the reaction gradually warmed to room
temperature. The reaction was cooled in an ice bath and cautiously quenched with
water. The solid was collected by vacuum filtration, washing with water, ethanol
and ethyl acetate, then dried overnight at 80 °C under dynamic vacuum.
4.4.4 Stability Studies of Chiral mPMO
The deprotected (aS)-HO-mPMO was suspended in 2 mL distilled water in a
glass vial, and heated at 95 °C for 24 h. The solid was then collected by vacuum
filtration and dried for 1 week at 80 °C under dynamic vacuum to remove all traces
of water.
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Chapter 5

Synthesis of Perfluorinated Monomers Toward Novel Co-crystal-like
PMO Materials

5.1 Introduction
The largest part of this thesis has described the use of dopants to introduce
reactive functionality to organosilica materials in a controlled way with a view
towards usage in heterogeneous catalysis, where well-defined single active sites are
essential for selectivity.1,2 This chapter reconsiders the bulk phase monomer, its
interactions with embedded dopants within the PMO material, and its role in cooperative self-assembly of the combined monomers during PMO synthesis.
We have described herein the synthesis of various chiral or functional
dopants for the purpose of installing well-defined single sites within previously wellcharacterized BTESBp PMOs. The electrostatic interactions between dopant and
bulk monomers have not been discussed here in great detail, save for the
proposition that π-π delocalization may occur to some degree between chiral dopants
and surrounding bulk monomers within the PMO walls, as indicated by the
spectroscopic evidence in Chapter 3. In order to explore the effect of such
electrostatic interactions, new bulk phase monomers might be investigated that
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have complimentary polarity to the biphenyl-based dopants and bulk monomers.
We

are

particularly

interested

in

the

electrostatic

interactions

between

perfluorinated biphenyl monomers and non-fluorinated biphenyl dopants.
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Chart 5-1. Biphenyl-bridged PMOs offer the potential for functionalization via the
introduction of potential chiral and functional dopants, and by manipulation of the
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bulk phase monomers. The modular synthesis of PMO materials is ultimately
envisioned.
Perfluoroarenes, having an opposite quadrupole moment to normal arenes
due to the electronegative fluorine atoms surrounding the ring, behave differently in
the presence of normal arenes compared to other “like” perfluoroarene molecules
(Chart 5-2).3

H

H

benzene

F

F

face-face or
sandwich

slip-stacked or
displaced

edge-face

hexafluorobenzene

Chart 5-2. The quadrupole polarities of benzene and hexafluorobenzene (not all
hydrogen or fluorine atoms shown) are affected by the electronegativity of atoms
bound to the aromatic ring, and dictate stacking moieties of adjacent arene rings

It was first discovered in 1960 that an equimolar mixture of liquids
hexafluorobenzene (HFB) and benzene formed a solid that melted at > 23 °C.4 Since
that initial report, there have been many more reports employing crystal-structure
evidence to show how quadrupole-quadrupole interactions occur between HFB and
many substituted benzenes and polyarenes.5-8 By now, perfluoroarenes are well177

known to co-crystallize with other arenes primarily in molecular complexes with
face-face, or sandwich, stacking interactions directing the packing of rows of
alternate polarity rings (Chart 5-3).6 Alternatively, HFB by itself has a herringbone
crystal-stacking motif, similar to many other single arene crystals whose packing
motifs are dictated by edge-face stacking interactions.

6,9,10

Chart 5-3. Crystal packing motifs in arene (black) / HFB (white) co-crystals, versus
pure HFB

With this in mind, we envisioned that fluorobiphenyl compounds 5-1, 5-2
and 5-3 (Chart 5-4) would be interesting bulk phase monomers for mixed PMOs
with BTESBp, with the idea that the less-repulsive π-π interactions between the
reversed quadrupoles would favour face-face stacking of the biphenyl rings. It was
reasoned that face-face fluorobiphenyl-biphenyl stacking of chiral dopants and bulk
monomers may allow for long-range chirality propagation in the same way that corecore

interactions

direct

chirality

transfer

in

ferroelectric

liquid

crystals.11

Furthermore, favorable bulk-dopant interactions may allow the functional dopant
loading to be increased above the 30 mol % ceiling typical of these materials.
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F

Si(OEt)3
F

F
F
F

F
F
F
Si(OEt)3
5-1

F

Si(OEt)3
F

F

Si(OEt)3
F

F

F

Si(OEt)3
F
F
Si(OEt)3

Si(OEt)3

Si(OEt)3

5-2

5-3

BTESBp

Chart 5-4. Fluorinated bulk monomers for crystalline or co-crystalline PMO
frameworks

Even in the absence of chiral or functional dopants, these materials are
interesting in their own right. Organic co-crystals of HFB and polyarenes are of
interest for molecular electronics, photonics and semi-conducting devices due to
their unique properties,12-14 and a few research groups have explored organosilica
material thin films for circuits15

and electronics,16 integrated optics,17 and

waveguide materials.18 Fluorinated mesoporous organosilica materials have been
prepared by co-condensation of pentafluorophenyl triethoxysilane (PhFTES) with
TEOS,19 and likewise xerogel thin films have been prepared with PhFTES and
pentafluorophenyl vinyl diethoxysilane for optical materials.17 We are not aware of
any examples of fluorinated PMO materials or the use of mixed ArF/Ar monomers to
prepare co-crystalline domains in PMO pore walls.
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5.2 Synthesis of Fluorinated Bulk Monomers
5.2.1 Octafluorobiphenyl for Mixed F8-Bp/Bp PMOs
The synthetic route to bulk 5-1 was straightforward from commercially
available dibromooctafluorobiphenyl 5-4 that would allow for the silylation at the
4,4’- positions (Scheme 5-1). The silylation would be carried out on a test substrate
before attempting the double silylation on the dibromooctafluorobiphenyl. Whereas
silylation of the deactivated ring has been unsuccessful to date (see section 5.3), we
are confident that this transformation will be possible in the future, albeit lower
yielding than we had originally hoped.
Anticipating solubility differences between octafluorobiphenyl and biphenyl
monomers, it was expected that the PMO conditions might also have to be
optimized, but ultimately we hoped to prepare a family of PMOs with 0.05 – 1.0
mole fraction of the fluorinated monomer in BTESBp to study the quality of the
octafluorobiphenyl as a bulk phase monomer.

