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SUMMARY

Mesoporousxideshave been used extensively for suppotatalysisver the past
several decades due ftoeir facile synthesis, structural stability, and tunability of their
material propertiesLikewise, polymers have also generatecbnsiderable interest as
effective caalyst carrierdecause of théegree otontrol over their chemical and physical
properties.The support of metdlee molecular catalysts on mesoporous supports and
polymer backbones has enabled a variety of studies investigating the role of material
properties and their impact on catalysls. this thesis, severahorganici organic
mesoporous systems have been developed and studied with target applications in
performing cascadand cooperativaeactions.These materials and their abilities to
immobilize, compartmentalize, and facilitate cohabitation of molecular catalysts has led to
interesting developments in the field of supported molecular catalfsisgoal of this
thesis is to demonstrate new methodologiésr the development of multicatalytic
heterogeneousmaterials with a particular interest incompartmentalization and
coqperativity. Additionally, the goal is taelae material propertief mesoporous

polymer composite structures and their effect on cataltgses.

This thesis isorganized into five chapters witthapters two, three, and four
focusing on the main research objectiv8fie first chapterdives into background
information coveringconcepts such as benefits of supported molecular catalysis,
immobilization,and downfalls. A brief summary tiietypes ofimmobilized catalysten
mesoporous silicas, zeolites, and polymers is given alonghathapplication in cascade

and cooperative reactiorShapter two coverde first research objectiwehich isa novel

XXi



approach to compartmentalize incompatible siiopported sulfonic acid and polymer
supported benzylamine catalysta covalent tethering of linear polymers to the inorganic
supports Material properties such as silica pore diameter (88/A4r MCM-41) were
investigated with a variety of poly(styrene) copolymer molecular weights (626000
g/mol) creating a total of six polymsilica composite structuregkfforts went into
understandinghe mechanism of compartmentalization of these twalyst speciebased

on pore diameter and molecular weightcorei shell confinement of acids to the pores
andpolymeri supportedbases on the external surfamecohabitation of botinside the
pores was investigated. It was elucidated tlegardless of pore diameter or molecular
weight,the majority of the polymers all tether inside the paned ultimatelyresultin the

lowest molecular weight systeraBowing the highest activities.

In the secondesearch objective in chapthreeg similar systems from chapter two
were explored with MCMA1T poly(styrene) inorgani¢ organichybrid materials. It was
determined that in the absence of streiliga-graftedsulfonic acids, polymessupported
benzylamine catalysts could effectively cooperaith terminal silanol groupsnside
mesopores in the aldol condensatreaction A range ofcopolymermolecular weights
from 140071 16000 g/moland two compositions are synthesized creating a tottvef
hybrid materials in addition t@ polymeli freemolecularanalogue. It was determined that
cooperative ability of Lewis basic primary amines and weak&ed acidic silanols the
aldol condensation of -ditrobenzaldehyde with acetongecreased with increasing
molecular weights and thagiolymer compogtion played little to no roleMolecular
dynamics simulations show that reageiffusivity inside the pores is a strong function of

polymer molecular weightt was found that the lowest molecular weight outperformed the

XXIi



polymeri free materials suggesting added benefits associated with flexible polymers inside

mesopores.

In the fourth chapter and third research objectavanulticatalytic inorganid
organic nesoporous MCMA1 material was developed for a thiestep cascade reaction.
Co-condensation ofa tertiary aminosilane under basic conditions formed the initial
monofunctional material. Secondary gmadt of mercaptopropyl groups followed by
surfactant extction created theecessaryunctional handle to instalEMPO oxidation
catalysts via a thieéne coupling. This bifunctional catalyst was employed in a thséep
cascade converting the commodity chemical benzyl alcohol teamicchromene
derivatve. Theseanticancer, antimalarial, and antibacterial compounds posanas
interesting target for future works while showcasing the benefits associated with cascade
reactionsSequential and atbgether reaction kinetics westudied,and it was found tht

using a delayed addition aEcessary reagents offered the highest rates.

In summarywith chapter five key findings were outlined associated with each
chapter. Additionally, possible future directions associated with supported molecular
catalystdor cascade and cooperative reactions are supfliredinformatioriearned from
these studieat the interface of chemistry, chemical engineering, and materials science with
mesoporousupports and polymengrovides and interesting perspective on how these

materials can benore important than just single catalyst carriers.
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CHAPTER 1. INTRODUCTION

1.1 Motivation and Inspiration

The continual research, development, and understanding of catalysts over the past
century hasdriven vast improvements itheir performance and stability Economic,
environmental, and sustainability motives have accelerated this research topic in recent
years especially in the subfield of supported molecular catalysis. The heterogenization of
molecular catalystss the proces®f taking a weHdefined and understood molecular
catalyst and covalently or ionically tetherittemto a support material. Thisas been a
prime research theme supported catalysisver the past several decade® to the ability
to recycle and reuse thus ultimately increasing the-ewer number (TON) of complex
and expensive organand organometallic speciésindustries such as pharmaceuticals
suffer from high cost due to their inherent high volume of waste generated due to complex
syntheses, and purifications required for commercial activitgterayenized molecular
catalysts canserve asan avenue to decreasactive pharmaceutical ingredient
manufacturing costs due to reductionhigh catalyst cost through increasing catalyst
lifetime. Increasing chemical production through application in contisigsbde flow
reactors such as continuous stir tank reactors (CSTR) and plug flow reactorcé@pFR)
also lower cost bylecreamg solvent consumption. This also mitigates purification steps
needed to isolate the catalyst which is often difficult and caangally permanently
deactivate the catalyst through a variety of pathwafcovery and reuse of molecular
catalysts used homogeneously is more challenging than that of recovering a surface bound

catalst. Therefore, tethering molecular catalysts to a solid support, can be beneficial due



to ease of separation from the reaction media, most commonly through filtration,
centrifugation, magnetic recovery, and precipitatésimple cartoon of this procesan

be found in Figure 1.1.

s

Support Wdl| |€.defined and

Si,0 al under st ood l onic or covalent
MOF, ca mol ecul ar tethered mol ecul a
pol ymer s) catalyst

Figure 1.1. Common strategy for the immobilization of molecular catalysts to a
support structure.

However, adoption of this approach is rarely seen in any industries due to several
concerns regarding their efficacy and reusability and ultimately the higher cost of
developmeh and immobilization of a molecular catalyst.And unfortunately, most
research in this field focuses on immobilization and usage of molecular catalysts as a proof
of concept over few recycles rather than investigations into the how and why of catalyst
deactivation and mitigation thereof as well as aser many cyclesThe catalysts can be
deactivated via a variety of methods throughout processing however the major are through
leaching of soluble complexes, oxidation, dimerization, and pois8riihg.stability of the
catalyst must not be compromised through the process of immobilization and only few
works have focused on stability as a method to inform more effective immobilization and

recycle route&. 1°Few works feus on adjustment of surface bound and recovery methods



in order to reduce deactivation thus increasing catalyst liféim&The complex nature

of catalyst loss, deactivation, and mitigation thereof is ultimately responsible for the lack
of interest in using supported molecular catalysts widely in industriaepses.The gap

of interest and concerns between industry and academia in this subfield are potentially a
reason the employment of supported molecular cgtaly industry is rarely observed.

Aside of these aforementioned concerns, these systems have found their way to
becoming profound andinteresting tessystems for fundamental science research
regarding catalyst immobilization, activity, cooperativityd @ompartmentalization. Their
research in tesetopicsis a focal point of this thesis, especially with reganahtdticatalytic
systemsusing compartmentalization and cooperativity within inorgamiganic hybrid
structures. The work presented in this dbis seeks to push the boundaries and
understanding of synthetic chemocatalytic cooperative and cascade reaction systems. At
the intersection of supported catalysis, materials science, and polymer chemistry, the
research enclosed attempts to make progimesthis topic with outside-of-the-box
approaches with novel and known materials. Pertlap&nowledge can help inform more

complex systemm the future thatan becomeaseful at anndustriallevel.

1.2 Supported CatalysisUsing Porous Oxides andPolymers

1.2.1 PorousOxidesi Synthesis andCatalytic Applications

Porous silicas are structured materials that consist of a network of parallel pores
ranging in length and width, typically in the 2 to 10 nm in diameter range and hundreds of

nm in length. Synthesis requires templating with a surfactant spbai@sost @mmonly



is a quaternary ammonium containing structure. Varying lengths of poly(ethylene) and
poly(propylene) glycol block copolymers are also used. Their synthesis is accomplished
through a sebel process forming a dense nest e©3onds: Their specific surface areas
and pore volume can be measured using physisorption of gas molecules. These materials
have been favored for use in several fields such as catalysis, separations, and drug
delivery!*’ Functionalization of their surfaces is often performed using organosilanes and
their resulting materials a commonly applied to catalysissapdrations®2 In catalysis,
silicas have historically served as a popular support struftitraolecular catalysts via
covalent or physical linkage&.*® This enables the active catalggtecies to be recycled
and reused many times over than that of conventional molecular catalysis, where the direct
isolation is required through often complex purification steps. Since the discovery of
mesoporous silicas, their use as a support for m@ecatalyst has generated a plethora
of works. These focus on organometallic species for transition metal catalyzed reactions
such as SuzuMiliyaura, MizorokiHeck, hydrolytic kinetic resolution, cyclopropanation,
hydrogenation, and hydroformylation reacts as well as many othér$: 10 11. 227 They
have al so been used t o support organoca
imidazolidinone, kproline, sulfonic acids, amines, TEMPO, and imidazolium/pyridinium
cations in addition to many othefs® These catalysts are usually synthesized via
immobilization of organic species via surface functionalization reactions such as via
organosilane grafting via alkoxy groups or click chemistry with copper(l) catalyzed azide
alkyne and tlol-ene couplings.

Zeolites are naturally occurring crystalline aluminosilicates with a number of

tunable propertie¥ 37 Crystal structure, particle size, #isted, and Lewis acidity are



some of the traits which can be modified during or after their synthesis. They are
synthesized through a sgél process whicliypically range from days to weeks. Their
structure is similar to that of silica however they have an ordered, crystalline network of
Si-O bonds forming a variety of crystal structures. Their frameworks can be controlled via
the modification of the strugte directing agent (SDA) that is typically in the form of a
guaternary ammonium containing compound. Zeolite are microporous in nature meaning
pore sizes are considerably less than that of mesoporous silicas, usually less than 2 nm in
size® Zeolites have played a major role in the heterogeneous catalysis specifically in the
petrochemical industry field due to the tunable properties, most commonly Bronsted and
Lewis acidity. Incorporation of other hetetoms such as Al, Ga, Fe, and Ti have brought
about capabilities for other types of reactié¥®. Supporting molecular catalysts has yet

to be common in zeolites, most likely due to their lower surface areas than mesoporous
silicas, thus low catalyst tethering yields. Zeolites have also played a majortradield

of separations for their molecular sieving propertfe¥:

1.2.2 Polymersi Synthesis andCatalytic Applications

In the past couple of decades, several controlled radical polymerization (CRP)
techniques have been discovered. These methods allow for the controlled growah of ne
monodisperse polymers. The major techniques that are widely known in the polymer
chemistry field are atom transfer radical polymerization (ATRP), reveradidéion
fragmentation chain transfer polymerization (RAFT) and nitroxide mediated
polymerization (NMP)#>4” These techniques all utilize some type of mechanistic driving

force that promote nearly identical rates in chain growth. In cdniwasaditional free



radical polymerizations, molecular weight distributions are narrow, thus the reactions are
deemed o6controlled. & Polydispersity indice

whereas conventional radical polymerizations typically esc

The mechanism for each CRP technique is different. In the case of ,AARP
particularly important method for this these redox driven equilibrium dominates the
polymerization by masking and unmasking the active chain end, thus, significantly
reducng the concentration of active radicals in solution at any given time. Figare 1
illustrates this mechanisrmue tothe strong driving force for oxidation of theansition
metal catalyst (Mtn 7 Y / ligand) the initiatori halogen (IniX) bond homojtically
fragments creating a radical on both species. The halogen then gains an electron from the
transition metal complex from Mi Y / ligand to form Xi Mtn+17 Y / ligand. The initiator
begins to propagate with the monomer. However, these steps carelsedereforming
the Mt 7 Y / ligand complex while ejecting the halogen atom. This halogen atom can then
deactivate the chain end by combining with the other radical present. Garerateshe
dormant species required fime ATRP mechanismThe concefnation of dormant species
at any time will be significantly higher than that of the active (radical end) species. This
results in the O&ipvbichssithe pracess wherebyreactiad chamferfde ct 6
will continue to propagate over a long amoof time; this is contrary to conventional free

radical polymerizations.
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Figure 1.2. Initiation, propagation, and termination steps in the ATRP mechanism.

Polymer have extensively been used as an interesting suppaatitars molecular
catalysts. Figure 1.3 details polymer catalyst immobilization techniques via two methods.
Postpolymerization functionalization via simple chemical reactions such as sulfonation,
nucleophilic substitution, and esterifications have beed w3 install molecular catalysts
to polymer repeat units after synthesis (Figureilf®.*¢>2 Simple derivatives of basic
monomers have also been modified to bear catalysts prior to polymerization (Figure 1.3
B). Examples of monomers using this method include styrenes, tasryland
acrylamide$>°° Polyme supported catalysts have experienced significant developments
in the past 20 years and have been of significant interest in two chapters of this thesis as
they serve as an additional location where molecular catalysts can be immobilized. Types
of catalyss previously immobilized on polymers include DMAP, TEMPO,
imidazolidinone, kproline, diamines, Co(llsalen, many organometallic Pd(ll) species

.and sulfonic acid%> 48%0. 52, 54,55
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Figure 1.3. A) post polymerization catalyst functionalization. B Catalyst supported
on monomer derivative prior to polymerization. C) Methods of imparting
functionality on ATRP -synthesized polymer chain ends.

Another extremely powerful tool from these types of corgbtadical polymers is
the ability to functionalize and manipulate polymer chain ends. The initiators in ATRP or
RAFT remain unmodified during the course of a controlled polymerization (with the
exception to the generation of repeat units) thus open #e fak addition of small
molecules, polymer immobilization, tethering to other polymers, and forming cyclic
polymers with their chain end§®! Figure 1.31 C details modifications possible with
ATRP initiators before and after the polymerization. Many of the reactive functional
groups at theX position can be obtained from commercially available initigftbEhe
reaction halogen chain end can be exchanged with several other functional groups via post

polymerization modifications’ Chemical functionalities obtained from these



modifications often utilize the ease and mild nature of copper catalyideatkyne
cycloaddition and thiekne click reactions. However, surface gedite alkoxy silanes and

coupling partners for amidation and esterification reactions have also been shown.

1.3 Cascade andCooperatively Catalyzed Reactions

1.3.1 CascaddReactions

Cas@de reactions are sequenadggremultiple synthetic transformations occur in
the same vessel without discrete isolation of intermediates. The advantage of cascades
beneficial in terms of reducedaste time, and energy requirements due to extensive
purifications, thus posing as an effective avenue for proaetensification With the new
shift toward sustainable processes and operations in chemistry and chemical engineering,
this is advantageous in reducing energy requirement and solvent uSgugefirst reaction
cascade was published in 1917 by Robinson for the synthesis of trofinonthis
synthesis a cascade of condensation reactions are performed between methylamine,
succinaldehyde, and acetonedicarboxylic acid to accomplish three individual synthetic
transformations. Chemist realized the power of thesthstin procedures and began to
harness them for more complex cascades in the syntheses of natural products and other

valuable chemical&*®8

Figure 1.4 frame 1 shows the conventional proceed of multistep organic synthesis
requiring two sequential reactions where the intermediate B and fotlgrC are isolated
via purification steps. Frame 2 shows the process of a cascade reaction where all reagents
and catalysts required for both reactions exist in the reaction vessel at the same time (one

pot procedure) resulting in conversion to the fipedbduct with only one purification



required. Frames 3 and 4 illustrate a cascade reaction using a multicatalytic heterogeneous
material. Catalysts D and E are immobilized on the same overall particles forpatone
reaction cascade. In the cases wherarhterial is insoluble, catalyst recovery can be a
facile process often requiring simple filtration or centrifugatiBlowever, one major
drawback to performing these cascades homogeneously is in the case when cascades
require catalyst and reagents tha srcompatible with one another. For example: acids

and bases, oxidizers and reducers, and other sensitive organometallic catalysts cannot exist
in the samesolutionandresult in aproductive outcome without saifuenchingor catalyst

deactivation.

Cat.D Cat.D Cat. E

3
Cat.D
B-E-¢ | A

Figure 14. 1) traditional organic synthesis using purification steps between reactions.
2) generic cascade using multiple catalysts.)3generic cascade using a single
multicatalytic material. 4) generic cascade in a onpot procedure.

1.3.2 Multicatalytic Materials

Many types of materials have been functionalized with multiple types of catalytic
centers for the purposes of performing cascadetions. The most common the materials
are purely polymeric supports such as micelles, porous aromatic frameworks, covalent
organic frameworks, and bottlebrush copolymers as well as functionalized mesoporous
silicas?? 3151 693 Catalyss are immobilized in a variety of methods from incorporation

into polymer backbones or onto chain ends. e ttase of silica, organosilanes
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functionalized with the catalytic centers can be grafted ontodeessible surfacé$.>®
69,70, 79, 81,83, 888, 92, 94, %50, [inking agents such as click chemistry coupling partners can
be grafted in the form of azides, thiols, olefins, and paraffins allowing the efficient tethering

of large molecular catagys> 81 9698

The migration of the field of cascade chemistry from pure organic synthesis to
heterogeneous supportatblecular catalysis was made just after the turn of the century
with the advent bcore-confined star polymers containing acids and base2005%°
Engineers and chemists realized a significant limitation to homogenous cascades:
incompatible reagents can never exist inside the same phase together. For example,
oxidizers and reduceragids and bases must be segregated. But also, even if catalysts are
not necessarily incompatible, introduction of other reagents required by other
transformations can negatively affect each other, creatingrdmucts, thus, leading to
lower activities orlow yields of the cascade products. A number of materials have been
previously used for cascade chemistry for supported catalysts to address these challenges.
In recent years materials including silica, MOFs, zeolites, micelles and other pdlymer

based gstems have been used for cascade chemistry.

1.3.3 Compartmentalization dhcompatibleCatalysts

Many different materials have been utilized to achieve site isolation of multiple and
often incompatible specie€ompartmentalizationf active sites is achieveda domain
i solation where different speciThissappmacke tr ap
deliberately ensures incompatible catalyst centers are adequately segregated from others.

This ensures all or most catalyst zones are active rather thatessimultifunctional
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catalysts in which no special steps are taken to separate incompatible spesias.
accomplished by several different methods, all of whichheavily dependent on the
nature of the materials used. For mesoporous silica BBfnctionalized with acids and
bases, site isolation is achieved by O0inte
functionalized with sulfonic acids in the pores while on the exterior surfaces lies primary
amines. Thigs one of many systems capaloieisolating acids and base for cascade
catalysis®® Figure 1.5 demonstrates a variety ofnartmentalization approaches of acids
and bases using multicatalytic orgamorganic materials. Type 1 materials were the
original works using no intentional separation strategies that resulted in surprisingly active
catalysts'°®192 This is possibly due to low densities of acids and bases inside the catalysts.
Type 2 and 3 engage in internal/external pore and-siuel compartmentalization
methodologies, respectively.®® 10205 This is usually accomplished through multiple
synthetic steps with installation of each acid or base catalyst in tandem. Type 4 is the
newest generation of materials that bserarchical porosity and synthesis approach to
immobilize incompatible specié$® The process of directed motion of starting materials
and intermediates can be manipulated in this system giving rise to a chemocatalytic

analogue of substrate channeling.
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Compartmentalisation

Approach: Pros: Cons: Graphical lllustration:

Type

Ineffective control over
compartmentalisation of active sites,

requires low catalyst loadings, clustered ‘I |

No direct approach used,
1 Sparse, undirected Simple synthesis, effective catalysts

functionalisation . - ] >
organosilanes result in quick deactivation

. More effective method of physical
Interior pore structures plus

. ) Requires particles with high external
2 - isolation, amenable to any type of . .
exterior surfaces . surface areas (small particles) 1
organosilanes. \ ‘

Efficient method to create physically Depending on pore sizes and silica layer

Core-shell compartments isolated domains for catalysts, . . A
3 using primary and secondary amenable to many more layers than thicknesses, effective reaction rates could
g primary Ty amer y more fayers U be hindered by diffusion rates, more
growth stages two, intra-structure diffusion facilitate :
. complex synthesis
tandem catalysis

Excellent method to physically
isolate catalysts in compartments,
substrate channelingi pore hierarchy
dictates the reaction sequence

Hierarchical porosity and
4 selective functionalisation of
meso and macropores

Relatively complex synthetic procedures

Figure 15. Compartmentalization strategies for multicatalytic organicinorganic
materials developed over the past 20 yearkigure adapted from themanuscript ref.
Qu, P., Cleveland J. W., Ahmed E., Liu F., Dubrawski S., Jones C. W., Weck M.
i C o mrpnantalization of Molecular Catalysts for Nonorthogonal Tandem
Catalysis. o Chenaccepfedc. Rev., (2021),

In an example using zeolites, acidic platkke sheets undergo intercalation with
organic linkers. Afterwards these undergo functionalizatigh primary amines creating
an acid and base sites isolated in a multifunctional systéhfor MOFs, zinc nitratera
aminoi substituted terephthalic acid ligands were crystalized in the presence of palladium
nanoparticles. This creates a MOF impregnated with Pd nanoparticles, with base
functionalities on the MOF ligands, with active sites present in different crystal
compartments$? For polymer based systems, micelle formation allésvscorei shell
isolated regions allowing for selective inner and outer catalyst immobilization for
cascades! 6 7981 83, 91gottle brush systems allow for confinement of acids or bases in

the interior while inert 6b'f%Andnoregéntynonome.
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oxidation and reduction catalysts were immobilized outside shell and inside corona off a
shelkcrosslinked micelle showing powerful separation of these twompatible reaction
mechanisms! In addition to these works, many more examples exisgusiried methods

for catalyst confinement.

A large majority of heterogeneous multifunctional cascade catalyst works focus on
the same acithase catalyzed cascade reactior?® 107 109 110The acid catalyzed
deacetalization of benzaldehyde dimethyl acetal followed by a Knoevenagel condensation
with malononitrile to form benzylidene malomitrile is a convenient probe reaction
showing acidic and basic character of a material. Deacetalization is a reaction that requires
a Bmnsted acid catalyst and water while Knoevenagel condensations require a Lewis base,
therefore in order for an effia outcome, both catalytic centers need to be present on the
material without seljuenching. However, several other probe cascade reactions have
been published in the last 20 years. These includeetdiaationi aldol condensatiof,
aldehyde oxidatiori reductions!, azaadditioni ketone reductiot!, deacetalization,
alkyne tydrationi ketone reductioff, deacetalizatiori ketone reductiori acylatiorf*
along with several others. These probe reactions are widely used as a proof of concept for
many diffeent catalyst systems as a convenient method to compare multifunctional

heterogeneous catalyst systems.

1.3.4 CooperativeReactionsandBifunctional Acid-BaseMaterials

Counter to cascade reactions, cooperatively catalyzed reactions are those where multiple
catalyst centers function together in proximity to accomplish a given reaction, often times

while requiring less energy overall in comparison to the use of a singlgstaThis is
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accomplished by increasing the energy level of the HOMO in one molecule while lowering
the HOMO in the othet'? This has become a prominent research topic in daasition

metal and organocatalytic systethd. 14 One particularly notable example of a
cooperatiely catalyzed reaction is the aldol condensation-aftdbbenzaldehyde with
acetone using bifunctional acid base heterogenous materials. These reactions are
effectively performed by the use of a weal@isted acidic and a Lewis basic species.
While tradtional aldol condensations are achieved via either acid or base catalyzed
mechanisms, the cooperatively catalyzed route is accomplished via an ebasede
mechanismln this particular examplenamine formation with the supported Lewis base
catalystand acetone generatése enamine nucleophilevhile raising the energy levels of

the HOMQ The LUMO energy levels are lowered im#robenzaldehydeia hydrogen
bonding with weak Bansted acids increasing the electrophili@fythe aldehyde carbon

This ultimately makes the aldehydgeciesmore prone to nucleophilic attack from the

enamine intermediate

é\l’%/\(@/N02

?
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/N _H
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Figure 16. Key mechanistic intermediate in the cooperatively catalyzed aldol
condensation of4-nitrobenzaldehyde using aminosilane grafted silica and terminal
silanols.

Figure 1.6 depicts the main mechanism intermediate using an aminosilane grafted

mesoporous silica support catalyst. The enamine is formed via nucleophilic attack of the

15



grafted amme with acetone. Subsequently, this species attacks the electronically activated
aldehyde with surface silanols leading to the ultimate formation of the final product. This
process has been studied extensively usingiabase bifunctional materials. Timeost
prominent studies have focused on using grafted aminosilanes on mesoporou¥-sificas.

118 More recently, cellulose has been modified with amines showing promising
performance in this reactidA?>?! Weak Bmnsted acidic silanols inherently present in
mesoporous silicas have been shown to be more effective cooperative partners than their
stronger competitors such as sulfonic and carboxylic &tBlscause of this, porous oxides

with grafted aminosilanes have been studied significantly during the aldol condensation of

4-nitrobenzaldehyde with acetone.

1.4 Objectives and Impact

1.4.1 ThesisOutlook

Supported molecular catalysts have been studied extensively due to their well
defined structures, synthesis, and catalytic activities. Support structures such as
mesoporous oxides and polymers have been popular due to their ease of synthesis and
stability. A great number of works developing multifunctional heterogeneous catalysts for
cascade reactions are published, however no generic methodology exists to
compartmentalize any pair of incompatible molecular catalysts. This thesis was primarily
interested inusing organignorganic porous hybrid materials to develop a sgemeric
materials synthesis approach for catalysts for astep cascade reaction. This thesis was
also interested in the design and development of orgaoiganic hybrid systems for

cogperatively catalyzed reactions. Specifically, the understanding of polymer supported
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catalysts inside mesoporous silicates and their ability to either (1) compartmentalize
opposing molecular species or (2) promote cooperativity between bases and weak acids
Also, the development of multicatalytic materials for thségp application driven tandem

reactions is studied. The thesis is broken down into three specific chapters that are

highlighted in the next three subsections.

1.4.2 Chapter 2 Compartmentalizationf@ulfonic Acids andBenzylamineg)sing SBA

15 and MCMA41 Poly(styrene)CompositeMaterials

The first research objective is centered around development of a mesoporous silica
T polymer composite system capable of compartmentalizing incompatible acid sad ba
catalysts for cascade reactions. This chapter presents a synthetic approach using one of two
mesoporous materials with different pore diameters (3BAnd MCM) and poly(styrene)
based copolymers of three molecular weights. This chapter is interesteestigating
polymer tethering properties based on molecular weight and diameter and their effect on
catalysis. This multistep synthesis using organosilane grafting, atom transfer radical
polymerization, and thieéne chemistry results in six siliggated propylsulfonic acids
polymer supported benzylamine composite catalysts. Key issues regarding goponer
confinement, solubility, and accessibility during the base catalyzed reaction are addressed.
Optimal conditions for bifunctionality are founahd presentedMolecular dynamics
simulations were used to rationalize the findings. The goal focHapteris to present a
generic methodology to compartmentalize incompatible catalysts using a porou$ oxide

polymer composite material.
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1.4.3 Chapter 31 Cooperativity in MCM41 Poly(styrene)Organic-Inorganic Hybrid

Materials inAldol Condensations

With groundwork synthetic strategies established in the first chapter, the second
research objective focuses on studying polymer supported benzylaMi@#-41 hybrid
systems and their activity toward the cooperatively catalyzed aldol condensatien of 4
nitrobenzaldehyde with aceton@minosilanegrafted mesoporousilicas have been
previously studied for their cooperative abilities with surfesikanol or surface mgfted
carboxylic acids.The objective his chapter was tanvestigaé the role of polymer
supported amines and their cooperative ability inside the pores of-MICAhd comparing
this to aminosilangrafted analogues2olymer molecular weight and compaositiwere
studied, and optimal conditions were found. The materials were analyzed using a slate of
spectroscopic and analytical techniques. The goal in this chapter was to propose a new
method to effectuate enhanced cooperativity with supported aminesiasfbathe aldol

condensation.

