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ABSTRACT

Carboxylic esters are important precursor molecul@sanyindustries such as
pharmaceuticals, polymers, food additives, and fine chemical synthasem catalysisan be
usedto increasgields and selectivity for these important chemicals while also creating a greener
reaction environment than is currentlsed to synthesize these moleculdsing mesoporous
materials, mesoporous silica nanopartictgsecifically as suppogand compartmentalization
toolsin tandem catalysis can increase recyclability and durghifigking an even more efficient
and greercatalytic systemMSN makes an ideal support for tandem catalysis because of its high
surface area, tunable pore sizes, and chemical and thermal sthleitéyn,mesoporous silica
nanoparticles are used as supports in tandem catalytic systems, leading to the first MSN
supported tandem catalyst to combine enzymes and inorganic catalysts together in the same

system.

With the large pore size of N, more than one talyst can be loaded intbe poresand
onto the supporurface utilizing theuniquesurfacewithin the poresA wet impregnation
method has been used to load palladium and gold nanoparticles ontéoMBal direct
oxidatve esterification of allyl aldeol. Thetandem catalyst was then coated with a
polydopamine polymer coatirtg prevent leaching of the metal nanoparticles while
simultaneously increasing recyclability of the catalystco-condensation method was used to
functionalze MSN with evenly distributed functional groups while maintaining the ordered pore
morphologyby altering the prdaydrolysis time as well as the hydrothermal treatment
temperatureAmine functionalizedVISN hasshown tobe an effective chemical handle for

attaching biomoleculeghat retain activity and are able to be recycled multiple tiffilesse two



studies were then combineddieatethe first tandem catalyst supported on MSN that combined
enzymes and inorganic catalysts in a-ppesystemThis catalyst retained activity over multiple
cycles for the direct oxidativesterificationof ally alcoholin mild reaction conditionsBoth
fundamental andppliedaspect®f tandem catalytic systems using MSN suppodse explored

to gaininsight intohow they can be applied intmall and largescalereactions
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CHAPTER 1
TANDEM CATALYTIC SYSTEMS INTEGRATING BIOG AND INORGANIC CATALYSTS
USING FUNCTIONALIZED POROUS MATERIALS
Reprinted with permission frodetzger, K. E.; Moyer, M. M.; Trewyn, B. G., Tandem
Catalytic Systems Integrating Biocatalysts and Inorganic Catalysts Using Functionalized Porous

Materials.ACS Catal2021,11, 110122.https:/Bx.doi.org/10.1021/acscatal.0c04488pyright

2020 American Chemical Society.
Kara E. Metzgér Megan M. Moyet, Brian G. Trewyd

1.1 Abstract

Tandem catalysis research has recently come alive with various methods to design
biosynthetic pathwaystilizing enzymes and inorganic catalysts in single pot systems. Clever
applications of porous supports have brought about ways for the successful integration of
incompatible enzymes and inorganic catalysts into thes@aigystems to enhance the
combineal catalysts properties. Over the past several years research in this area has shown that
supports can be used to stabilize catalysts as well as act as active components within the systems.
In this perspective, we present and discuss current refh@attslemonstrate successful
combinationf enzymes and inorganic catalysts supported on porous supports for tandem

reactionsand challenges yet to overcome.

#Department of Chemistry, Colorado School of Mines, Golden, Colorado 80401, United States
bDepartment of Chemistry, The Citadel, Charleston, South Carolina, 29409, United States


https://dx.doi.org/10.1021/acscatal.0c04488

1.2 Introduction

Catalysts have | ong tbothexnn desigring efficienasyrthesesf
and reactions. Implementing catalysts into simple and complex chemical reactions has had an
enormous impact, leading to faster, more efficient systems, more selective reactions and has
remarkably influenced countesommercial industries. But even with shorter reaction times and
higher yields, possynthetic workup of each step requires time and energy and, in many cases,
produces substantial waste. The ability to combine multiple catalysts into a single pot for
stepwise, sequential transformations was a breakthrough discovery that continues to drive
chemists and researchers to this H&While there are several types of emat reaction
mechanism$? including domino and cascade reactiéhs,this perspective ilf focus on
coupled catalytic reactions of tandem catalysis. Here, tandem catalysis is defined as a catalytic
process that combines two or more catalysts in gpohsystem that are then used in succession
to create a target product with minimal workung dyproducts or change in conditidfis.
Tandem processes have been a topic in synthetic chemistry for many years because of their
ability to limit synthetic waste while maintaining simplicity in the overall workti5.The
inspiration of this field initally came from nature where multiple enzymes were linked together
for coupled reactions in cells; recall the citric acid cycle from your biochemistry cdurse.
Multienzymatic systems within cells are able to maintain structural organization while remaining

extremely efficient and highly selectiv®!® These continuous reactions inspired chemists to

S

c

create coupled reactions in an artificial manner to make synthetic chemistry more sustainable and

gain access to a new set of reactions not previously possible.
Previous reviews have been written on the topic ofpmtaandem catalysi$?? The

wide range of topics covered in this field speak to how dynamic this research has become.



Tandem catalysis remains a powerful approach to address challenging reaetioine t
chemistry community are targeting today. However, one topic that has not garnered much
attention from review authors, but we have started to see in the primary literature is that of
combining enzymes and inorganic catalysts into a single tandeemsy&/hile research in this
area has been covered briefly in previously written reviews and perspéctigéthis
perspective will take a deeper look into the research leading up to this topic, as well as the
research done in the field thus far.

Many advantages have been observed and reported with both inorganic and enzymatic
tandem systems. Both systems, individually, offer insight into the unique capabilities that tandem
catalysis can offer. However, each system has drawbacks that cannot be owsrtoemeown
components alone. Homogeneous systems have very poor recyclability, difficult separation, and
often deactivate at high temperatures. Heterogeneous systems are typically more durable than
homogeneous and allow for easy recyclability and relisabf* These systems can also be
tailored more easily to function at higher temperatures. Even with the robustness and durability
reported in heterogeneous inorganic tandem systems, obstacles are still present that need to be
overcome for the full capdhy of each system to be realized. These drawbacks include
properties like low activity and harsh reaction conditions that some of these reactions require for
full catalyst utilization, leading to processes that are not considered to be environmentally
friendly. Inorganic tandem systems are frequently designed to be enzymatic mimics but imitating
the high activity and selectivity that enzymes possess and recreating them with inorganic
catalysts continues to stimulate the catalysis community. The syrthatienges and struggles
of maintaining active species under reaction conditions are just one avenue of active research in

enzyme mimicking systems. However, enzymatic systems are not always ideal because of the



narrow window of reaction conditions (itemperature, pH, and solvent) that they require to
maintain optimized activity>2’ In combining inorganic catalysts and enzymes together in a

single system, the benefits of each catalyst can be capitalized, and the proceeding reactions can
be controlledwith help of a suppor®3° The selectivity and activity of enzymes can be

combined with the robustness and reusability of the inorganic catalysts fortarfetesystem

with many industrial and pharmaceutical applications.

Within this perspective we Wifurther explore porous materials that have been used in
multi-step onegpot systems. Briefly, we will investigate the types of supports that have been used
in tandem catalysis with successful examples of combining enzymes and inorganic catalysts with
porous supports examined in detail. Incorporating porous materials into tandem catalysis as
compartmentalization tools and supports for incompatible catalysts could be the key to
sustainability and stability; this advancement will also be explored in trpgxive. Finally,
we will explore recent advances in this field by looking further into utilizing porous supports as
active components in tandem catalysis.

1.3 Porous materials in tandem catalysis

In early examples of combining two different type<afalysts without a functional
support, there was no protection or stabilization of the catalysts so after one cycle the catalysts,
especially the enzymes, would deactivate. Because of this, the initial stages of research in
tandem catalysis did not demdrage enzyme recyclabilitf:>2Researchers in tandem catalysis
realized that compartmentalization was one approach to circumvent the challenges faced with
combining multiple incompatible catalysts into a qood system. Compartmentalizing the
catalystsm these systems involves attaching the catalysts into or onto the support material to

spatially isolate opposing reactants and catafjstampartmentalization can decrease side



reactions that lead to undesired byproducts, inhomogeneity, and catalystadieacthat is often
experienced when incompatible catalysts are in close proximity. Some compartmentalization
methods can even shield catalysts from harsh or counteracting environmental conditions that
could manipulate or inhibit the catalysts activitycorporating mesoporous silica nanomaterials
(MSN), metal organic frameworks (MOFs), and other materials as inert supports that do not
directly participate in catalytic reactions led to catalysts that have better stability and slower rates
of degradationPorous supports have thus been studied with tandem catalysis to circumvent this
challenge of incompatible catalytic conditions.

While porous materials lend themselves to catalyst compartmentalization, there are many
challenges to overcome to composearsless tandem system with traditionally incompatible
catalysts’*°Designing the catalytic scaffold must be done precisely to ensure that the reactants
come in contact with the specific active sites in the correct timeframe and conformation. Without
this precise manipulation, the desired selectivity of the system can be completely lost. As
challenging of a task as it may seem, scientists have successfully incorporated these incompatible
catalysts by manipulating and designing specific porous supports.

Over the last several years the attention of the tandem catalysis community has shifted to
two porous materials: metal organic frameworks (MOFs) and mesoporous silica nanoparticles
(MSN). Each of these porous materials contain unique features f@oowedalysis while
offering tunable pore sizes and wd#fined surface properties for functionalization and
incorporation into tandem systems.

1.3.1 Mesoporous silica nanoparticles (MSN)
Silica has been a desirable support in many applications becausearftitsic and

well-defined propertie®*’ The highly ordered pores associated with mesoporous materials and



thoroughly researched properties make it uncomplicated to manipulate for many catalytic
systems. Mesoporous silica has been incorporated ingistms and widely used for several
applications over the years including drug delivery/controlled release, catalysis, and
separations!342 This material has gained a lot of recognition over the past decade for its ability
to combine incompatible cdyats into one pot systems and still maintain high reaction yields.

The unique pore structures in MSN allow for multiple different catalysts to be attached with
limited negative interference. The surface, including pore interior, of the MSN is also easily
functionalized for control over hydrophobicity and further attachment of catalysts. Reviews and
articles have been written on the different syntheses of mesoporous silica and the unique
properties of each, and because ofithéepthcoverage of these properties we will only briefly
cover them her&48 Different pore structures are produced based on the synthesis protocols and
surfactant that is utilized to template the pores, each offering specialized pathways for the
reactants tanteract with the scaffolding and access active sites. One of the most common pore
structures of MSN are hexagonal pores. Hexagonal pore structures have been demonstrated to
partially shield and to support catalysts in several studies of tandem cafal§4i¢The

diameters of these highly ordered pore structures can beitusigand via possynthesis

thermal conditioning resulting in facile and size selective catalyst loading into the mesopores.
Because of the ability to expand the pore siz@imstructure without collapsing the pore

walls * reactants are able to diffuse through the pores and interact with the active sites. There are
several types of mesoporous silica nanopatrticles, some with interconnecting channels and some
without, which @an have an impact on the interactions of reactants with the catalysts. The most
commonly utilized MSN is MCM41, a material containing hexagonatigdered pores first

developed by researchers at the Mobil Co. (Figure*1#5BA-15 also contains hexagain



pores but because nonionic Pluronic surfactants are used to template pores, micropores form
interconnecting the mesopor®s° These interconnecting pores can be beneficial because they
can allow small reactants to gain further access to the catdigstsave been immobilized

inside the larger pores, but in some cases with pore expansion they can also lead to pore collapse
as the walls become less rigid and thinner. In recent years, mesoporous silica with radial pores
has gained popularity becauselod many ways to incorporate catalysts into and onto these
supportst? Inspired by the study done by Zhagigal >* Wu and coworkers in 2018

demonstrated the usefulness of these radial pores by combining the enzyme lipase with
palladium nanoparticles vidSN for the synthesis of benzyl hexanoate (Figure %:Z)Using

MSN with radial pores allowed the metal nanoparticles and enzymes to be loaded into the pores
and be immobilized onto the surface, respectively. This helped to avoid catalyst deactition a
increased selectivity of the multistep reaction. By housing each of the catalysts in different
locations on the support, the order that the reactants came in contact with the catalysts could be
controlled, leading to a more selective reaction. Theyddsaonstrated that tuning the
hydrophobicity of the pore environment through surface alkylation affected the catalytic
properties and was another benefit of compartmentalization. The desired reaction will have a
large impact in which silica nanoparticlag @hosen to immobilize and encapsulate the catalysts.
Herein, we will examine examples over recent years of combining multiple catalysts into porous

materials and the insights gained in the field.
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Figure 1.1Formation of MSN with a honeycomb structure. MSN is developed using amphiphilic
molecules that direct the structural formation that will then be removed to create an ordered,
porous structure. Adapted from Hoffmann, F.; Cornelius, M.; Morell, J.; Froh&iMabased
mesoporous organiaorganic hybrid materials. Angew. Chem. Int. Ed. Engl. 2006, 45 (20),
321651. https://doi.org/10.1002/anie.200503075. Copyright (2006). With permission John
Wiley & Sons, Inc. by Copyright Clearance Center Inc.

Figure 1.2Radial pore structure in mesoporous silica nanopatrticles with small, regular, and
expanded pores. Adapted from Du, X.; Qiao, S. Z., Dendritic silica particles with-cadiir
pore channels: promising platforms for catalysis and biomedichtappns.Small2015, 11 (4),
392-413. https://doi.org/10.1002/smll.201401201. Copyright (2015). With permission John
Wiley & Sons, Inc. by Copyright Clearance Center Inc.

Several studies have demonstrated the capacity of MSN to cooatalgsts in a tandem
system, but the majority of these studies incorporated two inorganic cat4RfS&n 2016, a
tandem system was created using MSN, uricase, and platinum nanoparticles (PtNPs) for the
degradation of uric acid with the simultaneadlegradation of kD-into H.O and Q by the
PtNPs (Figure 1.3F The uricase enzyme was adsorbed into the pores of the MSN while the
PtNPs were growm situ. A silica layer then surrounded the loaded MSN to act as a protective

layer around the catalysfBhe silica coated catalyst demonstrated higher activity than the



uncoated catalyst at various pH, higher temperature, and protease degradation. When observing
the degradation kinetics of uric acid, the coated catalyst initially displayed lower actanty th

that of the uncoated catalyst. Over time, however, the coated catalyst was able to maintain
catalyst activity while the other enzymes degraded. This may be the case with many of these
systems that combine inorganic and biocatalysts in tandem systeiites s@he activity may be
sacrificed in the initial cycles in this system than with the individual catalysts, the ability to use

this catalyst long term may outweigh the negatives and lower activity.
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Figure 1.3Fabrication of the artificial metalloenzyme containing platinum nanoparticles (PtNPs)
and uricase, and the recycling of @oduced by PtNPs for facilitating uric acid degradation.
Reprinted from Liu, X.; Zhang, Z.; Zhang, Y.; Guan, Y.; Liu, Z.; RemQd,; X., Artificial
MetalloenzymeBased Enzyme Replacement Therapy for the Treatment of Hyperuricemia.
Advanced Functional Materia®016, 26 (43), 792Y928.
https://doi.org/10.1002/adfm.201602932. Copyright (2016). With permission John Wiley &
Sons, Incby Copyright Clearance Center Inc.

1.3.2 Metal organic frameworks (MOFs)
Metal organic frameworks (MOFs) are a subclass of coordination polymers that consist
of metal ions coordinated to organic ligands to form-tarmd threedimensionaktructures.

MOFs contain tunable pores that maintain the ability to be functionalized after synthesis, making



them good supports for compartmentalizing catalysts for competing reactions. These porous

materials have been used in several applications diroig delivery to gas separations to

catalysis; each application typically requires a separate design and structure, both tuned by many

different options available in metal nodes and ligaff8MOF-5 was one of the first MOFs to

be synthesized with a pmus, crystalline structure, and high porosity, alongside MOF*®
MOF-74 and HKUST1 have desirable porous structures and potential catalytic activity because
of their opeametal sites (Figure 1.4%%8 Pore size can be manipulated by ligand identity

catalytic sites can be incorporated via metal nodes, and multiple active sites can be combined
into a single system. MOFs also maintain functionalization at the organic ligands, which can
offer stability for enzymes via covalent chemical bonds thatnaaporated into these

crystalline structure® These many advancements in MOFs allow them to be ideal supports for

tandem catalysis.