Br
F

Grignard
F

F
F

F
F

F

F
Br
5-4

Rh cat. coupling
Li-X exchange

F

Si(OEt)3
F

F
F
F

F
F
F
Si(OEt)3

Si
F

Si

F

BTESBp
F
F

F
F

F

F
Si

Si

5-1

Scheme 5-1. Synthesis of perfluorinated biphenyl as bulk monomer for mixed bulkphase PMOs
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5.2.2 Tetrafluorobiphenyl for Self-stacking Bulk Phase PMOs
The design of an F4 biphenyl monomer with one fluorinated biphenyl ring
went ahead in tandem with the exploration of the silylation chemistry described in
the next section. Fluorobenzenes are susceptible to both C-F and C-H activation,
therefore several different pathways could be envisioned to couple the fluorinated
and non-fluorinated rings.20 Ideally, C-H arylation of an appropriately substituted
ring would provide the regioselective control to later install the alkoxysilyl groups at
the 4,4’-biphenyl positions. 2,3,5,6-Tetrafluoroaniline 5-5 (Scheme 5-2) was chosen
as a viable starting point due to its commercial availability as an amorphous solid.

I
F

F

F

F

tBuNO

NH2

2 , I2

F

F

F

F
5-5

5-6

Y

F

X
H2N

cat. MLn
X = Br, I
Y = NO2, NH2, I

cat. MLn

R
F

X
F

F

F

F

Pathway I

5-10: X = I
5-11: X = Br
F

tBuNO , I
2 2

X

I

Pathway II
RhIII cat.
HSi(OEt)3, base

F
Si(OEt)3

(EtO)3Si
F

F

5-7: R = NO2
5-8: R = NH2
5-9: R = Br

X

X = Br, I

F

F
5-2

Scheme 5-2. Synthetic routes to tetrafluorobiphenyl monomer
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reduction

Iodination of the tetrafluoroanline via the diazonium intermediate was
expected

to

easily

afford

1,2,4,5-tetrafluoro-3-iodobenzene,21,22

and

it

was

anticipated that activation of the acidic C-H hydrogen would allow for direct
arylation at that position in a second step (Pathway I, Scheme 5-2), using catalytic
copper23 or palladium.24
The iodination was performed according to a procedure reported for parasubstituted tetrafluoroanilines.22 GC-MS analysis indicated product formation after
3 hours, and

19F

NMR of the crude reaction mixture showed fluorine environments

consistent with a 2,3,5,6-fluorinated product, with signals that were shifted
downfield from the starting material (Figure 5-1); however, the extractive workup
was not suitable for isolation of the product, instead giving a residue that could not
be identified, with low mass recovery.

Figure 5–1. The iodination of 2,3,5,6-tetrafluoroaniline was tracked in situ by
NMR
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19F

It is possible that the tetrafluoroiodobenzene decomposed during the workup, or
that it was sufficiently volatile to be removed in vacuo with the solvent. In either
case, pathway I was suspended in favour of direct arylation in the first step, in order
to prepare a higher molecular weight product that could be handled as a solid.
While most of the metal-catalyzed arylation reactions reported are optimized
for

pentafluorobenzene,23-28

many

scope

investigations

have

indicated

that

deactivated arenes containing electron donating substituents, such as methoxy
groups, are still acidic enough at the C-H position to allow for arylation.23,25-28 For
less acidic arenes, a stronger base may be required, such as lithium alkoxide in
comparison to a phosphate base.23 We were curious if the tetrafluoroaniline,
although an unconventional substrate, could be arylated directly to afford the bisamino biphenyl—with or without the requisite nitro reduction of 5-7 (Ar-X =
BrC6H4NO2)—or arylated with a dihalobenzene to access bromophenyl 5-9.

F
F

F

F
F

K3PO4, CuIcat
phenanthroline
DMF, 120 oC
Ar-X

F

Ar-X =

F

F

F

Ar
F

Br

Br

Br
OMe

Br

Br

Br
CN

CO2Et

F

N

Br
N

fluoroarenes
fluoropyridines

Scheme 5-3. Copper-catalyzed arylation of fluoroarenes and fluoropyridines with a
broad scope of aryl halides
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S

Arylation was attempted using the copper catalyzed conditions reported for
fluoroarenes and fluoropyridines (Scheme 5-3).23 In this report, various aryl halides
were tolerated, including those with electron donating or withdrawing groups on the
arene, as well as pyridine or thiophene heterocycles.

In the interest of directly

synthesizing 5-7, 5-8 or 5-9, para-bromonitrobenzene,

para-bromoaniline and a

mixed halide bromoiodobenzene were selected as aryl halides for the coupling with
tetrafluoroaniline (Scheme 5-4). Neither the mixed halide nor the para-bromoaniline
gave any reaction at all, with the aryl halide and fluoroarene both recovered from
the reaction mixture.

Scheme 5-4. Arylation of the tetrafluoroaniline with different aryl halides

Surprisingly,

1-bromo-4-nitrobenzene

fluoroarene according to GC-MS and

19F

appeared

to

couple

with

the

NMR analysis of the crude reaction

mixture, although the reaction only went to ca. 10% completion. When the product
was isolated and studied in more detail, the 1H NMR spectrum revealed that the
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product was actually the pure N-arylated regioisomer, with a 1:1 ratio of the
secondary amino and C-H protons obvious in the spectrum (Figure 5-2).