1.4.4 Chapter 4 Multicatalytic Tertiary Aminei TEMPOMesoporouslica for Three

Sep CascadeCatalysis

The objective of the final chapter was to develop a multicatalytic TEXH#P@ry
amine supported organocatalyst for a tkstsg cascade reaction. While the field of
multicatalytic heterogeneous materials for cascade reactions focuses heavily esf{proof
concept works, this chapter develops a material capable of producing a group of valuable
biologically interesting compounds from commodity chemicals such as benzyl alcohol and

benzaldehyde. The facile synthesis procedure requiregesathemistry, seconda
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grafting, and thickne chemistry to generate a novel material with basic
dimethylpropylamines and TEMPO oxidation organocatalysts. This project is primarily
interested in understanding the synthesis procedure that results in the highest cascade
productyields in the lowest times. The primary challenge associated with this work is the
unfavorable adsorption of reagents to the catalyst sites, requiring sequential addition

procedures.
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CHAPTER 2. MESOPOROUS SILICA POLY(STYRENE)
COMPOSITE MATERIALS FOR INCOM PATIBLE ACID -BASE

CASCADE CATALYSIS

Chapter2 and Appendix B are adapted from the published artiRégaroduced from Ref.
J. W. Cleveland, D. R. Kumar, J. Cho, S. S. Jang and C. W. Jones, Catal. Sci. Technol.,
2021, 11, 1311. DOI: 10.1039/D0CY01988@h permission from the Royal Society of

Chemistry.
2.1 Introduction

As mentioned in chapter leaction cascades are processes where multiple synthetic
transformations take place all in the same reaction vessel, sometimes also referred to as
onepot,domino, and tandem proceduré$ 12*These processes often make use of multiple
catalyst species and reaction pathways. Cascades have potentially large economic and
environmental benefits by reducing wagenerating asggrts of organic synthesis, such as
offering a reduced solvent requirement, fewer purification steps, and also saviddrtime.
Nature, complex catalytic transformations occur rapidly in enzymes orrslo$tenzymes
producing the chemical species necessary for life. The efficiency of these systems results
from primarily two distinct phenomena: (i) the partial or complete confinement of
incompatible or opposing catalyst species in domains or compartraedtgii) the
channeling of reaction intermediates from one site to the !A&%f. While substrate
channeling is a process that has o be demonstrated in synthetic systems, support of

opposing molecular catalysts on the same support has been accomplished many times in
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literature, with systems based on organic polymeric support$8s 98 127, 128

84, 87, 89, 99, 111, 12181 zeolite

functionalized mesoporousilicas; !

st07 132, 138metatorganic
frameworkst® 134136 gand Pickering emulsion's! In some cases, researchers have sought

to compartmentalize different actisites in separate domains through the incorporation of

a physical barrier such as use of distinct silica pores, incorporation into different blocks of
polymeric backbones, and or in ceafeell structures such as micell€$3 % Of course,

for the purposes of chemical synthesis, one can always compartmentalize different sites in
separate catalyst particle¥’: 28 put this does not address the catalyst designei of

striving to develop single catalyst particles containing multiple types of segregated

domains, as used in biological systems.

Compartmentalization is the concept in which catalyst design and particular synthetic
routes are used to physicalgolate species in distinct domains or regions. This idea is
adapted from biological systems where many incompatible catalytic processes are
occurring rapidly. Compartmentalization has only been accomplished thoroughly in a
small number of notiological waks3h 79 8L 99 137, 139 The pyrpose of
compartmentalization is to facilitate a reaction pathway that actively shields or segregates
incompatible or opposing catalytic species, or their reagents, from one another, leading to
physical isolation. A major benefit of these systemghat they can limit catalyst
deactivation while potentially allowing for the environmental and economic benefits of

eliminating some reaction and separation steps.

A variety of methods of compartmentalization have been reported over recent years.
For example, sheltrosslinked micelles (SCM) compartmentalize orthogonal catalysts in

the corona and shell of these systén& 8'In mesoporous SBAS5, acidic and basic
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functionalities have been separated in the mesopores and on the external surface of catalyst
particles?® 1%In very few systems, researchers have combined the utility of both silica and
polymer supported catalysis literature to create a combined system for cascade &Htalysis.
The goal of this work is to create muttbmain catalyst particles combining the attributes

of both silica and polymeric systems which could allow incorporation of an array of
different types of active sites in the future. Silica domains caryeasdrporate zones of
controlled porosity, and silicates can incorporate active sites either within the silicate walls
(e.g. by substitution of Si with Al, Fe, Ti, etc.) or via surface functionalization with organic,
organometallic or metallic active site Polymeric structures can offer more dynamic
domains, changing with external stimuli such as temperature, electric fields, or solvent

changes, and active sites can be incorpora

In this chapter we sought to expand the array of middimain catalyst particles by
creating hybrid catalyst particles containing both silica mesopore and polymeric domains.
As a demonstration of concept, we have deployed mesoporoud SBAd MCM41 silica
polymer compose materials as a platform to support incompatible molecular catalysts.
These materials are synthesized via a gratiingrocess using thiane click chemistry.

The efficacy of separation of silica supported Brgnsted acids and peboued Lewis

basess probed using varying polymer molecular weights and silica pore sizes. A classical
reaction cascade, wedtudied previously in other systems, comprising an acid catalyzed
deacetalization followed by a base catalyzed Knoevenagel condensation is ugestas a
reaction sequence. This work thus attempts to demonstrate a generic method of establishing

compartmentalization of incompatible chemical species in a mesoporous sijicéyener
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composite system, allowing for further elaboration using the divessigylica chemistry

and polymer chemistry in the future.

2.2 Experimental Section

2.2.1 Materials

Copper (0) powder < 7% m 99% (Sigma Aldrich) was purified by agitation in
concentrated HCI (37%ACS, VWR) for 30 minutes at room temperature. Afterwards, it
was filtered and rinsed with deionized (DI) water and dried before use. Both srér@ o,
contains 4tert-butylcatecholas stabilizer Sigma Aldrich) and4-vinylbenzyl chloride
©90%, contai ns ,Gigmad%ldrich) weselpurifiet lytilieding tareugh a
column of basic alumina l{@minum oxideactivated, basidyrockmann ] Sigma Aldrich)
before use. P123 PEly(ethylene glycobblock-poly(propylene glycobblock-
poly(ethylene glycolaverage Mn ~5,80020:70:20 (EO:PO:EQ) tetraethyl orthosilicate
(TEOS) ©9 9 ., Gigma Aldrich), Hexadecyltrimethylammonium bromide (CTAB)
(© 9 8 %Bigma Aldrich), NHOH solution 28 (099 . 99 % t r ac,eSignmet al s
Aldrich) were use as received. The anhydrous solvettahlydrofurar(THF) (©9 9 , 9 %
contains 250 ppm BHT as inhibitagigma Aldrich), bluene(99.8% Sigma Aldrich),
acetonitrile (MeCN) (99.8% Sigma Aldrich) wereused as received. The bulk solvents
toluene (©99. 5% ACS, V WR ),Cdcidommetrene@CVB IOD 9 . 5 %
stabilized ACSVWR Chemicals BDH), thanol 200 proo{99.5% Koptech/VWR) were
used as received. The reagef@snercaptopropylirimethoxysilane95%, 5-hexenl-ol

98%, U-bromoisobutyrylbromide98%, pyridine anhydrous 99.8%magnesium sulfate

anhydrousO 9 9 ., So@tum azideD 9 9 . 8§,Rédimethylformamideanhydrous99.8%
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triphenylphosphine 99%phthalic anhydrided 9 9 #tethylamineO 9 9 ., NsNAINJINN N;
pentamethyldiethylenetriamine99% coopper(ll) bromide 99% 2,2-dimethoxy-2-
phenylacetophenonDMPA) 99% benzaldehyde dimethyl acet@b% benzaldehyde
O 9 9 #alononitrileO 9 9 @écaned 9 5 Bpdrogen peroxide solutidB0 % (w/w) in HO,
contains sbilizer, hydrazine hydrateeagent grade, J814 50-60%were all purchased from

Sigma Aldrich and used as received.

2.2.2 Analytical Tools andinstrumentation

Organic contents for all functionalized silica samples were measured\d@tzsch STA
409 Luxxi thermogravimetric analyzér differential scanning calorimeter (TGBSC).
The temperature program used was froni 880°C at 10°C/min. Mass changes for thi
grafted samples were recorded in the 20800 °C range. Mass changes for the brush
functionalized samples were recorded in the ROD0O °C range. Loss from the bare

supports in the same ranges were accounted for in all TGA loading calculations.

Polymer distributions and molecular weights were determined using a Tosoh EcCoSEC gel
permeation chromatograph (GPC). A refractive index detector was the primary source for
the analysis and the synthesized copolymer poly(styrene) derivative samples were

comparedo narrow poly(styrene) standards.

Physical characterization of the mesoporous silicas was determined through applying the
BET method with a Micromeritics tristaroNinalyzer at 77 K. Prior to analysis, samples
were activated overnight at 30 mTorr at ’TDfor 6 h. The isotherm data points were
taken fromP/P, = 0.01 to 0.99. Pore volume measurements were calculated from the

guantity of nitrogen adsorbed to the sample®/& = 1.0. BET surface area, external
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surface area, and pore size distributionsen@ptained from the Microactive software

package provided by Micromeritics.

A Shimadzu Prestige 21 Fourier Transform Infrared SpectrorffefeiR) was used with
diffuse light scattering for all the samples analyzed in this work. Spectra were recorded

from 6007 4000 cm! with a total number of 128 scans.

A combustion elemental analyses (EA) was performed for all functionalized silica samples.
These samples were analyzed for carbon, hydrogen, nitrogen, and sulfur. Analyses were
performed by Atlantic Micrab in Norcross, GA6180 Atlantic Blvd., Ste MNorcross,

GA 30071

Imaging was performed using Hitachi HD-2700 dedicated scanniAgansmission
electron microscope (STEMoperated at 200 KeV. Regular scanning and transmission
images were recorded for bate SBA15 and MCM41 samples and are shown below

with their respective procedures.

All nuclear magnetic resonance (NMR) spectra were collected via a Bruker AV3 HD 700
MHz NMR spectrometer. For small molecules, only 16 scans were uséH f§MR
spectraand 512 fof*C. For polymer samples, D1 was increased to 5 seconds and 128 scans

were recorded to allow for visible end groups and quantitative end group analyses.

Thiol-ene click chemistry experiments were performed in tall 40 mL vials inside of a
RayoretRMR-600photochemicateactoron a magnetic stir plate with 8 ultraviolent lamps
at 365 nm at room temperature. A fan was also used to prevent heat from accumulating

inside of the chamber.
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2.2.3 CatalystTestingProcedures

To probe the acid catalyst performance, the benzaldehyde hyimeicetal
deacetalization probe reaction is used. To a vial equipped with a magnetic stir bar, 0.25 mL
of anhydrous MeCN and toluene is added (0. 2
10 eL of DI wat e-BOH #unaianal catalyst darod mo |l &4 of d
added. The vial is heated to 80 °C and the reaction progress is monitoféti NAdR

(CDCls) with timepoints using decane as an internal standard.

To probe the base catalyst performance, the Knoevenagel condensation afdigmaizal
with malononitrile is used. To a vial equipped with a magnetic stir bar, 0.25 mL of
anhydrous MeCN and toluene is added (0.25
10 mg of malononitrile (1.2 equiv), 5 moMdHb i f unct i onal otdecarel y st ,
is added. The vial is heated to 80 °C and the reaction progress is monitohdeNNeR

(CDCls) with timepoints using decane as an internal standard.

For the combined acid/base cascade procedure, a vial equipped with a magnetic stir bar,

0.25 mL of anhydrous MeCN and toluene i s af
di met hyl acetal, 10 €L of DI watvg®bmo®@ equi
-NH2bi functi onal catalyst, and 5 eL of decar

the reaction progress is monitored ##&NMR (CDCk) with timepoints using decane as

an internal standard.

2.2.4 Models andSmulation Methods
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To investigate the dimension of pat#co-NPhth chains in dichloromethane, fully
atomistic simulation models are prepared to contain a single chain o$tPhth
with various molecular weights such as 3600, 6100, and 16000 g/mol, and 6400

dichloromethane molecules.

To describe the polymgrolymer and polymesolvent interactions in molecular
dynamics (MD) simulations, DREIDING force field is employé8iwhose energy terms

are

0 0O O © 0 0 0 @)

where Etot, Evaws Eq, Ebond Eangle Etorsion @nd Einversion are the total, van der Waals,
electrostatic, bond stretching, angle bending, torsion, and inversion energies, respectively.
Eqis calculated from Mulliken charges which are obtained using densitydanattheory

(DFT) with B3LYP functional and-@1G** basis set.

After the initial structures are built using Monte Carlo techniques with three
dimensional periodic boundary conditions, annealing MD simulations are performed by
changing the volume anckrhperature in order to accelerate the equilibration of the
structures. Then, for data collection, equilibrium isobaithermal ensemble (NPT) MD
simulations are performed for 30 ns at 298.15 K and 1 atm. The equations of motion are
integrated via the Vecity Verlet algorithmd*' using a time step of 1.0 fs with Neb®over
thermostat??%* For all of our MD simulations, we use the LAMMPS (Laspale

Atomic/MolecularMassively Parallel Simulator) software packatye.

2.3 Results and Discussion
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2.3.1 ExperimentalApproach

The main design hypothesis for this system was that polymerasidesilica pore
di ameter can be used to control the oOclick
this can lead to physical isolation of opposing catalysts. Specifically, we were interested in
determining if primarily polymer pore filling, pore dusion towards the mouth or external
surface, or an intermediate of the tweigure 21) could be achieved, leading to catalyst
compartmentalization. livas hypothesized there are two distinct modes of catalyst
compartmentalization that can take place in this system: (i) complete exclusion of the
polymers from the pores via size control with the degree of polymerization and solvent
choice (Case 1, comgell) or (ii) cohabitation of both the grafted acid and polymer
supported base domains inside the mesopore
bases created by the polymer network composite (Case 3, isolated pockets). Both methods
have been showto create efficient catalysts in separate systems in the literature, however
the latter case has not for a siigalymer composite catalyst but has for a porous, purely
polymer systen§> 8 9 12" The main tools used for the asseent of potential
compartmentalization were the reaction kineticspNysisorption porosity analysis and a
slate of control experiments. To determine whether polymer size has an impdhbison
phenomenon, a screening of molecular weights and silicadiemeeters was conducted.
To accompany this studyTable Al highlights results from molecular dynamics
simulations of the random copolymer used in this work at three separate molecular weights,

yielding their radii of gyration (B in the thiotene conditions, 25 °C and in DCM.
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olefin terminated poly(st-co-NPhth)
~
primarily polymer  Poth polymer primarily polymer
size exclusion pore filling
and pore filling

size exclusion

Figure21.1 I lustration of the wvarious pol ymer

The overall functionalization route highlighted.inllustrates the foustep process for
the synthesis of these adidse bifunctional mesoporous silicate polymer catalysts. While
it is noted that the grafting process will unselectively pldgels everywhere on the
support, the majority will reside within the mesopores due to the large particle sizes used,
which offer the majority of the surface area in the mesopored-{gaee A1 andFigure
A.2). The Brgnsted acid and Lewis base catalysts used in this systesusiaceagrafted
propylsulfonic acid and a polymer supported primary amine in the form of benzyl amine.
These species are created from a surfmaéted thiol and phthalimide protected amine.
First, either SBAL5 or MCM41 (pore diameters of 7.0 and 2.4 nmaspectively) is
functionalized with 3mercaptopropy trimethoxy silane through grafting in dry toluene at
80 °C, forming SBA/MCMSH (SBA/MCM-X; the slash is generic notation for materials

made on both support¥¥

Analysis of Nb physisorption data and imaging of the bare SBBAand MCM41 can

be found inFigure Al, Figure A2, and Figure A3 in appendix A Next, the amine
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containing terminal olefin end group paters were subjected to the thgrafted support

under thiolene click conditions, specifically with dimethoxyphenylacetophenone

(DMPA), dichloromethane (DCM), and 365 nm ultraviolet (UV) light in a UV chanifer.

148 This forms SBA/MCMSH-poly(styreneco-2-(4-vinylbenzylsoindolinel,3-dione

(referred to later as polstco-NPhth. These are the main inactivated mesoporous silicate

polymer composite precatalyst samples investigated in this study. The active, catalytic sites

are created during deprotection of the polymieaigs, with subsequent oxidation of

remaining thiol groups to form sulfonic acids.

styrene, CuBr;,
Cu(0) powder,

(o]
/\/\/\OJXE" _PMDETA
tuluene 90°C
5-eneBMP NPhth

———li S
AR, () Srorceponon
(Y X trimethoxysilane l A o
_— .
T a4 toluene, 80°C -— 26
U A W ©
mesoporous silica
SBA-15/MCM-41 SBA/MCM-SH

Q thiol @ phthalimide protected NH;
Q sulfonicacid @ deprotected NH,

NN copolymer

SBA/MCM-5H-SO3H-poly(st-co-NH3)
SBA/MCM-P1-3

poly(st-co-NPhth) OR NPhth

= U

poly(st-co-NPhth)

|

# #"
on 0 L 30%H0(aq) - S

THF 25°C,18h

DMPA, 365 nm light,
degassed DCM,
25°C,24h

VHgE

SBA/MCM-poly(st-co-NPhth)

NH,NH,* H,0,

(¢1} 0
THF, 25 °C,
A 0 18h
Q

SBA/MCM-poly(st-co-NH3)

Figure 2.2. Functionalization route for the synthesis of the aciebase polymer

composite catalysts

2.3.2 Characterization of SBA/MCI@omposite Materials
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Random copolymers of styrene an¥2vinylbenzyl)isoindolinel,3-dione), referred to
as polyét-co-NPhth, were synthesized through supplemental activator and reducing agent
atom transfer radical polymerizatidf **°(SARA-ATRP) using hexs-en-1-yl 2-bromo
2-methylpropanoate (neBMP) as the initiatdf’ These structures were analyzed via gel
permeation chromatography (GPC) for molecular weight distributions and nuclear
magnetic resonance (NMR) to confirm the copolymer structure and assess the structural
integrity of the functional olefin engroup. Threanolecular weights were synthesized for
this study: poly$t-co-NPhth-1, polyt-co-NPhth-2, polyt-co-NPhth-3 are My of 6100,
16000, and 45000 g/ mol, with poly dispersi
GPC traces, molecular weights, NMRdegroup analysis, and reactions conditions are all
describedTable A2. SARA-ATRP was employed to generate controlled and narrow

polymers with functioal endgroups required for this study.

Next, two steps were deployed to generate the active acid and base sites required for the
cascade reactions. First, the phthalimide protecting group was removed using agueous
hydrazinet®® Overnight treatment was found to result in complete deprotection of the
phthalimide, forming the primary benzyl am species predicted to be active for the
Knoevenagel condensatiohable 21 includes sample information regarding support and
polymer combination with thiol, acid, drbase loadings as well as ${NH: ratios. The
base catalyst loading for each sample was determined through elemental analysis (EA).
Lastly, the sulfonic acid was generated by oxidation of residual thiols on the surface of the
mesoporous silicates that keeleft unreacted from the thiehe coupling® Oxidation
conditions were applied to the composite samples, and determination of the acid content

by titrating the surface sulfonic acids using a NaCl solution as a ion exchangin§®agent.
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152,153 Mild thiol-oxidation conditions were used (30% aq.®HTHF (v/v), room
temperaturto mitigate unwanted side reactiomgh the supportebenzylaminesuch as
formation of imines, andies, hydroxylamines, nitroso, or nitro compountsd loadings

are reported imable 21 and were all found to be similar ~ 0.23 mmol/g. The detailed
titration procedure is highlighted in the supporting information. From elemental analysis
(EA), the parent SB-15 and MCM41 thiol functionalized samples contained 1.36% and
1.26% sulfur, respectively. The nitrogen content for the polymer containing samples was
also assessed via CHN combustion analyses, and the N catalyst loadings were found to be
between 0.06 ah0.13 mmol/g for all the catalyst samples. Thus, the catalyst samples

generally had excess acid sites, relative to base sites.

Table 21. Sample information of the mesoporous silicate composite and free NH
copolymer materials

Polymer - ib NH®  SOHS

a .
Entry Sample Support  Mn (mmolig) (mmolig) (mmol/g) SOsH:NH:2
(g/mol)

SBA-15 SBA.

1 poly(st-co- 15 6100 0.42 0.13 0.24 1.9
NPhth-1
SBA-15 SBA.

2 poly(st-co- 15 16000  0.42 0.06 0.23 3.8
NPhth-2
SBA-15 SBA.

3 poly(stco- 15 45000 0.42 0.06 0.23 3.8
NPhth-3
MCM-41-

4 poly(stco- Mgi/l 6100 0.4 0.12 0.21 1.8
NPhth-1
MCM-41-

5  polystco oM 16000 04 0.1 0.23 2.3
NPhth-2
MCM-41-

6 poly(st-co- Mg'lv" 45000 0.4 0.07 0.23 3.3
NPhth-3
poly(stco-

7 NH)-1 - 5400 - - - -

32



poly(st-co-

8 NHp)-2 - 15500 - - - -
poly(st-co- i i i i i
9 NH>)-3 43300

SBA-15-SG;H-  SBA-

10 “bhclNPhth 15

0.42 0.14 0.26 1.9

2 Determined by GPC using narrow poly(styrene) standdtd3etermined through
combustion CHN+S elemental analySiBetermined after the deprotection and oxidation
protocol through the baetitration method described appendix A

From the simulation studies, the polymers of molecular weights of 3600, &100,
16000 g/mol were found to possesgiR DCM at 25°C of 0.92, 1.31, and 1.78 nm,
respectively. The largest molecular weight copolymer synthesized for this study (45000
g/mol) was found to be too large for a fatiomistic simulation approach with expti
solvent molecules, thus, a lower 3600 g/mol polymer was included for comparison
purposes on the low molecular weight end. When doubling the radii to obtain a diameter,
it can be hypothesized that the lower molecular weight 6100 and 16000 g/mol cagolyme
(Rgof 1.31 and 1.78 nm) should be capable of fitting into the larger pore diametet’5BA
silicate (7 nm pore diameter), while potentialigurring resistance due to steric effects
with the smaller pore MCM1 (2.4 nm pore diameter). Even though seioh data at
45000 g/mol are not available, a similar statement could potentially be applied to the 45000
g/mol copolymer, with both inclusion and blocking occurring in SBAwith this polymer
being totally excluded from the pores of MGM. However, itis noted that polymer
morphology is a dynamic phenomenon in solution and that different conformations may

occur, especially during the thiehe coupling reaction, which occurs in a different solvent.

The data inTable 21 describe several types of samples. SEBAMCM-41-poly(st
co-NPhth refers to the protected and unoxidized materials. When these materials are

deprotected and oxidized they areere¢d to as SBA5/MCM-41- poly(stco-NH)-X or
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SBA-15/MCM-41-PX, where X is a number from3 denoting the polymer molecular
weight deployed. Entries3 in Table 21 refer to the SBA composite catalysts and entries

4-6 are for the MCM catalysts. Entries97are the free (untethered) deprotected {NH
catalysts that were used as a benchmark for the Knoevenagel condensation kinetics
discussed later. Entry 10 is the analogous polyineer bifunctional catalyst, containing
grafted, molecular amine sites, synthesized for comparison purposes. For tHes amp
(4-vinylbenzyl)isoindolinel,3-dione) was directly coupled to the support via teoé,

then deprotected and oxidized.

Thermogravimetric analysis (TGA), elemental analysispiN/sisorption, and infrared
(IR) spectroscopy were used to chareztethe materials. TGA combustion analysis and
N2 physisorption data were cross compared to assess the total quantity of polymer
functionalized on the thiggrafted support, as well as to probe their physical location on
the mesoporous silica particlese(i on the external surface/pore mouths or inside the
pores).Figure 23 shows the TGA curves for bare supports, tgiafted, and click
functionalizedsamples used in this work. From the results, one can note that the total
guantity of polymer attached to each of the SBA/M@Mdy(st-co-NPhth samples on
either silicate support is not equalaple A3). This requires proper normalization
procedures to assess important metrics, as discussed later. To this point, tbeethiol
coupling of polymer chains to each support material the totaldi®@was held constant;
however, the resulting polymer functionalized samples had some deviation in polymer

content.
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Figure 23. TGA curves for the bare silicates,

composite sample. Frame A highlights the SBA15 functionalized samples where

frame B is for the MCM-41 samples. These curves indicate the mass losses prior to
deprotection and oxidation.

