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ABSTRACT

The Organ group sed microwave irradiation as a means of heaflogsed chemical
reactions in the development of a microwagsisted continuotfow organic synthesis
(MACOS) system, to combine the benefits of flow reactions and the effective heating of
microwave radiatin. MACOS was well suited to the use of heterogeneous catalysts contained
within the reactor capillaries, and metal films proved to be effective to not only catalyze
reactions, but also to act as a heating source. Unfortunately, the heating of bulkimetahdier
microwave irradiation was hard to control, leading to intense-beating of reactions and

destruction of the metal films.

Transition metaloaded hetergeneous catalystammobilized on microwawtransparent
silica supportswere preparedThe supported catalystdso act as a mixer within the flow
channels to prevent laminar flomndallow for high catalyst surface arebhein situ palladium
nanoparticledoaded silica macrospheres were used to catalgk crosscoupling reactionsn
MACOS providing good product yieldand can be recycled several times without apabéei

decrease in product formation.

Dithiocarbamatdunctionalized ligands were prepared and uded form amphiphilic
transition metal complexes to attempt to selectivalgdl metals at the surface of silica
macrospheres. Some selectivity for incorporation of the metal complexes towards the outer
surface of the macrospheres was obtgihediever, there was a penetration depth of metals into

the interior of the macrospheresd the complexes were not fully characterized.

Inorganicorganic hybrid macrospheres were prepared containing functional groups that

could coordinate desired transition metsddectively on their surfacd’hese inorganiorganic
i



hybrid catalyst support&ere also used to perform Heck crassipling reactions in MACOS.
Calcination of these met&daded macrospheres yielded silica macrospherds peilladium

nanoparticles loaded selectively on their surface.

The inorganieorganic hybrid macrospheres werdeato catalye the Heck crosscouplingof
aryl iodidesin MACOS. They werae-usable without significant decrease in product conversion.
The calcined macrospheres with palladium nanoparticles loaded selectively on their surface were
able to catalyzeéhe Heck crosscouwling of aryl iodidesn MACOS, but significant leaching of

the catalyst from the support walsserved
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Figure 5.9: Palladium to silicon ratio on the surface of' B@MIOMSsthat had not undergone

heat treatment for hardening before palladium loadin§@%sMSs, andsPdSMSs. Determined

XV


file:///C:/Users/Chris/Dropbox/Thesis/THESIS.docx%23_Toc524734176
file:///C:/Users/Chris/Dropbox/Thesis/THESIS.docx%23_Toc524734176
file:///C:/Users/Chris/Dropbox/Thesis/THESIS.docx%23_Toc524734176
file:///C:/Users/Chris/Dropbox/Thesis/THESIS.docx%23_Toc524734177
file:///C:/Users/Chris/Dropbox/Thesis/THESIS.docx%23_Toc524734177
file:///C:/Users/Chris/Dropbox/Thesis/THESIS.docx%23_Toc524734181
file:///C:/Users/Chris/Dropbox/Thesis/THESIS.docx%23_Toc524734181
file:///C:/Users/Chris/Dropbox/Thesis/THESIS.docx%23_Toc524734181
file:///C:/Users/Chris/Dropbox/Thesis/THESIS.docx%23_Toc524734183
file:///C:/Users/Chris/Dropbox/Thesis/THESIS.docx%23_Toc524734183
file:///C:/Users/Chris/Dropbox/Thesis/THESIS.docx%23_Toc524734183

Figure 5.11: TEM image of surface piece of ®@SMS and histogram of measured palladium
particle diameters using TEM i@ analySiS-........cc.uuuiiiiiiiiiiiiiee e 108

Figure 5.12: Pd' @MIOMSs after being used in MACOS for 5 Heck crossipling reactions.

Figure 5.13: PP@SMSs before (left) and after (right) being used in MACOS for 3 Heck-cross

(oT 101 o] 10 To T == Tox 10 1 113

XVi


file:///C:/Users/Chris/Dropbox/Thesis/THESIS.docx%23_Toc524734185
file:///C:/Users/Chris/Dropbox/Thesis/THESIS.docx%23_Toc524734185

LIST OF SCHEMES

Scheme 1.1Hydrolysis and condensation reactions in the formation of slidgel materials.

a) acidcatalyzed; b) baseatalyzed..............coooiiiiiii i 11
Scheme 2.1Formaton ofisPdSMSgrepared from TBOS using a sp¢l emulsion.............. 45
Scheme 2.2Huisgen dipolar cycloaddition catalyzedisuSMSs irbatch MAOS.............. 59

Scheme 3.1:Flow SuzukiMiyaura crosscoupling reactions attempted in the figgneration

MACOS system using thePdSMSs. The formation of precipitates blocked the reactor capillary

and prevented further iNfusion Of FEAGENTS..........coiiiiiiiii e 67
Scheme 4.1Preparation of DTC transition metal complexes from amines..................... 74
Scheme 4.2Basemediated decomposition of DTCs to alkyl isothiocyanates.................. 79
Scheme 4.3Acid-mediated decomposition Of DTCS.........ciiviiiiiieiiii e 79

Scheme 5.1Formation of IOMSs by c@ondensation of TBOS and an organotiaisilane 93
Scheme 5.2Formation of IOMSs by grafting an organotrialkoxysilase a preformed silica
[T T 10 1] 0] 1T = 93
Scheme 5.3Palladium loading of MIOMSs by soaking in a solution of palladium(ll) acévate
p (o TH | £ TP PSSRSO PPPPPPR 97
Scheme 5.4Preparation of P@SMSs by calcination of PB@MIOMSS............c.ccceeuveee.... 105
Scheme 5.5:Preparation of P@@MIOMSs by solgel preparation of MIOMSs, hardening of

MIOMSs through heat treatment, and palladium loading by scavengingstlomion........... 102

Xvii


file:///C:/Users/Chris/Dropbox/THESIS.docx%23_Toc521246149
file:///C:/Users/Chris/Dropbox/THESIS.docx%23_Toc521246149
file:///C:/Users/Chris/Dropbox/THESIS.docx%23_Toc521246150
file:///C:/Users/Chris/Dropbox/THESIS.docx%23_Toc521246153
file:///C:/Users/Chris/Dropbox/THESIS.docx%23_Toc521246156
file:///C:/Users/Chris/Dropbox/THESIS.docx%23_Toc521246157
file:///C:/Users/Chris/Dropbox/THESIS.docx%23_Toc521246157

LIST OF ABBREVIATIONS

Ac
APTES
Avg.