F
F

NH2

F
F

H
N

F
F

F

O2N

5-7

286.04 M/Z

NO2

F

5-7b

Figure 5–2. 1H NMR spectrum of the product of the arylation reaction with 1bromo-4-nitrobenzene

This should not be surprising, since the original conditions reported by the
Daugulis group23 were essentially an investigation into the replacement of palladium
in Fagnou’s catalytic arylation24 with less-expensive copper catalyst. The conditions
required

for

Fagnou’s

arylation—palladium

acetate,

carbonate

base,

N,N-

dimethylacetamide solvent at 120 °C—are similar to conditions that would promote
Buchwald-Hartwig amination (Scheme 5-5).29,30
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F
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F

F

Pd(OAc)2 cat., K2CO3
PtBuMe-HBF4, DMA, 120 oC

F
F

F

F

X

F

Y

Y

Scheme 5-5. Direct arylation of fluoroarenes reported by Fagnou’s group in ref. 24

It appeared as though a protection/deprotection sequence would be required for CH arylation of the tetrafluoroaniline using these conditions. Fortunately, the direct
arylation of free-amine-substituted fluoroanilines has been recently described
elsewhere.31 The palladium-catalyzed arylation proceeds by a different mechanism
with the help of an acetate base, which suppresses the N-arylation product that
would normally be expected (Scheme 5-6). Takfaoui et al. have proposed a concerted
metalation-deprotonation reaction in the presence of the acetate base, that gave
excellent selectivity (100: 0 for C-H/N arylation) and high yield using phosphine-free
palladium acetate catalyst.31 A variety of aryl halide substrates were tolerated
(Scheme 5-6), including nitrobenzenes and anilines, however the slow oxidative
addition step required the use of the iodoaniline for high yields (70-80%).31
Using these new conditions, the arylation of the tetrafluoroanline with piodoaniline was attempted in order to prepare the F4 diaminobiphenyl (Scheme 5-2).
Unfortunately, a mixture of products was observed, including the iodoaniline
starting material, using either Pd(OAc)2 or PdCl2(dppb) catalyst (5 mol%).
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Scheme 5-6. Palladium catalysis conditions dictate the N- or CH-arylation of
tetrafluoroanilines through different mechanisms; Adapted from reference 31

The products could not be separated by column chromatography and appeared to
degrade on the silica gel column. Notably, the synthesis of the non-fluorinated
diaminobiphenyl via reduction of the dinitrobiphenyl32,33 was preferred for the
synthesis of the dimethoxy and MEM-protected monomers in Chapter 2, since major
byproducts were avoided and column chromatography was not required.
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Table 5-1. Synthesis of the F4 nitrobiphenylamine using the C-H arylation
conditions reported in reference 31

F

F
H2N

F

[Pd], KOAc
DMF, 130 oC

H2N

p-BrC6H4NO2

F
F

Entry
1b
2
3c
4c,d

F

F
F

Catalyst Loadinga (mol %)
5
10
10
10

NO2

Yield (%)
14
22
50
59

(a) Pd(OAc)2 catalyst; (b) Dimethylacetamide solvent at 130 °C; (c) Catalyst pre-activated with
aryl bromide for 15 min; (d) Reaction scaled up to 5 mmol of the aryl bromide

Since the work-up for the diaminobiphenyl was problematic, the arylation
was attempted with the nitrobenzene coupling partner. Using palladium acetate
catalyst and the aryl bromide, the reaction was low yielding, even with 10 mol % of
the catalyst (Table 5-1, entry 2). Much of the aryl bromide starting material was
recovered, and it was suspected that the tetrafluoroaniline had decomposed during
the reaction.
To avoid decomposition of the tetrafluoroaniline over the course of the
reaction, the ArF was instead added to the reaction in portions via dropping funnel,
after the aryl halide and palladium catalyst were pre-activated for 15 minutes. The
yield of the reaction was increased to over 50% by this method. Scaling up the
reaction allowed for the collection of crude product by filtration, and subsequent
purification gave 5-7 in up to 59% yield (Table 5-1, entry 4).
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With this success, the nitrobiphenylamine was carried forward, requiring a
reduction to the bisaminobiphenyl before the iodide could be accessed (Scheme 52). The reduction was carried out in an identical manner to that of the 2,2’dimethoxy-4,4’-nitrobiphenyl in Chapter 2, using stannous chloride in ethanol.32,33
At 1 mmol scale, an extractive workup gave the clean product in 95% yield;
however, scaling up to 2.8 mmol gave an amorphous solid with minor impurities
that were removed by recrystallization, dropping the yield to 66%. Great care must
be taken to ensure that the pH is in the range of 7-8, in order to maximize the crude
yield. Perhaps, once the crude is extracted, the purification of its ammonium salt
could increase the overall yield of the reduction.
Nonetheless, 5-9 was cleanly afforded by the tin reduction and carried on to
the iodination step (Scheme 5-7). The bis-iodination was achieved via diazonium
formation with an organic nitrite source generated in the presence of molecular
iodine.21,22 The starting material was completely consumed within 5 hours, however
a mixture of products was obtained. GC-MS analysis was able to identify two major
products as the desired bis-iodo compound (M+ = 477.9 m/z), and a partially
reduced (M+ = 352.0 m/z) compound (Scheme 5-7). There also appeared to be a
third unidentified product by GC-MS (M+ = 355.1 m/z). The bis-iodo and mono-iodo
compounds had similar Rf values, contributing to the lower yield of the reaction.
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Scheme 5-7. Major products of the bis-iodination reaction

While we were encouraged by the isolation of this product, the bis-iodination
reaction required further optimization of reaction conditions. Formation of the
diazonium in the presence of the iodine would be ideal since the reactive species
would be consumed as it is formed. The use of the organic nitrite in acetonitrile
allows for a faster reaction than we have traditionally observed with inorganic nitrite
in acid, however this reaction may require more careful control of temperature, and
slow quenching of excess iodine at 0 °C with stoichiometric thiosulfate.
In the final step of this monomer synthesis, the silylation of the bis-iodo
precursor

5-10

was

attempted

using

the

rhodium-catalyzed

cross-coupling

conditions optimized for the methoxy- and MEM-protected monomers in Chapter 2
(Scheme 5-2).32,34,35 The reaction yielded the starting bis-iodo compound and one
other product that appeared to have degraded upon workup. An attempt to separate
the two products on a short silica gel plug may have induced the hydrolysis of the
alkoxysilyl groups, prompting most of the product to stick to the plug. The poor
mass balance of the reaction may also suggest the formation of a volatile reduced
product (Ar-I g Ar-H) that was lost during solvent removal in vacuo.
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While this reaction was not successful, the outcome indicated that
optimization of the reaction workup is necessary so that any silylated products can
be recovered and characterized. Ideally, the silylation should be high yielding in
order to avoid purification by column chromatography. To further probe the
silylation of such deactivated arenes, we desired a test substrate for optimization of
the reaction conditions, which could then be applied to monomers 5-1 and 5-2.