Generally, the larger pore SB¥5 support allowed for incorporation of a highezight
percent of polymer than the smaller pore M@W, suggesting some polymer incorporation
in the mesopore space, which is discussed further below. ThelSpAly(stco-NPhth
composites contained 41 weight percent polymer, whereas for MEM-poly(st-co-
NPhth) samples, @2 weight percent polymer was observed. As a consequence of the
varying polymer loadings between the SBA and MCM supports, the acid base ratios are
slightly different, though in all cases the number of acid sites exceedithieer of base
sites Table 21). For the low molecular weight (6100 g/mol) polymer samples, the
SOsH:NH:? ratio is 1.9 and 1.8 for SBA5 and MCM41, respectively, whereas in the

16,000 and 45,000 g/mol samples for either silicate, the ratios are between two and four.
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Table 22 reports the textural properties for the bare and functionalized supports used in
this study. The pore sizes and BET surface areas for the barel’sBAd MCM41
supports are 70 and 24 A, and 730 and 122040, respectively. After the thiol grafting
process and thieéne experiments, the BET surface areas and pore volumes decrease
significantly, as expected. When normalized to a common basis, the mass of silica in the
sample, the BET surface area for the SBAcomposite reduces from 623/gsioz for
SBA-15-SH to 424 rigsio2 for SBA-15- poly(stco-NPhth-1. For the larger molecular
weight composites, SBA5-poly(st-co-NPhth)-2 and SBA15-poly(stco-NPhth-3, the
surface area is slightly higher at nearly 480982 for each. For the MCM1 composites,

a less substantial difference in surface area was observed betweemtMEMNIand the
MCM-41 composites, with a small drop from 1155 to 102&sw. for MCM-41-poly(st
co-NPhth-1 and only 1047 and 10502fgsio2 for MCM-41-poly(stco-NPhth-2 and
MCM-41-pdy(stco-NPhth-3. A similar trend in pore volume reduction can be seen for
these samples as well. The lowest pore volumes were observed for each system with SBA
15 poly(stco-NPhth-1 and MCM41- poly(stco-NPhth-1, having the shortest polymer
chains, £0.66 and 0.59 cffgsioz, respectively. Using normalized pore volumes before and
after the thiolene reaction, the polymer filling fractionpég/gota), Which estimates the
mass of polymer inside the pores relative to the total polymer mass (from d@Aan

gain insight into how much of the polymers reside inside the mesopores versus how much
are on the external surface or pore mouths fgendix A equation 1). These estimates
suggest that for the SBA5 composites, over 85% of the polymer mass resides inside the

pores. This is likely a consequence of the large pore diameter of the parent silica of 70 A.
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Surprisingly, we also calculate relativelygh polymer pore fractions for the MGHIL
composites, despite the smaller pores of MEM These were estimated to be 0.83, 0.70

and 0.70 for MCM41-poly(stco-NPhth-1, 2, and 3, respectively. Comparing these
fractions with the illustration of the variewcases ifrigure 21, it appears that none of the
systems can be accurately labeled as case 1, where there is primarily polymer pore
exclusion. The SBAL5-poly(st-co-NPhth-1, 2, 3, and MCM41-poly(stco-NPhth-1
composites can be thought of as primarily polymer pore filling (case 3), while {ICM
poly(stco-NPhth-2 and 3 appear to be more pore filling than exclusion but more of a
mixed system betweerase 1 and 3, with fractions at 0.70 for both (case 2). When
comparing these results to the predictions based on the simulation data, it appears that
polymer R is not an effective tool to predict polymer tethering location and ultimately
pore filling in these systems. A very limited control of pore filling and exclusion seems to

be acquired with these polymers and silica. Perhaps a greater degree of control can be found
using polymers of significantly higher molecular weight and silicas or zeolites ofesmall
pore diameters. These data reflect similar results reported in the literature regarding the
very few examples of threading of polymers into mesoporous struétresin our work,

instead of physically mixing the silica and polymer, the teioé coupling, which
covalently tethers the polymers agparticular thiol on the support, restricts its motion to
some degree, and prevents removal via the washing treatments. This work is the first report,
to our knowledge, of tethering/threading polymers into mesoporous silicas for the purposes

of cascadeaactions.
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Table 22. Textural properties for all bare and functionalized supports

BET

a surface pore a
Entry Sample D2 (A) volumé
ared (c e /gsiod) (gporel Orotal)
(M?/gsio2) '

1 SBA-15 70 730 0.93 -

2 SBA-15SH 67 623 0.84 -
SBA-15

3 poly(st-co- 61 424 0.66 0.91
NPhth-1
SBA-15

4 poly(st-co- 63 481 0.7 0.86
NPhth-2
SBA-15

5 poly(st-co- 63 479 0.71 0.85
NPhth-3

6 MCM-41 24 1220 0.82 -
MCM-41-

7 SH 23 1155 0.68 -
MCM-41-

8 poly(st-co- 21 1025 0.59 0.83
NPhth-1
MCM-41-

9 poly(st-co- 22 1047 0.65 0.7
NPhth-2
MCM-41-

10 poly(st-co- 22 1050 0.66 0.7
NPhth-3
SBA-15

11 SOsH- 66 483 0.68 -

PhCHNPhth

aDp: Pore diametef,Determined through Nohysisorption analysis at 77 K; See Figure
A.7, A.8, andA.9 for thiolgraft silicate and composite isotherms as well as raw N
physisorption BET areas and pore volumes.

FT-IR spectroscopy was used to confirm the presence and then the deprotettteon of
phthalimide protected amines on the NPhth units in the polymer chains on the composites
(Figure A13). The presence of the carbonyl group fribv@ phthalimide protected amine
was confirmed by the C=0 stretching at 1700criypon deprotection in aqueous

hydrazine, the IR spectra indicate a loss in signal in this refignre A13). A smaller
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mass loss from 20800 °C in thermogravimetric analysis compared to the protected

samples also indicated removal of the bulky phthalimide grBigu(e Al14).

2.3.3 Catalytic Testing and Composite Comparison

After full characterization of the composite materials, kinetic analyses were performed
to assess the efficacy of the catalysts, as well aattonalize the structural data. As
mentioned above, the cascade reaction used in this study is the acid catalyzed
deacetalization of benzaldehyde dimethyl acetal followed by the base catalyzed
Knoevenagel condensation with malononitrile to form benzy&deralononitrile, with
benzaldehyde as the intermediatég(re 24). Reaction conditions were a 0.25 M
cosolvent solution of a 1:1 v:v mixture of MeCNdatoluene at 80 °C. For reaction A, 2
molar equiv. of water was used. For reaction B, 1.2 equiv. of malononitrile was used and
for reaction C, water and malononitrile were both used. Similar to a previous report,
reaction kinetics for just the deacetaliaa (using benzaldehyde dimethyl acetal and no
malononitrile) and the Knoevenagel condensation (using benzaldehyde as a starting
material and no water) were used to probe the efficacy of these dubbaeidifunctional
catalysts for the purposes of assment of Lewis base and Brgnsted acid performance, or
more broadly, to gauge the likelihood of active site compartmentalization océtfring.
These data were gathered to understand the nature of the polymer domains and their
interaction with the remainder of the composites and if the polymer molecular weight or
silica pore diameter impact the catalytic behavior. All reactions were normalired5us
mol% nitrogen (or 10 mol% acid in reactions probing the acid kinetics, singd:[SB»
ratios vary) and turnover frequencies (TOFs) and initial rates of reaction were calculated

from the approximately linear low conversion/time regime, typically itis€ 30 minutes.
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Base site TOFs were normalized by total amine catalyst present in the sample using N
content from elemental analysis. TOFs for the acid kinetics were normalized by total acid

content determined from the aforementioned titration method.

oM o)
OMe B. Knoevenagel CN
H A deacetalization H _condensation m
H,0 NC” CN CN

2 3

C. Deacetalization - Knoevenagel condensation
acid-base cascade

Figure 24. The probe acidbase reactions and cascade used to study the materials in
this work.

Several control experiments were performed to better understand the catalytic results
obtained with the new bifunctional cataty¢Table A5). The background activity of both
reactions using no catalysts (entry 1 and 2) was low, with 10% and 6% conversion in 6 h
for reactions A and B, respectively. The unoxidized thiol supportag@lsavas also tested
and showed catalytic activity (SB25-SH, entry 4, reaction A). Two samples were
prepared that possess one out of the two potential active centers] 5SB&H-poly(st-
co-NPhth and SBA15-SH-poly(stco-NHy); seeFigure Al5for the synthesis routes. Both
catalysts were tested using the cascade reactiorakleg A6, entries 1 and 2) and the
monofunctional acid catalyst SBE6-SOsH-poly(stco-NPhth) showed near complete
conversion to intermediate 2 while 0% conversion to 3. 8B/&H-poly(st-co-NH>)
showel minimal conversion to 2 with 8% conversion, while yielding only 2% to cascade

product 3.

Another important control experiment is the test of the polyimer dual aciebase

bifunctional catalyst SBAL5-SO:H-PhCHNH:2 (Table 22, entry 11.Table 2.3, entry 1)
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This sample was prepared by direct theake coupling of the-4-vinylbenzyl)isoindoline
1,3-dione monomer to SBA5-SH, followed by the same deprotection amddation
procedures. The initial rate for reaction B with this matefiab{e 23, entry 1) was 0.08
M/h, which is considerably lower than thest performing free copolymer pasy#co-NH>)

and best performing composites, SBA&P1 and MCM41-P1.

Table 23. Initial rates and TOFs for reactions A and B separately with the
synthesized catalyst samples

Initial Initial

3 &
Entry Catalyst rate TOS'_:l)(éL g rate TOS'_:l)(bl g SOsH:NH2
(M/h)2 (M/h)P
SBA-15S0O3H

1 PhCH2NH?2 0.72 154 0.08 1.7 1.9
2 SBA-15P1 0.18 4.0 0.43 9.5 1.9
3 SBA-15P2 0.42 9.3 0.14 3.1 3.8
4 SBA-15P3 0.69 15.3 0.05 1.1 3.8
5 MCM-41-P1 0.24 5.3 0.40 8.9 1.8
6 MCM-41-P2 0.84 18.6 0.01 0.2 2.3
7 MCM-41-P3 1.29 28.6 0.01 0.2 3.3

poly(st-co- i i i
8 NH>)-1 1.19 25.2

poly(st-co- i i i
9 NH>)-2 0.99 21.0

poly(st-co- i i i
10 NHy)-3 0.70 14.7

apDetermined from reaction & Determined from reaction B

Figure 25 (frame A and B) shows the kinetic profiles for the Knoevenagel condensation

reaction (reaction B) performed with all six of the SB&P1-3 and MCM41-P1-3
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catalysts. It can be noted from t8BA-15 kinetics that activity decreased as the polymer
molecular weight increased, similarly to the kinetics with the deprotected free amine
copolymer catalystsHgure A10 andFigure A11). A noticeable drop in the initial rate

was observed as the degree ofypwerization increased for these untethered, sfliea
catalysts. This is generally a well understood trend in polymer supported catalysis, arising
from diffusional limitations using larger polymer sizes, though it does not rule out other
factors in thecomposite system, such as differing polymer chain solubility inside the pores
or other pore effects such as polymer swelling constraints due to confingftetEntries

8-10 inTable 23 show the initial rates and for the silit@e polymer samples, poktco-
NHy)-1-3, being 1.19, 0.99, and 0.70 M/h with polymers of 5400, 15500, and 43300 g/mol,
respectively. In the large pore SBIS composite samples (entriegl a moderate drop

in the initial rate for reaction B was observed as the polymer size increaded. 4@t

0.14, and 0.05 M/h observed over SBB-P1, P2, and P3, respectively. With the MCM

41 composites also in reaction B (entrie§)5 kinetic experiments indicate a nearly
identical initial rate using MCM11-P1 compared to SBA5-P1, at 0.4 M/h; howear, with

the larger polymer chains in the MCM composites, significant losses in activity were
observed, with very small initial rates of 0.01 M/h for both samples These results rival
background reactivity at around 6% conversion to 3 inleidure 26 shows a graphical

bar chart illustrating the difference in the composite catalysts using the metrics of TOFs

based on initial rates.
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Figure 25. Kinetic profiles for the base catalyzed Knoevenagel condensation (reaction
B) using the SBA15 and MCM-41 bifunctional composite catalysts (frame A and B).
Kinetic profiles for the acid catalyzed deacetalization (reetion A) using the SBA15
and MCM-41 bifunctional composite catalysts (frame C and D). Conversion was
monitored by *H-NMR using decane as an internal standard.

Figure 25 (frame C and D) shows solely the acid catalyzed deacetalization kinetics
(using benzaldehyde dimethyl acetal as a starting material and no malononitrile, reaction
A) using the SBAL5 (frame C) and MCM1 (frame D) composite catalysts. It can be
guditatively seen based on the curves that the performance for reaction A follows the
opposite trend observed for the Knoevenagel condensation, with the samples that showed
the lowest activity in the Knoevenagel condensation showing the highest activigy in t
deacetalization reaction. In contrast to the performance of these catalysts in reaction B,
where initial rates decreased with an increase in polymer size, the initial rates for reaction

Ainthe SBA15 and MCM41 composites increased with increasingpar length, being
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0.18, 0.42, and 0.69 M/h for SBR5-P1, P2, and P3, respectively. This trend was more
clearly evident with the MCMI1 composites, with rates of 0.24, 0.84, and 1.29 M/h for

P1, P2 and PR3

Turnover Frequency (10~ 3 s~ 1)
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

SBA-15-503H I

-PhCH2NH2
SBA-15-P1

SBA-15-P2
SBA-15-P3

MCM-41-P1

MCM-41-P2

MCM-41-P3

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
Initial Rate (M h~1)
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r o
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Figure 2.6. Bar chart representations of the initial rates and TOFs for all bifunctional
silica catalyst samples during only reaction A (frame A) and only reaction B (frame
B).

Seeking catalysts that possessed significant bifunciignaffering good rates in each
reaction step, SBA5-P1 and MCM41-P1 were selected and employed in the full reaction

cascade (reaction C) as shownHigure 27 (SBA-15-P1). These catalysts were also

recycled by centrifuging and decanting the liquid for several cycles (eniries Bable
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A.6), showing modest reusability with a conversion of 1 at 90% after the third cycle at the
same timepoint of 7 h. SBA5SOsH-PhCHNH:was also employed in reaction Eidure

A.16) and showed considerably lower activity. The initial rates for formation of cascade
product (3) during reaction C (full reaction cascade) shows 0.1 M/h forSih15P1

and MCM41-P1 with 0.04 M/h for SBAL5-SOsH-PhCHNHo. This is likely due to the

poor performance in the second cascade step (perhaps from acid/base quenching) which is
evident by a large buitdp of the intermediate 2 (PhCHO) with a slow ratdéoofation

of 3.

Despite the complexity of this system, we can propose several factors to rationalize the
results obtained. The observed reduction in TOF of the free, unsupported amine
copolymers (polygt-co-NH,)-1-3) (Table 23, entry 1). This sample was prepared by direct
thiol-ene coupling of the-p4-vinylbenzyl)isoindolinel,3-dione monomer to SBA5-SH,
followed by the same deprotection and oxidation procedUree initial rate for reaction
B with this material Table 23, entry 1) was 0.08 M/h, which is considerably lower than
the best performing free copolymer pally€¢o-NH2) and best performing composites,
SBA-15P1 and MCM41-P1.Table2.3 entries 810 support a baseline understanding of
why the composite catalyst systems perform more poorly with higher molecular weight
polymers; however, the severity of the loss performance requires additional
consideration. When comparing the TOFs for the SBAOG:H-PhCHNH2, SBA-15-P1,
and MCM-41-P1 in reaction B, the TOF of 1.7x38* for the polymeifree system is much
lower compared to the relatively high TOF of 9.5%83 with SBA-15-P1 (and similarly
high MCM-41-P1 at 8.9x18 s?') during the standalone Knoevenagel condensation.

Especially when comparing the nearly identicakB®IH: ratio for these three systems,
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one can infer that the polymer plays a more complexsabtle role than simply acting as

a support for the Lewis base active sites. Noting that the pore filling fraction forlSBA

P1 (SBA15poly(stco-NPhth-1) was 0.91 (0.83 for MCM1-P1), one may categorize

these samples as a case 3 systéigufe 21). The fact that such a system, where the
polymer is wholly or mostly contained within the mesopore, yields an effective catalyst
suggests that some acid dase sites are freely available, and that acids and bases may be
cohabitating the same porous structure but still maintaining physical separation through
means of spacing. The spacing could be associated with acid and base sites in different
porechannels or because portions of the channel s

sites that fAshieldo each other in a single

100+

604 I —&— acetal
) —&— PhCHO
A0+ g — benzyl. malono.

Conversion (%)
(82}
g

3 4 5
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[T
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Figure 2.7. Full kinetic profile of reaction C with the SBA-15P1 brush catalyst.
Quantification of 1, 2, and 3 was determined fromH-NMR using decane as an
internal standard.

When comparing just the SB25 composite samples, we can note a steady decrease in

TOF of the amine catalysts (reaction B) as the polymer molecular weight increases, with

9.5x10° st for SBA-15-P1 and 3.1x1®and 1.1x10 s! for P2 and P3. In an opposite
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fashion, the TOFs for the acid catalysts (reaction A) increase as a functionraépslye

with an uptick from 4.0x18in SBA-15-P1 to 9.3x1§ and 15.3x16in P2 and P3. SBA

15-P1 shows the best activity in both reactions while for the larger polymerlSB?2

and P3, these show more dominant performance in reaction A comparettitmrBaThe

acid to base ratios for these samples are nearly 2 for P1 and 4 for P2 and P3. The increase
in the ratio could potentially be responsible for the lack in performance for the higher
molecular weight SBALS5 composites in reaction B, resultingrr contact between the

amine and sulfonic acid sites leading to deactivation. However, this is contrary to the
previous suggestion that in the presence of polyastive sites become nested inside
Apocketsodo inside the mes Anotberpoist pof cdngideratioormi t i g
is that the larger polymers inside the mesopores could also be creating zones of inaccessible
or poorly utilized amine sites resulting from a dense crowding and/or poor

solubilizing/swelling of polymers.

A similar, but more pronounced trend can be found with the MIMcomposite
catalysts with a remarkable drop in TOF of the amine sites (reaction B) as a function of
polymer molecular weight with 8.9x£G* for MCM-41-P1 and 0.2x1®and 0.2x1G s*
for P2and P3. And similarly with the SBA case above, a drastic increase in acid TOF
(reaction A) with molecular weight can be found at 5.3%tOMCM-41-P1 to 18.6x16
and 28.6x1§in P2 and P3. In these systems, thelR@8H: ratio is nearly 2 for P1 and 2
and 3 for P2 and P3, noting these are lower in comparison to thelSBAmposites (for
MCM-41-P2 and P3); however, we see a complete loss in catalytic activity for the higher
molecular weight MCM41 composites. These results could represent complete gugnch

of amine sites or more likely, total blocking of some of the pores due to the narrow pore
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structure during the reaction while the polymers are partially solvated. With the large
pol ymers in such narrow por es pfadtiveacdandcoul d
base sites, however, if they exist the data suggest they are largely inaccessible to the acetal

and benzaldehyde starting materials for their respective reactions.

After building a representative polymer composite system with &Q@&y0nol polyét
co-NPhth in the pores of MCMA1 (Figure 28) at 25 °C and no solvent, one can notice
observe a significant degree of polymer confinement and pore congestion, potentially
resulting in mass transfer limitations. This conveys why the higher molecular composite
MCM-41 systems exhibit a large loss intigity for the Knoevenagel condensation
reaction, if this moderate length polymer is highly constrained. Another important note is
that the reactions are performed at a much higher temperature than the temperature that the
molecular dynamics simulations meconducted (80C vs 25° C). The MD analysis was
conducted under the thiehe temperature conditions to model the radii of gyration of the
polymers during the coupling reaction. At the significantly higher temperature where the
reaction kinetics werstudied, and in the presence of solvent molecules the polymer size
due to swelling will be larger than at room temperature. Thus, an increase in polymer
swelling at an elevated temperature could further hinder pore diffusion of reactant

molecules and acssibility of active sites.
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Figure 2.8. Front view (a) of the 16,000 g/mol pohgtco-NPhth) MCM-41 model;
Front view (b) and tilted view (c) of 16,000 g/mol polygtco-NPhth) included in
MCM -41 pore. White: H, gray: C, red: O, blue: N, orange: Si.

At high composite molecular weight (16,000 g/mol and higher) base activity is
considerably lower than that of the small 6,100 g/mol polymers in both1%Bkd MCM
41 supports. These data suggest that smaller polsizes are more capable of providing
access to both acid and base sites in an efficient manner. As noted before, a few previous
works isolated incompatible acid and base catalyst solely within porous polymeric
structure$® 127 |n this case, potentially a similar phenomenon is occurring within the
mesopores of these silicates. The dofipin TOF for SBA15P3 with 1.1x1¢ s or
0.2x10%s'in MCM-41-P2 and P3 for reaction B suggests that the longer or larger the size
of thepolymerdomains impacts active site accessibility, perhaps due to poor solvation and
swelling of the polymet®¢1%8 catalyst quenching between the adjacent acid sites, and mass
transfer limitations to Lewis base active sites. Since the acid to base ratio in bet5SBA
P2 and P3 is close to 4 (and 2.2 and 3.3 for MEMP2 and P3, respteely), this helps

provide some rationalization of why the acid catalyzed reaction proceeds quickly while the

base catalyzed reaction begins to slow if the issue is catalyst quenching. In addition, TOFs
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fall from 8.9x1@*sin MCM-41-P1 to 0.2x1G s for bothMCM-41-P2 and P3 in reaction

B. Such a sharp drop in activity indicates a near total loss of catalysis occurring, resulting
from catalyst inaccessibility or active site quenching, or a synergy of the two effects in
these systems. Inaccessibilityary partly result from a Omush
effectively burying the Lewis bases inside a poorly solubilized collapsed polymer
composite due to the low grafting density'%! This effect gves reason as to why the

external surface tethered polymers in M@#P2 and P3 (30% of total polymers) still

poorly participate in reaction B.

2.4 Conclusion

In summary, thichapterdemonstrates a previously unexplored route for incorporating
Bregnsted acidic and Lewis basic molecular functionalities onto a mesoporous support. A
particular focus was placed on segregating active sites in polymer and silica domains in a
single particleakin to how biological systems segregate active sites in different particles
or organelles. Using MD simulations in the thérle conditions (25C, DCM) gave insight
in how degree of polymerization effects radii of gyration. Targeting polymer brush
domans on the external surface of mesoporous silica supports, to our surprise, the polymer
chains primarily threaded themselves into the silica mesopores. This implies the design
element of using MD simulations to inform whether degree of polymerization beuld
used as tool to size exclude polymers from the mesopores ultimately proved to show little

effect.

Thiol-ene coupling was used to link SARMIRP derived protected amine polymers to

the thiolloaded silica surface, yielding polymsitica hybrid partles. By using polymers
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of varied molecular weight and silica materials with different pore sizes, we sought to use

size exclusion to prevent large molecular weight Lewis base bearing polymers from
6clickingd inside the pdaradgdsesidehleanalteindiee ma j
hypothesis, we also considered that cohabitation of both the grafted acid and polymer
supported base inside the pores could function effectively if they were separated by space
inside the mesopores by the silica walls arirpoly(styrene) backbones in the polymer.

By using TGA and Mphysisorption experiments, it was determined that 70%ae of

the polymers fit inside of the mesopores in all composite samples, effectively generating

pockets of acids and bases as theidant structure.

Rates in the individual reactions were used to assess the efficacy of the catalysts or more
specifically, to determine which of the 6 composite samples contained the most significant
bifunctionality towards each reaction. The highest initial rateddonreaction A and the
lowest initial rate found for reaction B are from MEGM-P3 with 1.29 and 0.01 M/h,
respectively. Meanwhile, the highest initial rate found for reaction B and lowest initial rate
found for reaction A are from SBA5-P1 with 0.43 ad 0.18 M/h, respectively. It was
determined that in the composites where reaction A exhibited the strongest performance,
reaction B suffered significantly, often showing little to no catalytic activity (SB4°3,
MCM-41-P2, MCM-41-P3). On the other handhe composites where reaction B
performed the strongest, reaction A suffers but much less when compared to the previous
case (SBA15P1, SBA15P2, and MCM41-P1). Therefore, the catalysts showing the
most significant degree of bifunctionality were SBE&P1, SBA15P2, and MCM41-

P1. When comparing the SBXG-P1 and MCM41-P1 composite catalysts with the

polymekfree bifunctional catalyst, SBA5SO;H-PhCHNH2, both the polymer catalysts
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significantly outperform the polymdree system in reaction B but derperform in
reaction A. These results potentially indicate that the polymers are playing a larger role in

compartmentalization rather than just as a support for the Lewis base catalysts.

The largest TOF of 9.5%sfound from this work (SBAL5-P1, eaction B) shows a
modest improvement in comparison to other systems in liter&tufhis approach
ultimately produced a bifunctional catalysts system capable of cohabitation of grafted
Brgnsted acid and polymer supported Lewis base active sites inside the pores of
mesoporous silica. Future reseh in the group will focus on new methods to create
compartmentalization in porowside systems with acids and bases and other types of

incompatible molecular catalysts.
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CHAPTER 3. COOPERATIVITY IN THE ALDOL
CONDENSATION USING BIFUNCTIONAL MESOPOROUS
SILICA - POLY(STYRENE) MCM -41 ORGANIC/INORGANIC

HYBRID CATALYSTS

Chapter 3 and Appendix B are adapted from the submitted manuRepoduced from

Ref.J. W. Cleveland]. Choi,R. Sekiya,J. ChoH. J. Moon,S. S. Jang, and€C. W. Jones.

3.1 Intr oduction

In living systems, enzymes can function synergistically (cooperatively) or separately
(reaction cascades) to produce the essential chemicals required in biological systems.
Within a single enzyme, multiple functional groups in the proteirkwogether to bind
substrate, activate it, and catalyze the reaction. In this context, catalysis in proteins is
characterized by cooperative action of multiple groups, often referred to as cooperative
catalysis. Groups of enzymes can also work togethpramote a cascade of individual
reactions, each performing a separate reaction step. In recent years, researchers have drawn
inspiration from highly efficient biological systems to develop engineered materials that
promote a series of reactions using enaimcatalysis®*1% In parallel, scientists have
adapted these biological principles into the synthetic realm to engineer materials capable
of enhanced activity toward cooperatively catalyzed reactions or cascade reaction
networks. In some cases, catalysts require spatial sequestering with the use of a multitude
of domains due to incompatibility of active catalyst sites in some cascade re3cfibris.

81,98, 103, 111, 131, 138, 1857 |n other instances, reactions targeting cooperative activation of
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substrates, cohabitation of catalyst sites in close proximity becomes a design®feziture.
117,120, 16875 |n photh cases, functionalized materials such as polyphets,’# 81 98, 111
mesoporous silicad; 34 53 103, 111, 117, 131, 167, 168, 17gp)ites 16 176 gnd metabrganic
frameworks® have been used as platforms to host molecular active sites for these
purposes. These supports offer significant advantages due to their high surface areas, ease

of functionalization, stability, and sometimes inheratalytic properties.

For cooperatively catalyzed reactions, active sites function together in proximity to
electronically activate substrate(s) to further reduce the activation energy (or increase the
pre-exponential factor) beyond what a singleisesite would producé.” 1’80ne of the
most wellstudied systems for cooperativity involves the combination of acidic and basic
active sites. Paired acid/base sites are useful, for example, in an array of reactions involving
aldehyde activation, including the Herf§, Michael!l’”® aldol!!” 120. 172, 175, 180, 181
nitroaldol®2and Knoevenagel reactiotf§ One of the standard test reactions used to probe
acid/base bifunctionality associated with the proximity between the two types of catalyst
sites is the cooperatively catalyzed aldol condensation-wifrdbenzaldehyde with
acetone* 53 117, 18482, 184Thjs dual acid/base system has been used to evaluate a variety
of cooperative calysts, including with polymers mesoporous silicd: 11¢ 180182 gnd
cellulose!*® 120The most effective cooperative partners reported in the literature for this
reaction are a Lewis base accompanied by a weaksBrd acid!* Davis and coworkers
explored the role of acid pKa and showed that weaker acids gave higher catalytic reaction
rates when paired with primary amine as the Lewis B&seThybaut studied
intramolecular cooperativity of secaamy amines with acids of varied pKa and came to a

similar conclusiort’®> We compared the utility of carboxylic acids and weakly acidic
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surface silanols and demstrated that the weaker acid was more effective in this case as

well 34

Changing the nature of the catalyst support can also affect the cooperativity and thus
the reaction rates. Previous work using anfumctionalized cellulose with carboxylic
acids as cooperative partners showed superior efficacy (iritesd,rturnover frequencies)
compared to silicaupported analogué$’ This as hypothesized to be associated with the
regular and ordered spacing of functional groups along the cellulose backbone, vs. the
uncontrolled distribution of amine sites on silica surfaces prepared via silane grafting. It is
known that active site sging and chain flexibility is important in catalytic performance.

For instance, a work that investigated the role of carbon linker length in aminesilane
functionalized mesoporous silica demonstrated that shorter lengths yielded reduced levels

of active s#te mobility and flexibility and thus hindered efficient cooperativity 184

In this chapter a mesoporous silica support, MGM, and random linear copolymers
of styrene and-4inylbenz/lamine (VBA) are used as building blocks with which to study
acid/base cooperativity in the aldol condensation-pittbbenzylaldehyde with acetone.
Whereas previous work evaluated the impact of the total number of methylene bridge units
between the Lewibase and the silica support surface using grafted aminosilanesin SBA
1511718 here we utilize readily controllable structural features of polymer chains and
incorporate Lewis basic aminédes in polymer chains grafted to the weakly acidic silica
support. First, random copolymers synthesized by atom transfer radical polymerization
(ATRP) are coupled to the silica support via theoh e 6clicko react.
mercaptopropyl grafted MCM1 and an olefinic polymer enrglroup. This is followed an

activation procedure to generate the active Lewis base catalyst. The role of polymer
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molecular weight is probed using welkfined polymers with molecular weights in the
range of 1400 16000 g/mol andsia changes in polymer composition/morphology by
using two different molar copolymer compositions, varying the fraction of styrene and the
protected Lewis base monomer (10:90 and 30:70). Molecular dynamics (MD) simulations
of the experimental work were e to give additional insight into how these two polymer
variables affect the structure and reactivity of the system. Amine site normalized batch
reaction kinetics provide quantitative insight into how these material properties affect

cooperativity in thesystem.