CFU
DCM
DMA
DMF
DTC
EDX

h
ICP-AES
IOMS
iISCUSMS
iISPASMS
MACOS
MAOS
Me
MIOMS
Mn
MPTES

MR

Acetyl

3-Aminopropyl triethoxysilane

average

Continuous flow unit

Dichloromethane

Dimethylacetamide

N,N-dimethylformamide

dithiocarbamate

Enegy-dispersive Xray spectroscopy

Hour

Inductively coupled plasmatomic emissiolspectrometry
Inorganicorganic hybrid macrosphere

in situ mpperloaded silica macrosphere

in situ palladiumloaded sili@a macrosphese
Microwaveassisted continuotffow organic synthesis
Microwaveassisted organic synthesis

Methyl

3-Mercaptopropyfunctionalized inorganiorganic hybrid macrosphere
Number average molecular weight

3-Mercaptopropyl triethoxysilane

Microreactor

Xvili



NHC
NMR
PCD

Pd'@MIOMSs

PP@SMS

PEO
SEM
SVAr
tand
TBOS
TEM
TEOS
THF

TMOS

Co
o

Go

N-heterocyclic carbene
Nuclear magnetic resonance

Pressure creating device

Palladium(ll) acetatdoaded3-Mercaptopropyfunctionalized inorganic

organic hybrid macrosphese

Silica macrospherawith palladium nanoparticles selectively their

surface

Polyethylene oxide

Scanning electron microscope
Nucleophilic aromatisubstitution
Loss tangent

Tetrabutyl orthosilicate
Transmission electron microscope
Tetraethyl orthosilicate
Tetrahydrofuran

Tetramethyl orthosilicate
Dielectric constant

Dielectric loss

XiX



Chapter 1: Introduction



1.1: Chemical Synthesis in Flow

Flow reactors are being investigated as an increasingly popular alternative for traditional
batch reactors in many chemical synthéS8eMlicrofluidic techniques use capillaries with
diameters of 1500 m tateiddal for efficient heat transfemdtemperature contrdleause
of their high surface area tmlume ratios" However, argerdiameterchannels may be used for
someflow processe¥! In a batch reaction, all reagents are kept in a single vessel for the entire
reaction timeframewhereadlow reactorqFigure 1.1)use a stream of flowing reagenkst are

separated untthe moment of reaction.

Heating

Back-pressure
regulator

Figure 1.1: General Schematic of a flow reactfor chemical synthesis.Reprinted with
permission from Referendg#&]a[4]. Copyright 2010 John Wiley and Sons.

While batch syntheses in flasiee eady handled allow for continuousisualobservation of
reactions, anddo not generally require expensive specialized equipmidat,advantages of
performingreactions in a flow formatisually outweighthese featuresSome of the advantages

of flow processes areleaner reactionsefficient mixing of reagents, fast heat transfer, high
2



achievable temperatures and pressures, safer synthesis of hazardous compounds, -epsy scale
efficient use of recyclable immobilized atalysts, integrated analytics, and automated
optimization/purificatiorf) However,flow processes still have some significant drawbaEks.
exanple, low processes require significant investment in time and equipment to impleksent

many industrial processes have already been optimized for the use of batch reactors, conversion
to flow could be very costl{¥! In addition reactions involving solid reagents precipitating
products generally cannot be effectively converted to flow processes due to clogging of the flow

systems.

Reactions thagenerally benefitnostfrom the use of flow techniegs are those that are very
fastand mostlyratelimited by mixing™?*® These vey fast reactions are classifies type A and
B reactions, where typ& reactions are extremely fashdcontrolled by mixingwhereas type B
reactions are very fast ahihetically-controlled™ Type C reactions, hoswer, are slower (>20
minutes) and may not gain rate benefits from flow technigdesvever, such reactiorsould
still take advantage of other benefits of fllWThese slower reactions may be performed in
imesofluidicdo reactors, with diameters O500 ¢

reaction.

The continuous removal of products from starting materials in flow reacltmves for grict
control of residence time, whiatan help to prevent the occurrence of possible side reactions.
Flow processes allow for the products to be removed from the system and quenched immediately
following reaction, thus reducing the propensity for sidetieas to cause further reaction and
loss of product. Very reactive intermediates can also be formed in flow and used immediately in

a multistep synthesis through the use of multiple inlets. The reduced occurrence of side



reactions in flow provides cleangeaction mixtures that are easier to purify,u@dg processing

time and cost.

The fast heat transfer in flow syntheses stems from both the high saréece volume ratio
of the flow system and the small amounts of reagents that will be reactirtgre & the flow
system.The small volumes within the reactor capillaries heat and cool rapidly, allowing for high
control and homogeneity of reaction temperatufidss has a safety advantage forrextely
exothermic reactionsas well as possibly preventing undesired reacticanssed bya large
temperature rangéFigure 1.2 Flow channels can also be formed into specific shapes
enhancemixing, heating, and cooling of reactions. Heatinglow can be achieved bgimple
submersion of theeactorcapillaryinto a wate?’ or oil bath!® However more advanced setups
can involve specialized equipment, such asnbedded resistance heating wifésPeltier

elements, or microwave heatifig?11°0)

potential

leads to formation of C

N reaction coordinate

Figure 1.2: Normal distribution of temperatures for batch and flow microregdht) systems
(left). Reaction profile showing competing reactions with different activation energies, with
normal distribution of temperatures imposé&kprinted with permission from Referenpy.
Copyright 2004 American Chemical Society.
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The small, enclosed nature of flow systems allows for high temperatures and pressures to be
reached more readily and safely than in lasgale batchreactors Stainless steels commonly
used as reactor tube materialwing to its ability to withstand high temperatures and pressures,
as well as its corrosion resistamqmeperties” Reactions have been reported at pressurap ti

250 bar with a temperature of 340°C using stainless steel tubing in flow ré&étors.

Having snall volumes of reaction mixturalso decreases the possible dangerxptosion or
leakage ofhighly exothermic or toxic reactions. The production of potentially dangerous or
reactive intermediates can also be achiesafely due tahe relatively short residence time of
flow reactons compared to batch procesdésstable or dangerousaterials needot be stored

or handled for long periods of time, or in large quantities at anydimee™

An additional advantage of floneactorsover the use of batch reactansolveslargescale
or productionreactions. Flow systems allofer scaleup by increasing the amount of time that
the flow system is active (scatmit), or by increasing the number of systems rumnin
simultaneously (numbering up)rhis is actually an enormous advantage of flow reactions
because optimization of the @m@n only needs to be performed once, and is then usable for all
conceivable scales of syntheSisAll material flowing through the system ovéime will
theoreticallyexperience the same conditioreggardless of how long the system is run for and
how much produchas already beeproduced As much or as little product can be prepared, as
needed, using the same system. This can maldeomand poduction of some materialat any
scaleconceivable Optimization can also be performed with great efficiency, allowing for fast

screening of reaction conditions.