5.3 Tetrafluorobenzene Monomer as a Test Case for ArF Silylation
The silyation of fluoroarenes with TEOS was originally reported via Grignard
reagents,36 and many subsequent reports have used this method to prepare
silylated

pentafluorobenzene

for

organosilica

materials

synthesis.17,19,37

Alternatively, the lithium-halogen exchange of perfluorinated bromo- and iodoarenes has been described in the literature,38,39 and therefore we can predict that
quenching with TEOS could yield the triethoxysilane in the same way DeShong’s
group has described for normal arenes.40
Fluorinated iodobenzene 5-6 was originally targeted as a test substrate since
the arene ring would be less deactivated than the pentafluorobenzene analogue and
therefore more similar to our fluorobiphenyl monomer precursors. However, when
the isolation of 5-6 proved to be difficult, a different strategy was pursued.
It was expected that electrophilic aromatic halogenation of 5-5 would yield a
non-volatile solid (5-7) that would be easier to handle and purify than the product of
the Sandmeyer-type halogenation (Scheme 5-8). From there, the bis-iodo compound
5-13 could be prepared by the same reaction conditions used to prepare the bis191

iodobiphenyl 5-10.

The bis-iodobenzene compound would not only be an ideal

substrate for testing the silylation reaction, but should the chemistry be successful,
the fluorobenzene-bridged monomer 5-3 could be synthesized in order to prepare
new fluoroarene-bridged PMO materials.
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NH2
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F
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F

AcOH
86% yield

F

F

F
I
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Si(OEt)3
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2 2

CH3CN
98% yield

F

F

F

F
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5-12
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F

F

F

F

5-6

F
Si(OEt)3

Si(OEt)3
F

5-3

Test subtrate for silylation
optimization

F
5-14

Scheme 5-8. Synthetic scheme for a new test substrate and bulk monomer 5-3,
after the synthesis of substrate 5-6 was unsuccessful

The commercially available starting material 5-5 was iodinated with Niodosuccinimide in acetic acid. Although the deactivated ring was expected to be
slow toward electrophilic aromatic substitution, the para-directed iodination was
achieved with good yields. This reaction was scalable, yielding several grams of 5-12
in 86% yield.
Sandmeyer iodination was achieved via the diazonium salt, using the same
conditions we had explored for the bis-iodination of 5-9. This reaction was much
higher yielding on the perfluoroaniline derivative (90% yield) and also scalable to
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several grams, affording 5-13 as a flaky solid. The successive iodination reactions
were followed by

19F

NMR (Figure 5-3), where the fluorine signals were observed to

shift downfield. In the spectrum of the bis-iodinated 5-13, the coalescence of

19F

signals confirmed the single fluorine environment in the symmetrical product.

Figure 5–3.

19F

NMR spectral profile of the successive para-iodination and

diazonium iodination of 2,3,5,6-tetrafluoroaniline

With the diiodo 5-13 in hand, the silylation was carried out according to the
procedures

described

in

the

pentafluorophenyltriethoxysilane.19,36,37

literature
The

for

literature

the
silylation

synthesis
proceeds

of
by

Grignard reaction under Barbier conditions with the bromopentafluorobenzene in
the presence of the electrophile (TEOS). The reaction initiation occurs by the
dropwise addition of diethyl ether to a “critical concentration”, at which point the
reaction formation proceeds exothermically with the Grignard reagent formed in situ
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under the Barbier-type conditions. This suppresses the over-arylation of the
electrophile that leads to bis- and tris(pentafluorophenyl)ethoxysilane products.36
Unfortunately, the reaction with 5-13 did not appear to be as exothermic,
and was generally difficult to activate by the solvent addition method. Dropwise
addition of diethyl ether to the ArF and TEOS over dried magnesium turnings
(Scheme 5-9, A) did activate the reaction at a critical concentration of 1.2 M;
however after 20 minutes the exothermic reaction had ceased and could not be
restored. The product of the reaction displayed two fluorine resonances by

19F

NMR

(-121, -138 ppm), indicating that it was not the desired symmetrical 1,4-silylated
product.

A. Diethyl ether
dropwise
I
F

F

F

F

Mg0, I2
TEOS

B. No solvent

F

I
5-13

F

C. iPrMgCl, THF
quench with TEOS

Si(OEt)3
F
F
Si(OEt)3
5-3

Scheme 5-9. Various conditions were explored for the Grignard synthesis of 1,4(triethoxysilyl)tetrafluorobenzene

It was possible that the Grignard reaction was limited by the solubility of 513 in diethyl ether, or that the magnesium turnings were not sufficiently activated
to promote the Grignard formation. Subsequent attempts were made to activate the
surface of the magnesium, or to promote Grignard initiation with an additive, in
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order to improve the turnover of the reaction. These attempts appeared to have no
effect on initiating the reaction, including the addition of iodine crystals or
dibromoethane, the use of MgI2/Mg0, the sonication of the reaction mixture, or dry
stirring the magnesium turnings under an inert atmosphere prior to the reaction.
Heating the ArF starting material in the presence of TEOS, I2 and dried Mg0
turnings without the ethereal solvent (Scheme 5-9, B) appeared to initiate the
reaction to some extent, which bubbled for several hours at room temperature.
Upon quenching and workup, however, any product fractions recovered appeared to
be a mixture of the starting material in TEOS by NMR analysis. The reaction of 5-13
under standard conditions40 in diethyl ether or THF solvent gave the same result.
The use of iPrMgCl as an activating agent under these conditions (Scheme 5-9, C)
gave a crude mixture of several products that could not be identified. More than
seven major fluorine signals were apparent in the