Figure 1.4Crystal structure of HKUST metal organic framework. Reprinted with permission
from Prestipino, C.; Regli, L.; Vitillo, J. G.; Bonino, F.; Damin, A.; Lamberti, C.; Zecchina, A.;
Solari, P. L.; Kongshaug, K. O.; Bordiga, S. Local Structure of Framewdiik GUHKUST-1
Metallorganic Framework: Spectroscopic Characterization upon Activation and Interaction with
AdsorbatesChem. Mater2 006, 18, 133711346. Copyright
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There are many examples of MOFs being used for tandem catalysis in the literature, with
the majority of examples being sequential inorganic catal§stsdowever, we will focus our
attention on the few examples that demonstrate successful inclusiaryofesnand inorganic
catalysts into MOF systems for tandem catalysis. Preliminary research done kgt @hen
demonstrated that MOFs possess the ability to prevent enzyme leaching and deactivation through
specific interactions between the organic companehthe framework and the enzyme (in this
study interaction), offering insight and motiyv
MOF systems, and further advancements in utilizing the MOFs as active participants in these
catalytic design€® Recent research by Farha and coworkers have made advancements in
understanding and further manipulating MOFs for the incorporation of enZ{fies.
incorporation of enzymes into any catalytic system must be carefully designed because of the
delicate naturef enzymes, but the support must also allow for access to the enzyme active
sites!” The MOF in this study is a zirconiusbased MOF with tetracarboxylic acid linkers
designed with a hierarchical pore stannelst ure w
interconnected through open windowso, which a
dehydrogenase) active sites (Figure 1.5). In doing this, they were also able to successfully
achieve a simultaneous cofactor regeneration. Cofactor regengsaiibnas NADand metal
ions, is important when incorporating enzymes into any catalytic system because it allows the
extended recyclability of the enzyrffe’® Enzymes are continually active and without the proper
steps to facilitate their recyclabilignd stability, they become quickly inactivated, which is why
the design of the support and its interactions with the enzyme are important for catalyst
functionality. In some systems this means that a cofactor regeneration is a necessary inclusion to

maintan the activity of the enzym®&?82
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Figure 1.5Depiction of the top view and side view of the hexagonal and triangular channels that
compose the zirconiwbased MOF structure in which enzymes were incorporated. Reprinted
from Chem 4, Li, P.; Chen, Q.; Wang, T. C.; Vermeulen, N. A.; Mehdi, B. L.; Ddkova, A.;
Browning, N. D.; Shen, D.; Anderson, R.; Gon@aaldron, D. A.; Cetin, F. M.; Jagiello, J.;

Asiri, A. M.; Stoddart, J. F.; Farha, O. K., Hierarchically Engineered Mesoporous-®legahic
Frameworks toward Ceftee Immobilized Enzyme Systeni221034, Copyright (2018), with
permission from Elseviehttps://doi.org/10.1016/j.chempr.2018.03.001

Farha and coworkers have continued to expand on this research bydtabiiézation of
enzymes into MOFs and incorporating different enzymes into MOFs for reducing CO
emissions. In an article published in 2019, this group stabilized the enzyme formate
dehydrogenase (FDH) in a mesoporous MOF;NI06, for CQ fixation 2 This brief study
demonstrated the MOFs ability to stabilize the enzyme activity in an acidic environment (pH 4)
that resulted in higher activity than the free catalyst at optimal enzymatic conditions (pH 7).
Maintaining activity of the enzyme can be difficidtnon-optimal conditions. The
enzyme@MOF could oxidize NADH but needed help to then reduce*NAEhat the enzyme
could remain active. In order to increase the usage of each catalytic tandem system, they then
tested a rhodium complex attached to fluefitoped tin oxide (FTO) glass electrode with the
system for the reduction in the cofactor regeneration (NAD+ to NADH). This modified electrode
catalyzed cofactor regeneration and was incorporated for higher recyclability of the enzyme,

which was not obseed without the electrode combined with the enzyme@MOF system.
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This study continued into a second publication with FDH once again stabilized-in NU
1006 to further demonstrate the capabilities of this system by attaching-thess&th electron
mediators to the metal nodes of the Q06 MOF inside some of the pores for lighiven CQ
fixation 3 The Rh complex was piiestalled inside the larger pores of the MOF before
encapsulating FDH into the medium sized pores. The catalysts were ip@asrity of each
other within the pores which allowed for the efficient conversion of @8@rmate within the
same MOF crystal. The Rh complex also contributed to the cofactor regeneration, increasing the
capacity for FDH activity. By utilizing whitedjnt as the driving force for the reaction, a more
environmentally friendly system was created for@&luction.

Now that we have demonstrated how porous materials can be manipulated for specific
functions in tandem systems, these two materials will béoous as we move forward in this
perspective examining porous materials as supports and active catalytic components in tandem
catalysis. We will also offer new insight on what these materials have offered in combinring bio
and inorganic catalysts in tandesystems, and what future applications may be capable by using
these materials in this field.

1.4 Porous materials as supports and active participants in tandem catalysis

The combination of inorganic catalysts into tandem systems to act as enzymatis mimi
was an important step forward in exploring these heterogeneous systdiitizing inorganic
catalysts to investigate the intricate design and synthesis of tandem systems was key in
expanding knowledge in this field because of the narrow range ofradedion conditions that
enzymes possess before deactivation. Combining inorganic catalysts into tandem systems is still
an actively pursued area of tandem catalysis because the durability of the systems that can be

applied to industrial processes. Inangacatalysts, specifically nanoparticles, contain a
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robustness not observed in enzyreBecause of this characteristic, these catalysts can be
manipulated and used with specific design and control for varying applications. Studies over the
past five yess in this area have resulted in many advancements in several reactions including
oxidative esterification of primary alcohols, successfully combining acid and base active sites
that take on a zwitterionic form, and a nitrogeze Knoevenagel condensatith¥>8The

groups in each of these studies were able to combine multiple active sites from inorganic
materials into a single tandem system by connecting each component to a support. In attaching to
the support, less aggregation of the metal nanopariics observed and there was less
deactivation of each active site, increasing recyclability rates in each study.
Compartmentalization is still an important aspect to consider and incorporate in this area as it
can reduce the aggregation seen over timekeads to catalyst deactivation. A key

component to stabilizing catalysts onto supports was to incorporate a support that would not
interfere with the kinetics of the reactiétf’

Kinetics are an important concept to analyze and understand in order to create a highly
active tandem catalytic system. The kinetic pathway of an enzyme reveals the catalytic
mechanism involved in the biocatalyst. Understanding this can help explainshastivity can
be controlled and what possible inhibition may look like in the system. Enzyme kinetics takes
into account the thermodynamics involved as well as the concentrations of substrate and solvent
relative to the enzym®& Most kinetics assume aefe enzyme system; however, the
immobilization or encapsulation of enzymes onto substrates will greatly affect the enzyme
kinetics. The effect that this will have depends on the steric hindrances, limitation to accessing
active sites, and hindering confortimmal changes that occur in the free enzyme that could

further lead to inhibitiof? However, enzyme immobilization and encapsulation remain the most
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frequently used means of stabilizing enzymes for tandem catalysis, once again insinuating that
the benets may outweigh any negatives of inhibition; but the importance of the kinetics in these
systems and the role they play cannot be ignored.

Proper design and catalyst loading are understood to be of extreme importance when
creating tandem systems, as wklla study done by the Yadav group, siliceous foam was used
to incorporate enzymes and palladium nanoparticles together in a tandem®8ytensystem
was designed to convert acetophenone phédnylethyl acetate through a phenylethanol
intermediate. ldwever, recyclability was limited with the mesocellular foam and a selectivity of
only 49.1% was achieved. While a successful study combining the two catalysts intpa one
reaction, the inability to control where the catalysts were positioned in timeléolato an
inability to influence which catalyst the reactants encountered first, leading to many side
reactions. Trying to improve activity and recyclability of these systems, the Yang group explored
the dynamic kinetic resolution (DKR) ofdhenylethylanine by combining enzymes and metal
nanoparticles, specifically Pd nanoparticles and the engandida antarcticdipase B
(CALB), into a onepot system for tandem catalysis utilizing mesoporous silica as a sépport.
This dynamic kinetic resolution reamt has been demonstrated previously with various novel
enzymes and metal nanoparticles, but the yields and recyclability remained low because of side
reactions and catalyst deactivation due to the lack of separation and stabilization of the reactants,
repectively®$°In this project, a tandem system was created by designing-aluatestructure
for the DKR of tphenylethylamine. The separation of the reactants allowed for an intricately
designed system that had careful control of the dynamic kirestdution of an amine with
CALB immobilized on the surface of mesoporous silica with a Pd nanopatrticle as the core of the

reactor particle (Figure 1.6). The results from this study supported the hypothesis that by
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controlling the location of each catalgstd compartmentalizing one from the other that the
conversion and selectivity of the products could be increased (Table 1.1). The conversion rates
with the tandem catalyst were much higher than that of the monofunctional and mixture of
catalysts (Table 1,Entry 1 compared to entries 2 and 3, respectively). The bifunctional tandem
catalyst was tested over three consecutive cycles and maintained good stability over each (Table
1.1, entries 4 and 5). However, yields were only marginally higher in theyfolst with the

designed tandem catalyst and showed little to no improvement in the second and third cycle. But
a supported system was still successfully demonstrated with improved yield and conversions.
This study was one of the first to demonstrate thentiagporous support in carefully isolating

incompatible catalysts for the controlled progression of a reaction with good results.

Table 1.1Results from the DKR reaction ofphenylethylamine catalyzed by the tandem
catalysts PA/NHMSN@BTME@enzyme/tmesosilica and each separate component of the
tandem system, done for comparison. Republished with permission of Royal Society of
Chemistry, fron Positional immobilization of Pd nanoparticles and enzymes in hierarchical yolk
shell@shell nanoreactors for tandem catalysis. Zhang, X.; Jing, L.; Chang, F.; Chen, S.; Yang,
H.; Yang, Q.Chem Commun (CamlH3, 77867783. Copyright 2017; permission cayed

through Copyright Clearance Center, Inc.

Time Con. Yield ee

Entry Catalyst (h) (%) (%) (%)

1 Pd/NH,-MSN@BTME@enzyme/ 8 98 63 >99
L-mesosilica

2 NH,-MSN@BTME@enzyme/ 8 49 49 =99
L-mesosilica

3 Pd/NH,-MSN@BTME@ 12 69 55 =99
L-mesosilica + NH,-
MSN@BTME@enzyme/
L-mesosilica

! Pd/NH,-MSN@BTME@enzyme/ 12 94 51 =99
L-mesosilica 2nd

5 Pd/NH,-MSN@BTME@enzyme/ 12 79 41 =99

L-mesosilica 3rd

Reaction conditions: all of the reactions were carried out in toluene
(3 ml) under 1 atm of hydrogen gas, 1-phenylethylamine (0.50 mmol),
ethyl methoxy acetate (1.0 mmol), dry Na,CO; (40 mg), 70 °C, hexa-
decane as an internal standard. Conversion, yield and ee values were
determined by GC analysis.
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Figure 1.6Synthesis of a bifunctional coshell enzyménorganic tandem system with

palladium, mesoporous silica, and a lipase enzyme. Republished with permission of Royal
Society of Chemistry, from Pogihal immobilization of Pd nanoparticles and enzymes in
hierarchical yolkshell@shell nanoreactors for tandem catalysis. Zhang, X.; Jing, L.; Chang, F.;
Chen, S.; Yang, H.; Yang, @hem Commun (Camt§3, 77837783. Copyright 2017;
permissiorconveyed through Copyright Clearance Center, Inc.

Related to catalyst design and loading, encapsulation of the catalysts can impact catalyst
activity as well® Different levels of stabilization and spacing are possible with different material
componentssize, and crystalline design of the chosen MOF for specific enzyme encapstlation.
Several studies have been done to demonstrate the use of encapsulating and immobilizing
enzymes into or onto MOF structures for tandem cataf{$¥8’ The Farha grouph®wed that a
hierarchical structure of MOFs, for example 901 or ZIF8, demonstrates superior
encapsulation and stabilization of enzymes compared to other MdEss(pra. MOFs are
hierarchical because of their defined frameworks at the molecularlevetll as extended,
larger length scales, from several micrometers and up to macroscopi levalo separate
studies published in 2016, two wattable MOFs, NELOOO and NU1003, were investigated
for their capabilities to encapsulate enzymes atdlyze various reactions (Figure 1.7 and 1.8,
respectivelyP>1%°Both studies revealed that these hierarchical structures were able to

encapsulate and stabilize each enzyme in question for an extended number of cycles,
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demonstrating recyclability andagtility of both the MOF components and the enzyme from

breaking down and denaturing, even in harsh reaction conditions.

Figure 1.7The immobilization of the enzyme cutindaside the pores of the MOF structure NU
1000. Reprinted frorf®hem 1, Li, P.; Modica, Justii\.; Howarth, Ashledl.; Vargad., E.;
Moghadam, Peymaad.; Snurr, Randal).; Mrksich, M.; Hupp, Joseph T.; Farha, OrKay
Toward Design Rules for Enzyme Immtikation in Hierarchical Mesoporous Met@rganic
Frameworks, 15469, Copyright (2016), with permission from Elsevier.
http://dx.doi.org/10.1016/j.chempr.2016.05.001
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Figure 1.8This tardem system hydrolyzed a nerve agent from toxic tetogit using a tandem
system created with the enzyme organophosphorus acid anhydrolase (OPAA) immobilized in the
pores of the MOF N&L003. Li, P.; Moon, S. Y.; Guelta, M. A.; Lin, L.; Gom&ualdron, D.

A.; Snurr, R. Q.; Harvey, S. P.; Hupp, J. T.; Farha, O. K., Nanosizing a-Megahic

Framework Enzyme Carrier for Accelerating Nerve Agent Hydrolys&S Nan@®016,10 (10),
91749182.https://doi.org/10.1021/acsnano.6b04986pyright (2016) with permission from
American Chemical Society. Further permissions related to this material excerpted should be
directed to the ACS.

Liang et al looked into zeolitic imidazolate frameworks (ZIFs) to determine the best

loading method of enzymes into MOFs, specifically biomimetic mineralization and co
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precipitation (Figure 1.9% This group chose ZH8 and explored each loading methtiggn

guantified each as well as tested the catalytic ability and stability of the enzymes inside the
MOF. Compared to the free enzyme, Akmproved the urease activity at increased

temperatures (2680°C) with both methods. Biomimetic mineralization, lewer, showed

superior activity to both the free enzyme and themipitation method, demonstrating enzyme
activity at temperatures as high as 80°C. A rapid decrease in activity was noticed after 40°C with
the coprecipitation method. From this, the-pecipitation method was assumed to give the

urease enzyme less stabilization than the biomimetic mineralization loading method, leading to
the loss in enzyme activity. The biomimetic mineralization method demonstrated a gradual
decline in enzyme activitysahe temperature was increased, demonstrating more stabilization

and less exposure than-peecipitation or the free enzyme.

Urease

Figure 1.9Schematic showing the loading of urease-Z¥a caprecipitation and biomimetic
mineralization methods. Republigheith permission of Royal Society of Chemistry, from

Liang, K.; Coghlan, C. J.; Bell, S. G.; Doonan, C.; Falcaro, P., Enzyme encapsulation in zeolitic
imidazolate frameworks: a comparison between controllgarecipitation and biomimetic
mineralisationChem Commun (CamBP16,52 (3), 4736. Permission conveyed through
Copyright Clearance Center, Inc.
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Without these porous supports and encapsulation techniques provided by each, control of
the reaction scheme would be near impossible with the current state of the art. While
encapsulating and immobilizing enzymes offers many advantages in the durabiléytanded
lifetime of enzymes in tandem catalysis, a different approach to these systems has been
communicated by utilizing these supports a step further and incorporating them as catalytic
components, utilizing them within the chemistry of the reactiéssve continue in this
perspective, we will explore the research that has been done to incorporate materials as both
supports and catalytic components into tandem systems involving enzymes and inorganic
catalysts.

1.4.1 Porous supports as active componés

Utilizing materials with a dual purpose is an attractive option in tandem catalysis because
it reduces synthesis time of creating a msiiéip one pot system. A more seamless system is also
possible with this method because fewer components to inedepaltow for better activity
maintenancé>°*MOFs are often used as both active components and supports, thus we will
focus on these materials. MOFs have been shown to act as good supports for enzyme
immobilization while maintaining stability and adtivof the enzymé?®%1% This, combined with
studies demonstrating how MOFs are capable of mimicking enzymes, continues the progress of
combining enzymes and MOFs in medtep tandem catalysis as active compon€fits?

Throughout this section we wilbok into tandem systems that utilized supports that behave as
active components in the systems; namely, arrangements that were able to combine inorganic
components to act as enzyme mimics with natural enzymes.