3.2 Experimental Section

3.2.1 Materials

Styrene (>99%, Sigma Aldrich, withtért-butylcatechol) and #4inylbenzyl (90%, with
4-tert-butylcatechol) were both purified by simple filtration through a bed of basic
aluminum oxide (Al203, activatedhasic, Brockmann 1) to remove the frelical

inhibitor prior to use.

Hexadecyltrimethylammonium bromide, CTAB (>98%), Copper(l) bromide (99.999%,
Copper(ll) bromide (99.9%), N,N,NNINNWpeéntamethyldiethylenetriamine  (99%),
tetraethyl orthosilicate (TES , > 9-Brémjoisobutyryl bromide (98%),-Bexenl-ol

(98%), hydrazine hydrate, reagent grade -§B&%o ag.), (3
mercaptopropyl)trimethoxysilane (95%), pyridine (anhydrous, 99.8%), dodecane
(anhydrous, >99%), -Aitrobenzaldehyde (B, 98%), Cu(0) (powdex 75 € m, 9 9 %)
Copper(ll) bromide (99%), sodium azide (>99.5%), magnesium sulfate anhydrous

(>99.5%), triphenylphosphine (99%), sodium hydroxide (pellets, >97%), phthalic
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anhydride (>99%), 2,2-dimethoxy2-phenylacetophenone (DMPA, 99%), and
triethylamine $99.5%) were all obtained from Sigma Aldrich and used as received. The
solvents acetone (reagent grade, >99.5%), acetonitrile (reagent grade, >99.5%), N,N,
dimethylformamide (>99.8%), and tetrahydrofuran (>99%) were obtained from Sigma
Aldrich. The bulk solvents toluene (99.5%), dichloromethane (>99.5%), methanol
(>99.8%), ethyl acetate (>99.5%), diethyl ether (>99%), hexane (mixture of isomers,
>98.5%), ethanol (200 proof) were all obtained for VWR International- 1,4
dimethoxybenzene (DMB) was olted from Tokyo Chemicals Inc. and was used as

received.

3.2.2 Analytical Tools and Instrumentation

Thiol-ene coupling reactions between polymers and-fhiottionalized MCM41 were
performed inside of a Rayonet RMIR0 photochemical reactor on top of a smallsate
at room temperature. Vigorous agitation was allowed for 24 hours inside efoa 20

mL vial. A fan was also used to prevent a buildup of heat inside the chamber.

Fouriertransform infrared spectroscopy measurements were made w&hinaadzu
Prestige 21FTIR spectrometer equipped with diffuse light scattering. Measurements were

made from 400 to 4000 wavenumbers at 128 scans.

Nuclear magnetic resonance spectra were collected via a Bruker AV3 HD 700 MHz
spectrometer equipped with a 24 positioroaampler. For kinetic measurements, simple
16-scan'H experiments were performed. Baseline corrections were performed after each

spectrum was collected. Dodecane was used as an internal standard during the
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polymerization kinetics. 1;dimethoxybenzene wassed as an internal standard for the

aldol condensation kinetics.

Organic contents for all functionalized inorganics were determined with thermogravimetric
analyses. These were collected via a TA Instruments Discovery 550 TGA under 100
mL/min of flowing ntrogen. Measurements were recorded from & 260 °C range with
a ramp rate of 20 °C/min. Polymer contents were calculated fronmi 3@® °C. Thiol

content was determined from 20@00 °C.

Elemental analyses were determined via outsourcing with Atldvitacolab Inc. in
Norcross, GA. Combustion analysis provided C, H, N, and S weight percent in each of the
functionalized MCM41 samples. Norcross, GA180 Atlantic Blvd., Ste MNorcross,

GA 30071

'H-13C coupled CRMAS solid state NMR experiments wasenducted to characterize the

chemical structure of the surface moietiagtte thiotgrafted MCM41 as well as the thiol

ene Ocl i c kSe-tiFhth &®hd MIEM44SH-NH: structures.Dried powder (~30

mg) was packed into 4 mm zirconia rotor, which was then staoj¢o magic angle

spinning (MAS) at 10 kHz spin rate. Sofitate CPMAS NMR was carried out using

Bruker Avance lll 400 MHz spectrometer. The frequency of each nuclei was tuned before
signal acquisition (399.9 MHz for 1H and 100.5 MHz for 13C), arel ghaks were
calibratedandreferenced to adamantane. Tdegjuisitonp ar amet er s wer e 5 (

the!H pulse, 12 us fothedwell time, and 4096 scans.

Gel permeation chromatography was performed with a Tosoh ECOSEC GPC equipped with

an RI detector. Mlecular weights and polydispersities were calculated in reference to
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narrow poly(styrene) standards. Chloroform was used as the mobile phase with 0.25%

(volume) triethylamine.

Textural properties were determined with a Micromeritics Tristar via physisorpf N,

at77 K. Before analysis, activation was accomplished on all samples via heating to 110 °C
for 8 h under vacuum. Pore volume was determined Péh= 0.07 1.0. BET surface

area, pore volume, BJH pore diameter were gathered with the Miceastitware

package associated with the instrument.

Imaging of the bare MCM 1 support was accomplished withliachi HD-2700 dedicated

scanningtransmission electron microscope (STE\berated at 200 KeV.

3.2.3 Conventional ATRP @&tyrene and NPhth

The random copolymerization synthesis procedure via conventional ATRP is as
follows. First styrene was filtered through three separate short plugs of basic alumina to
remove the free radical inhibitor. Next, NPhtheieBMP (10 mg), toluene, CuBr, and
styrene were all added to a 25 mL Schlenk tube (with magnetic stir bar) along with
dodecane as an internal standard and quickly frozen using liquid nitrogertofiver
freezepumpthaw cycles were now performed followed by a quick injection of PMDETA.
After the last thawing cycle, the mixture was added to a 100 °C preheated oil bath and the
mixture was agitated under Ar. Tirp®ints were quickly taken under flowing Ar for GPC
and NMR analyses. Polymerizations were quenched by exposing the solutioranad ai
cooling. Afterwards, most of the toluene and styrene were removed by rotary evaporation
followed by precipitation in a 2ld excess of MeOH. Filtration and drying at 80 °C were

next performed. With the lower molecular weight polymers, usually asynas 5
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precipitations were required in order to completely separate the NPhth monomer and the
polymers completely. Molecular weights were targeted based on preliminary kinetic
profiles for monomer consumption (Table 1 in the main text). In both comptsitao
volume ratio of 2:1 of toluene to styrene was ugeat.the 10:90 polymer composition:
(NPhth:st) composition: [st]:[NPhth]:}eneBMP]:[CuBr]:.[PMDETA] = 135:15:1:2:40or

the 30:70 polymer composition: [st]:[NPhthkgmeBMP]:[CuBr]:[PMDETA] =

105:451:2:4

3.2.4 Thiol-ene Coupling Experiments

For the thiDlene o6cl i ckd® <coupl i nggrobpeandvtaesthiel t h e
functionalized support, initially 400 mg of MCM4H and 20 mL of DCM were added to
a tall 40 mL vial equipped with a magnetic starbNext, a predetermined quantity of one
of the copolymers (or NPhth monomer) was added. The amount of copolymer added
corresponded to the composition and ultimately nitrogen content. Each coupling was set
up with the same molar content of the phthalinmefeeat unit for everliybrid synthesized.
Afterwards, the solution was sparged with Ar for 20 minutes. The free radical injator
dimethoxy-2-phenylacetophenon®MPA) was added (5 mol% relative to thiol) and the
vial was stirred vigorously inside theactor at 365 nm ultraviolet light for 24 h. Afterwards
the hybrids were washed via 3 cycles each of centrifugation/decanting/redispersion in

acetone and DCM and then were dried at 80 °C.

3.2.5 CatalystTestingProcedures

Batch kinetics for the aldol cordsation of sitrobenzaldehyde (HIB) with acetone

were studied using the following procedure. First 3.8 mg-NB4(1 equiv., 0.025 mmol)
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was added to 0.5 mL (50 mM) of acetone and acetonitrile (0.25 mL/0.25 mL v/v) in a 4
mL vial equipped with a magnetstir bar. Next, 3.4 mg (50 mM) of dimethoxybenzene
(DMB) was added as an internal standard and the mixture was stirred for 1 minute.
Afterwards, an initial timepoint was taken before addition of the catalyst. Then one of the
hybrid catalysts was addedxi€10 mol% amine) and quickly added to an oil bath preset

to 60 °C. Timepoints were monitored Wd-NMR (CDCLk) and conversion of-MB was
tracked via the CHO peak at 10.1 ppm and compared with the DMB peak at 6.8 ppm.
Formation of the dehydrated produ@ was monitored via the peak at 7.71 ppm.
Formation of the aldol product)was monitored via the peak at 5.3 ppm. Prior to NMR
analyses, phasing and baseline corrections were performed on all spectra. All kinetic runs

were performed using the stir eatetting of 1000 rpm.

3.2.6 Models and Simulation Methods

In the MD simulations, bonded and ndoonded interactions in the systems were

described by the DREIDING force fiétf where the energy terms are described as:

Etotal = Evaw + Eq + Enond+ Eangle+ Etorsion+ Einversion (1)
where Etot, Evaw, Eq, Ebond Eangle Etorsion @and Einversion are the total, van der Waals,
electrostatic, bond stretching, angle bending, torsion, and inversion energies, respectively.
Eqis calculated from Mulliken charges. However, the bonded interactions in MCM41 were
described by a silica force field develoded bulk and interfacial properties of silié,
and the nofbonded interactions of MCM41 with polymer, solvent, and reactant molecules
were described by newly developed force field parameters in Ledoaas$ 126 potential

functions. As shownn Figure Bl(a), B.1(b), andB.1(c), the new force field can
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successfully reproduce th#ensity functional theoryOFT) energies calculated using

B3LYP functional and 631G** basis set.

During MD simulations, the temperature was set to 298.15K for thespoly(NH.)
system and 333.15 K for the pddj#Co-NHCsHs) system according to experimental
conditions. For data collectiorguilibrium canonical ensemble (NVT) MD simulations
were performed for 40 ns at each temperature. The equations of motion are integrated via
the velocity Verlet algorithd¥’ using a time step of 1.0s with Nos&Hoover
thermostat®1%° All of MD simulations in this studyere performed using LAMMPS

(largescale atomic/molecular massively parallel simulator) software pac¢Rage.

3.3 Results and Discussion

Recently, we explored the ability to isolate an acid (in mesoporous silica) and a base
(on grafted polymer chains) in hybrid organic/inorganic materials for cascade redttions.
An expected finding of that work was that many of the polymer chains were incorporated
within the polymer mesopores. This finding led us to seek to exploit this finding and
explore this platform for establishing close interactions/beh the acid and base sites for
cooperative acid/base reactions. We hypothesized that using polymer supported Lewis base
catalysts inside silica mesopores could offer enhanced performance in the cooperatively
catalyzed aldol condensation as compared op@ous silica catalysts grafted with small
molecule amines. We further hypothesized that the polymers may potentially enable a
greater degree of flexibility and spatial mobility, which were shown to be important factors
in prior work that varied the lker length between the grafted amine and the silica

surface!!’ as comparedwith the small molecule grafted amines. Alongside the
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experimental approach, MD simulations were used to aid understanding the role of polymer

size, composition, and morphology inside the pores of MAIM

3.3.1 Synthetic Approach

The functionalization rae for all the MCM41 hybrid catalyst samples is presented in
Figure 31. Six hybrid catalyst samples were prepared, with five including polymers of
molecular weights ithe range of 14006000 g/mol and one a polymiee, molecularly
functionalized analogue. In these materials, amine sites are incorporated as phthalimide
protected primary benzylaminesNRhth), as discussed below. Initially, - 3
mercaptopropyltrimethoxysihe (MPTMS) is grafted to the support followed by t@né
6clickdé chemistry under wultraviolet (UV) 1i
2,2-dimethoxy-2-phenylacetophenon¢dDMPA) through a graftingo approach. This
process tethers one tie five random copolymers of posHco-NPhth or the NPhth
monomer to the support to create a family of six precatalysts. The phthalimide protecting
group on the amine is necessary for two reasons: (i) masking the primary amine during
ATRP to prevent uproductive coordination to the copper catalyst during the
polymerization and (ii) inhibiting initial strong hydrogen bonding coordination of the
amine to the support prior to polymer coupling and catalyst activation. The pefiygaer
analogue is created khiol-ene click chemistry between the NPhth monomer and the
support. This sample serves as a control to understand baseline performance with a
vinylbenzylaminederived catalyst in the aldol condensation without a polymer backbone
while still offering moreflexibility than that of previously studied aminopropyl! silarfes.

After either of these types of structures are tethered to the support, the activation

(berzylamine deprotection) procedure is performed. This is a simplestepetreatment
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with an aqueous solution of hydrazine (50 % aq.) to remove the phthalinode, gr
producing the free amine, as deployed previotIy>*This treatment generates the active
catalyst samples investigated in this walrk.addition to tlese samplesa sample was
prepared targetingitentional loss of cooperativityia passivating(capping)the weakly

acidicsurfacesilanols with hexamethydiszane (HMDS).

Br

o] Me Ph
\ O Me
SH SH SJ o
o 5 N
1400-16000 g/mol o
Ph
Si-OMe Si-OMe

/Si\*OMe /‘MO
MPTMS OH O O OH Z Br ' >
MCM-41 —— > I 1 4l x oy DMPA, 365 nm UV O OOH 00 OH
toluene, 80 °C
24 h poly(st-co-NPhth) DCM, rt., 24 h
10:90 OR 30:70 (NPhth:st) Ar (degassed
MCM-41-SH ( st) Ar (deg ) MCM41-SH-poly(st-co-NPhth)
hydrazine
DMPA, Y
365 nm UV hydrate (50% agq.)| THF/EtOH, r.t., 18 h

DCM, r.t., 24 h
Ar (degassed)

— ) Ph
NH, o MeMe
S s SH J
? hydrazine ?
Si /S'

i~-OMe hydrate (50% aq.)
v Rk Achand Sl AN
THF/EtOH, r.t., 18 h

MCM41-SH-NPhth MCM41-SH-NH, MCM41-SH-poly(st-co-NH,)

Figure 3.1. Functionalization route to prepare the MCM41 hybrid catalysts studied
in this work.

3.3.2 Conventional and SARATRP

styrene aRd4-

Prior the thiolene coupling, random copolymers of

vinylbenzyl)isandoline-1,3-dione are polymerized via ATRP in two different

compositions. Random copolymers of psly¢eneco-2-(4-vinylbenzyl)isoindolind,3
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dioné (later referred to as polsttco-NPhth) are desired at a range of molecular weights

at monomer molar copositions of 10:90 and 30:70 (NPhth:gtjgure B3 and Figure

B.4). Use of two separate copolymer compositions is hypothesized to impact morphology
and flexibility and is therefore included as a design variable. The dlefotionalized
bromcester ATRP irtiator essential for subsequent thérle addition used fex5-en-1-

yl 2-bromo-2-methylpropanoatés-eneBMP). Conventional ATRP is used for generation

of lower molecular weight polymers (6500 g/mol and under) while supplemental activator
and reducing age ATRP (SARAATRP) is used for the synthesis of the 16000 g/mol
structure. Kinetic polymerization data for the lower NPhth containing random copolymers

(10:90) are presented Figure 32. Kinetic data for the 30:70 composition are shown in

Figure B5.
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Figure 3.2. ATRP polymerization kinetics for NPhth and styrene at 100 °C and 10:90
monomer molar composition (NPhth:styrene). Frame A: both monomer conversions
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with time. Frame B: GPC traces at timepoints from 1Ii 7 h of polymerization. Frame
C: first -order kinetic plot. Frame D: Mn (GPC) vs monomer conversion (NMR) with
n on t fandaxis.g ht

Figure 32(a), shows the conversion of either NPhth or styrene mmre over the
course of the polymerization. Roughly equal conversion of each monomer is observed at
each data point indicating a statistical copolymerization between the two structures,
generating random copolymeisigure 32(b) contains gel permeation chromatography
(GPC) traces of timepoints from 1 to 7 hours. A shift from the right to the left is seen
indicating an evolution in molecular weight. Roughfst-order kinetics are observed, as
shown inFigure 32(c), with the consumption of the NPhth monomer. The data points
generally taper off at longdgimes, giving some indication of catalyst deactivation or
termination occurring®* Finally, Figure 32(d) presents the linearity between, \GPC)
and monomer conversion as measured via NMR in this conversion regime. Consistent low
dispersitiesif <1.2) are observed throughout all polymerizatidghgure B5 contains the
same information for the 30:70 polymerization; however, generally less control is observed
based on monomer conversion (frame A) and in the-dndér kinetic plot (frame C).
Ultimately, the kinetic data demonstrate the targeted synthésisseries of series of

molecular weights and polymer compositions.

Table 31 highlights all the polymer data for the structures used to generate the hybrid
catalsts in this study. Composition and molecular weight identity is found in the naming
of each sample, with 10:90 or 30:70 and 124AB000 g/mol. Entries 1 and 4 represent a
characteristidow molecular weight regime of around 1500 g/mol for both compaositio
Entries 2 and 4 are around 6300 g/mol for each, while entry 3 serves as an upper bound

molecular weight of 16000 g/mol for this study. It should also be noted that the entry 3
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polymer is synthesized via SARATRP. Figure B6 shows the GPC traces for the five

polymers used in this study.

Table 31. Poly(st-co-NPhth) synthesis data via ATRP (and SARAATRP) used in this
study

M | c M -
Ent Sampl e o8P om LR U0 e
(g/ mo (%) (g/ Mo (mirt
1 po's”‘?\'foh)glm:' 14001. 8 1700 36
2 po's”‘g\'lpoh)glm:' 61001. 35 6550 211
3 pO'S”zf\'GPOh())ﬂom  16001. - i 1201
4 pO'S””?\'GPOh)S?’m:' 16001. 7 1840 50
5 pOIS”Zg\'SPOh)S?’m:' 65001. 27 6400 360

Entries 12 with 10:90 (NPhth:st) composition: [st]:[NPhthE[5
eneBMP]:[CuBr]:[PMDETA] = 135:15:1:2:4. Entries-53 for the 30:70 (NPhth:st)
composition: 105:45:1:2:4. All using volume ratio of toluene to styrene of 2:1 at 160 °C.
Entry 3 was conducted ai SARAATRP conditions from a previous repéfit.
[st]:[NPhth]:[5-eneBMP]:[Cu(0)]:[CuBs]:[PMDETA] = 225:25:1:0.25:0.1:0.7 with a
volume ratio of toluene to styrene of 1:1 at 90 P@etermined from gel permeation
chromatography® Determined fromH-NMR using dodecane as an internal standard.
Value is percent conversion of each monorfi@alculated via %conv/100 X yphth X
M(NPhth) + rtx M(st)) + M(5eneBMP)

3.3.3 Material Synthesisrad Characterization

Once the six copolymer structures were synthesized,-¢hiole o6 cl i ck & cou|
accomplished between the surfapafted thiols and the olefin efgtoup on the polymer
chain in degassed dichloromethane (DCM). A free radicahtoitiDMPA and ultraviolet
light (365 nm) are both used to maximize the degree of couldlintj®The products of

these couplings are subsequently labelled as MCSH-poly(stco-NPhth. The
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remaining ratio and value reflect the composition of the copolymer and molecular weight,
as noted abovd.able 33 indicates the organic/inorganic hybrid nomenclature associated
with each polymer from its composition and molecular weight. Botphysisorption at

77 K and thermogravimetric analysis (TGA) are used to characterize the extent of
functionalization for all hybrid samples in this study. Raw physisorption isotherms for the
bare support, MCM45H, and all copolymer hybrid samples are pnésd inFigure B7.
Tabulated data of surface area, pore volume, and pore diameter are JiabteiB2. The
unfunctionalized MCM41 support (entry 1) exhibits high surface area and pore volume of
1215 nt/g and 0.82 crig, respectively, in agreement with our previous refdmfter
thiol-grafting (entry 2) the surface arerops to 1056 ffg and the surface area drops still
further after thiolene coupling with the polymers. Generally, there is an inverse
relationship between copolymer molecular weight and surface area of the resulting hybrids.
With higher molecular polymrewveight, higher surface areas are observed in comparison
with smaller copolymer analogues. With the 10:90 composition, 16000, 6100, and 1400
g/mol hybrid samples (entries6} see a sharp loss in surface area from 1010 to 807, and
624 nt/g respectively. fie same trend is seen with the 30:70 system (ent®swvith a

loss of 971 to 741 fg from 6500 and 1600 g/mol, respectively. A similar dodign pore
volume and pore diameter could also be linked to polymer molecular weight. These trends
are likely due to the inability of larger polymer structures to fit inside of the narrow (2.5
nm from MCM-41-SH) pores, thus resulting in higher residual pore volumes and surface
areas. These trends are in agreement with a previous study that resulted in the same
condusion!®3 A relatively high surface area and pore volume is retained with the coupling

of the polymeifree hybrid structure (entry 3) at 92P/mand 0.47 ciig, indicating the
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significant loss in porosity for the other sales is due to the presence of the polymer
backbone. The same textural values normalized per gram efc&iCbe found iMable

B.1

Table 32. Textural properties of the bare and functionalized materials produced in
this study

BET surf Pore v
Ent Sampl e Jere ¢

(M g) ( c’mg) ( nm)

1 MC M 1 1215 0. 82 2. 8

2 MC M4 IS H 1056 0. 614 2.5

3 MCM43HNPHht h 921 0. 47 2.5
MCM4fdo s NP h)t t

4 10 19400 O 624 0. 32 2.0
MCM4do ¢ NP h)t |

5 1 0 69100 0 807 0.45 2. 2
MCM4fdo sy NP h)t t

6 10 19600 0 0 1010 0.63 2.6
MCM4do ¢ NP h)t |

7 30 17600 O 741 0. 42 2.1
MCM4fdo sy NP h)t t

8 30 67500 0 971 0.514 2.5

Determined through physisorption of Bt 77 K.

In addition to nitrogen physisorption, thermogravimetric analysis (TGA) is performed
on the samples to study to total organic matter of the modified matdfigiste
3.3showcases the TGA buwoff curves for the bare and functionalized materials. A steady
decrease in mass for the bare M@W support is seen at high temperatures due to loss in
surface hydroxygroups Table 33, entry 1). A 3.7% loss over the range of 20000 °C
is noted for the mercaptopropgtafted MCM41 (subtracted from the bare silica loss over
the sane range, entry 2). This corresponds to a thiol loading of 0.41 mmol/g. After the
thiol-ene coupling, the phthalimide protected polymer hybrids exhibit total mass losses in

the range of 9 20%. It is apparent that there is an inverse relationship witk loss and
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molecular weight, consistent with the previous remarks regarding surface area. Grafting
to approaches to link polymers to substrates generally offer low polymer loadings,
especially with higher molecular weight polymét3.1® The same trend is seen in this

system.

For the 1400 and 1600 hybrids of 10:90 and 30:70 composition, theshiglass losses
are observed to be 19.2 and 13.3%, respectively (entries 4 and 7). With the 6100 and 6500
g/mol systems, a decrease to 13.0 and 9.3%, respectively (entries 5 and 8), is observed and
a noticeable drop in polymer loading is observed with1®016000 g/mol sample, to
10.0% (entry 8). Generally, higher polymer loadings are achieved in the 10:90 composition
compared to the 30:70 case. The polyfnee material contains a relatively high organic
content at 11.1% (entry 3). In addition to thewes shown irFigure 33, additional TGA
data are given ifrigure B8 andFigure B9 for the phthalimide deprotected and silanol
capped HMDS structures. A reduction in mass loss over the same range is attributed to the
absence of the bulky phthalimide group, resulting from conversion of the hybrids from
MCM41-SH-poly(stco-NPhth to MCM41-SH-poly(st-co-NH,). For the MCM41SH-
poly(st-co-NPhth-10:906106HMDS material (synthesis detailed Figure B10), there
is an increase in mass loss in this winddw2 8% compared to that of the HME&e
hybrid. This corresponds to a loading of passivated hydroxyl groups (trimethylsilyl) of 0.31
mmol/g. More detailed chemical and physical information for this sample is giverbia

B.2.
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Figure 3.3. Thermogravimetric curves from 150 i 700 °C for the bare and
functionalized thiol and phthalimide protected polymer hybrid samples produced in
this study. Data gathered at a heating rate of 20 °C/min

To determine carbon, nitrogen, hydrogen, and sulfur content for the- thiol
functionalized, and polymeroupled hybrid samples, combustion elemental analysis (EA)
is performed. Sulfur mass content @%3) and results in a thiol loading of 0.41 mmol/g
prior to thiolene coupling. This value is in close agreement with the loading estimated
from TGA. Understanding the amine loading for each sample is of critical importance for
the setup of the batch kinet experiments discussed later. The results of the elemental

analyses echo those from the TGA angNysisorption results. A drop in nitrogen loading
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with increasing polymer molecular weight is observed, indicating lower polymer loadings
at increasing pgimer sizes. The highest N content values found are for the-1a@D
g/mol and 30:74L600 g/mol samples at 0.34 and 0.26 mmol/g, respectively. The lowest
value of 0.09 mmol/g is observed for the 16000 g/mol hybrid material. The pefyagpser

MCM41-SH-NPhthsample also possesses a high N loading of 0.26 mmol/g.

Table 33. Chemical properties of the hybrid materials

Pol yme N Mas s

Ent Sampl e NP ht
p [ (g/?no|(mmot1 ( %)

1 MC M4 1 - . : 2.5
2 MC M43 H - - R
3 MCM43HNPht h - - 0.2¢ 11.1
g MOMAROEEOIEN 10:.¢ 1400 o0.3. 19.2
5 MOMAHOBE PN 10.¢ 6100 0.1 13.0
g MOMAROBLONPME 10:¢ 16000 0.0¢ 10.0
- MCM“éﬂoo_i;%O%\'g’h)* 30:7 1600 0.2¢ 13.3
8 MCM“;}'dOO__'SgSO%\'gh){ 30:7 6500 0.1: 9.3

aDetermined from gel permeation chromatography using and refractive index detector and
narrow poly(styrene) for referenceDetermined from combustion elemental analysis.
Determined from thermogravimetric analysis from a temperature range -Gi0BOTC br

the MCM-41 and MCM41SH materials and from 300700 °C for all others.

Another technique to confirm phthalimide deprotection after aqueous hydrazine
treatment is Fourietransform infrared spectroscopy (FTIR)gure 34 (full spectraFigure
B.11) shows the absorbance spectra for the bare MMupport, free polgéco-NPhth)
10:90 copolymer at 6100 g/mol, and the associated protected and deprotected hybrid made

with this polymer. A specific indication of the presence or absence of the phthalimide
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protection group is obtained via the C=0 stretching frequency at 1720Fapire 34(A)
shows a narrow window of the spectra from 1300 to 1808, &uar the unfunctionalized
support, there are no indications of detectible chemical functigmalihis range. For the
unsupported polgt-co-NPhth)-10:906100 structure, a strong absorbance in the C=0
stretching region at 1720 chis observed. For the hybrid samples, prior to deprotection,
the same peak is observed, followed by a loss of thid b#ar activation via hydrazine
treatment. The weak signals from 13DB00 cm' are consistent with the poly(styrene)
backbone, being indicative of mowsabstituted phenyl ring$’ The sharp signal at 700
cm?tis for CH and CHrocking in the polymer backbone and is seen in the hybrid samples
and copolymer irFigure 34(B). As an additional note, FTIR did not detect the axef
grafted thiols for the MCM11-SH sample; therefore, EA, TGA, and physisorption are

the major techniques used for this characterization.
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Figure 34. Fourier-transform infrared spectra of the bare MCM-41 support, bare
phthalimide protected copolymer (6100 g/mol, 10:90 composition), and both the
protected and deprotected MCM41SH 6100 g/mol hybrid (10:90). Frame A is from
130071 1800 cm1 while frame B shows the full 60G 2000 cm1 spectrum.