19F

NMR spectrum of the distilled

product. The separation of these products by column chromatography failed;
however this reaction was promising in that the starting material appeared to be
almost completely consumed and therefore the Grignard initiation was successful.
The rhodium-catalyzed direct silylation was attempted on a small scale, using
the same conditions that were optimized for the biphenol-type monomers in
chapters 2 and 3.34,35 The small amount of crude product recovered could not be
identified, and the low mass recovery indicated that most of the starting material
was likely lost as a volatile, reduced product. Fortunately, this reaction was well
suited for in situ NMR analysis of the fluorine nuclei and so we could follow up on
this reaction.
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t = 24

t=6

t=3

t=0

Figure 5–4. In situ

19F

NMR spectra of the rhodium-catalyzed silylation after 0, 3, 6,

and 24 hours heating at 80 °C

The transformation was followed at 3, 6, and 24 hours as the reaction heated
at 80 °C (Figure 5-4). Within 6 hours, the starting material (-119 ppm) appeared to
be completely consumed, and over the course of the reaction there appeared to be
two intermediates, giving rise to two products at 24 hours. A pair of multiplet
signals at -123 and -138 ppm, appearing at 3 hours and decreasing by the same
magnitude at 6 hours, may originate from the mono-metalated product where one
aryl iodide bond has undergone oxidative addition. A singlet at -150 ppm similarly
appeared after 3 h, however its magnitude was greater than the pair of signals at 6
h, suggesting that this might be the doubly metalated intermediate. The lack of
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other signal pairs suggests that the reaction does not form the mono-silylated iodide
then monosilylated/metalated compound. The remaining two signals at -140 (major)
and -150.5 ppm (minor) were likely end products, having increased over the course
of the reaction. The singlet at -150.5 ppm was thought to originate from the 1,4substituted product 5-3, with the doubly reduced product yielding the triplet signal
at -140 ppm. However, more diagnostic NMR analysis is needed to identify the
products. Unfortunately, the product mixture appeared to degrade upon workup,
giving many more weak signals by

19F

NMR. In the absence of time, we were not

able to explore this further; however, this may be a viable route to the desired bissilylated product with adjustment of the reaction conditions according to
information gained from NMR analysis, and with careful work-up by fractional
distillation of the crude products.
At the same time that the direct silylation of 5-13 was being investigated, the
Mizoroki-Heck41,42 coupling of the diiodide was attempted with vinyltriethoxysilane
(Scheme 5-10). The

19F

NMR spectrum of the crude product showed a pair of

multiplet signals at -121 and -138 ppm, indicating a non-symmetrical product, as
well as some smaller impurity signals. While the major product was suspected to be
mono-coupled vinyltriethoxysilane, its identity could not be confirmed by proton
and carbon analysis due to the residual phosphine and vinyltriethoxysilane
reagents. Purification of the reaction product has not yet been attempted.
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Si(OEt)3
Si(OEt)3

I
F

F

F

F
I

PdCl2[P(o-tol)3]2
Et3N, P(o-tol)3
DMF, 120 °C

F

F

F

F

Si(OEt)3

5-13

5-15

Scheme 5-10. Synthetic route to the bis(vinyltriethoxysilyl)tetrafluorobenzene via
Mizoroki-Heck coupling

Overall, the reactivity of the diiodobenzene precursor toward transitionmetal-catalyzed silylation was surprising and encouraging. It was expected that the
oxidative addition of the deactivated arene would be too slow for the silylation to
proceed, or that C-F activation might occur in tandem with any C-I arylation,
resulting in a mixture of many products. In situ NMR analysis of the fluorine-19
NMR has shown this not to be the case, at least for the rhodium-catalyzed
silylation. Continued development of this chemistry and manipulation of the
reaction conditions may yet yield the bis-silylated products 5-3 or 5-15.
The reactivity of the fluorinated diidodobenzene toward Grignard silylation
proved

to

be

markedly

different

than

the

literature

reaction

with

pentafluorobenzene; however, a continued investigation into these conditions may
still prove to be fruitful. In fact, the commercial availability of pentafluorophenyl
magnesium bromide solution43 suggests that Grignard formation, if simply
temperamental, should be possible.
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The Grignard reaction is preferred to the more reactive lithium-halogen
exchange reaction, which is more likely to produce tris-, and tetra-substituted
silane products.36 However, this pathway might be considered in the future if the
diiodo precursor is not reactive enough toward Grignard formation. Careful control
over the reaction must be undertaken to prevent the formation of benzyne via loss of
Li-F, which could lead to scrambling of the regiochemistry of the product.

5.4 Conclusions
While the silylation chemistry has not yet proven successful, we have
achieved the synthesis of the fluorinated benzene and biphenyl iodide precursors of
new perfluorinated monomers in moderate yields, with many of the intermediate
syntheses developed on gram scale. Although the reactivity of the fluorinated
diidodobenzene and iodobiphenyl was much lower for the Grignard silylation than
originally expected, a continued investigation into these conditions is warranted, as
well as further examination of rhodium-catalyzed direct silylation and palladiumcatalyzed Mizoroki-Heck coupling with vinyltriethoxysilane. The successful silylation
of these precursors to prepare perfluorinated monomers is promising for the
synthesis of fluorinated PMO materials with interesting optical properties and bulkdopant interactions.
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5.5 Experimental Procedures
5.5.1 General Experimental
All chemicals were purchased from Sigma Aldrich, TCI America or Oakwood
Chemicals and used without further purification unless otherwise indicated. 1,10Phenanthroline was recrystallize from petroleum ether, dried under vacuum and
stored in a desiccator. Magnesium turnings were washed sequentially with
petroleum ether, 2 M HCl, distilled water, acetone, and diethyl ether then dried
under vacuum and stored under argon. Iodine was sublimed under reduced
pressure.
Solution NMR was recorded on a Bruker Avance 400 instrument with a
broadband fluorine observe (BBFO) probe (1H: 400.1 MHz;

13C:

101 MHz;

19F:

376.5

MHz). Chemical shifts (𝛿) are reported in parts per million (ppm) and were calibrated
externally to CFCl3 (0.00 ppm). See section 2.3.1 for details on mass spectrometry
analysis.