While still a new area of research, a fevaewles have been reported demonstrating

systems where MOFs patrticipate as active components in tandem catalysis systems containing
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enzymeg?86.9.105118y/anget al created a MOF material to demonstrate peroxitikseactivity

for glucose detection (Beme 1.1} In this elegant system, the metal nodes in the MOFs
participated in the reaction to catalyze the conversion of glucose to gluconic acid for glucose
detection in biosensor applications. The enzyme glucose oxidase was encapsulated inside a
bimeallic FeNFMOF to demonstrate an enzymmemetic system with a natural enzyme. By
immobilizing the enzyme in the FeNIOF, the full recovery of the enzyme became possible,
making this system recyclable. The MOF was designed as both a peraxidaiseas wéd as a
protective coating for the enzyme to maintain functionality and optimize conversion. This
protective coating was tested by incubating the tandem system and free enzyme glucose oxidase
(GOx) in a sodium acetate buffer for @l&@y period and testingeriodically for sustainability in

the original activity of the enzyme. The tandem MOF system demonstrated a retention of 95% of
the original activity compared to the free enzyme which only maintained 30% of the original
activity over a 7day period. Conges have been voiced on whether MOFs can add continued
structural support and protection over multiple cycles; this study indicates that recyclability is
possible with MOFs through a series of five cycles while still maintaining good catalytic activity.
MOFs continue to show improvement in preventing aggregation and deactivation by protecting
catalysts from harsh environments and making the tandem system more durable, especially
regarding enzyme immobilizatidf® The specific interactions between enzymes BIOF

components help to stabilize the enzyme while still allowing reactants to reach active sites. This
system was able to encapsulate an enzyme, maintain the catalysts activity, and participate in the
catalytic activity itself by utilizing the activetes on the metal nodes of the MEFAs

demonstrated here by Waagal the usage of MOFs to encapsulate enzymes for tandem

catalysis creates a system where the support can also act as a catalyst in the reaction. It also takes
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little imagination to seedw sensors and other analytical tools utilizing tandem systems could be
incorporated into synthetic procedures. While the enzyme will be highly selective for the
oxidation of glucose to gluconic acid, an inorganic catalyst could be incorporated to catalyze
second oxidation to glucaric acid, which is a diacid that has a number of downstream commercial

applicationg13114
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Scheme 1.Bchematic of glucose colorimetry based on the synthetic tandem system of
GOx/FeNtMOF, a glucose oxidase enzyme loaded onto a MOF containing iron and nickel.
Reprinted fromAnalytica Chimica Acta, 1098Vang, J.; Bao, M.; Wei, T.; Wang, Z.; Dai, Z.,
Bimetallic metatorganic framework for enzyme immobilization by biomimetic mineralization:
Constructing a mimic enzyme and simultaneously immobilizing natural enzyme$5448
Copyright (2020). With permission from Elsevibttps://doi.org/10.1016/j.aca.2019.11.039
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Scheme 1.&chematic illustration of the oxidation to produce nitric oxide through the tandem
catalyst GOD@Cd-eMOF, a MOF composite containing cobalt, iron, and an immobilized
glucose oxidase enzyme. Schematic illustration of catalyst creation and reaction. Republished
with permission of Royal Society of Chemistry, from [Enzyimenobilized metalborganic
framework nanosheets as tandem catalysts for the generation of nitric oxgle? L.iQian, C.;

Gao, F.; Lei, J.Chem Commun (Caml®4, 79, Copyright 2018; Permission conveyed through
Copyright Clearance Center, Inc.

Ling et al designed a tandem catalytic system with an enzyme immobilized MOF for the
production of nitric oxide (NO) (Scheme 12JThis multistep tandem system incorporated
glucose oxidase and iron porphyrin species (FeTCPP), with the iron polymeric linker
incorporated into the MOF framework as the organic linkers to make a 2D MOF nanosheet with
cobalt as the metal nodes. The first step of this system catalyzed glucose to gluconic acid and
hydrogen peroxide (#D2) which could then be used for the second stejpakidized L-arginine
to produce nitric oxide. The FeTCPP linker has been shown to coraegiriine to nitric oxide,
while the cobalt node assisted the glucose oxidase enzyme to produce enough hydrogen peroxide
for the second step of the reaction to pext!'® As indicated here, all components of a MOF
have been utilized as catalytic components in tandem catalysis, necessitating stability tests to
ensure longevity of the system. The stability and activity of the system was measured over five
cycles, andesults indicated that the entire system remained intact with reasonable activity even
after five cycles. However, enzyme leaching, and the extendedighelf the system were not

examined. While the results of this study prove promising for tandetysiatdurther research
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is needed to investigate enzyme leaching and catalyst stability to take a system like this into
industrial applications. As it is, a strong pradfconcept study has been demonstrated here for
utilizing active components of supp®ih tandem catalysis with natural enzymes.

In an example of a combined enzyM©F system demonstrated by Zhoegal, an
enzymeMOF tandem system, denoted GOx@MOF545(Fe), demonstrated the ability to act as a
colorimetric biosensoft’ This MOF system tilized the natural enzyme glucose oxidase (GOX)
with the active metal nodes, Fe, for glucose detection. MOF545(Fe) was able to act as a support
while also cooperating with the natural enzyme GOXx in the reaction without sacrificing any
crystal structure ahstability. This system was communicated to be able to detect much lower
limits as a glucose detection meter than had been reported. While demonstrating stabilization of
the enzyme with the MOF and showing good activity, the enzyme was stabilized antside o
of the MOF structure instead of inside the pores, raising the question of the extended stability of
the system. Like most studies have depicted, some activity might need to be sacrificed initially to
be able to obtain longevity of these systems.|gvthis group compared the M@hzyme
system versus the free enzyme in several parameters such as temperature and pH, additional
studies may be needed on the comparison of the tandem system versus both components of the
system together.¢.,the enzyme ahMOF/metal components in close proximity with the
reactants).

1.5 Conclusions and Further Research

Tandem catalysis that combines enzymes and inorganic catalysts remains an important
field of research due to the many benefits that can come from therairobiof these catalysts,
but research has remained relatively limited because of the potential incompatibility in these

reactions as well as the complex nature of these systems. We believe this field will continue to
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grow and see success in syntheticrapphes for fine chemical and pharmaceutical research and
production. However, for this area of research to move forward, focusing and addressing
challenges surrounding reaction condition compatibility, kinetics, experimental controls, and
communication isieeded. The challenges in matching reaction conditions and kinetics will be
addressed because of the significant cost savings and positive attributes combined catalytic
systems will have on production. While many of the existing examples are desigeed@s s
and have more analytical characteristics, the chemical transformations demonstrated in these
systems will be used to improve synthetic approaches. Another important aspect of this research
that was originally raised by Yat al and is worthy of repating heré® Finding a common
terminology and avoiding arespecific jargon is needed to combine the fields of biochemistry
and traditional catalysis. For example, substrate may mean one thing to a biochemist (reactant)
and to a material chemist it mayean support or scaffolding. Also, biochemists report rate
properties of enzymes in Michaelgenten kinetic terms while traditional inorganic or organic
catalysts are typically reported in tuomer number or frequency.

Encapsulating and attaching enzyae supports offers new insight into how to
incorporate them into heterogeneous systems with inorganic catalysts. By stabilizing the
enzymes onto a surface, protection of the enzymes can potentially be obtained through bonds and
compartmentalization. Desp the expertise gained, numerous obstacles still hinder widespread
application of these systems, such as sacrifices in initial activity, complexity of synthetic
methods and conditions, and retaining the functionality of a free enzyme. While sacrifitiag s
initial activity may be vital for longerm reactions, the enzyme kinetics remain an important
factor in understanding and manipulating these systems for proper control of the tandem

reaction. Understanding the progression of the tandem reactionearatdhat which each step
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occurs will be important for targeted, efficient conversions. We believe a general understanding
of this process is possible and could lead to elucidating reaction intermediates and limiting side
reactions.

Supports and other @ytic components have been explored to analyze the interactions
and how the durability of the system is affected over time. Porous supports, such as MOFs and
MSN, stabilize encapsulated enzymes through specific interactions but can impact the range of
motion of enzymes, potentially limiting the activity and accessibility to active sites while
subsequently impacting the stability. Especially with MOFs that contain active components in
the catalysis, stability may be sacrificed over time because the reaetquire access to the
active sites which also support the enzymes. We believe it will be prudent to investigate the
impact that MOF defects may have on biocatalysts and the catalytic reaction in these tandem
systems, specifically how defects and actitesschange during the catalytic process. These
supports immobilize, shield, and compartmentalize the catalysts in the system; when utilizing
active sites on the supports as catalytic components in a tandem system, there is a potential to
sacrifice some ahe supporting features of the material as the active sites are deactivated over
multiple uses or some of the stability is sacrificed via the active sites-teamgeffects
(specifically recyclability and shelf life) of these sites will be crucial toeustdnding these
systems and how to advance them, especially gaining evidence of how catalyst deactivation
occurs and how to hinder deactivation in these systems. While few studies have been conducted
that communicate the ability of the material to do sgethwe believe MSN can also participate
as an active component in tandem systems. Silica offers a blank platform for manipulating the
surface to expand the reaction environment that tandem systems can react in as well as offering

more control and stabili in attaching the catalysts. Further research into the surface
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functionalization and placement of active sites into and onto the MSN framework could offer
more insight and improvement of tandem catalysis and could also offer the ability to enhance the
number of catalytic steps in these systéhi$?°There is also a need for studies in surface
interactions with catalysts in tandem systems versus interactions in the pores of the supports and
substrates. The access to the active sites when encapsulated lnaiyed, but catalysts

attached to the surface of the substrates are more exposed to reaction conditions. Both scenarios
can lead to limited availability and therefore limited activity may be witnessed over time.
Investigating this will be necessarydetermine the optimal methods to incorporate catalysts in
these systems. It may be that enzymes perform better when encapsulated into the pores, but
metal components can remain exposed on the surface. This will vary from system to system as
well, particubrly when reaction conditions need to be adjusted.

More research is necessary on the g stability of these systems before they can be
considered viable for industrial processes, but the promise of these systems remains; initial
research demonstratéhat porous supports can act as strong, active components in tandem
reactions. Specifically, in drug developméfit??fine chemical synthesis,-8 bond activation
and asymmetric catalysis, the advancements made in tandem catalysis can add to the lifetimes of
catalytic systems as well as increased activity and conversions that can expand these important
reactions into indstrial processes. While more advancements are currently being made with
MOF supports, as this is the current focus of this field, we believe that both these and MSNs
offer unique platforms that can support and encapsulate multiple catalytic comporferiteto
develop these systems to mimic biosynthetic pathways.

Another important challenge that needs careful investigations and consideration is

techniques to match the kinetics of enzymes with inorganic catalytic reactions. It is frequently
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observed thatnzymatic reactions are reversible and when the concentration of products of the
reaction build up, the reverse reaction will be facilitated, potentially eliminating the reactants for
the subsequent reactidtt.Matching and fine tuning the intrinsic kithes and activity of the

catalysts in these systemill be important to produce a system with optimal conversion and
yields. This will also involve identifying possible inhibition in these systems and discovering
ways to counteract it. Identifying how fiision of substrates can be tuned (both hindering and
facilitating) through a porous scaffolding or synthetic, biochemical, or environmental methods to
modulate the enzymatic activity will be another important step in advancing this technology. An
exampleshowed how the activity was modulated in durictional catalyst consisting of zeolite

acid sites as a core and a lipase sii&lThe catalytic activity of the shell (enzyme) and core
(inorganic) were independently modulated to slow the acid catalyeechization rate and
enhancing the kinetic resolution rate of the lipase. To accomplish this kinetic control, the number
of acid sites, thickness of a polymer interlayer between the core and shell, and the amount of
lipase were all modulated. Through catefynthetic control, matching the kinetics of tandem
reactions can be accomplished. Frequently, enzymes that are mammalian in origin have an
optimal temperature at 37 °C where activity is maximized; however, tuning the reaction
temperature up and down cdudrastically modify the activity. Tuning the pH can have similar
effects on the enzymatic reaction. There are a multitude of approaches creative researchers will
discover in the next few years to tune and match activities as necessary.
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CHAPTER 2
A SUPPORTED PALLADIUM/GOLD TANDEM CATALYST FOR THE DIRECT
OXIDATIVE ESTERIFICATION OF ALLYL ALCOHOL
In preparation to be submitted for publication
Kara Metzgef, Megan Moyer-* Noemi Leick? Malcolm DavidsonS and Brian Trewyf® <"

2.1 Abstract

The direct oxidative esterification of alcohols has been the focus of research due to its
importance in the production of monomers that have applications in many different syntheses
with industrial relevancdn particular, the esterification of allyl alcohol to form ally acrylate and
allyl methacrylate is frequently targeted since these monomers possess significant commercial
value. Polymers containing allyl acrylate are used in dyes, adhesives, paires,tpatyolefins,
and quaternary ammonium salts, and their demand continues to increase. The typical synthetic
environments for forming this ester from allyl alcohol are harsh: strong base activation at high
temperatures for extended time, followed by miyacid catalyst treatments. These routes require
stoichiometric or excess amounts of toxic and fught reagents; often necessitating separate
reactions to form intermediate species. More recently, gold nanoparticles on various supports
have emerged asg@mising green catalytic alternatives for direct oxidative esterification of

alcohols. These heterogeneous catalysts allow for molecular oxygen to be used as an oxidant,
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lower reaction temperatures, and milder base addition. Though gold displays high selectivity for
the formation of the ester, activity tends to remain below desired levels unless temperature or
oxygen pressure anecreased. Palladium has also been explored as a catalyst for these reactions
as it is highly active for alcohol oxidation, even at low temagures. Despite this improvement,
palladium catalysts suffer from low selectivity, which is compensated for by increasing reaction
time. In this work, palladium and gold are supported on mesoporous silica hanoparticles (MSNSs)
for use as a tandem catalyat the direct oxidative esterification of allyl alcohol. Tandem
heterogeneous catalysts, or two distinct catalytic sites present on a single catalyst, have been at
the forefront of recent research; they reduce waste, limit reaction steps, and effp=eiatiyn
multi-step reactions within a single system. While Au@MSN and Pd@MSN are able to convert
only 22 and 72% of allyl alcohol, respectively, the tandem Pd/Au@MSN catalyst demonstrates
complete conversion. Additionally, the tandem catalyst yields 40%¢ wilyl acrylate than the
Pd catalyst, exemplifying the benefits of incorporating both catalysts in a single system.
2.2 Introduction

Synthesizing esters directly from alcohols has been a challenge for organic chemistry since
the early 194042 In particular, allyl acrylate ester has been targeted due to its importance as a
precursor molecule for many industrial applications such as coatings, paints, ancetiamant
textiles® Additionally, allyl acrylate and methacrylate have been useaeipolymerization of
guaternary ammonium salts employed in wasa¢er treatment, in the polymerization of thiol
acrylate systems where they are active enough as a monomer so as to not require the addition of
a photoinitiator to the polymer, and as a augfior stents to function in drug delivery Most
synthetic methods, however, are performed in methanol, thus yielding the methacrylate®product.

Typical preparations of these methyl esters employ harsh conditions; strong acids such as
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sulfuric, sulfoni¢ and phosphoric acid are required, and the production of these esters from their
corresponding alcohol is a twatep process. In traditional methods, the carboxylic acid is reacted
with methanol while utilizing an alkoxide to yield the methyl e&fEnedirect oxidation of allyl
alcohol to form allyl acrylate without the use of harsh acids or alkoxides is therefore highly
desirable, and more recently has been a focus of green chemical syfitt@segpromising
innovation is the use of supported gold oparticle catalysts for the direct oxidative

esterification of alcohol$® Corma and coworkers investigated gold supported on cerium oxide
for alcohol oxidation to form aldehydes and ketoffidé®y found that they could achieve very

high turnover frequesies (TOF) of 12,500 hfor the conversion of-phenylethanol into
acetophenone at 160 °C under atmospheric pressure of oX@eparation of esters from

alcohols reacted with methanol has been investigated for a variety of metal catalystst allaki
employed Nheterocyclic carbenes and mangan@goxide catalysts in a one pot system to
synthesize esters from alcohols. Their strategy of combining both catalysts into one reaction
system allowed for efficient synthesis at ambient temperattifesopper catalyst,

Cu(CIQw)2A 628, was shown to oxidize aromatic and aliphatic aldehydes to esters with simple
alcohols. Despite the benefits of using a-poecious metal catalyst, the reactions required
elevated temperatures atatt-hydroperoxide as the aant!?