Solid-stae !H-3C crosspolarization magicangle spinning (CRMAS) NMR
experiments were also performed on the MCANgH, MCM41-SH-NPhth, and MCM44

SH-NH> materials to confirm the success of the tf@pk reaction as well as the
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phthalimide deprotectionF{gure 35). The peaks at 9, 26, and 50 ppm mirror those of
previowsly reported 3mercaptopropyltrimethoxysilangrafted silica with one (on
average) remaining methyl (alkoxy) grot¥p.After thiol-ene addition of NPhth, a number

of new peaks are observed. THev signals at 28 and 35 ppm result from newg @idups,

most likely from the vinyl and benzylic carbons from the NPhth structure. The most notable
new signals are at 130 and 170 ppm. These result from the higklyjielded aromatic
carbons from the phghand phthalimide rings as well as the amide carbonyl carbon,
respectively. After deprotection, a loss in the 170 ppm signal of the amide carbon as well
as a thinner aromatic peak at 130 ppm are observed. This gives strong indication of the

removal of therotecting group resulting in the active amine species required for catalysis.
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Figure 35. Solid-state 'H-3C crosspolarization magic-angle spinning NMR spectra
of the MCM41-SH, MCM41-SH-NPhth, and MCM41-SH-NH2 materials.
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3.3.4 Organic/lnorganic Hybrid Catalyst Testing

After hybrid synthesis and activation, batch kinetics for the aldol condenshipme
B.12) of 4-nitrobenzaldehyde with acetone are measured. Two separate products are
expected, as illustrated Figure B12 as the aldol) and dehydrated?} products. With
each reaction, the catalyst loading is site normalized by Lewis base content to probe the
impact of structural differences in each hybrid catalyst associated with polymer molecular
weight and composition. Conditions used are 10 mol%, Bl mM 4NB in aceéone and
acetonitrile (1:1 v/v) and 60 °C, similar to a previous sttffynitial rates of the reaction
and site normalized turnover frequencies (TOFs) are calculated in the initial, short time,
low-conversion regime, typically within the first 0.5 h. Site normalized kinetic$hi®
conversion of 4NB using these dual aciobhse MCM41 polymer hybrid catalysts are
given in Figure 3.6. Additionally, the control reactions using MCM&H, phthalinide
protected hybrid sample (MCM43H-poly(stco-NPhtR-10:966100), and HMDS

capped MCM41SH-poly(stco-NPhth-10:906100HMDS are shown ifrigure B13.
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Figure 3.6. Kinetic profiles of the main six amino functionalized samples investigated
in this study. The error bars were calculated from 3 separate runs. Conversion of 4
NB is determined from*H NMR using 1,4dimethoxybenzene as an irernal standard.

Experimentally, with both the thiol and phthalimide protected materials, no catalytic
activity is observed over the course of the entire profile due to a lack of nucleophilic amine
sites Figure B13). With the sixNH> hybrid systems, three regimes of activity are noted.

The activity of the samples with the lowest polymer molecular weights (1400 and 1600
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g/mol) of 10:90 and 30:70 is nearly identicall showing the highest activity. These
samples are followed by the MCM&H-NH. and 6100 and 6500 g/mol systems, all at
similar reaction rates. The worst performing hybrid catalyst is the high molecular weight
MCM41-SH-poly(st-co-NH2)-10:90-16000 catalgt. With the HMDS passivated material,

a significant loss in activity (~50% less conversion in 5 hours) is observed in comparison
with the unpassivated sample (MCM43H-poly(stco-NH2)-10:906100). Figure 37
visually compares the quantitative differences in TOF and initial rate with molecular
weight of the polymers inside the hybrid samples. Generally, there is no difference in
selectivity towards either produtbr 2 in any of these systems, with product compositions

ranging from 4566% dehydrated produc)(for all runs.
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Figure 3.7. Hybrid catalyst efficacy comparison plot showing difference in TOF (site
normalized by Lewis base) and initial rate (per batch kinetics run) at different
polymer molecular weights and compositions. The data points at a molecular weight
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of zero represent ttat of the polymerfree hybrid in the case of thethiole ne o6 cl i c k e c

monomer (MCM41-SH-NH2).

As mentioned before, the catalyst giving the slowest reaction rate is the material with
the highest molecular weight polymer, MCM&H-poly(st-co-NH,)-10:90-16000. It
yields the lowest TOF of 3.4 10 s. TOFs of the 6100 and 6500 (10:90 and 30:70)
hybrid samples show significant improvement at 10.7 andXL00¥ s, respectively. The
lowest molecular weight hybrids of 1400 and 1600 g/mol (10:90 and )3QivVe the
highest activity of 12.5 and 12x410* s?, respectively. Interestingly, the polyrieee
catalyst, MCM41SH-NHo, rivals the performance of both the 6100 and 6500 systems, with
a TOF of 9.9x 10* s®. (The initial rates, from which TOFs arerived, echo this trend
with values from 6 24 mM/h). The grouping of data points at around 1500 and 6300
g/mol for both sets of compositions indicates that polymer chain composition plays little
to no role in the overall efficacy and cooperativity insthesystems. Instead, molecular
weight seems to be the governing variable in activity. When capping the surface silanol
groups with HMDS, the TOF of MCM4$H-poly(stco-NH2)-10:906100 drops by 50 %
from 10.7 to 5.3x 10* s¥. When comparing this drop ta previous report using
aminopropy! grafted amines at 50 °C, a 70% reduction in TOF was obs$érvhd.
relatively higher TOF in the HMDS passivated sample in this work is perhaps due to a low
loading of 0.31 mmol/g TMS groups or because HMDS does not convert the residual thiol
groups to their corresponding trimethiyls-protected product. Regardless, the significant
drop in activity supports the importance of surface hydroxyl groups for the duddasad
cooperative mechanism (illustrated with MCM8H-NH: in Figure B14). The values for

the TOF and initial rates for all hybrid catalysts can be fourichbie B3.

3.3.5 Molecular Dynamics
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Atomistic computational modekse prepared to investigate tphaysicaldistributions
of polymer chains, reactant moleculesNB), and solvent molecules in the pore of
MCM41. According to the experimental conditiongjo model systems composed of
polymerchains poly$tco-NH.) consisting ofa primary amineattached styrene unit and
styreneare builtwith a predetermined mixing ratio of 10:90 in two different molar masses
(1400 g/mol and 6100 g/mol). Polymer chains where the amine is converted to an enamine
with acetoneare also built (polygt-co-NHCsHs)) to investigate the effect of the reaction
intermediate on the molecular arrangement in the oféCM41 .84 The structue of
MCM41 is prepared according to the work by Uglieetjaf*°to have a dimension of 70.3
A x 40.6 A x 105.4 A with a diametef ~30 A, where the axial direction of the pore was
set along the-axis. Next, six short polgéco-NHz) (1,400 g/mol)chains and two long
poly(stco-NH) (6,100 g/mol)chainsare covalently anchored in the pore of MCM41 as
shown inFigure 38(a). the former is MCM44poly(st-co-NH.)-10:901400 (MCM41SP;
SP = shosrpolymer) and the latter is MCM4oly(st-co-NH,)-10:906100 (MCMA4ZLLP,
LP = longer polymer). The rest of the spacethe poreis filled with solvent molecules
(acetone: MeCN =1:1 v/v) usinthe Monte Carlo method. Once the systemrs
constructed, molecular dynamics (MD) simulatioaee performed to obtain the
equilibrium state of polgt-co-NHy) in the presence of-MB and solvent molecules, and
subsequentlyhe next MD simulationsreperformed after replacindNH2 by -NHC3Hs in
the equilibrated MCM4poly(st-co-NH2)-10:901400 and MCM4dpoly(st-co-NHy)-

10:906100 systems.

In the MD simulations, therare two reation step fot the reaction between tlagine

group and acetonduring enamine formatignand the reaction betweehe -NHC3Hs
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enaminegroup and 4ANB molecule according to the catalytic mechanistic pathw#y.
Although it is not inteded tomodel chemical reactions in classical MD simulations,
investigation of the molecular arrangements between reactive entities in MD simulations
using pair correlation analysisuseful Even though the frequency of molecular collision
cannot fullydetermine the effective reaction rate becauseecessaryeaction threshold
energy various reaction energetics, the molecular configurations enhancing the diffusivity
and proximity are the preeminent factors for the chemical reacliois. can provide
information on the efficacy of the desirédhnsformation Computational models are
illustrated in Figure 38(b) for the MCM4ZXpoly(stco-NH2)-10:901400 and MCM441
poly(stco-NH2)-10:906100, respectively. Fronkigure 38(a) andFigure 38(b), it is

found that polymer chains with different molecular weights produce different
configurations in the porérhe short polymer chain in MCM4doly(st-co-NH,)-10:90

1400) interactswith silica surfacein a relatively unrestricted motion, while the long
polymer chain in MCM44poly(st-co-NH2)-10:906100 occupies significant portion of

the inner pore space with restricted chain mobility. The distribution of solvent molecules
(hidden inFigure 38 for visualization purposes) in the peref MCM41 depends on their
binding energies to the silica surface. Since acetone has stronger binding es@@y (
kcal/mol) on the MCM41 pore in comparison to MeCi22(2 kcal/mol), the acetone
molecules adsorb on the MCM41 surface more favordhfyure B1(d) shows the pair
correlation for surface silanols and solvent molecules, confirming that acetone molecules
have greater correlation with silanol groups at ~ 3.5 domparison to MeCN molecules.

Therefore, the diffusivities of the solvent molecules present large differ@nsown in
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Figure 38(c), supporting theconclusion that MeCN has a greater diffusivity than the

acetone in the pores of MCM41.

On the other hand, it is clearly demonstratedrigure 38(c) that MeCN and «NB
molecules have greater diffusivitiestile MCM41-poly(st-co-NH.)-10:90-1400 system in
comparison to MCM4Doly(stco-NH)-10:906100, which is apparently because the
molecular mobilities of MeCN andMB are significantly restricted by the congested pores
due to the long polymer chains. Therefore, it is presumed that the higher molecular mobility
of 4-NB in the presence dhe short polymer chain would provide more favorable

environment focatalytic cooperativity

MCM41-LP ()

X ﬁé:&“& SR
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Figure 38. Typical structure of (a) MCM-41-SP and (b) MCM-41-LP for
visualization (red indicates one polymer chain); (c) measquare displacement of
solvents (acetone and ACN) and reactant {MIB), which demonstrates that the
molecular diffusion is greater in the presence of short polymer chains (SP) due to the
lesser mobility of long polymer (LP), and that acetone has much lesserotility due

to its stronger interaction with MCM -41.

For further investigation of molecular configuratioresying with polymer molecular
weight, we analyzed the pair correlations of the molecules involvée reaction.Figure

3.9(a) andFigure 39(b) show the pair correlation between aminBlH>) and silanol
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groups, and between the intermediatHCsHs) and 4NB, respectively. Boththe
MCM41-poly(st-co-NH2)-10:901400 and MCM43poly(stco-NH2)-10:906100 systems

in Figure 39(a) show similar distributioafor the pair correlation faheamine and silanol

pair at ~ 1.5 A. Considerintye higher distribution of acetone molecules near the MCM41
pore surface, both short and long polymsinsuld provide similar probability for the
enamine formation reaction. However, the pair correlation for the intermeddt€{Hs)

and 4NB in the succssive reaction step shows noticeaflyrefavorable formation in the
MCM41-poly(st-co-NH2)-10:901400 system. On the other hand, it should be noted in
Figure 39(c) that the strong interaction ¢iie amine with siland restricts the interaction

of 4-NB with the silanol group at ~ 1.8 Aregardless of the polymer molecular weight.
However, once the pginer supported amines are converted toeth@mineintermediate
(-NHCsHs), Figure 39(d) shavs that 4NB molecules can more readily access the silanol
groups in the MCM49poly(st-co-NH2)-10:90-1400 ¢NHC3Hs) system since this tethered
polymer has a far greater degree of unrestricted motion. The possibility of this occurring
in the MCM4ZXpoly(stco-NH2)-10:966100 ¢NHC3Hs) system is much lower due to the
bulky congested polymer structure possessing a reduced degree of flexibility. This is
mainly because the low mobility tfelong polymer chain does not allanuch change in
molecular arrangement in the MCM41 patteus irhibiting 4-NB from accessing silanol

groups.

Therefore, fromtheseMD simulations for MCM41poly(stco-NH2)-10:901400 and
MCM41-poly(st-co-NH2)-10:906100, it is understoodthat MCM4ZXpoly(stco-NHy)-
10:901400 can facilitate the aldol condensati@aation better via greater molecular

mobility of the reactant /NB and the polymer chainThe longer polymer chain in
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MCM41-poly(st-co-NH2)-10:906100 suppresseseactant mobilities in the pores of
MCM41. The 30:70 composition polymease omitted from ths study since the activity
of the organic/inorganic hybrid structures was primarily dominated by molecular weight.
Also, the 16,000 g/mol hybrid structure was also omitted due to complexity with these

computational methodand such large polymer chains
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Figure 3.9. Pair Correlation Analysis for the (a) amine ¢NH2)-silanol pair, (b)
intermediate (-NHC3H5)-reactant molecule(4NB) pair, (c) 4-NB-silanol pair in the
presence of poly(sto-NH2) and (d) 4NB-silanol pair in the presence of poly(stco-
NHC3H5).

To access further kinetic information, one of the highest performing hybrid catalysts
(MCM41-SH-poly(st-co-NH)-10:903-1400) is run at 50 and 70 °C. Calculating the TOF

allows comparison with related literature works that focused on reactions using 10 mol%

amine at 50 °C. In this work, a TOF of &1.0* sis calculated foMCM41-SH-poly(st-
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c0-NH2)-10:901400 at the same conditions, similar to another work focused on
aminopropylgrafted MCM41 (8.3x 10“s?) and slightly above the rate of a grafted amine
with SBA-15 support (7. 10* s1) in a separate work: 18 The apparent activation
energy (B app and a preexponential factor (4yp are calculated from anrfkenius plot
(Figure B15). The Eappand Awpp are calculated to be 29.6 kJ/mol and 1:8%0° s,
respectively. The &ppvalue here is less than a related system using grafted aminosilanes
in MCM-41 (40.1 kJ/mol) and the pexponential is also lower (9.3810° s1).182 Since

the B appis lower in theMCM41-SH-poly(st-co-NH>)-10:901400 system, this indicates
theenergy barrier required for this reaction is lower with this material. However, since the
TOF values are nearly identical, this implies these catalysts display the similar levels of
efficacy in the aldol condensation. Differences in thepfand Aepp values likely result

from the temperature ranges where they were gatheretd(30 this work, 455 °C from

the previous work?).

3.4 Conclusion

To conclude, thichapterdevelops a bifunctional acidbse polymehybrid catalyst
system for the ppose of catalyzing the aldol condensation through a cooperative
mechanism. A Lewis base bearing copolymer in conjunction with weakly acidic silanol
groups is investigated through modification of material properties. Phthalimide removal
renders a polymerupported Lewis basic benzylamine capable of cooperativity with
MCM-41 silanol groups. Batch kinetics are used as means to understand difference in
hybrid as a result of differences in material properties. MCMNMHINH, is also
synthesized and used as a pofrfree analogueMD simulation methods are used to

understand the differences in polymer morphology with 1400 and 6100 g/mol structures
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inside the pores of MCM41 and it is determined reactant diffusivities suffer in larger

molecular weight systems as a result of polymduced pore congestion.

Polymer molecular weight (1400 16000 g/mol) and composition (10:90 or 30:70
NPhth:styremr) is varied to uncover effects associated with chain flexibility, conformation,
and ultimately cooperativity. ATRP kinetics enabled the targeted synthesis of a range of
molecular weight and composition with all low polydispersities (<1.2). These polangers
covalently tethered to the MCMIL mesoporous support via an oletfimol linkage. Their
textural properties are determined through nitrogen physisorption and surface areas in the
range of 600 1000 nt/g. TGA was used to confirm the presence and cowfgmolymer
chains in the support as well as confirm the deprotection/removal of the Lewis base
protecting group. FTIR and GAS NMR spectra were also used to support the
phthalimide deprotection through loss and C=0 stretching (1720 anu carbonyl @ak
(170 ppm). Aminenormalized kinetics (10 mol%) were used to compearid catalysts
and those with the lowest molecular weights (1400 and 1600 of 10:90 and 30:70) were
found to possess the TOFE2(5and 12.4 x 10* s1). Interestingly, these two céyats
outperformed the MCM4BH-NH> polymerfree hybrid suggesting a greater activity is
endowed using a polymer supported Lewis base in comparison with a short propyl chain.
Between the 10:90 and 30:70 structure types in the 1500 and 6300 g/mol regeres, t
does not seem to be any impact on hybrid activity resulting from varied copolymer
composition. Silanol capping using HMDS also supported the influence of these weak
Bransted acids as cooperative partners usinyti®41-SH-poly(st-co-NH)-10:906100

system. From performing an Arrhenius analysis for tN&CM41-SH-poly(st-co-NH2)-
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10:90-1400 system from 5070 °C, B appand AsppWere found to b29.6 kJ/mol and 1.85

x 10 s, respectively

The largest molecular weight systerW|CM41-SH-poly(stco-NH2)-10:9016000
offered very low initial rates and TOFs in comparison with the other hybrids. In a previous
work, pore confinement and congestion of larger molecular weight polymers inside the
MCM-41 mesopores also could result in limited catalyst acdbfysiand potentially
cooperativity in this systed?® In this work, instead of poor catalyst accessibility within
polymeric domains, issues arise from reduction in reactant diffusivity due to larger
molecular weight polymers creating mass transport issues. Ultimately, shorter polymer
chains possess more degs of unrestricted motion compared to their larger analogues.
This allows for greater diffusivity of reactant molecules inside the pores thus allowing for
a more efficacious environment for cooperativity between the pofgopgrorted amines
and silanolsThis work attempts to inform future systems into how cooperativity between
polymer and support can be more effectively achieved. This work is the first report showing
cooperativity using polymer supported amines and surface hydroxyl groups for the aldol

condensation.
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CHAPTER 4. DESIGN OF A BIFUNCTIONAL TEMPO -
TERTIARY AMINE MESOPOROUS SILICA CATALYST FOR
THE THREE -STEP CASCADE SYNTHESIS OF A CHROMENE

DERIVATIVE

Chapter 4 and Appendix C are adapted fromaiteeptednanuscript Reproduced from

Ref.J. W. ClevelandN. Ronaghi C. W. Jones, Molecular Catalg

4.1 Introduction

During the last several decades, lle¢erogenizationf molecular catalysts has become
a prominent topic in the field of supported catalysis. The ability to usedeftied and
understood organ@nd organometallic catalysts and tether them to a support has motivated
an array of studies into use of flow eshistry, catalyst recycle, or new mechanistic
understanding of catalysts’ 156 200. 20lexamples include supported organocatalysts such
as sulfonic acids for esterificatiof; 2°® L-proline and vinylamine for aldol and
Knoevenagel condensatiotis?®4 2% as well adN-heterocyclic carbenes (NHC) for ring
opening polymerization€® Others focus on suppodePd, Cu, and Zr complexes for
hydrogenationg®”  ethylene  polymerizatioff®  2°°  atomtransfer  radical
polymerizationg1® Mizoroki-Heck reations?*! or related SuzukMiyaura couplings, as
exampleg!? In addition to applicatioiased studies, fundamental works inwadyvthese
materials have aided the understanding of the role of catalikage and the support
during catalysis. This has been particularly important in determining whether a supported

catalyst serves as a true catalyst orqaalyst® ® Additional questionsriclude whether

88



cooperative or other types of support effects can engage with reactants that offer improved
product selectivity and/or yiefd? 213 Many types of materia have been shown to be
effective at supporting these catalysts, however the most used materials are porous oxides

and polymers? 1°¢

As a result of these works, this field has enabled and fostered the development of
multicatalytic heterogeneous materiats feaction cascadés.*®" 2*4Cascade reactions
are those where multiple synthetic transformations occur in a single reaction vessel without
isolation of intermediates. These procedures often require tandem catalysis or processes
that reqire more than one type of catalyst to access a desired product. The development
of catalyst tethering strategies learned from decades of research on supported molecular
catalysis is critically important when binding two or more active sites to a singbersup
material. In some instances, synthesis strategies have been adapted to support multiple and
often incompatible catalysts on a single support material such asbasies’> % 103 192
215 oxidizing-reducing>! and sensitive organometallic catalysts for cascadeioaacé: 13
The above works have been motivated both by fundamental, material or catalgst desi
challenges, as well as by practical considerations. For instance, economic benefits
associated with these cascades may include reduced solvent requirements Hfigpsyork
purifications, and the target chemical reactions. As a result of not isolatangadiates

in a reaction sequence, time and energy can also be 8éved.

The field of cascade reactions with multicatalytic materials has most fridgbeen
focused on proebf-concept works studying synthesis strategies for supporting catalysts,
including occasionally systems with incompatibilitiddany published reports focus on

the acidbase deacetalizatienoevenagel condensation or deacetéibrahydrogenation
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of benzaldehyde dimethylacetal as model syst@nfy recently have reaction sequences
with more than two steps been explored using multifunctional heterogeneous catalysts.
Examples from thAsefaandYanggroups have extended the wetiidied deacetalization
Knoevenagel/aldol sequences of benzaldehyde dimethylacetal by reducing ttieuBle

bond in benzylidenemalononitrile aitrovinylbenzeneo their respective hydrogenated
products using multicatalytic mesoporous silica and@aaerials®® 2" 2¥additionally,

Weck and coworkers have introduced additional complexity with a shell-lon&es
micelle nanoreactor for a thrasgep sequence pursuing hydrolysiglrogenatioracylation

enantioselective tandem cataly®is.

Also recently, several publications have shown materials and sequences where the final
cascade product possesses applicability or interest outsidegbromficept purposes. In
2012, MartinezSilvestre et al. reported the thrstep synthesis ofjuinoxalines from
biomassderived glycols using supported gold nanoparti¢t®siu and coworkers also
reported a biomass upgrading methodology using dual Lewis (Sn and ABransted
acidic zeolites for the productiondshoxymethylfufural as a potential biofifé?.Another
detailedwork investigated the sourcing cbumarin3-carboxylate derivativelsom benzyl
alcohol using a bifunctional enzymatibemocatalytic systei’ Coumarinand chromene
derivatives have been widely studied for their interesting biological activities as anticancer,
antimalarial, antinflammatory, and antimicrobial properties and are being proposed as
possible therapeuticd¥??* This class of structures can serve as an interesting target for
cascade reactions, especially in the caseeazo[gEhromene3-carbonitrile derivatives,
as they can be easily constructed from commodity chemicals such as beydmldeh

malononitrile, and various other Michael addition donor compounds.
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In this chapter we sought to expand the development of multicatalytic materials for
threestep tandem procedures with a focus on producing valuable chemicals. As an
example, the commodity chemida¢nzyl alcohollong with malononitrile and lawsone
(2-hydroxy-1,4-naphth@uinong is converted to 2-amino5,10dioxo-4-phenyt5,10
dihydro-4H-benzo[g]chromen&-carbonitrie (chromene)lhrough athreestep cascade
reactionwith a single multicatalytic mesoporous sillRECM41-type material This work
advances from previous stedi by performing a thregtep procedure to synthesize
chromene derivatives in three distinct intermolecular reactions in comparison to prior
work®” usng two inter and one intramolecular step in a solely chemocatalytic fashion.
The sequence involves an oxidation of benzyl alcohol followed by ast®y base
catalyzed Knoevenagel condensation followed by Michael addition. Active sites used for
this pracedure make use ofsaipported TEMPO g,2,6,6tetramethylpiperidirl-yl)oxyl)

andN,N-dimethylpropylamine catalysts grafted to mesoporous silica.

4.2 Experimental Section

4.2.1 Materials

The chemicals tetraethyl orthosilicate (TEOS) (99%, Sigma AldricjN,N-
dimethylaminopropyjtrimethoxysilane (DMeAPTMS) (98%, Gelest), (3-
aminopropyltriethoxysilane(APTES) (99% Sigma Aldrich), dodecane (99%, Sigma
Aldrich),  malononitrile (99%, Sigma Aldrich)ekadecyltrimethylammonium bromide
(CTAB) (>98%, Sigma Aldrich), sodium hydroxide pellets (>98%, Sigma Aldri(33),
mercaptopropyl)trimethoxysilan€MPTMS) (95%, Sigma Aldrich), ydrochloric acid

(37%, Sigma Aldrich)2,2,6,6tetramethyl4-piperidyl methacrylate(TMPMA) (>98%,
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TCI), benzaldehyde (>99%, Sigma Aldrichpdsum tungstate dihydrat®9.9%, Sigma
Aldrich), hydrogen peroxide solutio60 wt%, Signa Aldrich), benzyl alcohol (99%,
Sigma Aldrich), 2-hydroxy-1,4-naphthoquinone(lawsone) (97%, Sigma Aldrich),
potassium bromide (99.5%, Sigma Aldrickgdium hypochlorite solutio(L0-15%, Sigma
Aldrich), sodium bicarbonat€>99.7%, Sigma Aldrich), anacetonitrile £99.5% Sigma
Aldrich) were purchased from their respective vendors and used as received. The bulk
solvents methanol (>99.8%), acetone (>99%), toluene (99.5%), and DCM (>99.5%) were

obtained from VWR Chemicals BDH and used as received.

4.2.2 Analytical Tools andinstrumentation

Kinetic data were gathered using a Bruker AV3 HD 700 MHz nuclear magnetic resonance
spectrometer equipped with a 24 position autosampler and cryoprobe. Conversions were
determined using dodecane as an internal standard. ¢rotieepoint, a 16 scaii NMR
spectrum were obtained. Phasing, axis, and baseline corrections were performed in all
spectra before analysigimepoints were analyzedithin 2 h of acquiringdue to

degradation/decomposition occurringDiMSO-de.

Nitrogen physisorption experiments were performed usimdi@omeritics Tristar via
physisorption of Nat77 K. Activation prior to analysis was accomplished on all samples
via heating to 110 °C for 8 h under vacuum. Pore volume was calculate®fRom 0.0

1 1.0. BET surface area, pore volume, pore diameter were calculated from the Microactive

software package.

For organic burroff experiments, a TA Instruments Discovery 550 thermogravimetric

analyzer was used. Weight loss and derivative weight curges ngcorded from ambient
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temperature to 700 °C at a ramp rate of 20 °C/min. Weight loss was normalized for each
sample from 100 °C and higher. Organic contents were calculated from the loss in-the 150

700 °C range. Nitrogen was used as the purge gaset af 100 mL/min.

Elemental analyses were performed by Atlantic Microlab in Norcross, Ge@bgd (
Atlantic Blvd Suite M, Norcross, GA 30071 Carbon, hydrogen, nitrogen, and sulfur

content were determined.

Powders were analyzed usinghimadzu Pregje 21Fouriertransform infrared (FTIR)
spectrometer via diffuseeflectance. Spectra were recorded usiifigigk light scattering

from 6007 4000 cm* with a resolution of 8 cthand 128 scans.