5.5.2 Synthesis of Fluorinated Monomer Precursors

4-(2,3,4,6-tetrafluorophenylamino)nitrobenzene (5-7b): 1-Bromo-4-nitrobenzene
(247 mg), 2,3,5,6-tetrafluoroaniline (304 mg), 1,10-phenanthroline (21 mg), CuI (26
mg) and potassium phosphate tribasic (515 mg) were placed in a flame dried 20 mL
vial with stir bar and rubber septum, under argon gas flow. The solids were
dissolved in dry DMF (2 mL) with stirring to give a reddish brown solution. The
septum was replaced with a Teflon-lined cap, sealed tightly and heated to 130 °C.
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The light brown solution was stirred for 24 h at 130 °C then cooled to room
temperature and filtered over celite, washing with ethyl acetate. The filtrate was
washed with 2 M HCl, water, and brine, and dried over Na2SO4 before the solvent
was removed in vacuo. The crude product was purified by column chromatography
using 7:1 hexanes/ethyl acetate as the eluent to give the N-arylated regioisomer (59
mg) in 11% yield. 1H NMR (400 MHz, CDCl3, δ): 8.21 (d, J = 9.1 Hz, 2H, ArH), 7.00
(m, 1H, ArFH), 6.86 (d, J = 9.0 Hz, 2H, ArH), 6.03 (s, 1H, NH);

19F

NMR (346 MHz,

CDCl3, δ): -139.1 (quint, J = 21.4 Hz), -148.1 (quint, J = 21.2 Hz).

2,3,5,6-Tetrafluoro-4-(4’-nitrophenyl)aniline

(5-7):

Solids

1-bromo-4-

nitrobenzene (991 mg), palladium acetate (109 mg) and KOAc (482 mg) were placed
in a flame-dried, 3-necked round bottom flask equipped with a stir bar, dropping
funnel, rubber septum and a vacuum adaptor/argon inlet. The flask was evacuated
and back-filled with argon gas thrice before dry DMF (10 mL) was added through
the rubber septum to dissolve the solids. The cloudy light brown solution was
heated to 130 °C for 15 min to pre-activate the catalyst. A solution of the 2,3,5,6tetrafluoroaniline in dry DMF (10 mL) was added to the dropping funnel. After the
catalyst was pre-activated for 15 min, a portion of the ArF solution (~3 mL) was
slowly added to the catalyst/aryl halide mixture. The reaction was stirred at 130 °C
for 6 h before adding another portion (~3 mL) of the ArF solution. The reaction
stirred overnight and the last portion of the ArF solution was added (ca. 20 hours).
After reacting for a further 3 h, the reaction was cooled and poured into ~100 mL
distilled water. The product flocculated out as a brown solid and was collected by
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vacuum filtration, washing with distilled water. The crude was taken up in ethyl
acetate and fixed onto ~20 mL silica gel before dry loading onto a silica gel column.
The product was eluted with 7:1 hexanes/ethyl acetate and the solid was triturated
with petroleum ether. A fluffy off-white solid was obtained in 833 mg (59% yield). 1H
NMR (400 MHz, CDCl3, δ): 8.33 (d, J = 8.9 Hz, 2H, ArH), 7.64 (d, J = 8.7 Hz, 2H,
ArH), 4.21 (s, 2H, NH2);

19F

NMR (346 MHz, CDCl3, δ): -146.8 (d, J = 13.8 Hz), -

162.2 (d, J = 13.3 Hz). TOF HRMS (EI) m/z: [M+] calcd for C12H6N2O2F4: 286.0365;
found 286.0369 m/z.

2,3,5,6-Tetrafluoro-4-(4’-aminophenyl)aniline

(5-8):

The

nitrobiphenylamine

precursor 5-7 (789 mg) and SnCl2 dihydrate (2.5 g) were dissolved in anhydrous
ethanol (50 mL) in a 100 mL round bottom flask.

The light yellow solution was

heated at 70 °C for 3 h until TLC showed no remaining starting material. The
reaction was cooled and poured into distilled water. The pH of the reaction was
adjusted to 7-8 with sodium bicarbonate solution. An off-white solid precipitated
out and was collected by vacuum filtration, washing with several portions of water.
The filtrate was back extracted with ethyl acetate and the filtered solid dissolved in
ethyl acetate. The combined organic phase was washed with several portions of
water to remove residual tin salts, then washed with brine and dried over sodium
sulphate. The solvent was removed in vacuo to give a tan solid that was
recrystallized with chloroform/ethyl acetate to give tan crystals. A second crop of
crystals was recovered from the filtrate. The combined solids were dried over
vacuum to give 464 mg of the product (66% yield). 1H NMR (400 MHz, CDCl3, δ):
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7.24 (d, J = 8.4 Hz, 2H, ArH), 6.77 (d, J = 8.5 Hz, 2H, ArH), 3.98 (s, 2H, NH2), 3.81
(s, 2H, NH2);

19F

NMR (346 MHz, CDCl3, δ): -147.6 (dd, J = 13.3 Hz, 8.3 Hz), -163.1

(dd, J = 13.2 Hz, 8.3 Hz). TOF HRMS (EI) m/z: [M+] calcd for C12H8N2F4: 256.0623;
found 256.0621 m/z.