More recently, benzylic and allylic alcohols were reacted with methanol in the presence of
gold salt NaAuCl) using oxygen or air as the oxidant to form the corresponding esters. They
found that the gold salt formed a supported compiesitu with the added KCOs base, making
a heterogeneous cataly3The advantages of heterogeneous catalysts are that éhegsily
recycled, the supports often have high specific surface area allowing excellent access to the

nanoparticle active sites, and often the amount of metal required for the reaction is dé¢fased.
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There is always a drive to reduce the amount @figsttused as they tend to be cost prohibitive,
particularly preciousnetal catalysts. In addition to catalyst considerations, an ideal system for
the oxidative esterification of alcohol would be at ambient, or near ambient, pressures and
temperatures and a single reaction vessel to limit waste created by subsequent reactions and
separations. To that end, supported gold nanoparticles have emerged as the most promising
catalysts for these reactions. However, methanol is often incorporated with thécatyla
resulting in allyl methacrylate formation. A more unique product is allyl acrylate, which requires
the oxidative intermediate, acrolein, to react with allyl alcohol. Another challenge for this
reaction is that gold is an efficient catalyst for to@version of acrolein and allyl alcohol to

form allyl acrylate but maintains slow kinetics for the first oxidation reaction from alcohol to
aldehydé In order to overcome this ratieniting step, high temperatures, harsh oxidants, and
strong bases areteh added to the reactioh.

One innovation that has gathered attention recently is the synthesis and use of tandem
catalysts'®1°These catalysts contain at least two active sites or two different metals for use in a
single reaction system. By incorptirey a second catalyst alongside the gold nanoparticles, the
limitations of the first oxidation step can be overco@epper and palladium have been
identified as metals that efficiently catalyze the conversion of alcohols to aldehydes, though
typically as singlesite catalyst$®?*Recently, this strategy of incorporating a second catalyst
was shown to be effective for oxidative esterification of benzyl alcohol with a tandéa Pd
catalyst supported on mesoporous silica nanoparticles (S tandensystem greatly
outperformed either Pd or Au catalysts by themselves due to each specializing in one step of the
reaction. In this paper, we report a tandem Pd/Au@MSN catalyst for the oxidative esterification

of allyl alcohol without the addition of solvear methanol, at low temperatures, with low
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catalyst loadings, and using molecular oxygen as an environmental oXidamhechanism of
oxidative esterification is generally well understood. The reactant alcohol is catalyzed to form
the aldehyde intermeatie, which then interacts with excess alcohol to form the hemiacetal. The
hemiacetal is then catalyzed to give the final ester préduealladium effectively performs the
first step of this tandem reaction, the initial dehydrogenation of the alcohol, while the Au catalyst
performs the second step of this reaction, converting the-&egtal to the final ester product.
This twometal catalgt system enables direct oxidative esterification of a historically
synthetically difficult product.
2.3 Experimental
2.3.1 Materials

All materials were used without further purification. Allyl alcohol, tetramethylorthosilicate
(TMOS), palladium acetat®¢l(OAc)), ethylenediamine (en), gold chloride trihnydrate
(HAuCIsBH20), potassium carbonate, toluene, sucrose, polydopaatiheand TRISHCI were
purchased from Sigma Aldrich. Common solvents (ethanol, methanol) were ACS grade. P104
surfactant was obtained from BASF. Millipore nanopure water was filtered at 18.2 MOhms.
2.3.2 MSN-10 Synthesis

MSN-10 was prepared as previously repo&8.;5 g P104 was dissolved in 112.2 mL 1.6 M
HCl in a 250 mL Erlenmeyer flask for 1 hour at 56 °C while stirring. Then, 5.2 mL TMOS was
added dropwise over 5 minutes. The flask was ligtalered with aluminum foil and allowed to
stir at 56 °C for 24 hours. The mixture was then transferred to a JlefexhParr reactor and
placed in an oven at 150 °C for 24 hours. The gel product was filtered, washed with nanopure

water and copious amourgémethanol, and air dried at room temperature overnight. To remove
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the surfactant, the dried product was placed in a muffle furnace and heated in air to 550 °C at
10 °C/min for 6 hours.
2.3.3 Au(en)Cls synthesis

Ethylenediamine substituted gattiloride was synthesized as reported elsewtfere of
HAuUCI:A 3,8 was dissolved in 10 mL nanopure water in a small Erlenmeyer flask. After
dissolving, 0.45 mL ethylenediamine was added. The mixture was stirred for 30 minutes at room
temperature, then baequently 70 mL of ethanol was added, and the mixture immediately
became cloudy. The solid was filtered, washing with ethanol. The resulting white powder was
dried under vacuum overnight.
2.3.4 AU@MSN synthesis

Gold was immobilized on MSN as reported aleere???4In a beaker, 75 mg of Au(els
was added with 120 mL of nanopure water. The pH of this solution was adjusted to 10 with 2 M
NaOH, followed by the addition of 1 g of MSND, which acidified the solution. The pH was
again adjusted with 2 M NaOH until it reached 9.5. The solution wasdsfior 2 hours at room
temperature and the solid was filtered and washed 3 times with nanopure water and 1 time with
methanol. The powder was vacuum dried for 24 hours. To reduce the gold, the catalyst was
placed in a quartz boat in a tube furnace. The tuas degassed with nitrogen for 15 minutes
followed by the addition of a 10% hydrogen flow. The catalyst was reduced under 10% hydrogen
(balance nitrogen) for 3 hours at 250 °C (10 °C/min ramp rate). The resulting purple/red powder
was stored for cataligt use and Pd addition.
2.3.5 PA@MSN synthesis

Palladium was immobilized on MSN as reported elsewfrefag MSN was first dried for 6

hours at 90 °C in an oven. Then, 500 mg of the dried MSN was placed in a round bottom flask
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with 17.7 mg Pd(OAg)and 25mL of toluene. The round bottom was capped with a rubber
septum and the mixture was heated at 35 °C for 3 hours with stirring. The solid was then filtered,
washing 2 times with toluene and 2 times with methanol. The powder was dried overnight under
vacuum.The catalyst was reduced by the same method as above: 3 hours at 250 °C in a tube
furnace under hydrogen. This grey powder was stored for future use.
2.3.6 PA/Au@MSN synthesis

The previously synthesized AMSN was first dried for 6 hours at 90 °C in an oven to
remove physisorbed water. After, the dried catalyst was placed in a round bottom flask with 17.7
mg Pd(OAc) and 25 mL of toluene. This mixture was capped with a rubber septum, heated to
35 °C, and stirred for 3 hours. The catalyst was then filtered, washing 2 times with toluene and 2
times with methanol. The powder was dried under vacuum for 24 hours. To @tbdumal
catalyst, the solid was placed in a quartz boat and reduced using the same method as above: 3
hours at 250 °C under hydrogen. The final powder was brown/grey.
2.3.7 Carbon-coated MSN synthesis (C&Pd/Au@MSN)

To carbon coat the catalytic magdy the catalyst was coated as reported elsewiidi@0) mg
of the catalyst was placed in a 50 mL beaker with a stir bar with 10 mg sucrose and 5 mL of
nanopure water. This liquid mixture was left to stir overnight open to the air until the water
evaporatd. The solid was then transferred to a quartz boat and placed in a tube furnace.
Carbonization took place under nitrogen gas and heating at 400 °C for 2 hours (5 °C/min ramp).
2.3.8 PDA-coated MSN synthesis (PDAd/Au@MSN)

As an alternative method of carb coating the catalyst, a polydopamine polymer coating
was used as reported elsewh@re00 mg of Pd/Au@MSN and 25 mg dopamine hydrochloride

were placed in a plastic centrifuge tube with a stir bar and 25 mL 10 mM Tris buffer, pH 8.5.
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This mixture was stred overnight at room temperature while covered to reduce exposure to
light. To separate out the coated catalyst from polydopamine that did not form a coating, the
black mixture was centrifuged 8000 g for 5 minutes and the supernatant was decartied.
particles were washed with 3 x 25 mL nanopure water. The coated catalyst was dried under
vacuum overnight®
2.3.9 Neat oxidative esterification of allyl alcohol

In a 2neck round bottom flask, 22 mg catalyst, 138 mg@®s, and 5 mL allylalcohol were
combined and sonicated together for 1 minute. The flask was connected to a condenser with a
balloon fitted over the top and the mixture was purged witga3 3 times and then the balloon
was filled with Q gas. The reaction was stirred at°@Dfor the allotted time (3, 6, 12, or 24
hours). The final mixture was filtered over a frit filter, washing 3 x 2 mL allyl alcohol. The
filtrate was collected for GC analysis.
2.3.10 Neat oxidative esterification of allyl alcohol recyclability tests

In a2-neck round bottom flask, 20 mg catalyst, 20 m@®&s, and 5 mL allyl alcohol were
combined and sonicated together for 1 minute. The flask was connected to a condenser with a
balloon fitted over the top and the mixture was purged witga3 3 times antthen the balloon
was filled with Q gas. The reaction was stirred at 60 °C for 24 hours. The final mixture was
filtered over a frit filter, washing 3 x 2 mL allyl alcohol. The filtrate was collected for GC
analysis.
2.3.11 Oxidative esterification of allylalcohol in hexadecane

In a 2neck round bottom flask, 10 mg catalyst, 69 mg®&s, 0.25 mL allyl alcohol, and
2.25 mL hexadecane were combined and sonicated for 1 minute. As with the neat reaction, the

flask was placed under a condenser sealed with@bapurged with ©3 times and the
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balloon filled with Q gas. The reaction was stirred at 60 °C for 6 hours after which the solid was
filtered over a frit filter, washed 3 x 1 mL hexadecane, and the filtrate collected for GC analysis.
2.3.12 Instrumentation and characterization

Nitrogen sorption analysis wasrfiemed at 77 K with a Micromeritics Trist&8020surface
area and porosity analyzer. The surface area was determined with BreEnamettTeller
(BET) and average pore size with BardiynerHalenda (BJH) method. The powdeiry
diffraction of the ctalysts was measured on an Empyreara)diffractometer using Galipex w/
FASS and BBHD with 1/32 entrance slit (divergence) and 1/8saatter slit with a 10 mm mas
and 0.4 soller slit on the FASS at 16.8, rotating at 2 RPM scan using powder on Gdrg-260
s dwell. The powder samples were imaged using the FEI Tecnai ST 30 transmission electron
microscope (TEM) operated at 300 kV. Scanning electron microscopy (SEM) was performed on
a Quanta 250 FEG Scanning Electron Microscope made by the FEI Carvegtal/content of
the various catalysts was measured by-KEHS PerkinElmer Optima 8308fter dissolving the
solid in HF and aqua regia and diluting with 5% HCI.
2.4 Results and Discussion
2.4.1 Material Characterization

The physical properties of tloatalysts were determined by TEM, nitrogen sorption, ICP,
and XRD. TEM analysisHigure 2.2 of the MSN10 support revealed hexagonal dige
particle morphology with hexagonally ordered pores (11.5 £ 1.5 nm), which was in alignment
with the pore size raye calculated from BJH desorption and adsorptiorl@@m). This general
structure was maintained for each catalyst as evidenced by TEM and nitrogen sorption. With the
addition of gold, nanoparticles were observed agdgtributed throughout the MSN sugp For

Pd@MSN, particles were not visible in TEM, though elemental mappiggre 2.3 shows a
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uniform distribution of palladium throughout the support. This suggests that the metal is
incorporated as very small nanoparticles or as sisitgeor smalltom clusters of palladiunn
the tandem catalyst, Pd/Au@MSN, again only gold nanopatrticles are observed but EDS confirms
the presence of both metals. Gold nanoparticles were observed in the size raffenof 3
(average 6.4 nm); these particles cditlthside the pores of the MSN and are likely distributed
both in the pore and external surface of the support. Elemental mapmgoge(2.3 shows
clusters of Au, suggesting particle formation, while Pd is highly dispersed throughout the
support.

Nitrogen sorption analysis further confirms that high surface area and large pore size is
maintained throughout the addition of catalysts to the MSN support (Figure 2.1). Each catalyst
has a surface area of approximately 46§ hand an average pore diameted8fnm, allowing

access to the catalytically active sites of both Pd and Au metals on the MSN.
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Figure 2.1 Nitrogen sorption isotherms for each catalyst. Pore size distribution is displayed at the
inset.
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Figure 2.2TEM images of MSNLO (a, b), Au@MSN (c, d), PA@MSN (e, f), and Pd/Au@MSN
(9, h).
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Figure 2.3 Elemental mapping of metal distribution on the silica support for PdA/Au@MSN
HAADF image at the top left is the source for each subsequent chemical map.

A Type IV isotherm was obtained for each material, typical for mesoporous materials. The
relatively vertical hysteresis loop at a high relative pressure suggests regular pore ordering with
large sized pore¥:?®The pore size distribution for each mateisatentered at 13 nm with very
little deviation after the addition of Au or Pd. The nitrogen sorption provides evidence that the
original MSN-10 structure does not undergo significant alteration during the addition of
subsequent Au and Pd catalysts, whecbxpected as silica is both inert and chemically and
thermally stable in most conditions. The pore structuring of the MSN was further analyzed with
low angle (LA) powder Xray diffraction (XRD) as shown iRigure 2.4(left) The most
prominentpeak at08A 2d corresponds to the (100) peak,
correspond to the (110) and (200) peaks respecti¥él.he Au@MSNsample has a decrease

in relative intensity of these peaks due to the basic conditions of the synthesis, which partially
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etches the silica support over time. The higher degree ordering was observed for each as
prepared sample, but only the (100) peak aygsarent after the catalyst was used for 24 hours,
meaning the highly ordered pores of the MSN show slight degradation at the reaction conditions.
In the high angle XRD spectri&igure 2.4(right)) peaks corresponding to gold nanoparticles

were observed irach golecontaining catalyst: As with TEM, palladium is not apparent in

XRD due to its small particle size and high dispersion throughout the samples. The noise in the

high angle spectrum is due to a lowered intensity compared to the low angle spectra.

MSN
Au@MSN
Pd@MSN
Pd/Au@MSN y
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Intensity (a.u)
Intensity (a.u.)

1 1 1 1 1 1
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Figure 2.4. Low angle XRD (left) and high angle XRD (right) for as prepared catalysts and the
Pd/Au@MSN catalyst after 24 hours use in a neat allyl alcohol oxidative esterification reaction.

The amount of metal in each catalyst sample was measut€@PAES after dissolving the
MSN supported catalysts in HF and aqua regia. It was determined that Au was loaded at
approximately 3 wt% while Pd was loaded at 0.5 wt%. The differences in Au and Pd content are
within the margin of error of the instrument ashal not appear significant. A summary of all

catalyst characterization is shown in Table 2.1.
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Table 2.1 Physical properties of MSN supported catalysts

1
Surface Pore Pore (100) Au Pd
area volume size (2d d100 content  content
Material (mgh  (cmgd  (nm)  degrees) (nm) (Wt%) (Wt%)
MSN-10 401 1.29 13.1 0.89 9.9 - -
Au@MSN 380 1.29 13.3 0.86 9.9 2.9 -
Pd@MSN 390 1.26 13.2 0.88 10.0 - 0.3
Pd/Au@MSN 375 1.25 13.2 0.88 10.0 3.3 0.6
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Figure 2.5 Yield of allyl acrylate in a neat system aftiffierent reaction times (right) and
relative rate of production of allyl acrylate (right). All reactions were performed at 60 °C under
O2 atmosphere.

24.2 Allyl alcohol oxidative esterification
To determine the yield of allyl acrylate from thieect oxidative esterification of allyl
alcohol, a neat system (no additional solvent) was chosen to test the catalysts. First, the overall

activity of the single metal and tandem catalysts was tested by running the reaction for 24 hours
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(Figure 2.9. This time scale was chosen due to difficulties in synthesizing allyl acrylate from

allyl alcohol in previous literature sources. As shown, the Au@MSN had very little activity,
which is expected due to the relatively low reaction temperature 28 6RBd@MSN Bowed

higher activity than the Au catalyst, but most promisingly the PA/Au@MSN tandem catalyst
outperformed either individual metal catalyst. Shorter time scales were tested with the tandem
catalyst where the effectiveness of the catalyst was determised ba a relative reaction rate
(yield divided by time normalized to the best performer). Though the yield of allyl acrylate is
highest for the tandem catalyst run for 24 hours, the catalyst performs best-abtheifhe
scale Figure 2.5. Subsequentanversion, alternative reaction conditions, and recyclability tests
were run for 6 hours. Significantly, the tandem catalyst was found to produce more allyl acrylate
than the PA@MSN catalyst in % of the time (6 hours vs. 24 hours). This shows promise for
incorporating tandem catalysts into challenging reactions.