Imaging of the functionalized and bare silica nanopartiekes conducted usingHitachi

SUB010scanning electron microscope. A 3.0 kV operating voltage used.

13C CPMAS NMR experiment was conducted using Bruker Avance Il 400 MHz
spectrometer with 9.5 T widsore magnet. The frequencies8€ and'H were tuned

before acquisition ¥00.61 MHzfor *C and 400.13 MHz fotH), and the peaks were
calibrated referenced to adamantane. Dried powder sample was packed into 4 mm zirconia
rotor, which was then subject to MAS at 10 kHz rate. Power density was optimized prior

to the measurement and set to 44 W. The pul

for dwell time, and 4 s for pulse delay, with 4096 scans.

4.2.3 Synthesi#rocedures folAll MCM-41 Catalysts

Synthesis of MCM41DMeAPSCTAB: First, 2.0 g of CTAB was dissolved in 480 mL

of DI water in a 1 L round bottom flask with a magnetic stir bar along with 7 mL of a 2.0
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M NaOH (aq) solution at 80 °C. Next, a mixture of 0.550 mL of DMeAPTMS and 10 mL
of TEOS was quickly added. The mixturesvallowed to stir for 2 h. Afterwards, the
mixture was hofiltered and rinsed with 2 L of DI water. The resulting solid was dried
overnight in an oven at 110 °C. The analogous matevi@d41-CTAB and MCM41

APS-CTAB were synthesized through the same meéth

Synthesis of MCM4IDMeAPS CTAB-SH: After adding 2.0 g oMCM41-DMeAPS
CTAB to a 100 mL round bottom flask with a stir bar, 100 mL of toluene was added.
Ultrasonication was performed for roughly 30 min to disperse the mixture then 0.4 mL of
MPTMS was added. The mixture was stirred for 24 h at 100 °C. Afterwards, the resulting
suspension was washed via centrifugitegantingredispersing in acetone 3 times. The
solid was then dried at 110 °C overnight in an oven. The analdgéh441-CTAB-SH

materialwas synthesized using the same method.

Synthesis of MCM4IDMeAPSSH: First, 1.0 g oMCM41-DMeAPSSH was added
to a 100 mL round bottom flask with stir bar. Then 25 mL of MeOH and 0.5 mL of stock
37% HCI (aq) was added. The mixture was stirred at@Q@or 24 h. Afterwards, the
material was washed vieentrifugingdecantingredispersing with 30 mL of a 0.5 M
N a H Cdolution twice (to deprotonate the amines of DMeAPS), 30 mL of DI water twice,
and 30 mL of acetone 3 times. The solid was dried overimgan oven at 110 °C. The
materialsMCM41-SH, MCM41-APS, MCM41DMeAPS, and MCM41 were prepared
using the same method; however, the H C €tep was omitted for the amifiee

materials.
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Synthesis of MCM4IDMeAPSSH-TEMPO: Thiol-ene addition was caed out via
the following procedure. TEMPOMA (25 mg) was added to a 20 mL vial along with 250
mg of MCM41-DMeAPS SH and purged with Ar for 5 min. Additionally, oxygen was
removed from DCM via sparging at a rate of 3 bubbles/second for 20 minutes using Ar.
After sparging, 10 mL of degassed DCM was transferred to thpuAyed vial and
sonicated for 5 min. The vial was added to the ultraviolet (UV) photochemical reactor and
stirred under 365 nm UV light for 12 h at room temperature. Afterwards, the solidahate
was washed via centrifugirdecantingredispersing in acetone 3 times. The resulting solid
was dried under vacuum at room temperature for MEBM41-SH-TEMPO was
synthesized using the same procedure. The TEMPO functionalized samples were stored in

therefrigerator when not in use.

4.2.4 One,Two, andThree Sep CatalystTestingProcedures

Batch kinetics for the base catalyzed Knoevenagel condengatitinhael addition
cascade or the TEMPO catalyzed oxidation were studied via the following procedure. For
the Knoevenagél Michael cascade, 0.5 mL of MeCN (with 50 mM of dodecane as an
interral standard) was added to a 4 mL vial equipped with a magnetic stir bar. Afterwards,
a predetermined amount of catalyst was added corresponding to 5 mol% amine. Next, 4
equiv. of malononitrile and 2 equiv. of lawsone were added followed by 0.1 mmol of
benaldehyde to start the reaction. For the TEMPO catalyzed oxidation, 0.5 mL MeCN,
0.5 equiv KBr, and 3 equiv of NaOCI (i%b%) aqueous solution were added to a 4 mL
vial equipped with a stir bar along with the catalyst corresponding to 1 mol% TEMPO

groups. Aterwards, 0.1 mmol of benzyl alcohol was added to start the reaction. The vials
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were added to a stir plate at room temperature stirring at 12000 rpm. A similar approach was
used with the aforementioned quantities for the fudit€d cascade. Conversionsrave
monitored viatH NMR spectroscopy (in DMS@6) after an axis calibration, phasing, and
baseline corrections. The peaks monitored for conversion calculations are as follows:
benzyl alcohol = 5.22 ppm, benzaldehyde = 10.0 ppm, benzylidene malononigrie =
ppm, 2aminochromené” = 4.62 ppm. Conversions were determined using dodecane as

an internal standarat 0.86 ppm.

4.3 Results and Discussion

4.3.1 SyntheticApproach forthe Bifunctional MCM41DMeAPSSHTEMPOCatalyst

The main goal for this system was to engineer a multicatalytic system containing grafted
aminosilanes and covalently tethered TEMPO catalysts for the purposes e$tépree
cascade catalysis. The synthetic procedure adopted is similar to that efoaipreport
by Lin and researchers in 2011 where thiols (oxidized to sulfonic acids) and propylamines
were used for the twstep deacetalization Knoevenagel condensation casciielhis
synthetic approach allows for convenient production of mesoporous silica-MOMth
multiple precatalytic functionalities using econdensation seajel chemistry followed by
secondary grafting antthiol-e ne &écl i ckd coupling bet ween
functionalization route for the synthesis of the multicatalytic material MCBINIEAPS
SHTEMPO is shown ifrigure 41. One main bifunctional catalyst was synthesized along
with MCM41-SH-TEMPO, MCM41DMeAPS and several other materials used for control
experiments. Initially, cwondensation 08-(N,N-dimethylaminopropyl)trimethoxysilane

(DMeAPTMS) is performed under basionditions with CTAB to produce surfactant pore
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blocked MCM41 with tethered dimethylpropylamines in the pores and on the external
surface (MCM41DMeAPSCTAB). Secondary grafting of MPTMS at 100 °C in toluene
for 24 h renders MCM4DMeAPSCTAB-SH with propythiol groups predominantly
bound to the external surfat®¥ Removal of CTAB from the pores is accomplished via
well-known low tempeature acidic extraction procedures using a mixture of 37% HCI in
methanol at 60 °C overnight, rendering MCMBMeAPSSH. Washing afterward with

an aqueous solution of sodium bicarbonate was necessary for deprotonating the quaternary

CTAB-blocked pores CTAB-blocked pores

CTAB, TEOS,
NaOH, H,0 k” - on OH MPTMS k/‘r}l/ O OH
on N

ammonium species.

DMeAPTMS

toluene, N

80 °C,2h OH ~
100°C, 24 h
M
N— OH N~ OH
/ 7 HS
MCM41-DMeAPS-CTAB SH

MCM41-DMeAPS-CTAB-SH

SH
HS \ | S\/kwo
N )\,(o HS™ N 0 N
OH o QA OH o)
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_HCI (aq), MeOH 0 ) 365 nm UV light kﬁ - OH OH
OH -N OH -
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. HS N~

OH
SH S
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MCM41-DMeAPS-SH obo

MCM41-DMeAPS-SH-TEMPO

Figure 4.1. Synthetic route for the bifunctional MCM41-DMeAPS-SH-TEMPO
catalyst
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For synthesizing a tetherable TEMPO cataly&t2,6,6tetramethyi4-piperidyl
methacrylate (TMPMA) is oxidized to the corresponding nitroxidedi@al species
(TEMPOMA) using NaWO4-2H.0 as a catalyst and:8. (50 wt%) in methanol at 60 °C
for 24 h Figure C1).2%° For the final step, the olefin from the methacrylate portion of
TEMPOMA is covalently tethered to MCM4RMeAPSSH using thiolene &6 cl i ¢ k¢
chemistry in degassed DCM under ultraviolet (UV) 365 light at 22 °C for 12 h. An
analogous DMeAP$&ee MCM41SH-TEMPO material was synthesized for comparison
purposes using the same method without the use of DMeAPTMS. The MDM4APS
monofunctional material was produced via surfactant extraction prioPIoM& grafting.
MCM41-APS was also synthesized usingaamdensation of TEOS with APTES followed
by acidic extraction. The resulting materials were characterized using a slate of tools such
as thermogravimetric analysis (TGA), Fousieansform infrared smgroscopy (FTIR), N
physisorption, combustion elemental analysis (EA), and scanning electron microscopy

(SEM).

4.3.2 Material Synthesis andCharacterization

Mass loss curves from TGA buoif experiments can be found Figure 42 for the
bare and amine functionalized samples to quantitatively compare the organic content of
each material. Mass loss values are givehahble 41. Physical and chemical data for the
bare and amino modified materill€M41-DMeAPSCTAB and MCM41DMeAPS
CTAB-SH show the largest mass loss, resulting from large amounts of CTAB filling the
pores (entries 2 and 3) (>40%). After acid extraction a significant tiedua mass loss
from 1506700 °C is evident for the MCM4DMeAPS, MCM41APS, and MCM41

DMeAPSSH materials (entries 4, 6, and 7) 28%). A 1.3% increase in mass loss in
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MCM41-DMeAPSSH-TEMPO compared to MCM4DMeAPSSH can be attributed to

the presencef@ EMPOMA after the thiclene addition (entries 4 and 5). For comparison
purposes, DMeAP&ee MCM4LXCTAB was acid extracted using the same procedure and

a mass loss of 8.8% was found over the same range (entry 1). This is likely due to trace
amounts of CAB that were unable to be removed from the mesopores using this method.
Due to this, mass losses greater than 8.8% for the surfactiaatted materials is
attributed to additional organic content such as grafted thiols and amines. TGA curves for
MCM41-SH-TEMPO and related materials are showhigure C2. These materials show
similar results compared to their DMeAPS analogues. Mass loss values frerdA.8G

and residal mass at 700 °C for all samples are givemdble C1. Ultimately, the TGA
experiments confirm the addition or subtraction of organic species in the materials such
amines, thiols, and TEMPO groups over the course of the chemical synthesis of these

hybrid materials, as well as successful CTAB extraction.

MCM41-DMeAPS \\
== MCM41-DMeAPS-SH
T ——
MCM41-APS
50 4 MCM41-DMeAPS-SH-TEMPO
= MCM41-DMeAPS-CTAB-SH

40 J— MCM41-DMeAPS-CTAB
100 150 200 250 300 350 400 450 500 550 600 650 700
Temperature (°C)

Figure 42. TGA mass loss curves from 10000 °C for the bare and amine
functionalized samples
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FTIR spectroscopy was used to confirm chemical functionalities present with the
MCM41 hybrid materialskigure 43 shows spectra for the bare MCM41 and all DMeAPS
functionalized samples, as well as neat TEMPOMA. In frame A, thesCidsor bending
signal can be observed at 1475 cfor both MCM4:DMeAPSCTAB and MCM4%t
DMeAPSCTAB-SH at nearly the same intensity, assigned primarily to methylene groups
in CTAB. With the bare MCM41 sample, this same peak can also be found at a significantly
reduced intensity, giving additional indication of the residual CTé&Baining in the pores
after extraction. Further evidence of CTAB can be also found at 2920 and 285@itim
asymmetric and symmetric Gldtretching bands, respectively, for both CTAB pfilfed
samples as well as bare MCM#®.Throughout the rest of the MCM41 spectruno,
further chemical functionality is evident. When plotting the spectrum for neat TEMPOMA
with MCM41-DMeAPSSHTEMPO, a sharp peak associated with C=0 stretching is seen
at 1710 crit, corresponding to the methacrylate ester functional group. Other signals
associated with TEMPOMA are observed between 1350 to 1430 &ull spectral data
from 6003600 cm' for these samples are givenRigure C3. Overall, the FTIR sptra
confirm the coupling of TEMPOMA groups to the graftéébl groups on the outer surface

of the particles as well as the neamplete extraction of CTAB from the pores.
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s MICM41 = MICM41-DMeAPS-CTAB
s MCM41-DMeAPS-CTAB-SH === MCM41-DMeAPS-SH
s MCM41-DMeAPS-SH-TEMPQ === TEMPOMA
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Figure 43. FTIR spectra of the MCM41-DMeAPS samples Frame A shows a lower
window in the range of 10062000 cm!. Frame B showshe wavenumberregion from
20003600 cm.

Figure 44 shows the nitrogen physisorption isotherms at 77 K for the bare and amine
functionalized materials. Qualitatively, the CTAB pdnecked samples show the lowest
degree of porosity with the Isauptake of nitrogertable 41 details the textural properties

of the materials, such as BET surface areas and pore volumes. The MIWEHPS

CTAB and MCM41DMeAPSCTAB-SH materials both maintain low specific surface
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areas of 19.5 and 17.%fy respectively. Pore volumes for both samples are also extremely
low, at ~0.05 crilg for each sample. The maximum available surface area and pore volume
attained with the acidic ¢vaction conditions are those of the bare MCM41 support at 1025
m?/g and 0.74 ciilg. This implies that less than 7% of the available pore volume is free of
CTAB for both the pordlocked samples, suggesting that CTAB effectively blocks the
pores. Both thenonofunctional materials, MCM4DMeAPS and MCM44APS, show
similar pore volumes at around 0.45%grbut different surface areas of 510 and 86&m
respectively. Interestingly, we can see a slight increase in both surface area and pore
volume when comparg before and after the thiehe addition of TEMPO in MCM41
DMeAPSSH to MCM41DMeAPSSH-TEMPO, going from 765 &g and 0.4 criig to

854 nf/g and0.54cm?/g. This is likely due to some remaining CTAB being removed from
the pores during TEMPOMAddition with these materials. Surface areas and pore volumes
normalized per goz are given inTable C2. Isotherms for the DMeAR8ee materials are

shown inFigure C4.

600 7—s— MCM41 —4— MCM41-DMeAPS-SH-TEMPO
550 J— Mcmat-aps —e— MCM41-DMeAPS

]—e— MCM41-DMeAPS-SH —v— MCM41-DMeAPS-CTAB-SH
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Figure 4.4. Nitrogen physisorption isotherms at 77 K for the amine functionalized
materials
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Combustion elemental analysis (EA) wesed to compliment TGA analysis in tracking
the stepwise synthesis of these multifunctional materials. Nitrogen and sulfur content are
given inTable 41. Physical and chemical data for the bare and amino modified materials
The full EA dataset is shown ifiable C3 andTable C4 for carbon, hydrogen, nitrogen,
and sulfur content for all the studied samples in both weight percent, mmol/g and
mmol/gsio2. As noted before, residual CTAB in the extracted MCM41 sample results in a
nitrogen contenbf 0.24% for this sample. After extraction in the amine functionalized
samples, the N content drops to 1.0% or less (<0.7 mmol/g) from greater than 2% (>1.4
mmol/g). When calculating the amine loading in the MCNDMIeAPS and MCM44APS
samples prior to calytic runs, the remaining 0.24% CTAB (0.19 mmol &g was
accounted for, resulting in amine loadings less than that of the N content measured by EA.
This was done by normalizing pesig@ and finding the difference in loading, then
converting back to gr gotas Using the residual mass calculated from TGAakle C1). A
similar approach was used to determine the amine and TEMPO loadings, separately, for
MCM41-DMeAPSSHTEMPO. TEMPO Iloading in MCM4BHTEMPO was
determined from N content. The resulting active site loadings for monofunctional and
bifunctional materials are given ihable C5. TGA analysisof 1.3 % mass loss for
MCM41-DMeAPSSH-TEMPO compared to MCM4DMeAPSSH suggests a TEMPO
loading of0.05mmol/g This represents a lower bound compared with the aforementioned
calculations, which result in a loading estimate of 0.1lohignHowever, as a consequence
of trace amounts of CTAB extracting from the pores during #m& addition (see
discussion above), the TGA and EA loading could both be an underestimation of the actual

TEMPO content.
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SEM imaging was performed on thCM41-DMeAPSCTAB, MCM41-DMeAPS
CTAB-SH, MCM41-DMeAPSSH, and MCM41DMeAPS SHTEMPO materials and the
images are shown iRigure C5. All particles are peamwghaped with a pore length of
around 500 nm and particle width of 200 nm. There is no discernible difference in the

particles as a function of the material synthesgugnce.

Table 41. Physical and chemical data for the bare and amino modified materials

BET su Pore vVN conS corMass

Ent o Sample .\ e% 80 (cm§) (wt® o (wt® (%)
8 .

1 MCM4 1 1025 0.74 0. 214 - 8
MC M4-1

2 DMe AT AL 19. 5 0.04. 2. 2E¢ - 4 3.
MC M4-1

3 DMe AT A-E 18. 0 0.04¢ 2.07 1.5 41.

SH

MC M4-1 5

4 DMe A S35 765 0.40 0.87 2.0¢ 16.
MC M4-1

5 DMe AR H 854 0. 54 1.01 1.7¢ 17.
TEMPO

6 MCM4DMe A 510 0. 44 0.91 - 13.

7 MCM4APS 865 0. 46 0. 972 - 17.

2Determined from the BET method via physisorption efail 77 K.” Determined from
combustion elemental analysietermined from TGA from 12300 °C.

4.3.3 One andTwo-Step Catalytic Activities

After material synthesis and characterization, reaction kinetics were obtained from
batch reactions targeting standalone or sequences of rea€iigm® 45 details the full
threestep cascade and elementary reactions for the synthesis of chrér(faeninc
5,10dioxo-4-phenyts,10-dihydro-4H-benzo[g]chromen&-carbonitrie) from benzyl
alcohol 1. A co-catalyst potassium bromide and the stoichiometric oxidaium

hypochlorite were used for the oxidation of benzyl alcohol and are similar to those of a
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previous report involving supported TEMPO catalysts (reactiof~A3’ The oxidation
product benzaldehyd2is converted to benzylidenemalononitr@evia a base catalyzed
Knoevenagel condensation using malononitrile in reaction B. This product is then
converted to chromenkusing a base catalyzed Michael addition with lawsone in reaction
C, with the full cacade shown as reaction E. Catalyst loadings used in all oxidations,
Knoevenagel condensatiénMichael addition, or the full tandem sequence are 1 mol%
TEMPO and/or 5 mol% DMeAPS or APS with tloadings determined from EA ble

C5). A limited solvent screen was conducted and acetonitrile was chosen as the most
suitable solvent, consistent with a previous refditlsing DMSO as a solvent resulted in

no oxidation conversion (re@n A), while both water and DMF led to significant amounts

of biproducts formed during the Knoevenagel condensiitistichael addition (reaction

D). A moderate reactant concentration of 0.2 M was used, as reducing this any resulted in

severely limited rees during reaction C.

E. TEMPO oxidation -
Knoevenagel condensation -
Michael addition [O]-base-base cascade

o B. DMeAPS (0]
A. TEMPO Knoevenagel cn  C DMeAPS o, NH
©/\OH _oxidation H condensation m Michael addition ) 2
—_—
NC/\CN CN lawsone CN
1 o Ph

2 3
v 4
D. Knoevenagel condensation - Michael addition base-base cascade
Figure 45. Three-step reaction cascade for the synthesis (chromene 4) from benzyl
alcohol (reaction E). Elementary oxidation reaction A, Knoevenagel condensation B,
and Michael addition C. Dual-base catalyzed sequence D for the Knoevenagel

Michael addition cascade.

The TEMPO functionalized materials were initially assessed during reaction A and

amine functionalized materials with reaction sequence D, separately. Finally, both
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MCM41-DMeAPSSH-TEMPO and MCM41SHTEMPO were compared with the full,
threestep reaction E sequence. First, MCV8#TEMPO and MCM41DMeAPS SH-
TEMPO were compared during oxidation reaction A using 1 mol% TEMR§ie C6).

Both TEMPOmodified materials achieve greater than 90% conversion to benzaldehyde in
30 minutes. The bare support MCM41 was also tested at the same conditions to record
background conversion with KBr and souti hypochlorite and a yield of roughly 50% was
achieved in 60 minutes. Interestingly when using the same conditions and homogeneous
TEMPO with homogeneous DMeAPTMS, a significant amount of -oxatation to
benzoic acid was observed, whereas this washs#reed using the TEMR@thered and

bare MCM41 supports.

For the base catalyzed Knoevenagel condensation and Michael addition, sequence D
was investigated extensively with the MCMBMeAPS, MCM41APS, MCM4%t
DMeAPSSHTEMPO, and bare MCM41 materialsssessing the role of amine basicity
can be elucidated for both reactions when comparing the tertiary dimethylpropylamine
(DMeAPS) versus the primary propylamine (APS) grafted materials. In addition to amine
type, reaction satp procedures simultaneouyersus sequential reagent additiomere
studied. Simultaneous (method 1), means the reagents for both reactions, malononitrile and
lawsone, were added at time zero versus sequential (method 2), whereas means that
lawsone was added after the majority bknzaldehyde2 was converted to
benzylidenemalononitril8, for sequence D, 2 h after the start of the reactayure 46
highlights the major differences in the pedcral method with the sequence D with
MCM41-DMeAPS as the catalyst. In method 1, the rate of consumption of benzaldehyde

is significantly lower than method 2, with a maximum conversion of 80% in 24 h, while
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method 2 requires just over 1 h for the samevewmion of benzaldehyde. This is also
reflected with the overall yield of chrome#f&or method lat 64% while method two grants

>95% in 26 h.

Figure C7 presents the same experiments at 5 mol% primary amine (M&W&) for
method 1 and 2 in sequence D. These reactions, in comparison to MOWEAPS, result
in lower rates and yields for both methods, indicating the primary amine is less suitable
than the értiary amine for this sequence, with 50% and 80% conversion of benzaldehyde
in 26 h for methods 1 and 2, respectively. Primary propylamines have been studied
extensively for their cooperative catalytic activity with silica supports for aldol and
Knoevenagl condensations with enhanced performance owing to their dual heide
catalyzed mechanism, which includes an enamine or imimtermediate structure formed
with amines and ketones or aldehyd¥s'®For Knoevenagel condensatrelectronic
activation of benzaldehyde or other aldehyde acceptor compounds via hydrogen bonding
with surface silanols is credited for faster kinetics than without the supdpo?In
addition to hydrogen bonding, some works credit success in primary -aeaneg
systems to imine formation with benzaldehyde which then undergo nucleophilic attack
from deprotonated malononitrile or other donor compodfftid?® Higher rates for the
DMeAPS versus APS catalysts may also be due to more effective deprotonation of
malononitrile with the more Bnsted basidertiary amine. Since the tertiary DMeAPS
system cannot form imines, this suggests electronic activation of benzaldehyde with
terminal silanols or malononitrile deprotonation may be -gateerning for the
Knoevenagel condensation under these conditiohss,Tthe imine intermediate route

seems less likely in these systems. For Michael additions specifically, secondary or tertiary



grafted amines have been shown to yield higher rates than their less basic primary
analogues’® 22% 20as for sequence D in general, the Michael addition is much slower
than the Knoevenagel condensation, thus the most effegtstem results from the most
effective catalyst for the Michael addition. Sequence D was run using both reagent addition
methods, with bare MCM41 showing nearly no background conversion of benzaldehyde
(Figure C8). MCM41-DMeAPSSH-TEMPO was also screened in sequence D with

method two and the results were similar to those of MCRIMEAPS Figure C9).

Benzaldehyde conversion kinetics for method 1 and 2 in sequence D are compared in
Figure C10 for MCM41-DMeAPS, MCM41APS, and MCM41-DMeAPSSH-TEMPO.
The initial turnover frequency of the amine sites and the initial rate of reaction are tabulated
in Table C6 for all three catalysts using bottlrogedures, following specifically the
conversion of benzaldehyd&OR values were calculated in the short time and low
conversion regime, typically 0.25 h after the addition of benzaldelymenethod 1,
DMeAPS and APS catalysts show T@#lues of 15x 10* and 7x 10* s while for
method two, values of 14810* and 87x 10 st were calculated, respectively. Similarly,
the initial rates for the same reactions with method 1 were 54 and 26 mM/h while for
method two, values of 515 and 314 mMWare observed, respectively. The nearlyfdld
increase in TO§and initial rates shows the clear advantages of method 2 over method 1
and this method was adopted for the full thseep tandem reaction later discussed below.
MCM41-DMeAPSSH-TEMPO also sbws a TOFk similar with the monofunctional

materials at 113 10* s (with 405 mM/h).
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Figure 4.6. Kinetics for the Knoevenagel condensationMichael addition sequence D
using MCM41-DMeAPS. Frame A data represents rathod 1. Frame B corresponds
to sequential addition of lawsone (method 2) with the dashed line indicating when
lawsone is added to the reaction (t = 2 h). Timepoints are monitored withH-NMR
spectroscopy using DMS@d6 and dodecane as an internal standard.

These large differences between method 1 and 2 are rationalized by unproductive
adsorption of lawsone to the DMeAPS (or APS) catalyst or to the silica surface, more
generally. The pKa difference between the acidic hydroxyl in lawsone NaNe
dimethylpropylamines 6 (lawsone = 4, amine = 10). A difference if 4Bongly favors
amine protonation, with these adidse interactions transiently poisoning the catalyst, thus
resulting is significantly reduced rat&8.Many works report lawsone adsorption and

extraction with solid materials involving alkali metal ions and surfactants. Success in these



systems is usually enabled by acidase interactions between acidic lawsone and the basic
adsorbents. The result of contagth organic moieties such as amines inside the pores of
these materials could lead to similar outcoRié<>3Anotherbiproduct that could result

in lower Michael addition yields and rategpossible thiaMichael addition formation with
lawsone and residual thiol¥* Figure 47-A shows the reaction kinetics for the formation

of chromene4 using both reagent addition methods with MCMARS, MCM41
DMeAPS, and MCM44DMeAPSSHTEMPO functionalized catalysts. As noted before,
method 2 gives higher rates and yields, with even MGIMRS$ using method 2 marginally
out-performing MCM41DMeAPS using method 1. The most effective materials,
MCM41-DMeAPS and MCM41DMeAPSSH-TEMPO, result in chromene yields of 98
and 95% in 24 h, respectivellgigure 47-B shows the FTIR spectra of fresh and spent
MCM41-DMeAPSSH-TEMPO along with neat lawsone. After the reaction, MCM41
DMeAPSSHTEMPO was washed with an excess of acetonitrile several times and dried,
resulting in a dark orange soliligure C11). From FTIR analysis, there are several new
signals from 1450 to 1750 cmThese correspond to ketone C=0 groups associated with
strongly adsorbed lawsone that are likely oesible for basic site poisoning, and explain
why simultaneous reagent addition results in low rates and yields of chr@mé@he
collected data are consistent with method 2 offering higher rates due to the Knoevenagel
condensation reaction being neaymplete before the much slower Michael addition was
initiated. Method 1 can also offer a high yield of chroménsing MCM41DMeAPS;
however, it requires a reaction time in excess of 2 days (91% vyield in 48 h). Ultimately, the
addition of lawsone signifantly slows both base catalyzed reactidfigure C12 shows

the spectrum for aofid-state'H-3C crosspolarizationmagicangle spinning (CRMAS)
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NMR experiment withgent MCM41DMeAPS from reaction D. Signals at 10.3, 19.4, and

61.3 ppm correspond to methylene carbon atoms from the propyl chain of DMeAPS while

the sharp peak at 43.9 ppm results from the two methyl groups. These data m&tch the

NMR spectrum of DMeAPWIS i grafted SBAL5 in a previous repott® The addition of

the weak signal at 134.9 ppm is consistent with aromatic carbon atoms, which are possibly

from physically adsorbed lawsone and the intense peak at 1.1 ppm is associated with

residual solvent (acetonitrile).
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Figure 4.7. Frame A: kinetics for the conversion of benzylidenemalonatrile 3 to
chromene 4 during reaction D with amino functionalized MCM41 samples. The
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dashed line at t = 2 h indicates when lawsone is added to the reaction for runs
corresponding with method 2. Frame B: FTIR spectra of the spent and fresh MCM41
DMeAPS-SH-TEMPO catalysts and lawsone.Timepoints are monitored with H-
NMR spectroscopy using DMSGd6 and dodecane as an internal standard.