In-line analytics camlsobe incorporatedhto aflow systento allow for nondisruptivereal
time analysis ofchemical reactiond!®? Using results from iine analgis, automated
processes for adjusting reaction conditions can be developed and implemented during a flow
synthesisfor automated reaction optimizatiffi'>*® Since only a small amount of material will
be neededor analysis many different contibns can be quickly screenedhis also has
applicationfor continualmonitoring of flow reactions for quality control standards, identity

deviations from desired parametarsl imposing correction§’?°!

1.2: Heterogeneous Supported Catalysis Flow Reactions

Continuousflow systems in chemical synthesian be divided into four typg$igure 1.3),
classified by the use of supported catalysts and rea§@ritgpe I and Il systemsare thosehat
contain no catalystsin Typel systemsall reactants and reagents flow through the reactor, but

Type Il systemswill contain a reactant that is supported and confined in the re%étor.

No catalyst

A
Type | A+B —»C (]}_> A-B
v

Supported reagent

n
Type ll A —»C[ Supported B G}—» A-B
v

Homogeneous catalyst

o A+B A ( A-B
ype Catalyst % Catalyst

Heterogeneous catalyst

n
Type IV A+B —»C[ Catalyst G}—v A-B
v

Figure 1.3: Types of continuoufiow systemaused for organisynthesisReprinted with
permission from Referend¢22]. Copyright 2015 Springer Nature.




Purification n Type | systems will requireinreacted A and B substrates, as well as-side
products, to be separated from thesired product for purificationilype 1l systems will only
require the separation ahreacted substrate A and side prodimtgroduct purificationbut the
support will need to be replenished periodicallype Il and IV systemsnvolve the useof a
catalyst Type Il systemsnvolve only a homogeneous catalyst, whereag@ IV systemaisea
supported catalyst that is confinedthin the reactoF? In Type, Ill systems, catalysts must be
continuously added into the reaction, amidl need to beseparated from products at the end of
the reactionfor purification Type IV systemsstill require removal of unreacted starting
materials and sidgroducts for purification, buunlike Type Il systemsdo not require
continuous additiorof catalyst, or removal o& catalystfor product purification.Type IV
systems are generally thought toitheal due to the efficiency of reusable catalyatsl reduced
purification measuresotentially reducing processing times and c68t$® The catalysbeing
confinedin the flow system imMype IV systemm may also allow fosignificantly lesscatalyst to
be necessaryor a reaction, relative ta similar scale in Jpe Il systers. Evenwith less overall
catalyst,a higher effective catalyst loadimgay be achieved in Type IV systenhse to the small

reactor volume¥&4

Theuse of leterogeneous transition metal catalysis in fiygtemsoften involvesthe use of
packedbed reactors containingsupported metal nanoparticles or tethered versions of
homogeneous catalyst® chemicallyinert material$" Polymer zeolite,and silica supports are
commonlyused for heterogeneous transition metal catalystere the catalyst can be attached
to thesupportsurface through covalent bon¢@igure 1.4)%127 adsorptiort**?® electrostatic
interactiond?® or encapsulation(Figure 1.5)*BY The supportmaterial must be able to

withstand tle reaction conditions without degradati@nd must be inert toreagents present
7



Somesupports may therefotge incompatible with certaitypes ofreactiors andconditionsi®?

High surfacearea and dispersion of catalyst are also desirable

’ @ "1
[
+-0-Si—
[ \—pen,
P —Pd(OACc), ? \
) PdX,
1-0-Si—
polypropylene
(% P(Ph),

Figure 1.4: Supported catalysts covalently bound to polymer and silica sigp@) Polymer
bound FiberCat 1001.; b) Silica supported SiliaCat CataAdapted with permission from
Referencd32]. Copyright2015 AmericarChemical Society.

[Pd(NH,),*" in NaY

Figure 1.5 Palladium catalyst encapsulated MaY zeolite cage supportAdapted with
permission from Referend80]b. Copyright 1999 Elsevier.

The use of supported palladium catalysts has become very common due to the large number
of important coupling reactions for which palladium can be U$Ed. Supported palladium
catalysts have been used to perform Sunliaura™B3 Mizoroki-HeckM* 19134
Sonogashir&> and NegisH® coupling reactions in flow using packeed catalyst systems or

functionalized reactor capillaries.



Unfortunately, there are several problems associated with the use of {m@ckedpported
catalysts in flow processes. One problem is caused by the randomnés pzicking of the
catalyst bedsThis can result in high resistance to floleadingto high backpressusestagnation
zones and broad residence time distributiofer flow reactiond®'*®! Monolithic catalyst
supportcan overcome these issyaad have a very high porositlyut suffer from more difficult
synthesis, higher fragility, and lower catalyst loadirthan catalyst bead® Monolithic
catalyst supports alsmay experiencéaminar flow of solutions through the channdigjiting

the exposure of reagents to the catadgstvell asmixing.®!

A second issue, which is not unique to packed reactors, is the leaching of catalysts from
the support. While, in a batch reaction, leachedlysitanayremain active in solution ore-
adsorb onto a catalyst support, flow reactions are more likely to have the catalyst washed out of

the reactor, where it cannot-aesort®"3"138 Thjs |eads to loss ofatalyst and reduction of

a) 31 ug Pd mg™! b)

>
>

» ;ﬂ/ - 15 ug Pd mg'"!

7 pg Pd mg'!
b — '

3 pyg Pd mg'
E

e SilicaCat ww

Flow direction
Flow direction

- 11 ug Pd mg™’

180

Figure 1.6: Visual representation of the contents of used supported catalyst cartridges
continuousflow SuzukiMiyaura crosscoupling reactiorshowing the moement of catalyst
along the cartdge. a) Polymebound FiberCat 1001.; b) SiliaCat DiPd. Reprinted with

permission from Refereng®2]. Copyright 2015 American Chemical Society.
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catalytic activity over timeContamination of the products with catalystly also be an issue
requiring separatiorduring purification As reactantsare flowed for longer periods of timehe
catalystcandissolve and r@&dsorbto the suppd, moving down the reactor bed aockating a
gradient in catalyst concentration within the readeigure 1.6Y*2 This movement bthe
catalyst along the reactor béghds toinhomogeneity in the catalyst loading, whican cause

shorter contaetime of the substrasavith the catalyst.

The leaching of metalfrom catalyst supports is concentratidapendent, with low
concentrationof reactants usuallyeading tonegligible amounts of catalyst in the product
solution*? In some of these cases, the support may merely aatese@oir for a homogeneous
active catalyst, but radsorption is essential for high catalyst lifetimése use of coordinating
functionality to help bind metals to the supporather than simple adsorptiowas found to
decrease the amount of leaching and degradafitimecacatalysiFigure 1.6b), but the degree is

highly-dependent on the solvent system u&&d.