To calculate allyl alcohol conversion, a Reeat system was required. In order to get
adequate separation in the GC to identify allyl alcohol, hexadecane was chosen as the solvent for
the conversio reactions. When 10 mg of catalyst was employed in-th@u8 reaction, only the
tandem Pd/Au@MSN achieved 100% converskigyre 2.¢. The Au@MSN catalyst had low
conversion while the PA@MSN catalyst performed better than the AU@MSN catalyst, as
expectd. It has been shown that Pd catalysts are efficient for the conversion of alcohol to
aldehyde while Au suffers from low conversions at this step, especially at lower reaction
temperatures. Not only was the tandem catalyst able to convert all the ahdlalout this
Pd/Au@MSN catalyst functioned without the addition of the mild basé( which has not
been shown for this type of reaction before. Overall, these results support that a tandem catalyst

with Pd to convert allyl alcohol to acrolein (the aldehyde intermediate) and Au to convert
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acrolein to allyl acrylate outperforms either niet@alyst acting alone. Further, this reaction can
be achieved at mild conditions: 60 °C, atmospheric pressurgasd the oxidant, and without
any base additive.

One of the issues with the wet impregnation synthesis of the PA/Au@MSN catalyst is that the
nanoparticles are not anchored in place either by chemical or physical means (such as
incorporating the particles into the silica matrix). After ah@r reaction in allyl alcohol, the
gold nanoparticles were observed to have migrated towards the ehdgofes of the MSN
(Figure 2.7 and leaching of the particles took place as evidenced by the slight drop in Au
content from 3 to 2.4 wt% as well as a purple/grey tint to the filtrate. One of the simplest ways to
help prevent degradation of the catalgswith a thin coating of carbon, which should enhance
both the stability of the silica as well as the nanopartfél&s. test the effect of carbon coating
the PA/Au@MSN catalyst, a sucrose sourced carbon coating and a polydopamine (PDA) polymer

coating vere applied to different catalyst samples and charactefizéd.

100

Pd/Au@MSN

80
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Figure 2.6. Conversion of allyl alcohol in hexadecane. Reactions were run for 6 hours at 60 °C
under Q atmosphere.
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Figure 2.7. TEM images of Pd/Au@MSiiter reaction in neat allyl alcohol for 24 hours
showing the gold nanoparticle agglomeration (red artiadisatinggold nanoparticles on the
edge of the MSN pores).

2.4.3 Carbon and polydopamine coated Pd/Au@MSN

Shown inFigure 2.8are the TEM and SEM images of carbon coated and PDA coated
Pd/Au@MSN. The general particle and pore morphologies of the original MSN source were
maintained after the coating procedure and the gold nanopatrticles did not appear to agglomerate
or migrate tahe end of the pores, even after the 400 °C heat treatment necessary in the carbon
coating procedure.

The carbon coating procedure yielded a-homogeneous distribution of carbon throughout
the sample, with carbon located outside the main pore stragigeen in both TEM and SEM
(Figure 2.8. The PDA sample coating was much more homogeneous; this synthesis is unique in
that it can be done at room temperature and in aqueous conditions. This simple coating may be a
viable green alternative to higher temgttere carbon coating syntheses. To further confirm the
integrity of the original catalyst after coating, nitrogen sorption and XR@ufe 2.9 were
conducted. As expected, there was a slight decrease in overall surface area for the coated

samples and nobservable change in the LA or high angle XRD. This evidence suggests that the
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coating for each sample is thin enough not to block the pores and the synthesis routes do not

negatively impact the MSN or the nanopatrticle catalysts.

B AL | g e ¢l : \ : T
Figure 2.8 TEM (ee) and SEM (c, f) images of carbon coated Au/Pd@MSH)(and PDA
coated Au/Pd@MSN £d).
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Figure 2.9 Nitrogen sorption BET isotherm with BJH pore size distribution (left)XRD
(middle), and high angle XRD (right) for as synthesized PdA/Au@MSN, carbon caateBDA
coated catalysts.
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To test the effect that the carbon and PDA coating had on the activity of the catalyst,
recyclability tests were run. Especially when working with precious metal catalysts, improving
recyclability is a major concern; sacrificing some activity for betteydalability can often be
more economically viable. It was noted in the initial catalysis reactions that the mild base was
not needed for the reaction to proceed. In the recyclability reactions, a small amount of base was
needed to help facilitate the irtidehydrogenation of the alcohol. The activity of the coated
samples was initially less than the uncoated Pd/Au@MSN sample due to less access to catalytic
active sites from the coatings (Figure 2.10). The Pd/Au@MSN showed a steady decrease in
activity ove the 5 cycles with the last cycle maintaining 20% conversion of allyl acrylate. The
PDA coated sample demonstrated an increase in activity over the first 4 cycles with a slight
decrease between cycles 4 and 5. This is most likely due to the activd Siesatalysts
becoming more available after each cycle as the coating degraded slightly during the
recyclability tests. While the activity of the carbon coated catalysts increased some as more
active sites became available, the activity remained relaiow compared to the Pd/Au control
and PDA coated samples, with the highest conversion percentage being about 26% of allyl
acrylate produced. Overall, the PDA samples demonstrated the most promising recyclability tests

as the conversion % remained thestrstable over the 5 cycles tested.
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Figure 2.10QAllyl acrylate yield in a neat system with as prepared catalyst (PdAu) (red), carbon
coated (CC) (blue), and PDA coated catalyst (green). Each reaction was run for 24 hours at 60
°C under Q@ atmosphere @r 5 cycles.
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2.5 Conclusion

Direct oxidative esterification of allyl alcohol was carried out by a tandem catalyst
containing Pd and Au on a mesoporous silica support. This PA/Au@MSN catalyst outperformed
both PA@MSN and Au@MSBkingle metal catalysts for the conversion of allyl alcohol as well
as allyl acrylate yield. Typically, allyl acrylate is difficult to synthesize and requires high
reaction temperatures, high pressures obxidant, and the addition of a base such g5 to
facilitate the initial dehydrogenation of the alcohol. While Au has been identified as a green
catalyst for this reaction, Au nanoparticles are more efficient at the second oxidation step
converting the aldehyde to the final ester product. By incatjpgy a second catalyst to assist
with the initial oxidation of the alcohol, improved conversions and yields were achieved. The
reaction conditions were at mild temperature (60 °C), atmospheric pressurgax &s a green

oxidant, and without the needadd any base salt. Further, a carbon coating and polydopamine
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coating procedure were shown to retain the original structure of the Pd/Au@MSN catalyst.

Activity and recyclability of the coated catalysts were tested and demonstrated improved stability

compaed to the uncoated Pd/Au@MSN sample. Tested over 5 cycles, the coated catalysts,

particularly the PDA coated, demonstrated potentially improved recyclability.
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CHAPTER 3
CO-CONDENSATION OH-UNCTIONAL SILANES INTO MESOPOROUS SILICA
NANOPARTICLES: MAINTAINING SILICA MORPHOLOGY
AND IMMOBILIZING BIO -CATALYSTS
ON INORGANIC SUPPORTS
In preparation to be submitted for publication
Kara E. Metzgér Megan M. Moyet, Glory A. RusselParks$: ¢ Brian G. Trewyf ¢ ¢
3.1 Abstract
A series of organifunctionalized larggoore mesoporous silica hanoparticles (MBI
were synthesizedia the cocondensation method using a Pluronic 104 triblock copolymer as the
pore forming surfactant in acidic conditions. We systematically investigated thggnaysis
time for tetramethylorthosilicate (TMOS) and hydrothermal aging temperature to imainta
hexagondl/-shaped individual functionalized MSNs witirge pore diameters rangibgtween
5 nm to 10 nm. The p#ieydrolysis time was found to be crucial to control particle shape and
morphology, whereas the temperature of the hydrothermal procestedffiee overall surface
area of the material'lhese organic functionalized MSNs were applied as chemical handles for
the attachment of biomolecule catalysts. The immobilized catalysts demonstrated improved

stability without losing native untethered furwetality. This investigation yielded a universal
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bDepartment of Chemistry, The Citad€harleston, SC 29409
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synthetic route for producing regglucibleand reliable particle morphology of MSND type
silicas.
3.2 Introduction

Mesoporous silica nanoparticles (MSN) have attracted interest since the initial discovery of
MCM-41 silica in the early 1990<.Soon after, SBAL5 type silicas were introduced which
exchanged the ionic surfactant templatedfaronic triblock copolymers made up of @G-
EOs structure§EO = ethylene oxide, PO = propylene oxi@@hese materials have had a lasting
impact in tke scientific literature due tiieir unique and tunable structural properties such as
high surface areas, tunable pore diameters, and availability of surface modificatiort Matgs.
early reports focused on pore expansion or pore morphology control; the original4iCM
synthesis results in small pore diameters around 2 nm. By expanding tisizpeoé MSN
materials a larger variety of application routes @olip>*° One lasng application of MSNs is
their use in biocompatible systems such as drug carriers with controlled féféaReese
supports have also been used for heterogeneous catalysis, especially owing to their high surface
area, allowing excellent access to tata sites while providing stability, and also improving
recyclability due to their ease of separation and subsequentféli€me advantage of SBA5
type silicas is that they have larger pore sizes than M@Milicas withoutequiring theuseof
pore-swelling agents or alteration tothe synthetic route, and are thus mechanically and
thermally more robust3! When applying MSN materials as carriers or delivery vehicles, a
large pore size is necessary to encompass drug-ondigcules. Even in callytic applications, a
larger pore sizes advantageous faubstrate access to pore surface suppontsdl

nanoparticlesndmolecular catalysts.
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A MSN material with very large pore diameters (>10 nm) has been synthesized and
characterized by the Trewyn groimprecent year$®3* This materialherein referred to a8dSN-
10, is related to SBAS type silica in that it i®luronic surfactant templated by P104
(PEG/PPQGPEQ7) and has hexagonally arranged paiesig with micropres connecting the
mesoporesA route for functionalizing MSMLO isdescribedhere that results ihomogenous
particle and pore morpholognda universal route for including organosilane functional groups
in this newer class of MSN. Often MSNs are functionalized-ppsthetically via a grafting
method. In this route, the MSN is synthesized first, and typically the surfactant templating
materid is removed by calcination. This high heat treatment{&00 °C) removes many of the
surface silanol groups, which are necessary for the attachment of the functional silanes. Often
grafting results in a high concentration of functional groups oextesor surface and near the
pore openings of the MSMith a limitedof functionality within the pores. This means the high
surface area of the material, whishmainly due to the internal pore surface, is not taken
advantage of and with functionality gragat the pore entrances, some pores can effectively be
closed off after the addition of metal nanoparticles or larger catafyStSonversely, am situ
co-condensation route can be applied where the organosilanes are incorporated with the silica
preairsor and become part of the silica structure. The surfactant is removed via an acid or
ethanol wash to preserve the organic groups, and their resulting distribution throughout the final
MSN material is often much more homogeneous than with the graftitigpd?&

As MSN-10 is a relatively unexplored silica material, a universal route f@oodensing
functional organosilanes needed to be developed, which is outlined andipiter Pre
hydrolysis time of the tetramethylorthosilicate (TMOS) silica precuas well as the

hydrothermal treatment temperature were determined to be crucial aspects for retaining original
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uniform MSN morphology and for synthesizing a high surface area material reliably and
homogenouslyWhile there are many potential applications of organic functionalized MSNs,
their use as catalysssipportds the focus here. The organic silanes were chosen due to their
functionality in catalytic reactions or as tethering sites favaaatalytic site. The use of
aminopropyl trimethoxysilane as a chemical handle for the attachment of biomolecules is also
described.
3.3 Materials and Methods
3.3.1 Materials

All chemicals were used as received without further purification. Most chemicals,
including tetramethylorthosilicate (TMOS)aninopropyltrimethoxysilane (APTMS), allyl
alcohol,4-(2-hydroxyethyl}1-piperazineethanesulfonic adidEPES), divinylsulfone (DVS),
amino acids, yeast alcohol dehydrogenase (ADH), and bovine serum albumin (BSA) were
obtained from Sigmaldrich. Other organic silanes were purchased from Gelest. Triblock
copolymer pluronic P10APEGPPQIPEG7) was received as a gift froBASF. Common
solvents were ACS grade, and all water used was Nanopure water (18.2 MOhm).
3.3.2 Synthesis of unfunctionalized MSNLO

This synthesis was adapted from a previously published paimean Erlenmeyer flask
equipped with a stir bar, 7.0 g of P104 and 224.4 mL 1.6 M HCI were stirred together at 56 °C
until the P104 dissolved completely. Then, 10.2 mL TMOS was added quickly dropwise over a
period of 3 minutes. The mixtyrevhich was loosly covered with aluminum foilyas rapidly
stirred for 24 hours at 56 °@rior totransfer to a Teflotined Parr reactor for hydrothermal
treatment at 150 °C for 24 hours. The gel was separated by vacuum filtration and washed with

water and copious amotsnof methanol. The final MSINO product was obtained by calcination
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of the solid in air at 550 °C for 6 hours.
3.3.3 Synthesis of organosilane functionalized MSNIO

As describedhbove, 7.0 g of P104 was dissolved in 224.4 mL of 1.6 M HCl at 56 °C for 1
hour. Once dissolved, 10.2 mL TMOS was added dropwise and allowedhgdradyze for x
minutes where x = 0, 15, or 3din, followed by quick (all at once) addition of the silane (12
mol% TMOS, excepting APTMS which was added at 5 mol%). The reactionrmixas stirred
at 56 °C for 24 hours, then hydrothermally aged at 100 °C for 24 hours in a Parr reactor. The
solid was isolated by vacuum filtration after washing with water and methanol. The final
functionalized MSNL0 product was obtained after a 24 hetlvanol extraction (at reflux
temperature) to remove the P104 surfactant.

3.3.4 Synthesis of thiol functionalized MSNLO at different aging temperatures

This material was synthesized exactly as the organosilane functionalized ) ®Nt with
injection of the mercaptopropyl trimethoxysilane (MPTMS) 15 minutes after TMOS addition
and with hydrothermal aging at 100 or 150 °C to examine the effect of hydrothermal treatment
temperature.

3.3.5 Attachment of bio-catalysts to amine functionalized MSNLO (ADH-MSN)

A 50 mM HEPES buffer was prepared by dissolving 1.19 g HEPES in 80 mL Nanopure
water. The pH of the buffer was adjusted to 9.5 with NaOH pellets and 2 M NaOH. The buffer
was completed by adding 10% (v/v) acetone. To attach divinyl sulfovi8)(1.0 g
aminopropyl triethoxysilane (APTES, 5 mol% TMOS) MSN was added to a flask with 50 mL of
the HEPES buffer and sonicated to homogenize the mixture fon.ITimen, 2.0 mL DVS was
added all at once and the mixture was stirred at room temperatrreght. To isolate the DS

APTESMSN, the solid was filtered over a frit filter, washing 3x with water, 3x with ethanol,
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and 3x with acetone; the powder was dried under vacuum for 24 hours. To attach amino acids to
the MSN, 1.25 mmol of the amino acid (ly s i natanire)werb added to a flask with 200 mg
DVS-APTESMSN and 20 mL HEPES buffer and sonicated together. This mixture was stirred
for 12 hours before filtering, washing 3x with water, 1x with acetone, and 1x with water. The
final catalyst was lgphilized to a powder. To attach the ADH enzyme, 20 mg ADH was added
to a flask with 250 mg DVAPTESMSN with 50 mL HEPES buffer and 1.5 mg BSA. This
mixture was gently stirred 18 hours at room temperature infiightconditions. The final
catalyst wa®btained by centrifugatioat 7000 g washing 3x with a phosphate buffer (50 mM,
pH 8.8), and was lyophilized and storedz2a °C.
3.3.6 Aldol condensation oih-butyraldehyde with amino acid MSNs

In a small 10 mL teardrop flask with stir bar, 100 mg MSN catalyst, 4.86 mL 10 mM
phosphate buffer (PBS) pH 7.4, and 0.14 mAbutyraldehyde were stirred at 37 °C for 24 h. The
supernatant was collected by centrifugat@000 gand the organic componeniere extracted
with 3x 1.5 mL dichloromethane. The organic layer was dried over anhydrousMg80
evaporated under reduced atmospli@rd 0 min to obtain a small amount of product. This was
analyzed byH NMR in chloroformd.
3.3.7 ADH/MSN Mixture

For comparison with the immobilized/tethered AIDASN, an ADH/MSN mixture was
prepared with no tethering mechanism present. This was daameidinyg 8.0 mg ADH to a flask
with 100 mg APTESVISN with 20 mL HEPES buffer and ~0.6 mg BSA. This mixturs wa
gently stirred 18 h at room temperature in liflee conditions. The final catalyst was obtained
by centrifugatiorat 7000 gwashing 3x with a phosphate buffer (50 mM, pH 88)philized

and stored at20 °C.
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3.3.8 Immobilized ADH activity