4.3.4 ThreeSepCatalytic Activity

For the full threestep sequence E, the oxidation reaction was run until completion due
to the incompatibilities of basic NaOCI and acidic malononit(fegure 48). When
attempting to run reaction E by adding all reagents and the multifunctional catalyst before
adding benzyl alcohol to initiate the reaction, zero percent conversion of benzyl alcohol to
benzaldehyde was achieved over 2 hours. A similar approacettmd 2 was applied that
involved adding malononitrile after >95% oxidation conversion and then lawsone after
nearly 80% Knoevenagel condensation conversion of benzaldehyde to
benzylidenemalononitrile. This allowed for over 80% conversion to chromenethn
When comparing this with MCM48$HTEMPO in sequence B-igure C13), complete
conversion of benzyl alcohol was still achieved in the same time as the bifuhctiona
catalyst. A moderate background conversion of benzaldehyde to benzylidenemalononitrile
was observed (60%), as well as to chromene, with around 39% conversion also in 26 h.
The background conversions for both base catalyzed reactions are higher isdhdsea
to the presence of ~0.15 mL of water from the 10% NaOCI solution that is required for the
oxidation reaction. However, these data support the necessity of DMeAPS for higher

conversion to chromene 4.

112



benzyl alcohol
benzaldehyde
benzylidenemalononitrile
chromene

00 25 50 75 100 125 150 175 20.0 225 25.0
Time (h)

Figure 4.8. Full three-step reaction E sequence using MCM4DMeAPS-SH-TEMPO.
Vertical dashed lines indicate when malononitrile is added (t = 1 h) and lawsone is
added (t = 3 h) to the reaction mixture.Timepoints are monitored with *H-NMR
spectroscopy using DMS@d6 anddodecane as an internal standard.

4.4 Conclusion

In summary, thishapterdemonstrates a synthetic approach to fabricating a bifunctional
mesoporous MCMI1 silica with tertiary amines and TEMPO oxidation sites capable of
catalyzing a threstep, one pot eaction cascade. @mwndensation of TEOS and
DMeAPTMS followed by secondary grafting of MPTMS and TEMPOMA okfiiol
tethering using thieene chemistry resulted in a convenient synthetic approach to prepare
a porous multicatalytic material. The matefedilitates the use of commodity chemicals
such as benzyl alcohol or benzaldehyde to form valuable chemicals such as coumarin or
chromene derivatives. The threep procedure outlined here allowed for the efficient

conversion of benzyl alcohol to chroneshin 80% yield in 26 h.

An array of characterization techniques, including FTIRphysisorption, EA, TGA,

SEM, was used to follow the creation of the multifunctional material, while estimating
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surface concentrations of important functional grahps act as active sites in the reaction
cascades described above. FTIR elucidated the newly formed signal at 1210 cm
corresponding to the tethered TEMPOMA catalyst. EA and TGA data confirmed the
presence of additional organic content such as aminethatsl as well as quantitative
determination of catalyst loadings. physisorption confirmed the presence of significant
mesoporosity in the bifunctional MCM4AMeAPSSH-TEMPO catalyst, which had a

surface area @54 nv/g.

The dual base catalyzedhBevenagel condensation Michael addition reaction sequence
was run using 5 mol% amine catalyst in two modesmultaneous or a delayed addition
of lawsone after most of benzylidenemalononitrile was formed. The simultaneous method
resulted in significantlyower turnover frequencies, rates, and chromene yigkis (0%
s?, 6499 using MCM41DMeAPS as the catalyst. Sequential addition of lawsone resulted
in a much faster MCM4DMeAPS turnover frequencies, rates, and a much higher
chromene yield{43x 10*s?, >95% in the same time frame. This-1@ld increase in rate
is attributed to unfavorable adsorption of lawsone to the surface tethered amines-via acid
base interactions. It was found that the tertiary amine (DMeAPS) outperformed the primary

amine (AR5) material under either method 1 or 2 with higher J@td chromene yields.
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CHAPTER 5. SUMMARY AND FUTURE DIRECTIONS

Chapter summaries are adapted ftbeir corresponding published and submitted works:

Ref. J. W. Cleveland, D. R. Kumar, J. Cho, S. S. daagC. W. Jones, Catal. Sci. Technol.,
2021, 11, 1311. DOI: 10.1039/D0CY01988G with permission from the Royal Society of
Chemistry.Ref. J. W. Cleveland, J. Choi, R. Sekiya, J. Cho, H. J. Moon, S. S. Jang, and,
C. W. Jones, submittedvef. J. W. ClevelandN. Ronaghi, C. W. Jones, Molecular

Catalysisaccepted

5.1 Thesis Summary

5.1.1 Chapter2

This chapterhighlights the design and synthesis of bifunctional mesoporous silicate
polymer composite dual aclthse supported cascade catalysts. Compartmentaiizitio
the two incompatible active sites is sought by segregating acid sites on the silica surface,
and base sites within polymer chains and/or polymer domains. The ability to isolate and
segregate active sites via control of the mesoporous silica poansip®lymer molecular
weight is probed with silica samples functionalized by a grattingrocess. Supplemental
activator and reducing agent (SARA) atom transfer radical polymerization is used to
synthesize random copolymers containing protected primaipes. Thiole ne o6 cl i ¢ k
chemistry facilitates silica functionalization via a convergent approach with the ene
functionalized polymer end group and siligeafted thiols forming SBA/MCMSH-
poly(styreneco-2-(4-vinylbenzyl)isoindolinel,3-dione). Polymer daotection and thiol

oxidation produces primary amine / sulfonic acid containing composite catalysts. With the
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polymer supported Lewis base and silica grafted Bregnsted acid, thestdpo
deacetalization Knoevenagel condensation cascade is explored esaske ability of

these polymer/silica hybrids to segregate active sites, allowing both acid and base site
accessibility. Six composite catalysts are synthesized and tested in individual and cascade
reactions with kinetic results demonstrating that lometecular weight SBAL5-P1 and
MCM-41-P1 catalysts outperform (higher turnover frequencies and initial rates) their
higher molecular weight analogues, as well as a polreersystem containing molecular
active sites dispersed on the silica surface. efigholecular weight composite catalysts
perform more poorly due to limited chain solubility, mass transfer limitations, and poor
catalyst accessibility. In many cases, the polymer chains effectively thread into the
mesopores, with higher molecular weigbtymers leading to pore blockage and inhibited

mass transfer.

5.1.2 Chapter 3

Catalysts containing active sites with cooperating acids and bases play significant roles
in living systems and have become increasingly prominent in synthetic analogues. Aldol
condensations, which typically proceed quickest in the presence of both acid and base sites,
are commonly used probe reactions to assess the efficacy of bifunctionddaseid
cooperative catalysts. Catalysts based on swgpafted molecular amines andthedr
silanols or grafted carboxylic partners are examples of known, effective, cooperative
catalysts. Thighapterexplores the efficacy of silica/organic hybrid catalysts where the
organic component is built from linear aminopolymers appended to tha siigport
within the support mesopores. Specifically, the role of molecular weight and polymer chain

composition using aminkearing ATRPsynthesized copolymers poly(styreoe2-(4-
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vinylbenzyl)isoindolinel,3-dione) is probed in the aldol condensation df
nitrobenzaldehyde and acetone. The weakly Brgnsted acidic partners are the native
hydroxyl groups present inside the pores of mesoporous silica MICMControlled
polymerization produces protected amamntaining poly(styrene) chains of controlled
molealar weight and dispersity, a graftig thiol-ene coupling approach followed by a
phthalimide deprotection step is used to covalently tether and activate the polymer hybrid
catalysts prior to the catalytic reactions. Sitemalized batch kinetics areassto assess

the role of polymer molecular weight and chain composition on the cooperative catalysis.
Lower molecular weight copolymers are demonstrated to be more active than catalysts
built from only molecular organic components or from higher moleautaght chains.
Molecular dynamics simulations are used to probe the role of polymer flexibility and
morphology, whereby it is determined that higher molecular weight hybrid structures result
in congested pores that inhibit active site cooperativity andithusivity of reagents, thus

resulting in lower rates during the reaction.

5.1.3 Chapter 4

A key challenge is design of materials and processes whereby competing reagents or
conditions do not harm the mufttep sequence, thus allowing for more efficemmical
synthesis with elimination of worldp and separation steps. In thisapter a threestep
reaction cascade is performed using a porous bifunctional dimethylpropy{aiEie O-

MCM41 catalyst, converting the commodity chemicals benzyl alcohol, ®odiu
hypochlorite, and malononitrile to a biologically active ar#ncer, and antnalarial 2
aminachromene derivative. The cascade first utilizes a TEMBtalyzed oxidation of

benzyl alcohol to benzaldehyde with NaOCI as the terminal oxidant. Thisawéallby a
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two-step, dual base catalyzed Knoevenagel condensation with malononitrile followed by a
Michael addition with lawsone. Optimal conditions converting benzyl alcohehtoi@o
5,10dioxo-4-phenyts,10-dihydro-4H-benzo[g]chromen&-carbonitrile  indude  the
delayed addition of malononitrile and lawsone during the thtege reaction sequence,
which results in a -aminachromene yield of over 80%. This importance of stepwise
reagent addition is rationalized due to the unfavorable adsorption of lasidiane on the
surfacegrafted base catalyst. Tertiary Brgnsted base sites of dimethylpropylamine
outperform the more Lewis basic primary propylamine functionalized catalyst. This
chapteroutlines a simple and effective method for generating mesoporoesiaigtvith

two types of active sites via -@mndensation and thi@ne coupling procedures.

5.2 Future Research Directions

5.2.1 Core-MultishellMesoporousSlica Nanoparticles fotCascadeCatalysis

Recently, researche&have enabled the synthesis of a dotdblelled mesoporous silica
nanoparticle catalyst for incompatible cascade catalysi®® Using poly(styrene)
nanoparticle templates allowed for the secondary grow of a silica shell around the spheres
prior to sphere removal via calcinationcémporation of strong acids was achieved via
tetrahedral aluminum Heounterions and propylaminosilanes werecoadensed into the
outer silica shell. A followup study could focus on immobilization of multiple catalysts in
perhaps two or more silica shetnd the role shell and catalyst ordering effects internal
mass transport rates. With a tstep cascade, it would be an interesting endeavor from a

fundamental chemical engineering assessmeninvestigate whether placement of
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catalysts required for tHest reaction step on the internal or external sh#ctsoverall

cascadeatalysis rates

5.2.2 PolymerBrushi Zeolite Architectures foiCascadeCatalysis

Zeolites are microporous crystalline aluminosilicates with inherent acidity when ion
exchangedwith ammonium and calcined. Their use in industry is already extremely
prominent due to their rigid stability, strongdsted acidity, and sieving propertfés.

Their inherent acidic activity could be coupled with polymer support catalysts to create
cascade catalysts for many different sequential transformations. Their rigid framiewor
combination with large molecular weight bulky polymers could serve as an excellent
platform to compartmentalize incompatible molecular catalysts. The use of more polar
acrylates, methacrylates, and acrylamides backbones could enable multifuncsteraksy
for cascades in more polar solvents to attempt to circumvent solubility issues regarding

large molecular weights.

Polymer supported organocatalysts such gxrdline, benzylamine, TEMPO, and
DMAPS have beempreviously studied and can be used as possible candiéa@ick
reactions such as the copper catalyzed aaiikigne cycloaddition or either strain or free
radical promoted thieéne additions coulte used as methods to tether polymer chain
ends to the zeolite support via a graftiogapproach. Surfagaitiated polymer structures
could also be attempted using reversible additiagmentation chautransfer (RAFT)
polymerizations. Using ATRP wouleesult in poisoned acid catalysts due to the use of

basic amines as the catalyst species during the polymerization. The creation of multiple



polymer blocks could add additional polymer supported catalysts and thus longer cascades

thus could be revolutiongato this field of cascade reactions using heterogenous catalysts.

5.2.3 CooperativityUsingPolymerBrushi Slica Materials

Copolymers supporting weakiol Brgnsted acids andenzylamineLewis bases has
enabled cooperativityn the aldol condensation griously®® Ultimately, copolymer
structure using diblock and random copolymers with differeonomer ratios resulted in
various degrees of activity and cooperativity. An interesting study could result from
restricting one chaiend of the same copolymer structures to a support material such as
nonporous or mesoporous silica nanoparticles. Balgitethering these polymers to a
support would dramatically alter the morphology of the structure thus potentially effecting
cooperative capabilities. Unbound polymers in solution adopt a random coil morphology
while surfacebound structures can adajot & variety of states depending on grafting

density.

At low grafting densities(>1/R@?) pol ymer Dbrushes adopt a
where they primarily are collapsed onto the surface of the suiSpéF23° At intermediate
and high( values (> 0.2 nm), tethered polymers exhibit elongated structures radially
outward from the support. Producing random copolymers at high and low grafting densities
with various monomer ratios could impact cooperativity. Also, base blaakd block
diblock copolymers versus acid blotlase block as well as mixed structures could result
in interesting cooperative effects. In addition, polymer immobilization techniques could

rely on surface initiated or graftiig approache¥® 2% Graftingto would mostly be
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suitable for lowd values where surface initiated would be required for Giglructures.
Finally, these inorganiorganic hybrid materials owing to their surfam@und nature,

would offer much simpler recycling procedures using eifittesition of centrifugation.
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APPENDIX A. CHAPTER 2 SUPPORTING INFORMATION

A.1 Molecular Dynamics Simulation Summary

Table A.1. Representativeradii of gyration values for the copolymers studied in this
work

Entry copolymer MW (g/mol) Rg® (nm)
1 - 3600 0.92
2 poly(st-co-NPhth-1 6100 1.48
3 poly(st-co-NPhth-2 16000 1.80
4 poly(st-co-NPhth-3 46000 -

aDetermined through the approached outlined in the experimental section in chapter 2.

Polymer i MCM -41 pore confinement with representative 16,000 g/mol polgtco-
NPhth)

To investigate the structures of the copolymers in in the pores of MICMe modeled
a singular polygtco-NPhth chain in the pores of MCM1. For this purpose, first, we
built MCM-41 as described by Ugliengo andworkerst®with a diameter of ~30 A with
a wall thickness of ~10 A as shownFigure 2.8§). Next, we put an equilibrated posi
co-NPhth chain with MW = 16,000 g/mol into the MGH¥I1 pore in the absence of solvent
molecules and energyinimized the structure using the Dreiding force field described in
themodels and simulation methods sectilbims demonstrated iRigure 28(b) and2.8(c)
that the polygt-co-NPhth chain is squeezed to fit into the pore, implying that the molecular
transport through the poreould be blocked or significantly hindered. From this
simulation, showing a very tight fit for the polymer chain under these conditions, it is

expected that the dimension of the pstgo-NPhth) chain with MW = 16,000 g/mol
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would become more swollen arftis more hindered if we increase the temperature and

introduce solvent due to the molecular thermal motion and solvation.

A.2 Synthesis ofPrerequisite Materials

A.2.1 SBA-15 and MCM41 Synthesis anCharacterization

SBA-15 was synthesized accorditaya previous repoff® To a 4 L Erlenmeyer flask
equipped with a long magnetic stir bar was added 24 g of P123 triblock copolymer. To this
was added 636 g of deionized water and 120 mL of 37% aqueous HCI. Vigorous agitation
was allowed for up to 1 h in order to adequate digstite polymer. Afterwards, 46.6 g of
TEOS was added dropwise then the mixture was allowed to stir at room temperature for
20 h. Next, the stir bar was removed and the temperature was increased@fapan
additional 24 h. After the reaction, the misguvas filtered and rinsed with several liters
of water, stored overnight at 8C then calcined. The calcination program is as follows:
ramp from room temperature to 200 at 1.2°C/min and hold for 1 h. Next, ramp from

200°C to 550°C at the same rafellowed by a 6 h hold.

MCM-41 was synthesized according to a previous reépbrtt400 mg of
cetyltrimethylammonium bromideas dissolved in 605 mL of deionized water in a 3 L
round bottom flask equipped with a larfpetball shapednagnetic stir bar. Next, 42.5 g
of 28 wt%NH4OH (aq) was added to the mixture followed by dropwise addition of 50 g
of TEOS. The mixture was stirred vigorously at room temperature for 2 h followed by
filtering and rising with several liters of deionizecter. The collected MCM1 sample

was dried in an oven at 8C then calcined. The calcination program is as follows: ramp
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from room temperature to 20C at 1.2°C/min and hold for 1 h. Next, ramp from 200

to 550°C at the same rate followed by a 1Bdid.

Figure A.1. SEM and TEM images of the SBA15 used in this study
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Figure A.2. SEM and TEM images of the MCM41 used in thisstudy
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Figure A.3. Isotherms and textural properties for the SBA15 and MCM-41 used in
this study

A.2.2 SmallMoleculeSynthesis

The protected benzyl amine monome&(4-vinylbenzyl)isoindolinel,3-dione was

synthesized via a three step gges through the same procedure as a previous réport.
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First, 20 g of 4vinylbenzyl chloride was purified via filtering through a plug of basic
alumina and added to a 1 L round bottom flask with a magnetic stir bar. 262 mL of DMF
was added along with 17 g of NaN/igorous agi@tion at room temperature was allowed

for 24 h. Afterwards, the reaction mixture was transferred to a 2 L separatory funnel along
with 500 mL of EtOAc. The mixture was washed 3 x 200 mL DI water and 1 x 200 mL
brine. Dried over MgS®) filtered, concentrate and dried. 18.4 g df-(azidomethyh4-

vinylbenzenewas isolated with an 88% yield.

First, 18.4 g ofl-(azidomethyB4-vinylbenzenavas added to a 2 L round bottom flask
equipped with a magnetic stir bar. 330 mL of THF and 55 mL of {0 itas addedlong
with 60 g of PPh Vigorous agitation was allowed for 48 h. Afterwards, THF was removed
under reduced pressure followed by the addition of 400 mL of diethyl ether and 100 mL of
H20. 1 M HCI was added until the pH was roughly 1. The mixture was \@&sxe200
mL diethyl ether and the organic phase was removed. 400 mL of DCM was added to the
acidic aqueous phase then the pH was adjusted to roughly 13 via a 1 M aqueous NaOH
solution. The aqueous phase was washed 2 x 100 mL DCM. The final organics were
collected, concentrated, and dried to produce 15.3(¢g-vinylphenyl)methanaminat a

97% yield.

Next, 15.3 g of(4-vinylphenyl)methanamingas added to a 1 L round bottom flask
with magnetic stir bar along with 400 mL of toluene. Then, 17.3 g thiglib anhydride
was added next as well as 1.6 mL of triethyl amine (TEA). The mixture was vigorously
stirred at 110C for 24 h. After the reaction, the mixture was concentrated under reduced
pressure and recrystallized twice from hot hexane to prodecdetiired monome{(4-

vinylbenzyl)isoindolinel,3-diong. 25 g was isolated giving an 86% vyield. The NMR
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spectra was matched with previous repdi#sNMR (700 MHz, CDCJ): 7.84 7.70 (m, 4
H), 7.37 (m, 4 H), 6.76.63 (dd, 1 H), 5.71 (d, 1 H), 5.22 (d, 1 H), 4.84 (s, 2/ NMR
(700 MHz, CDC}$): 168.1, 137.3, 136.4, 135.9, 134.1, 132.2, 128.9, 126.5, 123.4, 114.2,

41.4

The enefunctionalized ATRP initiator {ex5-en-1-yl 2-bromao2-methylpropanoade
was synthesized using similar procedtfel.2 mL of5-hexenl-ol was added to an Ar
purged overdry round bottom flask equipped with a magnetic btar. 10 mL of
anhydrous THF was subsequently added along with 1.28 mL Ubf
bromoisobutyrylbromide0.89 mL of anhydrous pyridine was then added dropwise, and
the mixture was stirred at room temperature for 18 h. After the reaction, the crude mixture
was fltered, rinsed with DCM, and concentrated under reduced pressure. The oil was then
diluted with 50 mL DCM and the organic phase was washed 2 x 50 mL with 1 M aqueous
HCl and 1 x 50 mL brine. Finally, the organics were dried over Mg3(ered, and
concentrated under reduced pressure and dried. 2.45 gewb-en1-yl 2-bromo2-
methylpropanoatsvas isolated resulting in a 99% yiefdtd NMR (700 MHz, CDCJ):
5.88°5.78 (m, 1H), 5.07.99 (dd, 2H), 4.20 (t, 2 H), 2.13 (g, 2 H), 1.96 (s, 6 H), 1.73
(quintet,2 H), 1.52 (quintet, 2 H)}3C NMR (700 MHz, CDGJ): 171.7, 138.2, 115.1, 66.0,

56.1, 33.2, 30.8, 27.8, 25.1
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Figure A.4. 'H-NMR spectrum of hex5-en-1-yl 2-bromo-2-methylpropanoate (5
eneBMP) ATRP initiator

A.2.3 PolymerSynthesis

Poly[styreneco-(2-(4-vinylbenzyl)isoindolinel,3-diong] random copolymers were
synthesized via supplemental activation and reducing aigemtom transfer radical
polymerization. The method was adapted from a work focusing on hdynogrs of just
styrene?*? Stoichiometrically,all polymerization were setp using a 1:9 ratio of2(4-
vinylbenzyl)isoindolinel,3-diong (NPhth) to styrene. Prior to all polymerizations, styrene

was purified via filtering through a plug of basic alumina to remove the inhibitor (BHT).

A generalprocedure for all polymerizations is as follows. The phthalimide protected

amine monomer, Cu(ll)By Cu(0), and purified styrene are added to a vial. The ene
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functionalized initiator, PMDETA, and anhydrous toluene are added to a separate vial.
Both vialsare degassed via sparging with uliigh purity argon (Airgas) at a flow rate of

2-3 bubbles/second for 25 minutes. Afterwards, the initiator/solvent mixture is injected into
the first vial and heated at 90C under argon for the required time. After the
polymerization, the solution is diluted with toluene and precipitated intefald @xcess

of MeOH followed by filtering and drying.

Table A.2. SARA-ATRP polymerization conditions used to synthesize the various

MW copolymers

[Styrene] | [NPhth] | Sty/tol | Time [Mnnvr| Mngpc | N
(mL/mL) [ (h) |(g/mol) (g/mol)
1040 46 1:2 72 (50,000 46,000 | 1.33
225 25 11 20 (16,600 16,000 | 1.15
90 10 1:2 15 |6,300( 6,100 | 1.16

For all polymerizations: [I]:[Cu(ll)B#]:[Cu(0)]:[PMDETA] = [1]:[0.1]:[0.25]:[0.7]

NMR molecular weights were calculated by integrating the two terminal protons of the
initiator, the two benzyl CHprotons on the NPhth units, and the whole aromatic proton
sectionFrom*H NMR, the ratios of the two monomers in the polymer chain was equal for
all 3 samples, indicating an equal incorporation of each monomer in the three polymers.
GPC molecular weightwere calculated from and RI detector using narrow polystyrene

standards
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Figure A.5. GPC traces for the poly(styreneco-NPhth) structures used in this study
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Figure A.6. TGA curve and IR spectrum for the copolymer usedn this study

A.3 Catalyst Synthesis andActivation

MPTMS (3-mercaptopropyltrimethoxysilang was grafted to the surfaces of both
MCM-41 and SBA15 in various loadings. For the catalysts synthesized in this work, an
example procedure is described for the grafting to both mesoporous silicas. Before grafting,

silica samples were dried overnight at 10 mtorr and°C10
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Dried SBA15 OR MCM41 (2.0 g)is added to an oven dried round bottom flask with
magnetic stir bar50 mL of anhydrous toluene is added, and the suspension is sonicated
and agitated until there are no larger clumps and a fine suspension remains. Next, 0.44 mL
of (3-mercaptopropyl}rimethoxysilanas added and the mixture is stirred for 1 h at room
temperature. Afterwards, the flask is lowered into the oil bath and the temperature is
ramped from room temperature to 80 for 22 h. After the allotted time, the reaction
mixture is transferred to centrifuge tubes and washed via centrifuging, decanting, and
redispersion in toluene. To -tiksperse the thiol functionalized SBKS/MCM-41,
ultrasonication was performed for-tp5 minutes. This cycle is repeated at a minimum of

four times. The solid is then dried overnight at80and 50 mtorr.

After drying, the samples are submitted TGA and EA and the loadings of the grafted
silane are acquired. With TGA, the loadingsaihéd are 0.44 and 0.35 mmol/g for SBA
15 and MCM41 respectively. With EA, the loadings obtained are 0.42 and 0.40 mmol/g
for SBA-15 and MCM41 respectively. For all stoichiometric calculations regarding the
thiol functionalized silicas, the elemental btsis loadings were always used.-FH was
not used to characterize due to the inability to seesBetching, even in the case over 1.0

mmol/g thiol loading.
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Figure A.7. Bare and thiol functionalized isotherms for bothMCM -41 and SBA15

The thiolene click procedure between tene functionalized polymer and the grafted

thiols are adapted from another repdftFirst, 300 mg of the thiol functioalized SBA

15/MCM-41 is added to a vial with a magnetic stir bar. 5 mol% (relative to the SH content)

photoinitiator (DMPA) is added along with 10 mL of DCM and the appropriate amount of
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polymer. The amount of polymer added is determined based on thio#dmg. For all
thiol-ene experiments, the acid and base content was attempted to be made roughly equal.
Therefore, the target N loading was made to be at least 0.42 times the thiol loading (see
thiol oxidation conversion procedure). After all the redgevere added, the vial sonicated

for 5 minutes then was sealed and sparged with UHP Ar for 25 minutes at a bubble rate of
2-3 bubbles/second. The vials were then placed inside the UV reactor on a magnetic stir
plate and irradiated with 365 nm light fod 2. After the reaction, the samples were
transferred to centrifuge tubes and washed via centrifuging, decanting, and redispersion in
DCM. To redisperse functionalized SBAS/MCM-41, ultrasonication was performed for

up-to 5 minutes. This cycle is repedtat a minimum of four times. The solid is then dried

overnight at 80C and 50 mtorr.