1.3: Silica Catalyst Supports Prepared Through SelGel Processes

Silicate materials aregood candidatefor supported catalysts because tlymnerallyhave
greaterchemical,mechanicaland thermal stabilitghan polymematerials***% They are also
able to be prepared from versatile-gel techniques, giving great control over the composition

and morphology of the resulting materitisough even minor changes in syntBeinditions

The solgel formation of silicanaterialsproceedshroughthe hydrolysis and condensatiaor
silicon alkoxides which may be catalyzed by eithacidic or basic conditionéScheme 141"

The structure of the resulting silicaaterialscan begreatly influencedoy whether the segel
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formation is acid or base catalyzex both have different mechanisms that affect the gramdh

morphologyof the resulting gel&Figure 1.7)*?

a)
H* *
RO H, Re OGR4 OR
\ Z , £ ’\\\\OR
H,0 + Si—OR mf/——={ &+,0----8i----0 6+ |[S—= Ho—si" + ROH + H*
ro™ H/ | .
RO OR OR
H
Fast . +/ Slow . . .
H* + 2(RO);Si—OH ~—— (RO);Si—0 + HO——Si(OR); ————= (RO)3Si——O0——Si)OR); + H;30
H
b)
RO RO//’ ,OR‘ OR
- = 06— ,\\\\OR
‘HO---3Si—OR —== HO----8i----OR _— HO—si" + OR
Ro\‘“l
RO OR OR
(RO);Si—OH 4 H,0—Si(OR); Fast _ (RO);Si—0 + H,0——Si(OR); _ Slow (RO);Si 0O—Si(OR); + OH-
OH- +H20

Scheme 1.1: Hydrolysis and condensation reactions in the formation of silicagelo
materials. a) acidatalyzed; b) baseatalyzed.

In acidcatalyzed condition§Scheme 1.1la)each subsequent hydrolysis reaction to replace
an alkoxy group on the silicon atom with hydsdxbecomes slowerAs a result,in acid
catalyzed conditionsgondensatiorreactionsto form crosfinkages between silicon atonis
more likely to begin before hydrolysis is complefEhis leadsto the formation of ksain and
networklike morphologies as the networks grow, because it is the terminal alkoxides that are

mostlikely to undergo hydrolysis and then condensafiin
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However, under baseatalyzed condition§Scheme 1.1h)each sulegquent hydrolysis of the
alkoxysilane proceeds fastdn theseconditions, it is the fullyhydrolyzed species that is likely
to begincrosslinkingthrough condensation reactiof@ As thereare manysites thaare able to
undergo hydrolysis at the same tinteese conditions lead to the formationswhall, highly

branchedagglomerates that eventuadijosslinktogether to fornthe larger gel structuré?

The rates of hydrolysi®r alkoxysilanescan also be influenced by the relative amounts of
water pesent in the system, the sterics of the alkoxy groups, and by the addition of solvents to
influence mixing of the silicon alkoxides and waférOther additives can also be used to reduce

hydrolysis and condensation rates to influence the morphology of the resulting materials.

\/,{( -'f"\-}b%s o.....
)\{/( /x"ﬁ yﬁ:j:, L.-_....O. ..o

A% | |

pH

Growth and gelation

v

Figure 1.7: The effect of pH on thgrowth andmorphology ofsilica solgels.Reprinted with
permission from Referendd2]. Copyright 2004 American Chemical Society.

As the amount of crosslimkg increasessmall colloidal particles areventually formed,
creating a solThe colloidal paicles will eventually link together as the amount of crossfigki

further increases over timé&grming a threedimensional network. This point i8hen gelation
12



occurs, and the sdlecomes a much more viscous gel that cashagped. The gel is then aged

over time, allowing condensation and hydrolysis reactiotes continue, strengthening the
structure.The gels can eventually be dried to remove liquid trapped within pores in the structure,
and may undergo additionainteringsteps to further strengthen the resulting solid netviayrk
increasing crosslinkingDrying and sintering steps greatly affect the final structure of the
material formed because cracking can occur due to capillary stresses caused by the removal of
liquid from pores within the structur&@he pore structurean also collapsas addibnal cross

linkages are formed. Sintering can als® used toemove anyemainingorganic surfactants or

additivesstill present within the sedel after formation.

A major advatage of solgel processefor the formation of solid supports is the ability to
controlboththe macroscopic and mesoscopiopeties of the resulting material.he shapend
porosity of the final structurescan be customizethrough variation of synthess conditions
Silica materialscan be formed from aolgel processwith a wide variety of morphologies
(Figure 1.8) such asfilms, mesoporous powdef§"*¥! porous monolithsi*¥ fibres4°H4
wires?% tubes*M5Y | gyroids!*®! nanosphereé®*8! hollow sphere&Y macrospheres?5% and

with functionality incorporatedftef>*26M 541551 o quring?©H271 155158 gynthesis.

Figure 1.8: SEM images of silica a) macrospherBeprinted with permission from Reference
[52]. Copyright 1997 American Chemical Societ); fibres. Reprinted with permission from
Referencd49]. Copyright 1997 American Chemical Societgrid ¢) spiral wireprepared via a
solgel methodReprinted with permission from Refereri&@]. Copyright2005IEEE.
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Metal catalysts have been l@mbonto silica supportsy various neans.Common methods
includeadding ametalcatalyst to the saduring preparationo directly encapstidte the catalyst
into the support structuf&™1¢% or through functionalization ahe support withcovalently
bound ligandsto bind the metal to the suppdftPi2eM5eIE0HE3l A metal catalyst encapsulated
directly into the silica support can be addsdpeeformed nanoparticleés” or the nanoparticles

may be formed within the matrix after incorporatinfra precursometalsalt ¥ >8H621{64]

Nanoparticles embedded in a silica matrix tend tmtaggregate as long as their
concentration is kept low, allowing for high monodispersity in size and high dispersion
throughout the network. The support can also iltab metal nanoparticles tdinder
oxidation®®°! Fonseca et al. prepared a silica support imatmtaining a dispersion of nickel
nanoparticles with an average diameter of ~6 nm through the additioioked(Il) nitrateto a

sokgel prepaation (Figure 1.9

T T T
Log=normal distribution
obtained from TEM analysis -
- == Log=normal distribution from |
M/Mg vs. HIT curve fitting

' S1
1.0+

0.8 -

g 0.4}
N
\\\N

0.0

Figure 1.9: TEM image of a suspension afckel nanoparticles in a sida matrix prepared by
addition of nickel(ll) nitrate to a solgel procedure(left), and histogram of particle size
distribution (right). Adapted with permission from Referen{®9]. Copyright 2003 Springer
Nature.
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Metal nanoparticles with high monodispersity can also be prepared in a sitgal sopport
through coordination of a metal salt within the sopp followed by chemical or thermal
reduction of the metal ions, leavimgonodispersemetal nanoparticleswvhich can be used for
catalysis or other applicatior{§igure 1.10§°*%¥ The metal may also be used as a catalyst

without reduction, usigp the binding group as a ligand to preveradhing ofthe catalyst from

the SuppOr{Z_5]b,[26],[27]

0 ﬁ/.Au
40 Pt
§ | Pd
33 :

s
2 l
Q 2
[+]
N
10 a
0

0 10 20 30
Particle size, nm

Figure 1.10: TEM image ofgold nanoparticles suspended in a silica matrix prepared frc
sokgel mixture of N[3-(trimethoxysilyl)propyl]ethylenediamine arahloroauric aciq100:1)
following reduction withsodium borohydride (left)Particle size distribution shown fgold,
palladium, platinum andsilver nanoparticles suspended in a silica matrix prepasatgthe
same procedurdright). Adapted with permission from Referen¢@0]. Copyright 1999
American Chemical Society.