In order to determinthe ADH activity after immobilization on the MSN support a
standard Sigma Aldrich protocol was followeuitiated by preparing assay solutich#\ 50
mM sodium phosphate buffer was prepared by adding 8.92 g sodium pyrophospiadiasitet
decahydrate to 400 mL Nanopure water and adjusting the pH to 8.8 with 9.5% (v/v) phosphoric
acid. To prepare a 10 mM sodium phosphate buffer, 21.0 mL of a 0.2 M sodium phosphate
dibasic solution was added to 4.0 mL of 0.2 M sodium phosphate ngoble final volume
was brought to 500 mL with Nanopure water and the pH adjusted to 7.5 with 1 M NaOH or HCI.
A f r -elADhsoldiion was prepared at 15 mM, as well as an enzyme diluent solution that
consisted of 1 mg/mL BSA in the 10 mM buffer. The vagnzyme (free enzyme not
immobilized on MSN) was prepared by diluting 0.50 mL of a 1 mg/mL ADH in 10 mM sodium
phosphate buffer solution in the enzyme diluent solution to a total volume of 25.0 mL. The blank
run was prepared by adding 1.30 mL of 50 mMism phosphate buffer, 0.10 mL allyl alcohol,
and 1.50 mL of 15 mM NAD solution to a vial. Inmediately before running, 0.10 mL enzyme
diluent was added, the vial was shaken twice, and then the liquid was poured into a quartz
cuvette. Absorbance at 340 nnasvmonitored over 10 min, with a data poetordedat O, 2, 6,
and 10 min. The native enzyme activity was tested in the same way, except the 0.10 mL of
enzyme diluent was replaced with 0.10 mL of diluted enzyme solution. The
tethered/immobilized enzymeas tested by placing 5 mg ABMSN in a centrifuge vial
containing 1.30 mL buffer, 0.10 mL alcohol, and 1.50 mL NAD. Quickly, 0.10 mL enzyme
diluent was added and the vial was shaken for the alloted tirA@ 1fai8), with the last minute
for centrifuging the ADHMSN at 7000 g A white pellet of the enzyme@MSN particles were

noted before decanting the liquid quickly into the quartz cuvette to get a single paint A
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measurement. This same procedure for the ADGN tethered catalyst was repeatedthe
ADH/MSN mixed catalyst as well.
3.3.9 Recyclability tests

Recyclability tests were performed by following the immobilized ADH procedure above.
The mixed catalyst was performed the same way. Each cycle for the tethered and mixed enzyme
was perfomed simultaneously anécordedn succession at 0, 2, 6, and 10 min for a single
point measurement at:4 for each. Mixtures were centrifuged between each reading so that
MSN patrticles would not skew the absorbance readings. Both the tethered enzyme and mixed
enzyme were recovered by centrifugation and lyophilized after tmeirite reaction period.
3.3.10 Materials Characterization

Nitrogen sorption analysis was performed at 77 K with a Micromeritics Tristar surface area
and porosity analyzer. The surface area was determined with BrieumeettTeller (BET) and
average pore size with BarrdibynerHalenda(BJH) method. The powdéf-ray diffraction of
the catalysts was measured on an Empyreay xiffractometer using Galipex w/ FASS and
BBHD with 1/32 entrance slit (divergence) and 1/8 anti scatter slit with a 10 mm mas and 0.4
soller slit on the FASS 416.8, rotating at 2 RPM scan using powder on 0 bg holder ~200 s
dwell. The powder samples were imaged using the FEI Tecnai ST 30 transmission electron
microscope (TEM) operated at 300 kV, awda FEI Tecnai &F20 STEM working at 200kV
Thermogravimetric analysis (TGA) was run on a TA instruments Q500 to 800 °C at
10 °C/minute in air on a platinum p&abcanning electron microscopy (SEM) images were taken
on a Quanta 250 FEG Scanning Electron Microscope made by the FEI Compangtés»olid
13C-NMR spectra were taken under the following conditions: 14.1 T Varian NMR system with a

3.2 mm probe operated at 599.6 MHz fdrand 150.8 MHz fot3C, respectively. MAS ratern
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= 20 kHz, =" = 80 kHz during short pulse, CP (tangent) and SPINAlsdecoupling, R =

60 KHz, fcp= 1.5 msfrp = 1.5 s and NS = 20000. The spectra are normalized for constant
height for visual clarity?°Si DPMAS spectra were obtained under the following conditions: 9.4

T Chemagnetics CMX Infinity system with a 5 mnope operated at 400.0 MHz fot and

79.5 MHz for?®Si, respectively. MAS ratexr= 10 kHz, &e> = 50 KHz, k™ = 40 KHz during

short pulse and TPPM decouplingsiNc = 10, fcpmc = 10 ms,frp = 300 s and NS = 296. The
spectra are normalized for constant height for visual clarity. Liquid state NMR was conducted on
a JEOI-ECA 500 operating at 500 MHz to obtain fitespectra. ADH activity was monitored

by following the formation of NADH at 340m on a Beckmann coulter DU800 spectrometer.

34 Results and Discussion

3.4.1 Cocondensation of organoalkoxysilanes with MSNL.O

The introduction of organic silanes into MSN is an important synthetic route for creating
functional groups and handles for catalysts; inert silica makes an excellent support material for a
variety of catalytic reactions. Typically, the silanes are atthelfitber through a postynthetic
grafting route or am situco-condensation route. Often the-condensation reaction is
favorable because the distribution of functional groups throughout the silica material is far more
homogeneous, with the silane lgeincorporated into the actual silica structure, therefore lining
the pores as well as the surfdeelowever, the incorporation of organic groups via co
condensation can affect the particle and pore morphology of MSNs, changing the structure from
the unfunctionalized silica which can affect the catalysis if access to the active sites is¥ltered.
To determine the effect of synthetic parameters on end MSN morphology, changes te the pre
hydrolysis time of the TMOS as well as hydrothermal treatment temperaére investigated

for a variety of common organic silan&@ne of the most common silanes, aminopropyl
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trilm)ethoxysilane, was used as the initial handle for the attachment-odfailysts in the form
of amino acids-l y s i n -@alanimn@&as wdll asfanctional enzyme, yeast alcohol
dehydrogenase. This report focuses on the synthetic parameters and results-of the co
condensation method with successful catalytic results being presented in brief.

During MSN synthesis, the surfactant is first dissolvedn aqueous solution, which
begins the formation of micelles and ordered micellular arrays that form the template for the
silica2® The silica precursor is then introduced and undergoes hydrolysis and condensation;
MSN-10 uses a pluronic triblock copolymsurfactant and is acid catalyzed, therefore forming
larger particles with thicker walls than a base catalyzed synthesis such agiMGBo-
condensation of a silane occurs near the addition of TMOS, and thgqnaysis time was
investigated across anety of functional silanes. To investigate the effect of thehgdrolysis
time (0, 15, or 30 minutes), the silane mercaptopropyl trimethoxysilane (MPTMS) was chosen at
12 mol% of the TMOS amount. As shownHigure 3.1 the morphologies of the silicagticles
varied depending on when the silane was introduced to the silica synthesis. The original particle
morphology for MSNL10 is uniform and discrete hexagonal particles, as sdeigune 3.1a
Often MSN10 is compared to the more popular SBAsynthsis because it is templated by a
triblock copolymer (P104 or P127 respectively). However, a drawback ofl5HaA that the
particles are noaniform in shape and length, usually forming long tlike particles. If a
process is diffusion oriented, the imés multiple micron length pores can inhibit substrate
transfer to the active sites. Conversely, MBNhas dimensions that could allow for more
uniform diffusion of the substrateBigure 3.3. When the silane is added along with the TMOS
(time point 0), the MSNLO patrticles actually form in a morphology similar to SB%, as shown

in Figure 3.1b. At the Iinute time point the hexagonal structures again become apparent
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(Figure 3.1¢, but the particles are still connected. After 30 minuteshpdeolysis time the

original hexagonal particle morphology is recoveredijre 3.19 similar to that of the
unfunctionalized MSNLO. This evidence suggests that-pyelrolysis time is a critical factor in
the final MSN morphology, and supports the thebigt tiydrolysis of the silica precursor plays a

role in formation of the micelles along with the surfactaift!

Figure 3.1 SEM images of (a) unfunctionalized M6ND ( scal e bar =MSE0 ¢ m) ,
mi nutes (scal e ba-MSN=L 51 Omienm)t,e s( c¢()scMATeMS ar =
MSN-30 minutes (scale bar = 3 &gm).

Next, the temperature of the hydrotherngihg treatment step was investigated with
MPTMS-MSN-15 minute. The time of the hydrothermal treatment was maintained at 24 hours

and the temperature at 100 or 150 °C. It was determined that higher surface area materials could
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be achieved at the lower hydnermal treatment temperature without affecting-tid

functional group loadingTable 3.).

Figure 3.2 SEM (a, b) and TEM (c, d) images of SBA(a, ¢) and MSNLO (b, d) particles.

Table 3.1 Physical and chemigabperties of MPTMSVSN materials with different
hydrothermal treatment temperatures

Material Surface area Average pore -SH loading
(m’g ) diameter (nn) (mmol gb)°

MPTMS-MSN-

100 °C 875 4.6 1.2

MPTMS-MSN-

150 °C 576 6.1 1.1

8Specific surface area calculated by BET mettiBdye diameter calculated by BJH method
‘Loading determined by TGA.
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A series of organic functionalized MSND materials were prepared at a ratio of 12 mol%
organosilane/TMOS excepting aminopropyl trimethoxysilane (APTMS) which was prepared at a
5 mol% ratio. The amine groups of APTMS effectively raise the pH of the solgficenching
the acid catalyst and resulting in poor silica formation above the 5 mol% ratio. In general, a 30
minute prehydrolysis time and hydrothermal treatment at 100 °C were the selected parameters
based on the MPTM$ISN data. The first organosilanesamined were mercaptopropyl
(MPTMS), aminopropyl (APTMS), cyanopropyl (CPTMS), and triethoxylsilylbutyraldehyde
(ADTES). SEM images ifigure 3.3show that the hexagonal particle morphology was
maintained for each of these organosilanes at these reagtiditions, demonstrating a

universal method for silane addition to MSN type silica.

Figure 3.3 SEM images of (a) MPTM8SN, (b) CPTMSMSN, (c) APTMSMSN, and (d)
ADTES-MSN. All scale bars are 3 um.

76



The structural properties of the synthesized MSNs are summariZethlm 3.2 Each of
the functionalized MSNs had 30 minutes-pyarolysis time of TMOS and were hydrothermally
treated at 100 °C. Due to the lower amount of APTMS added during synthesig;dtporation

of the amine silane is lower than other samples.

Table 3.2. Structural properties of organic functionalized M8BNnaterials

Surface area  Pore volume Average pore Organic group loading
Material (m?g?t)? (cmPgh)P diameter (nn) (mmol g*)°
MPTMS 782 0.69 5.3 1.4
CPTMS 855 0.90 6.5 1.1
APTMS 654 0.86 7.4 0.6
ADTES 864 0.93 6.8 1.0

4Determined by BET methofCalculated with BJH methoéDetermined from TGA weight
loss

3.4.2 Biomolecule immobilization onco-condensed APTMSMSN

Amine-functionalized silica allows for quite diverse applications including anchoring of
gold nanoparticles, acting as a catalyst, and as a handle for immobilizing biomadt&tules.
Typical biomolecule immobilization is done through adsorption, electrostatic interaction, or
tethering to protect the biocataly8® One common tethering route is to start with an amine
group on the silica support, such as APFMSN, and to use a bifsiendly tether such as
glutaraldehyde, which forms Schiff bases with amiti&3n the biomolecule, lysine residues can
also form a Schiff base, effectively tethering the catalyst to the support. A drawback of this
synthesis route is that Schiff base forimatis an equilibrium reaction, and under some catalytic
reaction environments (namely, physiological conditions) these are revéféiha alternative
linker is DVS which forms a Michaels type addition with amine groups under basic conéfitions.
Thislinker was chosen to attach biomolecules to the surface and within the pores of the MSN

materials §cheme 3.1 In order to determine the effectiveness of the tethering system, two
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amino acids were choserl: ly s i n -@alanme Bothfare effective catalygor aldol

condensation af-butyraldehyde. Further, the formation of butyraldehyde from glucose can be
catalyzed by the bacter@lostridium acetobutylicummaking this an environmentally friendly
synthetic pathway towards higher hydrocarbté Though amino acids are cost effective
alternatives to precious metal or synthetically difficult catalysts, they are toxic to bacteria. By
housing the amino acid catalysts inside MSN, adoimpatible support, a ofot system

involving bacteria and the catatgscould be achieveld.

o

|
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0 / \O cl \\
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Co-condensed APTMS-MSN  Divinylsulfone (DVS)
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\ (o]
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Scheme 3.1 Attachment of amino acids (or any biomolecule)}tordensed APTM®SN via
a divinyl sulfone linker molecule. Though this is presented as attaching through the backbone
amine, with lysine it is more likely that the R group amine forms thenseb®’S linkage.

The viability of the immobilized amino acids was tested for the aldol condensatien of

butyraldehyde in aqueous solution at biological pH. It was expected that th@¢3\<lysine
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attached to APTM3/SN) catalyst would be able to perfoatdol condensation while AIRISN
would not complete the reaction due to the necessary amine group having linked to the DVS,
forming a secondary instead of a primary amine. As showigure 3.4 immobilized lysine

was able to form-2thylhexenal, the atid condensation product, while AMSN did not show

any activity for this reaction. Though less product was observed for the immobilizéd3NNs
catalyst than for the native amino acid, the amount of catalyst was drastically less (1/25 scale),
therefore ap production of 2ethylhexenal is promising for future biocompatible use of this

catalyst.

Butyraldehyde Reactant @

Aldol Condensation Product @ ®
Butyraldehyde 1
[ ]
L ML‘(
Native Lysine il

Native B-Alanine

Lys-MSN

Ala-MSN .
e -

Figure 3.4H NMR spectra oh-butyraldehyde aldol condensation reaction product for native
(nonrimmobilized) amino acids and immobilized amino acids (amaridMSN). The

butyraldehyde starting reactant is marked with blue circles while-étiey?hexenal aldol
condensation product is marked with red circles. Extraneous peaks are attributed to solvent as
well as impurities from the extraction process. Inrgection, 125 mM native amino acids were
used compared to only 5 mM of the immobilized catalysts.

e
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To test the effectiveness of the DVS linker for the immobilization of biomolecules, a
more complex catalyst was chosen. Yeast alcohol dehydrogenase westt&thAPTMSVISN
via a DVSlysine linkage as with the simple amino acids. Yeast ADH contains approximately 7
mol% lysine with some lysine residues being located at terminus chains making this tethering
method an attractive option for immobilizing ADRIlmmobilizing enzymes tends to help with
stability in nonnative reaction environments (higher temperatures,agueous, mechanical
stirring), thus expanding the potential applications of native enzymes as catdlystarticular,
enzymes are highly Eetive and could be used in reactions where enantiomeric selectivity is
necessary, such as with pharmaceutical proditisading of ADH onto APTMSMSN via the
DVS linker was monitored by nitrogen sorption as well as TGA. As showigure 3.5 the
surface area of the MSN is drastically lowered after the attachment of the enzyme (from 277 to
102 nt g'1), most likely due to the large dimensions of the enzyme, which can fill or block off
pore entrances. The lower starting surface area can be attribtitedetdra APTMS that was
added via the grafting method; organic groups account for 23 wt% of the material as determined

by TGA. The final loading of the actual enzyme was 4.5 wt%.
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Figure 3.5 (Left) Nitrogen sorption BET isotherms with BJH pore digigibution inset for
MSN (red) and ADHMSN (blue). (Right) TGA weight loss of organic groups (red) and organic
groups with ADH tethered (blue).

The activity of the enzyme was tested after the tethering process and compared to the
nativenonimmobilized enzyme and a ndhethered mixture of MSN and enzyniggure 3.6.
Using a tethering mechanism for enzyme immobilization can increase stability of the enzyme
outside of native conditions, but it may also limit access to the enzyme atgivéeading to
lower activity rates. Because of this, it was expected that the tethered enzyme may initially
demonstrate lower activity that the native enzyme, but that the ability to recycle the tethered
catalyst may outweigh any lower activity from tinéial tests. However, it was observed that the
tethered catalyst (red) outperformed the native enzyme (blue) and mixed enzyme (green),
doubling the activity of the mixed enzyme. The benefits of the heterogeneous ¢atalgstof
separation from reactiamixture, prevention of enzyme contamination in final product, and
improved stability in nofideal reaction environments, make this a desirable product for use in

various chemical syntheses moving forward.
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Figure 3.6 NADH Concentration of tethered enzy(neel), native enzyme (blue), mixture of

enzyme and MSN (green), and blank/no substrate (purple). Reactions were run over a 10 minute
period with readings taken at 0, 2, 6, and 10 minutes with shaking (and centrifugation for
tethered and mixed vials) intweeen each reading.