2,3,5,6-Tetrafluoro-4-(4’-iodophenyl)iodobenzene

(5-10):

Diaminobiphenyl

precursor 5-8 (245 mg) was dissolved in CH3CN (20 mL) in a 100 mL round bottom
flask to give a golden yellow solution. The solution was cooled to 0 °C in an ice bath
and solid I2 crystals (978 mg) were added with vigorous stirring. The mixture turned
from light yellow through dark green to dark brown in color. The reaction was
stirred for 10 min then tBuNO2 (0.46 mL) was added dropwise at 0 °C. When the
addition was finished, the reaction was allowed to warm to room temperature and
stir for 5 h, at which point TLC analysis showed no remaining starting material. The
reaction was quenched with saturated sodium thiosulfate solution (40-50 mL) with
vigorous stirring. The product was extracted with ethyl acetate and the combined
organic phase was washed with water and brine, then dried over sodium sulphate.
The product was immediately fixed onto silica gel and purified by column
chromatography with an eluent of pure petroleum ether. The product was isolated
as a white solid, 92 mg (20% yield). 1H NMR (400 MHz, CDCl3, δ): 7.87 (d, J = 8.4
Hz, 2H, ArH), 7.22 (d, J = 8.4 Hz, 2H, ArH);

19F

NMR (346 MHz, CDCl3, δ): -120.8

(dd, J = 12.8 Hz, 10.1 Hz), -142.1 (dd, J = 12.8 Hz, 10.2 Hz). TOF HRMS (EI) m/z:
[M+] calcd for C12H4F4I2: 477.8339; found 477.8335 m/z.
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2,3,5,6-Tetrafluoro-4-iodoaniline (5-12): Commercial tetrafluoroaniline precursor
5-5 (2.00 g) and N-iodosuccinimide (2.98 g) were placed in a 50 mL round bottom
flask and suspended in 20 mL glacial acetic acid with stirring. The reaction was
stirred at 40 °C for 7 h before it was cooled and the reaction mixture was poured
over crushed ice. A saturated solution of sodium bicarbonate was added dropwise to
pH ~ 7. The precipitated solid was filtered over vacuum and washed with several
portions of water to a total volume of 500 mL. The solid was air dried overnight to
give a tan solid, 3.01 g (86% yield). 1H NMR (400 MHz, CDCl3, δ): 4.11 (s, NH2);

19F

NMR (346 MHz, CDCl3, δ): -123.8 (d, J = 16.2 Hz), -159.4 (d, J = 16.1 Hz). TOF
HRMS (EI) m/z: [M+] calcd for C6H2F4NI: 290.9168; found 290.9179 m/z.

1,2,4,5-Tetrafluoro-3,6-diiodobenzene (5-13): Tetrafluoroaniline 5-12 (1.39 g) was
dissolved in 100 mL wet CH3CN in a 250 mL round bottom flask. Solid I2 was added
with vigorous stirring at room temperature until dissolved. Addition of tBuNO2
followed at room temperature. The reaction was stirred for 2 h, at which point GCMS analysis showed conversion to the product. Saturated aqueous sodium
thiosulfate (15 mL) was added and the mixture became light orange in color. The
mixture was concentrated in vacuo then diluted with 100 mL distilled water. The
precipitated solid was collected by vacuum filtration, washing with 10 mL saturated
sodium thiosulfate solution, then distilled water (3 x 20 mL). The product was air
dried overnight then further dried under dynamic vacuum for several hours,
yielding an orange, flaky solid, 1.88 g (90% yield).

19F

NMR (346 MHz, CDCl3, δ): -

118.5. TOF HRMS (EI) m/z: [M+] calcd for C6F4I2: 401.8026; found 401.8041 m/z.
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Chapter 6
Conclusions and Outlook

It is clear that the growing need for catalysts and green processes for
industrial and fine chemicals synthesis will require creative solutions in the future,
and beyond a doubt that high-surface-area materials will feature prominently in
these areas. Periodic mesoporous organosilicas are promising candidates as
heterogeneous supports for applications in catalysis and chromatography, for
example, due to the favourable properties we have described herein. With further
research into how building block functionality leads to material structure and
reactivity, materials scientists may begin to design PMO materials by a top-down
approach based on the needs required for a particular application.
This work has focused primarily around a very specific type of PMO; however,
because the crystal-like qualities of these biphenyl-bridged materials can be
reproduced in PMOs with many other kinds of bridging groups, we hope that our
conclusions may be more generally applied to the development of future PMO
materials. In Chapter 2, we described how functionality could be embedded within
the walls of the PMO, and even further modified, without degrading the quality of
the material. Chapter 3 has described a similar result with chiral building blocks
that leads to chiral information preserved within the material, even when deliberate
chemical manipulation should destroy any preference for handedness. Although the
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dopants we have used appear to be confined to a low limit of actual incorporation,
we have demonstrated how easily the functionality can be interchanged provided
the desired dopant monomer can be synthesized. This is not an easy task, as we
have described throughout this thesis; however this project has contributed
research toward monomer synthesis in our lab, supplementing the work of
colleagues toward effective Si-C bond formation.
While we have meticulously characterized the chirality and surface properties
of the materials herein, continued work is needed to develop the composite PMOs
for catalysis applications. For example, it would be interesting to test whether the
chiral biphenol PMOs could be developed into chiral phosphoric acid catalysts,
using the methodology outlined in Chapter 2. In a fundamental sense, further work
is needed to understand the structural environment around these embedded
dopants if they are to eventually serve as catalyst active sites.
The development of multi-component PMOs is tantalizing for concurrent
tandem catalysis inside the PMO pores. The majority of the literature chiral PMOs
for catalysis that have been described in this thesis are essentially products of the
heterogenization of privileged chiral compounds. The chiral multi-component PMOs
synthesized and characterized herein belong to a different type of PMO entirely,
where functionality stems from the embedded active sites, but the chiral structural
environment is influenced by the collective chiral conformations of the bulk
monomers in the pore walls. Several problematic areas need to be addressed, such
as how far the dopant chirality propagates within the bulk phase, and whether
functional and chiral monomers form discreet phase-separated domains, or if the
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dopants are randomly dispersed within the bulk phase. To design functional PMOs
for high-value applications, bottom-up synthesis and thorough characterization
should go hand-in-hand with proof-of-concept experiments that validate (or
invalidate) the PMOs as active catalysts, sorbents, or stationary phases.
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Appendix A
A.1 Deconvolution and line fitting of solid-state