13¢



N2 Ads.(cm?/g S1P)
S
e

SBA-15Plads  __, ,eee®®
o SBA-15Pldes ¢

300+

N> Ads.(cm?/g SIP)
[ N
o o
e 5

SBA-15-P2 ads oqosmem®
o SBA-15P2des o e
0o @
O e
o]
Oq®
ce0®
ae**’

%,

w

o

o
1

N2 Ads.(cm?/g SIP)
= N
o o
S e

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

SBA-15-P3ads o cqe swe
SBA-15-P3 des o ®
o L]
o @
o]
o ° L ]
ce®
dolo“"" °*

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Relative Pressure (p/p°)

Figure A.8. N2physisorption isotherms at 77 K for all SBA15 polymer samples
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Table A.3. MW and polymer weight percent for each composite sample

PO Polymer
Entry Sample Support  Mn? y
wit%
(9/mol)
1 SBA—lSpon&st—coN Phth- SBA-15 6100 16.4
5 SBA—lSponést—coN Phth- SBA-15 16000 13.6
3 SBA—lSpon:(gst-coN Phth- SBA-15 45000 13.2
MCM-41-poly(stco- )
4 NPht-1 MCM-41 6100 11.9
MCM-41-poly(stco-
5 NPht-2 MCM-41 16000 7.5
MCM-41-poly(stco- )
6 NPht)-3 MCM-41 45000 6.8

Table A.4. N2 physisorption data for the functionalized silica samples (normalized per
g silica and per g material)

BET Pore Pore BET Pore
surface

; surface a
volume&  sizé volumée

Entry Sample

(‘;‘i Sj) cmig)  (A) (m";‘/rgejoz) (cnPlgsios) (OpordGrota)

1 SBA-15 730 0.93 70 730 0.93 -
2 SBAI5SH 610 0.77 67 623 0.84 ;
3  SBA15PL 344 0.48 61 424 0.66 0.91
4  SBAI5P2 404 0.55 63 481 0.70 0.86
5  SBA15P3 403 0.54 63 479 0.71 0.85
6 MCM-41 1220  0.82 24 1220 0.82 -
7  MCM-41-SH 1100  0.64 23 1155 0.68 -
8 MCM-41-P1 840 0.42 21 1025 0.59 0.83
9  MCM-41-P2 940 0.55 22 1047 0.65 0.70
10 MCM-41-P3 950 0.53 22 1050 0.66 0.70

SBA-15-
11 SOsH- 440  0.623 66 483 0.68

PhCHNH:

aDetermined through Mphysisorption analysis at 77. K
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Figure A.10. Synthesis route for the poly(stco-NH2)-1-3 copolymer catalysts
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Figure A.11 Kinetic data for the poly(st-co-NH2)-1-3 copolymer catalysts in reaction
B

Catalyst Activation Procedures

Deprotection of the phthalimide to prepare tlewis base catalyss accompliskd

through a similar procedure from another rep200 mg of SBA15/MCM-41-NPhth



SH was added to a vial with a magnetic stir bar. 2 mL of EtOH and 5 mL of THF is added
followed by 0.2 mL of daydrazine hydratéN2H4) 50-60%aqueous solution. The mixture
was allowed to stir for 18 h. Afterwards the reaction mixture is transferred tofuge

tubes and washed via centrifuging, decanting, and redispersion in acetonaligperse
functionalized SBAL5/MCM-41, ultrasonication was performed for-tgp5 minutes. This
cycle is repeated at a minimum of four times. The solid is then driexhight at 8C°C

and 50 mtorr.

The phthalimide deprotection was confirmed by TGA and IR. Disappearance of the
C=0 peak at 1700 ctindicates effective removal of the protection group via hydrazine.
A reduction in mass loss over the 2000 °C indicaes loss of organic matter, in this case,

the large phthalimide functional group.

NH,NH, *H,0, EtOH OMe o Ph
THF, 25 °C, 18 h

e} N
NG N
—O’Sll SH _O\Si/\/\SH HzN
OMe o) 071
OMe

SBA15/MCM41-SH-poly(st-co-NH,)

SBA15/MCM41-SH-poly(st-co-NPhth)

Figure A.12 Phthalimide deprotection via aqueous hydrazine in EtOH and THF
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Figure A.13. IR spectra of bare SBA15, poly(styreneco-NPhth) functionalized SBA-
15, and poly(styreneco-NH32) functionalized SBA-15
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Figure A.14. TGA curves for SBA-15, SBA15SH, SBA15NPhth, and SBA15NH:2
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Figure A.15. Thiol oxidation via aqueous hydrogen peroxide in THF

The sulfonic acid catalysts were produced via oxidation of residual surfaces grafted
thiols post graftingo brush formatio. A typical thiol oxidation procedure is as follows.
First, 200 mg of SBAL5/MCM-41-NH>-SH is added to a vial with a magnetic stir bar. 5
mL of 30 wt% aqueous 2@, and 5 mL of THF is also added. The mixture is sonicated for
5 minutes and allowed to stwrf16 h at room temperature. Afterwards the reaction mixture
is transferred to centrifuge tubes and washed via centrifuging, decanting, and redispersion
in acetone. To Freisperse functionalized SBAS/MCM-41, ultrasonication was
performed for ugo 5 minues. This cycle is repeated at a minimum of four times. The

solid is then dried overnight at 8G and 50 mtorr.

Acid content is determined after drying \dacktitration via the following procedure.
50 mL of saturated solution of sodium chloridadled to 50 mg of the oxidized material
(SBA-15/MCM-41-B1/2/3) and stirred for 3 hours. Afterwards, the solid is filtered dry and
the filtrate is collected into an Erlenmeyer flask and a magnetic stir bar is added along with
several drops of phenolphthalein. This solution is titrated slowly with a 5 mM sohitio

NaOH until the color of the solution changes from clear to deep pink. Using the mass of

142



sample, volume of ag. NaCl solution, and volume of 5 mM aq. NaOH an acid loading is
calculated.Using the known thiol loading from EA, the oxidation conversion was
determined from multiple runs to B&%. This was then used as the method for calculating

acid content in subsequent samples.

A.4 Control Reactions

Table A.5. Control experiments for reactions A and B

Time Conversion

Entry Reaction Catalyst (h)y of1or2 (%)

1 A none 6 10
2 B none 6 6
3 A SBA-15SGsH 1 99
4 A SBA-15SH 1 3
5 B SBA-15B1 5 99
6 B SBA-15B2 5 77
7 B SBA-15-B3 5 35
8 B MCM-41-B1 5 99
9 B MCM-41-B2 5 9
10 B MCM-41-B3 5 5
11 B pon(st-(l:o-N Ho)- 1 99
12 B pon(st-(Z:o-N Ho)- 1 91
13 5 poly(st-co-NHy)- 1 77

3
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Table A.6. Reaction C control experiments as well as cascade conversion data

Time Conversion of Yield of 2 Yield of

Entry Catalyst h) 1 (%) (%) 3 (%)
SBA-15SH-SO:H-

1 poly(st-co-NPhth 6 99 99 0

5 SBA-15-SH-poly(st 6 10 8 2
co-NHy)

3 SBA-15B1 7 99 1 99

4 MCM-41-B1 7 99 1 99

5 SBA-15B1 1st 7 98 1 97
recycle

6 SBA-15B1 2nd 7 95 5 9
recycle

7 SBA-15B1 3rd 7 90 10 80
recycle
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olefin-terminated
Ph poly(styrene-co-
2-(4-vinylbenzyl)isoindoline-1,3-dione)
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Figure A.16. Synthesis route for SBA15-SH-poly(st-co-NH2) and SBA-15SOsH-
poly(st-co-NPhth)
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Figure A.17. Cascade kinetics profile for reaction C performed with thepolymer-free
SBA-15-SOsH-PhCH2NH:2 bifunctional catalyst

A.5 PoreFilling Fraction Calculation

Calculation of the polymer pore filling fraction for the mesoporous silica composites
requires N physisorption and TGA data for each sample. All values require proper

normalization per go2in order to obtain meaningful results.
a& [unitless]: polymer pore filling fractio

Pyv.sh.sioz [cm® gsiod: Normalized (per goz) pore volume for the thiol fustionalized

support

Pyp+sh,sioz [cm® gsiod: Normalized (per goz) pore volume for the thiol + polymer

6clickedd functionalized support
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1 p[g/cm?]: polymer density (1.05 g/cih

mMp,sio2[g/ gsioz: Normalized (per go2) polymer mass loss from 20®0°C (from TGA)

5 Vol voras Lofvéva
A 5RY"@U

(A1)



APPENDIX B. CHAPTER 3 SUPPORTING INFORMATION

B.1 Molecular Dynamics Supporting Information

(@ (b)
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Figure B.1. Binding energy plots obtained from DFT calculations (solid lines) and
force field calculations (circles) for (a) benzylaminesiOz, (b) acetoneSiO2 and (c)
acetonitrile-SiOz pairs. (d) The pair correlation analysis for silanotsolvent pairs. The
acetone is highly distributed rear the MCM41 pore surface in comparison to MeCN.
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B.2 Synthesis of Prerequisite Materials
B.2.1 MCM-41 and MCM41-SH Synthesis

MCM-41 was synthesize in accordance with a previous sti@yiefly, 1.4 g of CTAB
(hexadecyltrimethylammonium bromideas added to a rourabttom flask with 610 mL
of deionized water and stirred until dissolved using a magnetic stir bar. Next, 43 g of
NH4OH (28% aq.) was added followed by 50 g of TEOS (tetraethylorthosilicate) dropwise.
After 2 h of vigorous stirring, the mixture was filtered and washed with 2 L0l &hd

dried overnight at 80 °C. Next, the material was calcined at 550 °C for 12 h (ramp rate 2

°C/min up and down).

Figure B.2. Scanning and transmission electron microscopy images of the bare MGM
41 support.



MCM41-SH (0.41 mmol/g) was synthesized via surface grafting using 3
mercaptopropyltrimethoxysilane. First, 6 g of calcined M@Mwas dried wernight at
110 °C. Next, the MCMi1 was added to a round bottom flask with a magnetic stir bar
followed by 150 mL of anhydrous toluene and 1.33 mL of 3
mercaptopropyltrimethoxysilane. The mixture was lowered into an oil bath and stirred for
1 h at room tmperature. Next the temperature was adjusted to 80 °C and the flask and its
contents was allowed to ramp to 80 °C and stir for 18 h. Afterwards, the mixture was cooled
and filtered and rinsed with 300 mL of toluene followed by 3 x cycles of

centrifugationdecanting/redispersion in toluene then dried under vacuum at 80 °C.

B.2.2 Small Molecué SynthesidData

NPhth (2-(4-vinylbenzyl)isoindolinel,3-dione was synthesized also the same as a
previous report?® The'H and'3C NMR peaks were matched and are listetNMR (700
MHz, CDCI3):7.84 (m, 2H), 7.71 (m, 2H), 7.37 (m, 4H), 6.67 (dd, 1H), 5.71 (d, 1H), 5.22
(d, 1H), 4.83 (s, 2H)*C NMR (700 MHz, CDCI3):168.1, 137.3, 136.4, 135.8, 134.0,

132.2,128.9, 126.5, 123.4,41, 41.5

Hex-5-en-1-yl 2-bromo2-methylpropanoat¢5-eneBMP) was also synthesized using
the previous repoff® This compound is kept flushed with Ar gas and stored in a dark
freezer due to inherent instability. Th¢ and*C NMR peaks were matched and are listed:
IH NMR (700 MHz, CDCI3)5.84 (m, 1H), 5.@ (dd, 2H), 4.4 (t, 2H), 2.13 (q, 2H)1.96
(s, 6H), 1.7 (m, 2H), 1.3+ (m, 2 H).23C NMR (700 MHz, CDCI3)172.0, 1385, 1150,

66.1, 563, 333, 30.8, 27.8, 25.1
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B.2.3 Styrene and NPhth Copolym8ynthesidData

Copolymerization of styrene and NPhth via conventional ATRP.

o
N
) N/ < > A\ ATRP ;
o
(0] styrene, CuBr,
NPhth PMDETA

o toluene, 100 °C

(0]
= Br
/\/\/\O&Br /M4 5 x y

5-eneBMP

10:90 = 10% NPhth, 90% styrene

30:70 = 30% NPhth, 70% styrene

poly(st-co-NPhth) random copolymer

Figure B.3. Conventional atom transfer radical polymerization using styrene and
NPhth monomers with the 5eneBMP initiator.

Copolymerization of styrene and NPhth via SARARP.

o
N C A\
o
NPhth
o)

/\/\/\O&Bf

5-eneBMP

Figure B.4. Supplemental activator and reducing agent atom transfer radical
polymerization using styrene and NPhth monomers with the £2neBMP initiator.

Y

SARA-ATRP

0o 10:90 = 10% NPhth, 90% styrene
styrene, CuBr,,

Cu powder, PMDETA
P,
toluene, 90 °C

Ph

4 4 X y

poly(st-co-NPhth) random copolymer
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The polyétco-NPhth-10:9016000 structure was synthesized via SARFRP in

accordance with a previous stutdy.

[st]:[NPhth]: [5-eneBMR:[Cu(ll)Br2]:[Cu(0)]:[PMDETA] = 225:251:0.1:0.25:0.7

A volume ratio of toluene to styrene of 1.1 was used for this polymerization.

The random copolymerization synthesis procedure via SARRP is as followsFirst
styrene was filtered through thregparate plugs of basic alumina to remove the free radical
inhibitor. Next, NPhth, styrene, CuBICu powder, toluene, andeneBMP were added to
a 40 mL vial equipped with a septum (and magnetic stir bar along) along with dodecane as
an internal standard.he solution was sparged with Ar for 20 mins. PMDETA was next
injected into the solution and the mixture was allowed to react for 20 h at 90 °C. The
polymerization was quenched by exposing the solution to air and cooling. Afterwards, most
of the toluene rad styrene were removed by rotary evaporation followed by precipitation

in a 1G6fold excess of MeOH. Filtration and drying at 80 °C were next performed.
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Figure B.5. ATRP kinetics for the polymerization of NPhth and styrene at 100 °C and
30:70 monomer molar composition (NPhth:styrene). Frame A: both monomer
conversion with time. Frame B: GPC traces at timepoints from 1i 7 h of
polymerization. Frame C: first -order kinetics plot. Frame D: Mn (GPC) vs monomer
conversion (NMR) -handxis. n on the right
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Figure B.6. GPC traces for the polymers used in the preparation of the hybrid
catalysts. Frame A are the 10:90 ashframe B are the 30:70 polymers.
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B.3 Supporting Material Synthesis and ActivationData
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Figure B.7. Isotherms for the bare MCM-41 support and all functionalized samples
used in this work. Obtained from N physisorption at 77K.
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Table B.1. SiO2 normalized textural properties

~ Pore
BET surface aree Pore volume .
Entry Sample o _ diameter
(m?/gsio2) (cm¥/gsio2) (nm)
1 MCM-41 1215 0.82 2.8
2 MCM-41-SH 1097 0.66 2.5
3 MCM41-SH-NPhth 1008 0.51 2.5
MCM41-poly(st-co-
4 NPhtt)-10:90-1400 749 0.38 2.0
MCM41-poly(st-co-
> NPhtt)-10:906100 903 0.50 2.2
MCM41-poly(st-co-
6 NPhtH-10:9016000 1093 0.68 2.6
MCM41-poly(st-co-
! NPhtH-30:70-1600 831 0.47 21
8 MCM41-poly(st-co- 1043 0.58 o5

NPhth-30:70-6500

Determined via physisorption okMt 77 K followed by using the residual mass from TGA
to normalize per go2

Catalyst activation

The deprotection reaction to activate the hybrid catalysts was accomplished through a
50-60% aqueoussolution of hydrazine hydraf& First, 200 mg of the phthalimide
protected system was added to a vial with 5 mL TH& 2 mL EtOH and magnetic stir
bar. Next, 0.300 mL of NgNH2 7 H20 was added and the mixture was allowed to stir for
18 h. Washing was again accomplished though 3 «cycles each of
centrifugation/decanting/redispersion in acetone and DCM. Finally, the daduotiwed

catalysts were dried under vacuum at 80 °C overnight.
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Figure B.8. TGA curves showing reduction in mass loss from 300 700 °C for the
NPhth and NHz hybrid structures. Frame A: 10:90-1400, B: 10:966100, C: 10:90
16000, D: 30:761600, E: 30:766500, and F: polymerfree
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Figure B.9. TGA curves showing increase in mass loss for the HMDS silancapped
material.
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Figure B.10. Synthesis route to prepare the HMDS passivated material.



The synthesis of the hexamethyldisilazane (HMDS) passivated structure (MEMNI41
poly(stco-NH2)-10:906100HMDS) is as follows. The MCM4E&H-poly(stco-NH>)-
10:906100hybrid structure (150 mg) was added to a round bottom flask equipped with a
magnetic stir bar along with 2 mL of anhydrous toluene. Next, 1 mL of HMDS was added
dropwise under Ar. The flask was adbto an oil bath at 80 °C and stirred vigorously for
18 h. Afterwards, the HMD®assivated material was washed via 3 cycles each of

centrifugation/decanting/redispersion in acetone and DCM and then were dried at 80 °C.

Table B.2. Physical and chemical data for the HMDS passivated material

Sampl e [ NPh- Polymer N Mas s
P ] (g/amol(mmoti ( %)
MCM4do kg @NPht I . o
10 -0I10HMD S 10:¢ 6100 0.1¢ 15.1
Sampl e BET surf Powel u Pore di
i (ng) ( ¢’g) (nm)
MCM4mo s NP h)t t )20 _ _

10 :-@®10eHMMD S

aDetermined from gel permeation chromatography using and refractive index detector and
narrow poly(styrene) for referenceDetermined from combustion elemental analysis.
Determined from thermogravimetric analysis from 3000 °C.
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Figure B.11. Full absorbance FTIR spectra for the materials analyzed in the full text.
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Figure B.12 The aldol condensation reaction between -ditrobenzaldehyde and
acetone investigated in this study



Kinetic data, in total
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Figure B.13. Kinetic profiles for all studied MCM41 hybrid materials. Conversion of
4-NB is determined from 'H NMR using 1,4dimethoxybenzene as an internal
standard.
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Figure B.14. Acid-basealdol condensation mechanism illustrated using MCM41SH-
NH:2 as the catalyst
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B.4 Supporting Kinetic Data

Table B.3. Tabulated kinetic data for the hybrid catalysts

Mol ecul a I nitieTOF

(g/ mol ( mM/ h S'l)
MC M43 H - - 0.0 0.0

MCM4@do Is-
NPh){lﬂm:-eg%o%o 10: 9 6100 0.0 0.0
MCM4Mo kg N H)-
10 19400 0
MCM4io k¥ N H)-
10 :-69100 0
MCM4io k¥ N H)-
1 0 :-19600 0 0
MCM4Mo k4 N H)-
30 :-17600 0
MCM4io k¥ N H)-
30 :-67500 0
MC M43 HN H : 0 17.7 9.9

Cat al ystCompo:

10:9 1400 22.5 12.
10: 9 6100 19.2 10.
10: 9 16000 6.0 3. 4
30: 7 1600 22.3 12.

30: 7 6500 18.1 10.

Arrhenius Analysis

1.8 'l 'l 'l 'l 'l 'l 'l

1.7 - * ~ -
1.6 - < -
1.5 ~ % L
[T
g1.4- N I
=
1.3' ~. -
1.2 - - I
1.1+ s

1.0

291 294 297 3.00 3.03 3.06 3.09
1000/T (K1)

Figure B.15. Natural logarithm of the TOF at 50, 60, and 70 °C for the MCM41SH-
poly(st-co-NH2)-10:90-1400 hybrid catalyst
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APPENDIX C. CHAPTER 4 SUPPORTING INFORMATION

C.1 Synthesis ofPrerequisite M aterials
C.1.1 TMPMA Oxidation to TEMPOMA

Synthesis of TEMPOMA: 2,2,6,6tetramethylpiperidirl-oxyl-4-yl methacrylate
(TEMPOMA) was synthesized via the following procedure. To a 20 mL vial equipped with
a stir bar, 450 mg a?,2,6,6tetramethyl4-piperidyl methacrylate TMPMA) was added
along with 8 mL of MeOH. Afterwards, 66 mg aidium tungstatelihydrate and 0.5 mL
of a 50 wt% HO:> (aq) solution was added. This solution was stirred for 24 h at 60 °C.
Next, the solution was filtered to remove the catalyst and concehtnater reduced
pressure and dried. The resulting dark orange solid was stored under Ar and in the freezer
when not in use. HRMS in agreement with a previous réfor€alculated for

(C13H2oNOs+H") 241.168; found HRMS (ESI) 241.1673.

Nay,WOy, H20, (aq)

MeOH, 60 °C, 24 h
N N
H

TMPMA TEMPOMA

Figure C.1. TEMPOMA synthesis from commercially available TMPMA using
Na2WO4-2H20 and hydrogen peroxide (50vt%) in MeOH .
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C.2 SupplementalCharacterization Data

100 A
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S 80+
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Temperature (°C)

Figure C.2. TGA mass loss curves from 10000 °C for the bare and thiol
functionalized samples

Table C.1. Raw TGA data for the functionalized MCM41 samples

Ent Samples Mass | (Residual
1 MCM4 1 8. 8 89. 7
2 MCM4DMe AT Al 43.5 55. 4
3 MCM4—I1I\S/IeHA¥€S'A-E 41 9 57 8
4 MCM4DMe ABH 16. 4 82.9

MCM4DMe ABH
5 TEMPO 17.7 81. 3
6 MCM4DMe AP S 13.5 85. 4
7 MCM4APS 17. 2 82. 4
8 MCM4QTAB 42.9 55. 4

9 MCM4QTABH 40. 2 59. 6
10 MC M43 H 16.5 82.8
11 MC M43 HT EMP O 17.9 80. 6

Mass loss values determined from IAID °C, residual mass values determined at 700
°C
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Figure C.3. Full FTIR spectral data of the studied materials
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Figure C.4. Nitrogen physisorption isotherms at 77 K for the bare and
functionalized materials
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Table C.2. BET surface areas and pore volumes normalized petg and per gsioz

BET suPore vBET surif Pore v

Ent Sampl e 2 3 2 3
ared g() (chmg) (ng), (cmgy,
1 MC M4 1 1025 0. 74 1143 0.83
MCM4DMe A ¥
2 FoNe 19.5 0.04 35 0.08
MCM4DMe A ¥
3 iy 18 0.05 31 0.08
4 MCMiﬂPGA* 765 0.40 923 0.48
MCM4DMe A
5 MM rMe A 854 0.54 1050 0. 66
6 MCM4DMeAl 510 0. 44 598 0.52
7  MCM4APS 865 0. 46 10409 0.55
8 MCM4QTAB 14 0.05 25 0.08
9 MCM4QTAB 21 0.05 36 0.08
10 MCM43H 4709 0.29 5709 0.35
MC M43 H
11 MEMAER 470 0.28 583 0.35

Determined via physisorption of:Mt 77 K
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Table C.3. Raw elemental analysis data in weight percent for all studied materials

Ccont H con N con S con

Ent Sampl e (wt ' (wt ¢ (wt ' (wt

1 MC M4 1 4.47 1.52 0.24 -
MCM4DMe AP

2 SN 31.8 6.65 2.25 -
MCM4DMe AP

3 iy 29.2 6.15 2.07 1.53

4 MCMﬁﬁyeAP 9.52 2.75 0.87 2.08
MCM4DMe AP

5 raNeAT 13,7 3,25 1.01 1.79

6 MCM4DMeAP 7.16 3.81 0.91 -

7 MCM4APS 4.43 1.67 0.92 -

8 MCM4QTAB 31.8 6.64 1.81 -

9 MCM4QTABH 28.1 5.68 1.54 3.16

10 MCM43H 9.02 2.42 0.14 4.009

11MCM4SHTEMP 11.6 2.70 0.20 3.72

Determined via combustion elemental analysis

Table C4. Elemental analysis data for all studied materials in mmol per gl and per
Osio2

Ent S | N cont! S con N cont S cont
: ampPl € C(mmol. (mmol ( mmogl ¥,¢ ( mmogl ¥,¢
1 MC M4 1 0. 17 - 0.109 -

MC M4-DMe AP
2 CTAB 1.61 - 2.90 -
MC M4-DMe AP

3 CTAB H 1. 48 0. 05 2.56 0. 08

4 MCMﬁﬁyeAP 0.62 0.06 0.75 0.08
MC M4-DMe AP

5 SHTEMP O 0. 72 0. 06 0.89 0.07
6 MC M4-DMe AP 0. 65 - 0. 76 -

7 MCM4APS 0. 66 - 0.80 -

8 MCM4QTAB 1. 29 - 2. 33 -

9 MCM4QATABH 1.10 0.10 1. 85 0. 17
10 MC M43 H 0.10 0. 13 0. 12 0. 15
11MCM43HT EMP 0. 14 0.12 0. 18 0. 14

Determined via combustion elemental analysis



Table C5. Loading for amine and TEMPO sites on all catalysts

Ent Sampl e Amin TEMP(
( mmod ( mmof
MC M4 1
1 DMe ABH 0.4t 0.11
TEMPO

MC M43 H
2 TEMPO ) 0.14

MC M4 1
C -
3 Dbmeaprs 9-4f

4 MCM4APS 0. 5( -

aDetermined via the difference in normalized N content (mmol) pee fpr MCM41-
DMeAPS and MCM44APS and the bare MCM41 support. Amine content for MCM41
DMeAPSSHTEMPO was calculated from MCM4DMeAPSSH using the residual
mass.”? TEMPO content for MCM44SH-TEMPO was determined via N content. TEMPO
content in MCM4i1DMeAPSSHTEMPO was determined via the difference in
normalized N content (mmol) perkig: between MCM41DMeAPSSH and MCM41
DMeAPSSH-TEMPO
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Figure C.5. SEM images of MCM4:DMeAPS-CTAB (frame A), MCM41-DMeAPS-
CTAB-SH (frame B), MCM41-DMeAPS-SH (frame C), and MCM41-DMeAPS-SH-
TEMPO (frame D).



C.3 SupplementalKinetic Data
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Figure C.6. TEMPO catalyzed oxidation kinetics for the TEMPO functionalized and
bare MCM41 materials
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Figure C.7. Kinetics for the Knoevenagel condensation Michael addition sequence
D using MCM41-APS. Frame A data represents method 1. Frame B corresponds to
sequential addition of lawsone (method 2) with the dashed line indicating when
lawsone is added to the reactio (t = 2 h). Timepoints are monitored with'H-NMR
spectroscopy using DMS@d6 and dodecane as an internal standard.
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Figure C.8. Kinetics for the Knoevenagel condensation Michael addition sequence
D using bare MCM41. Fame A data represents method 1. Frame B corresponds to
sequential addition of lawsone (method 2) with the dashed line indicating when
lawsone is added to the reaction (t = 2 h). Timepoints are monitored withH-NMR
spectroscopy using DMS@d6 and dodecanes an internal standard.
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Figure C.9. Kinetics for the Knoevenagel condensation Michael addition sequence
D using MCM41-DMeAPS-SH-TEMPO. Frame A data represents method 1. Frame
B corresponds to sequential addition of lawsone (method 2) with the dashed line
indicating when lawsone is added tthe reaction (t = 2 h). Timepoints are monitored
with *H-NMR spectroscopy using DMS@d6 and dodecane as an internal standard.
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Figure C.10. Kinetics for the consumption of benzaldehyde during reaction sequence
D with method 1 and 2. Alttogether addition (method 1) where lawsone and
malononitrile are premixed with the catalyst prior to benzaldehyde addition.
Sequential addition (method 2) where malononitrile is premixed with the catalyst and
lawsone is added at t = 2 h. Timegints are monitored with *H-NMR spectroscopy
using DMSO-d6 and dodecane as an internal standard.

Table C.6. Turnover frequencies for the amine catalysts using method 1 and 2

MCM4-1 MCM41 MCM4DMe ABBSH

DMe AP APS TEMPO
Met hod, (11'@)OF 15 7 -

Met hod, (2I'@)OF 143 87 112.5
Met hod 1 I nit 54 26 -
Method 2 Init 515 314 405

TORyand initial rate values were calculated 0.25 h after the addition of benzaldehyde
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Figure C.11. Photograph of the fresh MCM41:DMeAPS-SH-TEMPO (left) and spent
MCM41-DMeAPS-SH-TEMPO (right) (from sequence D)
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