Recyclability tests were performed for both the tethered and mixed enzyme, as these were
both able to be recovered with the MSN supports (Figure 3.7). While there was a decline in
activity between the first and second rounds for ¢ftieetred catalyst, it consistently
outperformed the mixed enzyme for each cycle. Activity between roubdei@ained
consistent with both catalysts. The mixed catalyst maintaining activity revealed that
encapsulating the enzyme via electrostatic interastinside the pores may be an alternative
route for enzyme | oading when tethering isnodt
activity can be maintained over several cycles with recovery of the tethered enzyme catalyst after

each, proving tde a promising route for future catalytic reactions.
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Figure 3.7. Recyclability tests for tethered (red) and mixed (green) enzyme over 5 cycles. The
tethered enzyme and mixed enzyme were recovered by centrifugation and lyophilized after the
10-minute reaction period.

3.5 Conclusion

Co-condensation of organosilanes is a powerful technique to achieve homogeneous
distribution of functional groups in MSH8I0. Prehydrolysis time and hydrothermal treatment
temperature determine the final morphgpiof the functionalized MSN particle. A variety of
molecular and biocatalysts have been supported through these functional groups. Pluronic
triblock copolymer P104 templated MSN) can be functionalized with organosilanes vignan
situ co-condensation process resulting in homogeneous distribution of functional groups
throughout the inorganic support. It was determined that when TMOS was allowed a pre
hydrolysis time of 30 minutes, the original discrete hexagonal particles of unfutfizeona
MSN-10 could be recovered. Additionally, hydrothermal treatment at 100 °C as opposed to the
tradition 150 °C resulted in higher overall surface area with reduced pore size dimensions for the
organic functionalized silicas. Finally, amine groupscoodensed with MSMNL.O were employed
as a functional handle for attaching biomolecules through a divinylsulfone linker. Amino acid

catalysts retained activity in the aldol condensation-lityraldehyde, and a more complex
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enzyme catalyst, alcohol dehydrogea, was able to catalyze the transformation allyl alcohol to
acrolein. Overall, a universal route to-condensing organosilanes with M type silica
while retaining the support morphology has been preseltehtually, this could be used in a
tandemprocess with an inorganic catalyst, such as gold nanopatrticles, for two step reactions in
one pot. This ADH/Au@MSN catalyst could function in the oxidative esterification of allyl
alcohol at very benign and environmentally friendly reaction conditions.
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CHAPTER 4
A SUPPORTED TANDEM CATALYST ON MESOPOROUS SILICA NANOPARTICLES
INCORPORATING ALCOHOLDEHYDROGENASE ENZYME AND GOLD
NANOPARTICLES FOR THE DIRECT OXIDATIVE
ESTERIFICATION OF ALLYL ALCOHOL
In preparation to be submitted for publication
Kara E. Metzgéy Brian G. TrewyA®°
4.1 Abstract
Supported Aenanopatrticle catalysts used for the oxidative esterification of alcohols often

suffer efficiency because of the slow initial alcohol oxidation rate, and poor reactivity in aqueous
conditions. A cecatalyst has been designed that combinesdbhardages of the biocatalyst,
alcohol dehydrogenase (ADH), to facilitate the initial dehydrogenation step that Au struggles
with, while Au nanoparticles (Au NP) are used to accelerate the esterification reaction. Both
catalysts were loaded onto mesoporsilisa nanoparticles, making a reusable tandem catalyst
with ADH and Au NP. The performance of the catalyst was examined in-pabisgstem for the
direct oxidative esterification of allyl alcohol to allyl acrylate. The chemoenzymatic catalyst
exhibited etained activity over multiple cycles. The creation of this inorghiacatalyst tandem
system will lead to a variety of catalytic systems and eventually a tandem cofactor regeneration

for retained enzyme activity outside of native reaction conditions.

Department of Chemistry, Colorado School of Mines, Golden, CO 80401
PNational Renewable Energy Laboratory, Department of Energy, Golden, CO 80401
“Material Science Program, Colorado School of Mines, Golden, CO 80401
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4.2 Introduction

Carboxylic esters are important precursor molecules in several different industries such
as pharmaceuticals, polymers, food additives, and fine chemical sydtfiesifitional synthesis
methods for these important molecules involve harsh reaction conditions and additives.
Advancements over the years have led to greener solutions to the development and production of
these materials, but many still require elevaegdperatures and reaction pressures for
production and exude a large amount of wastBandem catalytic systems have become a
recent interest of research due to their high efficiency in catalyzing difficult reactions with
intermediate steps. Tandem gyt are comprised of two or more catalysts that work in a
stepwise manner to create a single target prddsome of the most appealing benefits of
tandem systems is their ability to cut costs and time while also limiting byproducts. Most often,
tandem ctalysts are built using a scaffold, namely porous matetfalhis allows for further
stabilization of the catalysts involved in the tandem system while alstufiieg the system for
the reaction to proceed efficienfiyBy utilizing porous materials;atalysts can be adsorbed and
stabilized, increasing recovery of the cataly8ts.

For example, Zhanet al.introduced a Ru@MOF tandem catalyst used for the direct
conversion of an alcohol to acetal of mesdoohol and diols. The porous support employed
herein was a metal organic framework (MOFs) that was a catalyst using the Lewis acid sites with
the Ru active sites to convert aldehydes directly to acetals, reducing byproducts from
overoxidationt! In a separate study by Chenal, MOFs again served #se porous material to
support the tandem catalyst involving PtNi alloy active sites for hydrogenation and esterification.
This tandem catalyst showed outstanding activity and selectivity towards Hséeprgynthesis

of amincestertype anesthetics.While these examples have primarily used MOF supports, a
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PdAu@MSN tandem catalyst has also been reported for the oxidative esterification of primary
alcohols!® Here, Pd and Au nanoparticles were immobilized on mesoporous silica nanoparticles
(MSN) and demostrated a tandem reaction where primary alcohols are oxidized to their
corresponding aldehydes and to esters in a subsequent reaction, all in a one pot system. This
tandem catalyst supported on MSN showed excellent recyclability with no significant loss in
activity over 3 cycles, an important aspect when using precious metals.

As outlined by Tsagt al., mesoporous silica nanopatrticles (MSN) have been a well
studied support for use in catalytic systems because of its highly tunable and nontoxic
properties*1® The study outlined in this chapter conveys a large pore mesoporous silica with
very ordered pores betweeflB nm using Pluronic surfactant known as P104 used for the
immobilization of both enzymes (alcohol dehydrogenase) and inorganic catalysts (Au
nanoparticles) in the pores and on the surface of NI@Nanopatrticles. By utilizing the very
ordered pores of these nanoparticles, fine control of reactant diffusion can be managed. By
merging these biological molecules with inorganic materials, onearahioe the efficiency of
the enzymes and the sturdiness/robustness of the synthetic materials to get a durable yet efficient
mimic. Utilizing the pores allows for further control over how the reactants interact with each
catalytic active site, offering ftlver control over the progression of the reaction.

As reported previously in this dissertation, a PAAu@MSN tandem catalyst was also used
for the direct oxidative esterification of allyl alcohol to allyl acrylate. In this chapter, we report a
tandem systerasing an alcohol dehydrogenase enzyme (substituted for the previously used Pd
catalyst) and a gold catalyst supported on mesoporous silica nanopatrticles for the oxidative
esterification of allyl alcohol to ally acrylate, combining enzymes and inorgatailysts which

has not yet been seen using MSN as a support (Figure 4.1). Herefancitn@nalized
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mesoporous silica with alcohol dehydrogenase linked through a divinyl siy&ine linkage
and gold nanoparticles is used to show a tandem catalyticsgrasig biocatalytic/inorganic
systems. We investigate different loading mechanisms (enzyme on surface/Au in pores, etc.) and

the effect this has on the activity of the tandem catalyst.

~_ .0 _~._OH

Figure 4.1 Reaction mechanism for the direct oxidative esterification of allyl alcohol to allyl
acrylate using the catalysts alcohol dehydrogenase and gold nanoparticles supported on
mesoporous silica nanoparticles.

4.3 Experimental
4.3.1 Materials

All chemicals were used as received without further purification. Triblock copolymer
Pluronic P104 (PEQPPQ1PEQy7) was received as a gift from BASF. Most chemicals,
including tetramethyl orthosilicate (TMOS), mesitylengr8inopropyltrimethoxgilane
(APTMS), 4(2-hydroxyethyl}1-piperazineethanesulfonic acid (HEPES), ethylenediamine, gold
chloride trihydrate, sodium borohydride (NagHdivinyl sulfone (DVS), Llysine, yeast alcohol
dehydrogenase (ADH), and bovine serum albumin (BSA) werenaatdiom SigmaAldrich.
All other common solvents were obtained from Sigidrich. Common solvents were ACS

grade, and all water used was Nanopure (NP) water (18.2 MOhm).
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4.3.2 Synthesis of unfunctionalized MSNLO

The synthesis of MSNLO was adapted fropreviously published papet$!’In an
Erlenmeyer flask with a stir bar, 3.5 grams of P104 and 112 mL of hydrochloric acid (HCI) were
stirred in an oil bath at 55 eC for 1 hour. A
into the Erlenmeyerflasand conti nued to stir rapidly at 55
transferredtoa Tefehi ned Parr reactor for hydrother mal
gel was separated by vacuum filtration over a glass frit, alternating rinses 3 tilmesp¥ius
amounts of nanopure water and methanol. The M8Mas allowed to dry on the frit overnight
before removing the surfactant via ethanol extraction for 24 hours at reflux temperature. The
final product was obtained by filtering with alternating oymre water and methanol and drying
on the frit.
4.3.3 Cocondensed amindunctionalized MSN-10 (amine@MSN)

Similarly, in an Erlenmeyer flask with stir bar, 7.0 g of P104 was dissolved in 224.4 mL
of 1.6 M HCL at 55 eC for 1 h. After 1 h when
added dropwise and phg/drolyzed for 30 minutes before the rapid dropwise auditf 0.62
mL of APTMS (addition at 5 mol % TMOS). The mi
addedtoaTefloh i ned Parr reactor for hydrother mal ag
obtained by vacuum filtration, alternating washing with nanepwater and methanol
repeatedly. The final product was obtained after removing the surfactant via ethanol extraction at
reflux temperature for 24 h, followed filtering and washing with nanopure water and methanol,

and allowed to dry.
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4.3.4 Biocatalyst atachment to aminefunctionalized MSN-10

To begin, a HEPES buffer (50 mM) was made by dissolving 1.19 g HEPES in 80 mL
nanopure water. The pH of the buffer was adjusted to 9.5 using 2 M NaOH. To complete the
buffer, 10% (v/v) acetone was added.

To attachthe DVS linker, 1.0 g of amine@MSN was added to a flask with 50 mL HEPES
buffer. The mixture was briefly sonicated to homogenize the mixture. Next, 2.0 mL of DVS was
added to the mixture and stirred at room temperature overnight. The newly made DVS@MSN
was isolated by filtering over a frit filter and washing 2x each with nanopure water, ethanol, and
acetone before allowed to dry on the frit. To attach the ADH enzyme, 32 mg ADH was added to
a flask with 400 mg of the DVS@MSN with 100 mL HEPES buffer andryBSA. This
mixture was gently stirred for 18 h in light free conditions before being centrifuged at 7000 g and
washed 3x with phosphate buffer (50 mM, pH 8.8). The final product was obtained by
lyophilizing and storedaR 0 e C.

4.3.5 Au(en)Cls synthesis

The wet impregnation method of loading gold nanoparticles onto MSN was adapted from
a previously published pap&tin a small Erlenmeyer flask with stir bar, 1.0 g of HAWCB.6
was dissolved in 10 mL of nanopure® and then 0.45 mL of ethylenedime was added and
the flask was then sealed. This was stirred for 30 min at room temperature. After stirring, 70 mL
of ethanol was added, and the solution was filtered over a glass frit. After filtering, the frit with
the newly synthesized Au(e®lz waswrapped in foil and allowed to dry overnight before

transferring to an amber vial.
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4 3.6 Gold addition onto MSN-10 and ADH@MSN

For the loading of gold nanoparticles onto M30l in a small Erlenmeyer flask,
approximately 0.0385 g Au(ei§ls was added to 15.0 mL of nanopure water. The pH was
adjusted to 10.0 using NaOH (0.2 M) and a pH probe. Once adjusted, 200 mg of thHEOMSN
was added to the flask and mixed in. The pH was readjusted to 9.0 in the same manner, using 0.5
M NaOH. A stir bar vas added, and the solution was stirred at room temperature for 2 hours.
The solution was then filtered over a glass frit with ethanol, wrapped in aluminum foil, and
allowed to dry overnight. The Au@MSN was then reduced using MafH.1 M solution of
sodum borohydride was made, and 50 mg of the Au coated catalysts were added per 1 mL of the
sodium borohydride solution. The mixture was allowed to stir for 10 min before centrifuging at
7000 g and washing with copious amounts of hanopure water and driedlinisprocess was
repeated twahree times for the complete addition of gold onto MBN
4.3.7 Amine-functionalized Au@MSN with attachment of biocatalysts

In a 50 mL round bottom flask with a stir bar, 100 mg of the Au@MSN, 5 mL toluene,
and 0.5 mL 8APTMS were combined. The flask was combined with a condenser and refluxed
overnight at 110 eC with slow stirring. The s
with methanol and one time with nanopure water, and was then covered irdfall@amed to
dry overnight on the frit. In a 50 mL Erlenmeyer flask, 250.0 mg of the afuimaionalized
Au@MSN and 12.5 mL of HEPES buffer (previously made above) were sonicated for 2 minutes.
A stir bar and 0.5 mL DVS were added to the flask and statedom temperature overnight at
160 rpm. To isolate the particles, the contents were filtered over a glass frit, rinsing 3x each with
nanopure water, acetone, and methanol. The pani@esallowed to dry on the frit overnight.

To attach the ADH enzym@0 mg ADH was added to a flask with 250 mg DXS@MSN
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with 50 mL HEPES buffer and 1.5 mg BSA. This mixture was gently stirred 18 hours at room
temperature in lightree conditions. The final catalyst was obtained by centrifugation, washing
3x with phosphte buffer (50 mM, pH 8.8), and was then lyophilized and stor&i@t e C.
4.3.8 Immobilized ADH assay testing

A standard Sigm&ldrich protocol was followed to test the activity immobilized ADH
after the addition and reduction of the Au nanopartitida begin, assay solutions were
prepared. A 50 mM sodium phosphate buffer was prepared by adding 8.92 g sodium
pyrophosphate, tetrabasic, decahydrate to 400 mL nanopure water and adjusting the pH to 8.8
with 9.5% (v/v) phosphoric acid. To prepare a 10 miiwm phosphate buffer, 21.0 mL of a 0.2
M sodium phosphate dibasic solution was added to 4.0 mL of 0.2 M sodium phosphate
monobasic. The final volume was brought to 500 mL with nanopure water, and the pH adjusted
to 7.5 with 1 M NaOH or HCI.