10 nm

Different functional groups containing nitrogeéfr ") suffur-,?®?"1 and phosphorus
(271721731 donor atoms, as well as carbeHd8"* have been used as ligands to bind palladium
catalysts to supports as a means to inereaatalytic stability and reusability. Thiol
functionalized, higksurface area, silica supports were prepared by Shimizd*8taaid Crudden

etal®to be used heterogeneous catalysts, as well as scavengers for leached palladium ions in
15



SuzukiMiyaura and Heck cross coupling reactions. The thiattionalized silica was able to
scavenggalladium metal from solution to then use as a recyclable heterogeneous catalyst with
little catalyst leachiné”® Tests were also performed tonfirm that catalysis was actually
occurring from the supported palladium species, rather than the support merely acting as a
reservoir and trap for homogeneous catalysts. The thiol coordination was also found to reduce
aggregation and deactivation of tt@&talytic species on the support, improving the recyclability

of the catalysts when ligating groups were pre%&ht.

1.4: Microwave Heating of Chemical Reactions

Typically, heating of chemical reactionsresearch laboratories accomplished througthe
use ofhotplakes withoil or waterbaths,heating mantles, etdhatrely onexternal heat applied to
the walls of the reaction vess€lonvection and mixing of the contents of the reactoa then
neededo distribute the heat througtt the reaction mixtureAchieving uniformity of heating

however, becomes increasingly difficult as the size of the reaction vessel increases, leading to

500 460

350

Figure 1.11: Temperature profiles of a reaction heated by microwave irradiation (left) ar
immersion in an oil bath (rightAdapted with permission from Refereng#]. Copyright

2003 Springer Nature.
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significant temperature differencdsetween the outer walls of a reaction vessel and the
centre”"”M771 |n the worst cases, thesariationsin temperature could result the promaion

of undesired alternative side reactions or decomposition of the desired producifter
formation!” Both of these processes serve to decrémih yield and purity of the desired

products greatly reducinghe efficiency of a chemical synthesis

Microwave irradiation(Figure 1.12)was investigated as a substitute tloe use obil baths
or heating mantles becaugeis able to penetta the glass reaction vessé&ypically used in
laboratorysynthesisRather than relying on several degrees of external heat transfer, it falows
direct heating of reaction mixtuséo give more uniform heating of solutio(@igure 1.11f"%"®
This led to the development of microwaassisted organic synthesis (MAOS). In the early days
of MAOS, it was thoughthat there may be @niquemicrowaveeffect, beyond purely a heating
mechanism,because reactions were found to occur fdsteand with a decreased occurcerof
side reaction§®8 than the same reactions conducted using a hot plate and oiHoatbver,
the energy of astandardmicrowave photon(2.45 GHz)is too low (0.0016 eV) to be able to

break most chemical bonds, so microwave irradiation itself shio@léhcapable of inducing

€ = electric field
3 = magnetic field

A = wavelength (12.2 cm for 2450 MHz)
c = speed of light (300,000 km/s)

Figure 1.12: Microwave radiation from a standard microwave oVén.
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chemical reactiong™® |t is now believed that most of thesdserved uniquenicrowave
effects can e explainedby the uniform andrapid heating of reactionshrough microwave
irradiation which is difficult to achieve in traditional convectioeliant heating method¥”
Nonthermal effects of microwave irradiatiosuch asan induced orientation of dipolar
molecules, which could affect the rates of some reactlmange been suggestédt so farhave

not been provel&e"!

A drawback of microwawarradiative heatingor organic synthesis that there is possible
limit for solvents that can be usedhel reaction solutiomust be microwaveabsorbing to a
sufficient degreeor the desiredreaction temperaturesnay not be achievedMicrowave
irradiative heating in MAOS works mainly through the processes of dipolar polarization and
ionic conduction, whichresult fromthe electric component of theicrowave radiation The
electric component ofmicrowave radiationnducesalignment of moleculgs d i with litse s
field, but realignment is necessary as the fmddtinuouslyoscillates. Thigealignmentcauses
energy loss through molecular friction and dielectric loss in the form of heat. However, heating
does not occur for solutiorfer which the dipole e-alignment is too slow to keep up with the
oscillating electric field, or if it is too fast that it follows the orientation of the field ex&ét’!
The limit to the microwave heating ability of the solvent can be compensated for by the reagents
present in solution, or by use of additamicrowaveabsorbingadditives Heating due to ionic
conduction allows ionic reagents or additives to reaction mixturesssest inheating if the

solvent itself is incapable of heatisgfficiently under microwave irradiation.

The degree to which materialis microwaveabsorbing is described by the loss tandéan

UJ)tanl related to thelielectric loss( U, dvhich is theefficiency with which electromagnetic

18



radiation is converted to heaand thedielectric constant( &) which is theability of the
moleculeso bepolarized by the electric fieldyy the equatioO AT Rjeree Based on t hei
values substances are consideredhévehigh (tan >0. 5) , rem@d*» @.ml ) San&r | o w
U0<0. 1) rnabsomptomkdlites.

The tam U v adt 2.45$GHz and 20°Gf several common organic solvents are shown in
Table1.1. Many common polar solvents used in organic synthesis have a high enough tan
value to be used in MAOS without much difficulty in achievingh temperatures, but the
presence of polar solutes can also increasetahai of the solution.These values are all
dependent on the frequency of the irradiation and temperatoedbvalue generally decreases
at high temperatures, causing a decreaganni, and making solutions more difficult to heat

further the higher the temperature becofffegure 1.13)

Table 1.1: tani of varioussolvents at 2.45 GHz and 20%¢.