13C

CP MAS NMR spectra of cPMOs

doped with (a) 10 %; (b) 20% and; (c) 30% 2-2, showing peak area reports and
calculated estimates of loadings relative to theoretical loading
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A.2 Deconvolution and line fitting of solid-state 13C CP MAS NMR spectra of cPMOs
doped with (a) 20% and; (b) 30% 2-3 by formulation

Details:
The solid-state

13C

CP MAS NMR spectra of MeO- and MEMO-cPMOs were deconvoluted

using the line-fitting function of MestRec Nova NMR processing software. Estimates of actual
dopant loadings were calculated based on the ratio of areas of peaks 1 and 2, representing
quaternary

13C

signals from the (Ar)C-O (4-2 or 4-3) and (Ar)C-C(Ar) (both bulk 4-1 and

dopant), respectively.
The biphenylene signals of the dopants overlap completely with the bulk in the
aromatic region, therefore (Ar)C-C(Ar) (bulk) cannot be evaluated independently, therefore an
upper estimate of mol % loading was calculated considering the overlap in signals of the
(Ar)C-O from the dopant, and subtracting this area from Area2. The lower limit assumes the
overlapped dopant area is negligible to Area2 and the overlapped signal is not subtracted.
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A.3 SFC traces of racemic annulated precursor 3-21 and (inset) single (aS,R)- and
(aR,S)-enantiomers, with retention time in minutes (min)

aS,R

aR,S

10.7 min

9.1 min

racemic

Details:
The eluent was a 5-40% methanol gradient at 40 °C, 35 bar CO2 gas, with a flow rate of 2
mL/min. The (aR,S) and (aS,R) enantiomers of the racemic mixture had respective retention
times of 9.0 min and 10.3 min, with an e.r. of 49.5 : 50.5.
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A.4 SFC trace of chiral (aS,R)-3-25 precursor before (top) and after (bottom)
treatment with conditions to imitate PMO synthesis, with retention time in minutes
(min)

Details:
To test if the monomer could be deprotected or racemized during PMO synthesis, the iodide
was dissolved in 2-3 mL THF and added to an aqueous alkaline solution of the same base
concentration that would be present in the PMO synthesis solution. This mixture was
refluxed for 24 h to mimic aging at 95 °C in the PMO material. The SFC trace shows
racemization to ca. 90 % ee, though the precursor was structurally intact (Appendix B). The
precursor was dissolved in acidified ethanol and heated for 6 h at 60 °C to imitate surfactant
extraction conditions. There was no further racemization (SFC trace not shown).
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A.5 Chiral PMOs doped with 10% (top) and 20% (bottom) racemic 3-21 in BTESBp
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A.6 Deconvolution and line fitting of solid-state

13C

CP MAS NMR spectrum of

cPMOs doped with 20% racemic 3-21

A.7 Solid-state 1H CP MAS NMR spectrum of PMO doped with 20% (aS,R)-3-21
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A.8 Deconvolution and line fitting of solid-state

13C

CP MAS NMR spectra of cPMOs

doped with (a) 20 %, and; (b) 30% (aS,R)-3-21, showing peak area reports and
calculated estimates of loadings relative to theoretical loading
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A.9 Deconvolution and line fitting of solid-state

13C

CP MAS NMR spectra of cPMOs

doped with (a) 20 %, and; (b) 30% (aR,S)-3-21, showing peak area reports and
calculated estimates of loadings relative to theoretical loading
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A.10 Nitrogen physisorption isotherms of different batches of chiral cPMOs with
different particle morphology
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A.11 Deconvolution and line fitting of solid-state

13C

CP MAS NMR spectra of 2nd

generation cPMOs doped with (a) 20 %, and; (b) 30% (aR,S)-3-21, showing peak area
reports and calculated estimates of dopant loadings
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A.12 SEM images of 2nd generation (a-c) 20-(aR,S)-cPMO, and; (d-f) 30-(aR,S)-cPMO
powders with estimated dopant loadings of 34-52% (20% doped) and 25-34% (30%
doped) as per Appendix A.11; scale bars are 2 µμm (a,b,d,e) or 5 µμm (c, f)
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A.13 Nitrogen physisorption isotherm and isotherm derivative indicating pore size
distribution of 40-(aS,R)-cPMO

Details:
A PMO was synthesized with 40% (aS,R)-3-21 doped into BTESBp by formulation. The PMO
did not normally form a gel during aging (24 h), but gradually precipitated over several days
of aging at 95 °C.

A.14 Diffuse reflectance CD and absorbance spectra of 40-(aS,R)-cPMO
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A.15 Solution phase CD and absorbance spectra of 30% (aS,R)-cPMO in ethanol in
a 10 mm quartz cuvette (a) before and after filtration through a nylon membrane
syringe filter; (b) with the cuvette alternately placed closer to the shutter of the light
source or further from it (closer to the PMT detector); (c) showing the dilution profile
of the cPMO suspension with the cuvette placed close to the detector; (d) after
dilution with either pure ethanol, or an ethanolic suspension of nonchiral BTESBp
PMO

a

b

c

d
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A.16 Diffuse reflectance (a) CD, and (b) LD and corresponding absorbance spectra
of 30% (aS,R)-cPMO in a powder cell rotated 0-180°

a

b
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A.17 Geometry optimized model of the structure of the deprotected biphenol as a
bissilylated monomer

Details:
Geometry optimization was simulated with Avogadro using a steepest descent

algorithm

with MMFF94 force field. The distance between the centre of the major axis (*1) and the
hydroxyl hydrogen atom (*2) was calculated to be 3.2 Å.

A.18 Pore size distributions of different batches of chiral mPMOs

225

A.19 Absorbance profiles of ethanolic solutions of monomers (a) 4-3; (b) (aS,R)-325, and; (c) (aR,S)-4-5 (3-21), and corresponding CD profiles of chiral monomers,
from higher (black) to lower (grey) concentration

226

Appendix B
Selected NMR Spectra
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