A f r -&lAD1 solotion was prepared at 0.5 mM in the 10 mM buffer solution. An
enzyme diluent solution that consisted of 1 mgnBSA was also prepared in the 10 mM
phosphate buffer. The native enzyme (not immobilized on MSN) was prepared by diluting 0.050
mL of a 1 mg-m* ADH in 10 mM sodium phosphate buffer solution in the enzyme diluent
solution to a total volume of 25.0 mL. Thi&ank run was prepared by adding 1.30 mL of 50 mM
sodium phosphate buffer, 0.10 mL allyl alcohol, and 1.50 mL of 0.5 mM Ns&lution to a
vial. Immediately before running, 0.10 mL enzyme diluent was added, the vial was shaken twice,
and then the liquid as poured into a quartz cuvette. Absorbance at 340 nm was monitored over
10 min, with a data point being taken every minute. The native enzyme activity was tested in the
same way, except the 0.10 mL of enzyme diluent was replaced with 0.10 mL of dileyeteen

solution. The immobilized enzyme, as well as the Au@MSN with ADH mixture, was tested by
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placing 5 mg of the catalyst in 0.10 mL enzyme diluent. Then, the vial containing 1.30 mL
buffer, 0.10 mL alcohol, and 1.50 mL NA®vas added to the vial with MSNhaken for the
allotted time (2 min), centrifuged at 7000 g for 2 min, and poured into a quartz cuvette to get a
single point A340 measurement (taken-att2, and 16minute marks).
4.3.9 Oxidative esterification of allyl alcohol

A mixture of allyl alcolol (213.5 mg), NAD (100 mg, 0.15 mmol), bovine serum
albumin (0.5 mg), and 20 mg of catalyst were added into aneg& round bottom flask with 4
mL phosphate buffer solution (50 mM, pH 8.8). The flask was fitted with a balloon and rubber
septa and purgedith O2 before filling the balloon with pure oxygen. The reaction mixture was
stirred for 24 h at room temperature before recovering the catalyst and filtrate separately. The
filtrate was extracted to analyze on GCMS with anisole added as an interdardtan
4.3.10 Materials Characterization

Nitrogen sorption analysis was performed at 77 K with a Micromeritics Tristar surface
area and porosity analyzer. Surface analysis of these MSN catalysts was performed by nitrogen
sorption isotherms at 77 K with aitdlomeritics ASAP 2020 surface area and porosity analyzer.
The surface area and median pore diameter were evaluated by the BiEEmauettTeller
(BET) and BarretloynerHalenda (BJH) methods, respectively. Powder samples were imaged
using FEI Talos F200xansmission electron microscope (TEM) at 300 kV. Metal content of the
catalyst was measured by IS PerkinElmer Optima 8300 after dissolving the solid in HF
and aqua regia and diluting with 5% HBDH activity was monitored by following the

formationof NADH at 340 nm on a Beckmann coulter DU800 spectrometer.
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4 4 Results and Discussion
Physical properties for each of the catalysts were determined by a variety of techniques

including TEM, N sorption, and ICP. TEM analysis of the initially synthesiltk®N indicates
hexagonal particle morphology with ordered pores (Figure 4.2). The pore distribution from the
TEM analysis was in alignment with the pore size range from BJH desorption, approximately 10
nm for MSN-10 and approximately 6 nm for-condenseamine@MSN (Table 4.1). This
general structure was maintained for each catalyst throughout the loading process, as evidenced
by TEM and nitrogen sorption (Figure 4.3).

The loading process in building the tandem catalyst was an important concept considered
throughout this study. The first catalyst, ADHAU@MSN, was synthesized using23daded
with gold nanopatrticles, followed by the addition of the enzyme loading of ADH. The second
catalyst, AUADH@MSN, was synthesized with@andensed aminkISN, followedby ADH
immobilization, and then the addition of gold nanoparticles. This was an important concept to
study because the reactants would encounter unigue surfaces on these catalysts as well as the
stability added to the catalysts by immobilizing them inecsj order. It was also important to
consider the amount of loading for each catalyst. Utilizingaadensed amirRISN and MSN
later postgrafted with amine groups for attaching biocatalysts after the Au had been loaded,
these supports can then be uaedielivery or carrier vehicles in biocompatible systems by
allowing for chemical attachment of the catalysts decreasing leaching and increasing stability
over time. While MSN makes an ideal support for catalysis, the catalysts in this tandem system
oftenoperate in incompatible conditions and previous studies have indicated that higher gold
loading can inactivate biocatalygfs?! This previous report had indicated that a loading ratio of

more than 1:12 for enzyme to gold would lead to heightened enzyactiéation (in this study,
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about 12 wt%). ICP analysis of our catalysts revealed that gold was loaded on to the mesoporous
silica between -1 wt% for each of the two loaded catalysts, with a loading ratio of 1:7 for

enzyme to gold (Table 4.1). Elemem@hpping of the ADHAU@MSN as well as the

AUADH@MSN catalysts indicates evenly distributed gold nanoparticles across the MSN

supported catalysts (Figure 4.4).

Table 4.1 Physical properties of MSN supported catalysts

Surface Pore Enzyme
area volume  Poresize loading Au content
Material (m’g™) (cm’g?) (nm) (mg-g?) (Wt%)
MSN-10 375 1.18 10 - -
Au@MSN 303 1.01 10 - 11.3
ADHAU@MSN 133 0.362 10 35.5 11.3
Amine@MSN 852 1.13 6 - -
ADH@MSN 444 0.704 6 34.9 -
AuADH@MSN 376 0.624 6 34.9 7.39
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Figure 4.2 TEM images of a) @mndensed amirkinctionalized MSNL0, b) and c) ordered
pore structure of unfunctionalized MSIN.

700 T T T T 800 T T
MSN-10
600 - Au@MSN
ADHAu@MSN
= 600}
= 500 4 &
@ 7
E H
~ 400 o
T -
£ 2 400+ 1
< 300 P 4 =
- <
£ — g
= g
< 200 4 2
9 200} 1
00 Amine@MSN
100y ADH@MSN
AuADH@MSN
0 A 't L A1 0 L 1 1 1
0 0.2 0.4 0.6 0.8 1 0 02 0.4 0.6 0.8 1
Relative Pressure (P/P,) Relative Pressure (P/Py)

Figure 4.3 Nitrogen sorption of each catalyst during the loading process of each component: a)
Amine@MSN (red), ADH@MSN (lne) and AUADH@MSN (green) and b) MSINO (red),
Au@MSN (blue), and ADHAU@MSN (green).

Mesoporous silica nanoparticles make an excellent support material for a variety of catalytic
reactions because of the chemical and thermal stability that silica maintains, as well as its inert
behavior in most conditions. The type IV isotherms obtainam ffach material indicates regular

pore ordering with larger pore sizes (Figure 4.3). The nitrogen sorption data provides further
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evidence that the amine@MSN and M30 structures do not undergo significant alteration or

pore collapse during the additiohtbe tandem catalysts ADH and Au, in either order. The BJH
data for each catalyst during the loading process indicates no significant pore blockage or
structure collapse as the pore diameter for each is maintained (Table 4.1). The general structure

beingmaintained throughout the loading process indicates that the pores remain available to

reactant diffusion.

Figure 4.4 Elemental mapping of the god nanoparticle distribution of a) and b) AUADH@MSN
and c) and d) ADHAU@MSN.

Before testing théandem catalyst, we identified that the immobilized enzyme on each of the
loaded catalysts remained active after full synthesis (Figure 4.5). Loading inorganic catalysts
onto the silica support after enzymes have been immobilized onto the support axtds an e
challenge to reducing the metal nanoparticles. Reducing gold nanoparticles is most frequently
done under blgas at temperatures betweerl38 0 e C over the period of
temperatures for an extended period of time will risk denaturidgreattivating the enzymes.
Alternatively, sodium borohydride was used to reduce the Au nanoparticles loaded onto MSN.

Previous reports had indicated that sodium borohydride could also deactivate enzymes, so
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verifying that the enzymes remained active tigttaut the synthesis process was important
before testing the tandem catalyst. This was done using an assay test outlined above in the
experimental section. This assay test is based on theidJabsorption difference between

NAD* and NADH, the latter of wibh has a strong absorption peak aicAln an ADH catalyzed
alcohol oxidation reaction, the production of NADH is directly proportional to the consumption
of NAD* and therefore proportional to the generation of aldehyde agat&lherefore, we can
monitor the absorbance at 340 nm to monitor the reaction kinetics and determine if ADH is still

active after synthesis.
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Figure 4.5 Enzyme activity tested after tandem catalysts were fully synthesized. A blank run,
with no enzyme, is indicated in red fmwmparison. The native (free) enzyme is shown in blue
for comparison with the tandem catalysts ADHAuU@MSN (green) and AUADH@MSN (purple).

Our initial hypothesis had been that the ADHAu tandem catalyst would have the highest
enzyme activity because the gne was loaded after the reduction of Au. As shown in Figure
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4.5, ADH retained activity on both tandem catalysts after the full synthesis had been completed.
However, the AUADH@MSN tandem catalyst (purple) outperformed all other enzymes tested,
almost doubng the activity of the other tandem catalyst, ADHAU@MSN (green). This is likely
because the enzyme on the AUADH tandem catalyst most likely has some enzymes loaded into
the pores (evidenced further by the lower SA from the nitrogen sorption data, howeakr

pores were loaded so the pore diameter average remained the same). By having some of the
loaded enzymes immobilized in the pores, further stabilization can be offered when loading the
Au NPs after the addition of ADH. This loading method (loadingymes into the pores) is not
available for the other tandem catalyst ADHAu because Au is loaded first, blocking, or limiting

enzymes access to the pores (also evidenced by nitrogen sorption data in Table 4.1).
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Figure 4.6 Yield of allyl acrylate lefgfter 24 hours for ADHAuU@MSN (red), AUADH@MSN

(blue), Au@MSN with free ADH (green), and Au@MSN (purple); and relative rate (right) of the
production of all vyl acrylate. Al reactions
hours under @atmosphere.

After verifying the enzyme remained active after immobilizing on the support or loading

and reducing the gold nanoparticles, the tandem catalyst was tested as outlined in the
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experimental section. The overall activity was testedubying each of the tandem catalysts as
well as the controls (Au@MSN with free ADH and Au@MSN alone) for 24 hours (Figure 4.6).
The timescale was chosen because although ADH works efficiently at biological conditions, Au
typically functions best at high&mperatures or pressures. The AU@MSN catalyst exhibited
very low activity for the ester product. This was expected as Au is known to be rate limiting for
the first step in this tandem reaction (dehydrogenation) and was operating at biological reaction
conditions which are not ideal for this metal catalyst. The mixed catalyst (Au@MSN with ADH)
performed slightly better, but both tandem catalysts outperformed each of these controls.
However, the AUADH@MSN tandem catalyst outperformed all the other catgttd, more

than doubling the yield for the other tandem catalyst. This AUADH@MSN tandem catalyst also
outperformed the previously reported PAAU@MSN tandem catalyst from Chapter 2, further
indicating the promising future of incorporating enzymes and arocgcatalysts on supports for

tandem catalysis.

30

Bl ADHAu@MSN
275 - AIIADH@I\‘ISN

Yield (mg/mL)

Cycles

Figure 4.7 Conversion of allyl alcohol to allyl acrylate over 3 consecutive cycles for both tandem
catalysts ADHAuU@MSN (red) and AUADH@MSN (blue).
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The tandem catalysts were further analyzed by expldni@gecyclability (Figure 4.7). Both
the ADHAuU@MSN and AUADH@MSN tandem catalysts were tested over 3 consecutive cycles
for the direct oxidative esterification of allyl alcohol. After each cycle the catalyst was recovered
via filtration and allowed to drigefore being reused. For each cycle the AUADH catalyst
outperformed the ADHAuU tandem catalyst. Both catalysts maintained activity over all three
cycles, with the AUADH catalyst 26.7 mg/mL, 29.0 mg/mL, and 26.8 mg/mL over the three
cycles, respectively. EnADHAuU catalyst maintained activity with 12.9 mg/mL, 16.3 mg/mL,
and 13.2 mg/mL, respectively. However, for both tandem catalysts there was an increase in
yield/conversion between the first and second cycles. This is most likely due to more active sites
being available during the second cycle. When loading multiple catalysts onto a support, it can
lead to some potential blocking of the active sites. While the support adds extra stability and
support to both of the catalysts, some potential leaching otivktamn is possible from the outer
layer of catalysts. While not ideal, this can also lead to increased access to the active sites of the
catalysts that have been loaded into the pores of the MSN, potentially increasing yields.

By incorporating gold intéhe pores and functionalizing the surface of the MSN, a tandem
catalytic system is created that can be used for the oxidative esterification of allyl alcohol to allyl
acrylate in mild reaction conditions at room temperature and under atmospheric oxygen.

4.5 Conclusion

A tandem catalyst incorporating enzymes and inorganic catalysts supported on MSN was
used for the direct oxidative esterification of allyl alcohol. Two different catalysts were
synthesized to test the loading order of the two catalystsviedoh this system, ADHAU@MSN
and AUADH@MSN. ADHAu@MSN was synthesized with MSR before loading Au

nanoparticles, followed by ADH. AUADH@MSN was synthesized witt@odensed
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amine@MSN, followed by immobilizing ADH, and then loading with Au nanopartiéitgl

acrylate is typically a very challenging to synthesize, but Au nanoparticles have been established
as a greener catalyst. However, Au does not effectively perform the first step in the oxidation
process, one in which ADH can achieve. Here, we bsiteglol the first enzymanorganic tandem
catalyst supported on MSIN) to perform direct oxidative esterification at mild reaction

conditions (room temperature and atmospheric pressure) .of ke tandem catalyst

AUuADH@MSN outperformed both controls and thteer tandem catalyst (ADHAuU@MSN) as

well as maintaining activity over 3 consecutive cycles.

Future studies may include further expanding the pores of-WBfdr increased loading
capacity. Increasing the pore size above 10 nm may also allow for atlagital catalysts to be
loaded into the pores, adding further stability to the enzymes. Another important future direction
of this study will involve incorporating a cofactor regeneration.
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CHAPTER 5
GENERAL CONCLUSIONS AND OUTLOOK

The work included in this dissertation is part of the graduate research | have completed as
a member of the Trewyn research group since joining in the fall semester of 2018. The focus of
this research has been tandem catalysis using mesoporous silicartielesp Tandem catalysis
is of notable importance because of the ability to make challenging chemical syntheses more
efficient while also making more timand costefficient reactions. In utilizing MSN as the
support, both inorganic and enzymatic cagtdycan be incorporated into these systems.

Inorganic and biological catalysts are not often paired as they require different reaction
conditions to reach their optimal activity. By supporting both catalysts on MSN supports, a new
tandem catalyst is creak¢hat retains activity and recyclability at mild reaction conditions.
Methods for combining inorganic and biocatalysts into and onto mesoporous silica nanoparticles
for applications in tandem catalysis are outlined within this dissertation.

Chapter 1 cosists of the literature review that | first authored in 2021. This perspective,
published in ACS Catalysis, laid the groundwork for my research in tandem catalysis using
porous materials. This chapter reviewed the state of the art thus far in tandgsis;atal
specifically that of combining inorganic catalysts and enzymes. While MOFs have remained the
state of the art and the focus of tandem catalysis thus far, MSN has a lot to offer the field moving
forward. MSN contains a lot of the same properties as#Mhile also being netoxic and
biocompatible. Using these porous materials for compartmentalization of the incompatible
catalysts enzymes and metal nanopatrticles will lead to breakthroughs in the field of tandem

catalysis, which is why MSN remains theeiis of this research.
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Chapter 2 focused on an inorganic tandem catalytic system containing palladium and
gold nanoparticles on mesoporous silica nanoparticles. This chapter-fias$ aothored with
Dr. Megan Moyer who graduated with her PhD from Mime2018. The oxidative esterification
of allyl alcohol to form allyl acrylate has been shown to use gold nanoparticles as a green
alternative to the harsh additives and reaction conditions used currently in industry. One
drawback of using gold as a catstljor this reaction is the first oxidation step remains slow. Be
adding palladium nanopatrticles to catalyze the first step of this tandem reaction and gold
nanoparticles in the second step, a green tandem catalyst is created. This PAAU@MSN catalyst
demonsrates increased reaction rates for the oxidative esterification while maintain mild
reaction conditions of 60 eC, molecul ar oxyge
carbon coating method was also used to prevent any degradation of thet csiah a
polydopamine polymer coating.

Chapter 3 introduced a universalcondensation functionalization route for MSN
silica. Based on previous research performed in the Trewyn group, this research focused on
maintaining the structure and ordepate morphology of MSMLO after being functionalized
with silanes via ca&ondensation. It was established that thehydrolysis time (30 minutes
between adding the silica precursor and the functionalizing material) and the hydrothermal
treatmenttempetaur e (100 eC instead of the traditiona
morphology and total surface area, respectively. The afumaionalized material was then
used as a chemical handle for attaching biomolecules. This was done using a DM8itinker
the terminal lysine groups on alcohol dehydrogenase. These immobilized biocatalysts retained
activity over multiple cycles, demonstrating the ability to immobilize enzymes with increased

stabilities for catalytic reactions.
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As the penultimate chagtin this dissertation, chapter 4 delves into combining the
previous two studies to achieve the goal of this dissertation research project. Here, | combine
inorganic catalysts (Au) and enzymes (ADH) together onto mesoporous silica nanoparticles for
tandemcatalysis. ADH has been shown to perform the initial oxidation step of alcohol, while we
have shown previously that Au effectively performs the second step of the oxidative
esterification. This tandem catalyst effectively performed the oxidative esigdficof allyl
alcohol to allyl acrylate with at least 50% conversion over the 24 h reaction period with rates of
0.50 mg/h, outperforming the PdAu catalyst reported in chapter 2 of this dissertation. The
loading order of the catalysts onto MSN was exmlpes well as the recyclability. It was
discovered that loading Au onto MSN first, followed by the enzyme produced the higher rate of

activity.
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