Solvent tan U Solvent tan U
ethylene glycol 1.350 chloroform 0.091
ethanol 0.941 acetonitrile 0.062
DMSO 0.825 ethyl acetate 0.059
2-propanol 0.799 acetone 0.054
methanol 0.659 THF 0.047
1-butanol 0.571 dichloromethane 0.042
DMF 0.161 toluene 0.040
water 0.123 hexane 0.020
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Microwave irradiation can also be used to heat semiconducting and conducting solid
materials in reactionsallowing them to be used ashaating mechanisnin thesematerials the
magnetic component of the microwaraiationis alsoresponsible focausing the material to
heat®"88! Heating occurs by the induced formation of electrical currents within the tspiite
mechanisms otonduction losqFigure 1.14) and eddy current los@-igure 1.15). In these
heating methods, the heat is generated by movement of electrons within the material
opposition tathe changingelectromagnetic fieldf the microwaves. Conduction loss occurs due
to movement of the electrons induced by the electric componéhé ahicrowaves, while eddy
current loss is due to circular electron currents created within the matecedate a magnetic

field to oppose the magnetic field component of the microwave radi§tlon.
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Figure 1.14: Conduction loss heating mechanism of microwave radiatReprinted with
permission from Referen¢88]. Copyright 2016 Elsevier.
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Figure 1.15. Eddy current loss heating mechanism of microweasiation Reprinted with
permission from Referen¢88]. Copyright 2016 Elsevier.

Microwave irradiative heating is becoming commonplace in rekelaboratories and is
beginning to make its way into industry. There are, howesallengesfor large reaction
vessels, as the microwaweadiation can only penetrate a small distance before convection

currents become the dominant methiddeating wihin the reactioff>

1.5: Microwave-Assisted ContinuousFlow Organic Synthesis

Microwaveassisted continuotffow organic synthesis (MACOSyas developetb combine
the benefits obothMAOS and microfluidic techniques to allow for efficient heatirand scale
up of reactionsin organicsynthesis!®?”! The small diameters of flow reactors are ideal for use

with microwave irradiation to provide uniforheating of reactions.
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The original reactor for MACO®8sed by the Organ groypigure1.16) consisted of a glass
capillary suspended within the microwave cavity of a Biotage Smith Creator Synthesizer,
through which reagents are flowed using syringe putfib€apillaries of diameters ranging
from2001 150 em could be i nsert e dnuliipteteagert $streamsni cr o
for multi-component reactions can be implemente@ugh the use afiultiple syringe pumps
and a mixing chambé™® Residence time is therefore determined by the combination of the
capillary size and flow rate used@he use ofmultiple capillaries within asingle microwave
cavity simultaneously (FigureléB) allows for saleup by numbering up with a single
microwavel’® Heating isachievedthrough délectric heating of theeaction mixture and
adjusted through variation of the microwave power applledthis reactor the maximum
temperature achievable is the boiling point of the solvent @sethe formation of bubbles can

push solution out of theeactor but will also depend onthend o f t he reaction so

PEEK Reagent Leads

Tubmg —- From Syringe Pump | PEEK Tubing
/ \\ l || JU/// 8 inlets in total =
Q\l I/ Stainless Steel
\Il/ Stainless Steel , S
. 2 IXI
Mncrohghl"’ . Mixing Chamber L With Machined
With Machined ]
Fittings __— Channals Channels
J j ™ Microtight™
Fitti
Microwave| ' Microwave Microwave Microwave, Hinga
Chamber Chamber Chamber Chamber
Microwave
| L J Chamber
Y \
Simple Glass
[] Reaction Capillary
Valve —= - T4b§aLl)iII$ry |
ubes In Tota
To —| | PEEK Tubin
Collection l g To Collecﬁﬁ
A B C

Figure 1.16. Schematic of the original reactor desigsedfor MACOS. A) singlecapillary
system.; B) parallel multieactor system.; Cphotograph of the parallel multéactor system.
Reprinted with permission from Refererj@é®]b. Copyright 2005 John Wiley and Sons.
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Performing reactions in MACO@&llows for efficient and fast library development using a
variety of reactions, which is useful for the discovery and dewveént of drug candidat&8!™*?!
Libraries have been created by use of a sequédiavalapproach, in which a constant stream of

the general reagents was used, accompanied by sequential plugs of varying additional substrates

to prepare a variety of compourttfe

The earlyMACOS reactoreffective fora variety of reactions, such as Suzikiaurd'®*
and HecK%  crosscouplings, nucleophilic aromatic substitutigf”™  ring-closing
[10]a

metathesis*?? Wittig reactiond!®?® Claisen rearrangements’! Diels-Alder cycloadditiong***

hydrosilylation reaction&"® andgold-catalyzed berannulatiorf***?

In many cases where homogeneous metal catalysts were used, a film of metal was found
coated on the walls of the capillaay the end of the reaction, accompanied by higher than usual
conversiongTable 1.2f'°% The metallicfilms weretested as heterogeneous catalyst gadnd
not only to be catalyticallyactive but also made it easier to heat teats to higher
temperatures. With this discoverygactor capillaries coated with metallic films were
investigated as both a heterogeneous catalyst, and as a metieatiogin MACOS [X0H14116]

Metal films were coated on the inside walls of capillaries to act as both a catalyst and heating

mechanism, or on the outside of capillaries to act purely as a heating mechanism.
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Table 1.2: SuzukiMiyaura crosscoupling reactions grformed in MACOSwith various
palladium catalyst&%?

Catalyst
CHO B(OH), Base (3 equiv.) CHO
o+ -
Br microwave, flow O
DMF/H,0
. Powe Flow rate Conversion
Conditions (W) (ResidenceTime) (%)@
Pd(OAc) (5 mol%) 30e L/ min 0
K>COs 170 (4m 13s) 38%
Pd(OAc) (5 mol%) 100
KOH 170 30e L/ min (reduced starting
(Pd_ coating present on (4m 13s) material present)
capillary after reaction)
PdCoatedCapillaryfrom : 89
pre 150 2(%‘;] Iéols)ml : (reduced starting
KOH material present)
Pd(PPB)4 (5 mol%) 30e L/ min
KOH 170 (4m 13s) 100

[a]Determined byH-NMR spectroscopyelative to residual aryl halide

Glass capillaries with porous metallic palladidfitms coated on their inside walls were
prepared as reactor capillaries for palladicamalyzed reactions in MACOS (Figure 1.17.
These palladim-coated capillaries were found to be effective as a recyclable heterogeneous
catalyst for SuzukMiyaura (Table 1.3) and Heck (Table 1.4) crassipling reactions, as well
as DielsAlder cycloadditions in MACO$* The increased heating provided by the metal films
under microwave irradiation was also essential for some reactions to be completed using
MACOS within a reasonable timefraré®
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Figure 1.17: SEM image of thggorous metallic palladium films prepared inside a glass capillary
and emoved at a)x50.0 magnification b) x 5000, c) x1500, d)x30000,and e)x100000.
Adaptedwith permission from Refereng&4]a. Copyright 2006 John Wiley and Sons.
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Table 1.3: SuzukiMiyaura cross coupling reactions in MACOS using metallic palladium film
coated reactocapillaries™®

A) KOH, DMF/H,0
or
B) K,CO;, CsF, DMA/H,0
Ar—B(OH), Br—Ar' > Ar—Ar'

Ar-B(OH), Br-Ard Conditions  TEMPerature  Conversion

() (6)"
QB(OH)Z Br—@—CHO A 205 88
QB(OH)Z Br—@—CH;, A 205 95

@—B(OH)Z Br—@—OCH:; A 205 97

QB(OH)Z Br—QCHs A 200 92
H,C
N\//:\>—B(0H)2 Br—@—CHO B 215 93
OHC

NC\>—B(OH)2 Br@ B 220 59

CHO
N</:\>—B(OH)2 O B 210 73
— Br
N</:\>—B(OH)2 Br—@ B 215 81
©\/\>—B(OH)2 Br—@—CHO B 225 84
o

[a] Determined byH-NMR spectroscopyelative toresidualaryl halide
26



Table 1.4: Heck cross coupling reactions in MACOS using metallic palladium-dibated

reactor capillarie§®

Et;N (3.0 equiv.)

Ar—I + H,C=CH—R > Ar-CH=CH—R
DMA

Ar-| R Temé)o%r?ture Co(r:%()a[rgion
Q—u CO,CHs 205 80
Meo—©—| CO,CH; 200 58
Me—©—| CO,CHs 205 89
F—@-' CO,CH;, 200 89
@—' CO,C(CHs) 215 99
Q—u CN 220 99

[a] Determined byH-NMR spectroscopyelative to residuaryl halide

Unfortunately the use ometallic filmsas a heating mechanism under microwave irradiation

wasproblematic due to incredibly higdind inhomogeneousmperatures being achieved, even at

low microwave power setting€! Temperatureseachedover 900°C with uneven heating over

the film (Figure 1.18).*® The high temperatures obtained when using metal-diated

capillaries werdifficult to control, even under low microwave power, and were high enough to

cause damage to both the metal film itself emein the glass capillaries (Figure 1.18)
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Figure 1.18 MACOS setup using a modified Biotage Initiator Synthesizer with a hole machined
into the end of the waveguide to allow for temperature measurements to be madekidiRg a
Systems Thermovisidff A320 camera and the temperature profile of acBated flow capilry
under microwave irradiatiorReprinted with permission from Referendd&]. Copyright 2009
John Wiley and Sons.

——————T—

Figure 1.19: Metalcoated glass capillaries damaged due to extreme heating under microwave
irradiation™®!

Due to the problems associated with the use of a metal film for micrewadétive
heating, low capillaries made from the semicowlting material silicon carbidevere also
utilized as a method of heatingactionan MACOS. In this method, thsilicon carbidecapillary
itself would heat up upon absorption of microwave irradiation and transfer it to the solution.

When using asilicon carbidereactor capillary, the heating under microwave irradiation is
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independent oboth the solution flowing through the capillary, and the flow ratged Eigure
1.20).1" Therefore, theheating is purely due to absorption of microwave irradiation by the

silicon carbidecapillary.
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Figure 1.20: Temperature of silicon carbide reactor capillaries when heated with microwave

irradiation. Adapted with permission from Referende’]. Copyright 2014 American Chemical
Society.

The use of backpressure in MACOS allows for reaction temperatures above the boiling point
of the solventsat atmosphericpressurewhile still mairtaining a liquidphase eaction**
Without backpressure, it was observed that gas pockets would ocdgsiomalwithin the flow

system during reactionsvhich reducesesidence time by pushing material out of the redttor

Due tothe importance of backpressure for achieving high temperaanceseaction rateis
MACOS, a secongeneration MACOS system was develofédThe addition of a pressure
ballast system, referred to as the pressure creating device (PCD}henkdACOS reactor
systemallowed for backpressures up to 1100 psi to be used in flostioaa(Figure 1.21). The

PCD in MACOS uses pressure exerted by gather than a physical device, so it does have
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carryover ad crosscontaminan problemsthat can occur with conventional backpressure
creating device8” Since the PCD uses gas to apply backpressure onto the system, it also allows

for reactions to be carried out under an inert atmosphere in flow.

Components comprising
thenew PCD.

To Collection,
Waste, or
Analytics

Figure 1.21: Schematic of the MACOS system with addition af PCD to introduce
backpressure into theaetor.P-1 and P2: syringe pumps, R and R2: reagent reservoiry-1
to V-6: valves, RTL: reactor tube, M\AL: Microwave, PG1 to PG3: pressure gauges,1Rd
PB-2: pressure ballasts.Reprinted with permissio from Referencgl17]. Copyright 2014
American Chemical Society.

Somerville et al*® more recently describedither improvements upon the MACOS reactor
design Functionality for automation and-ime analyticswereadded, as well as improvements
upon the microwave reactor and infusion systdrhis seconejeneration MACOS system
(Figure 1.22) uses pairs of syrirgpumpgP1 and P2accompanied by a-gort, 2-positionvalve

(V1), referred tocollectively as a continuous flow unit (CFU) to continuously floeagent
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solutions into the MACOS system. As one syringe pump is infusing reagents into the reactor, the

otheris refilling from the reagent reservoir. Multiple CFUs can be used for a single reaction,

allowing for multiple reagents solutions to be infused simultaneously, @s@guence.

MW
Gen.

= V3<§—;—’_
HE2
_IT
Reactor

Liquid | |
Handle

GC/MS|T

Line Definitions

Main Process
Secondary Process
Gas _—— —
Microwave 4\,—[\,—[\,—
Electrical Signal —
Data —o

Equipment

Pump Gauge Cooler Gas Cylinder

o o @

HPLC Valve

&

4-port 6-port
Hand Valve  Regulator

<K

Figure 1.22: Schematic of the secorgkneration MACOS system witliutomation and Hine
analytical capabilities. P1 and P2: syringe pumps, P3: carrier solvent pump, L: holding loop, R1:
reactant reservoir, R2: carrier solvent reservoir, R3: product collection res&fvealve, V3:
sampling valve, HE: heat exchanger, PB: pressure ballast, Pl: pressure indicator, PR: pressure
regulator, TT: transfer tubéreprinted with permission from Referenfd]. Copyright 2014
American Chemical Society.

A new microwave generator, the Arrhenius One, was also employed to give a longer

microwaveirradiation zone than when using the modified Biotage Initiator in the original
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MACOS reactor. This allows for longer residence times withoutng®d to slow flow rates,
while still using a single straight tube reactor.

The addition of a sampling method for analysis of reactions while they pregressallows
for reaction conditins to be quickly evaluated and adjusted to aid in optimization of reactions, as
well as perform quality control analysis periodically throughout a realfiohhe eventual goal

is to allow for automated analysis and optimization of reactions using the MACOS reactor.

1.6: Plan of Study

There were several problems associated with the use of buld fims as catalysts in
MACOS. The bulk metal fins could break and flake off of the reaccapillaries during reaction
due tother intense and inhomogeneous heating under microwave irradi@ba@would leado
a reduction in the amount of ctst present within the react@nd contamination of prduct
mixtures with significant amounts of metahtense locaheating also limited control over the
reaction temperaturedhus a new method of introducing heterogeneous catalysts into the
reactor capillaries was neededeally, this catalyst would hawee high surface area to allow for
contact with the reagents, not heat significantly under microwave irradiation, audfioeently
thermally, mechanicallyand chemicallystable to be used in a flow reactor for extended periods

of time without decomposdan.

With these requirements, silica sg#| materials were considered asidealcandidate for a
catalyst suppoiin MACOS. A packedbed reactor should allow for a high catalytic surface area
and limit laminar flow of reagents, whiclmay limit the conta¢ of reagents with catalytic
surfaces. The versatility gfreparingsilica solgel materials with a wide variety of properties,

such as functionality, sizes, and levels of poresitfows for customization of the catalyst
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support.In addition, the low mimwave heating abilityof silica should prevent them from
heating significantly under microwave irradiatiorhe high chemical and thermal resistante
silica should also prevent degradation of the suppalldwing them to be used for continuous

flow reections over long periods of time

Figure 1.23: Schematic of a reactor capillary for MACOS filled with a bed of mietaded
silicamacrospheres.

Macrospheres were considered as a good candidate fdrubeise of the silica supportas
they coud be preparedavith a controlled monodisperse siZkhe macrospheres should be small
enough to fit within the reactor capillaries and allow lidagh catalyst surface area, but be large
enough to not simply fill the calary and cause clogging issu@sgure 1.3). Several types of
transition metatontaining silica segel supported catalystsith different functionalitiesvere
prepared and the paddiunmtloaded catalysts were tested for theatalytic ability in Suzuki

Miyaura and Heck crgscoupling reactions in MACOS.
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Chapter 2: Silica SotGel Supports Impregnatedin situ with

Metal Nanoparticles
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2.1: Introduction

Silica sotlgel materials were chosen as potential candidates for catalyst supports in MACOS
due to their transparency to microwave radiation and control over the morphology of the
resulting material. A packed bed of siisapported catalysts was also daisie for use in flow
to act as a mixer to prevent the occurrence of laminar fwous materials with high surface

areasare alsdbeneficia) as they allow for higher catalytic surface contact areas.

Porous silica structures formed from a-gel procedre were first examined as potential
candidates for heterogeneous catalyst supports in MA@GO®acked bed of porous supports

may provide high catalyst surface area, while also reducing the occurrence of laminar flow.

The monodisperse, controllaize silca macrospheres prepared through egebimethod by
Huo et af’? area good candidate for a catalyst support in flow. The size of the macrospheres
prepared could be chosen to fit within the capillaries without need of further modification. In the
case of large, neporous, spherical beads, the reaction solution would #iomand the beads in
the reactor capillary. The size of the macrospheres relative to the reactor capillary diameter is
therefore very important for several factors. Smaller beads would have a higher overalt surface
area, but could be resistant to massiger through the reactor capillary and cause blockages.
Small beads may also take up a large proportion (up to 74%) of the reactor capillary volume,
greatly reducing reaction residence time or throughput. The diameters of the quartz and silicon
carbidereacor capill aries used in the MACOS syster
macrospheres with diameters of 5D 00 e m wer e consider-a for

catalyst support.
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2.2: Experimental
2.2.1: Materials and Methods

Tetraethyl orthosilicat¢ TEOS), tetrabutyl orthosilicate (TBOS)olyethylene oxide (PEO)
(avg. M, 100000), bromobenzene, -Bromotoluene, dromoanisole, bromoanisole, 4
bromoacetophenone, -Bromobenzonitrile, iodobenzene, -igbotoluene, 4odoanisole
phenylboronic acidtert-butyl acrylate, methyl acrylatetriethylamine, ethanol (95%),N,N-
dimethylformamide (DMF)tetrahydrofuran (THFand dichloromethane (DCMyere purchased
from Sigma Aldrich.Palladium(ll) acetate trimer (Pd 4548.4%) was obtained from Alfa

Aesar. Cetylimethylammonium bromide (CTAB) was purchased from British Drug Houses.

Samples were prepared for SEM imaging by mounting on an aluminum stub using carbon
tape.SEM images and EDX spectra were recorded on a FEI XL30 ESEM equipped with an
EDAX energy dispesive spectrometelEM samples were prepared by grinding macrospheres,
suspendinghe resulting powdein ethanol, then placing onto a copper giéEM imaging was
performed on a Philips EM201 electron microscdgelR spectroscopy was performed using a
Bruker ARX 400 MHz spectrometei?XRD spectra wereecordedon a Siemens D5000
Diffractometer System operating at 50 kV/35 mA. Thermal imaging was performed using an
FLIR Systems ThernVision A320 infrared camera fitted with a 24° fixed F@s and an AP1

1200°C filter.Elemental analysis was performed at Galbraith Laboratories, Inc. in Knoxville TN.

2.2.2: Preparation of Porous Silica SeGel Supports
In a 20-mL scintillation vial, the desired proportion dPEO (average molecular weight

100000) was added to 17.5 mL 1.0M nitric acid with stirringilver nitrate or palladium(ll)
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acetate may also be addatlthis pointto impregnate theesulting solgel with metal. With
continued stirring, 14.0 mL TEO®#as adled. Two phases formed and were stirred urtig t
solution became homogeneod$e solution was capped and placed in an cuaoh heated at
50°C for 6 daysThe cap was then removeshd the solution driedver a week at 50°Clhe

dried white monolith was #n placed into a muffle furnace and heated to 600°C over 3 hours,

then kept at 600°C for 2 hous.white monolith was then obtained after cooling.

2.2.3: Preparation of Silica Macrospheres

To a 250mL roundbottom flask, 0.60 g CTAB, and 35 mL distillachter are addedetal
impregnated macrospheres are preparedhbyaddition of 0.28 mmol palladium(ll) acetate,
copper(ll) acetate, or nickel(ll) acetafehne contentsverestirred at 500 rpm with a 3/4" "+"
shaped stir bar for 10 minutes, until a clowwdyution the colar of the metal salt added formed
Once the solutiobecamenomogeneous, 3.5 mL of a 2M aqueous solution of sodium hydroxid
wasadded, causmthe solution to become cledris solutionwaskept stirring at 500 rpm for
10 minutes, therb.0 mL of TBOS wasadded slowly.The solution wasstirred at 500 rpm
overnight. Silica spheres with a diameter of approximately 2 merethen filtered from clear
solution and dried in air for 24 hoursluring which time they shnk to a diameter of
approxmately 1 mm After drying, the spheres wecalcinedin a mufle furnace overnight at

500°C

For reduction of the metal species, tinetalimpregnatedmacresphereswere placed in a
tube furnace with flowing hydrogen gas and heated to 350°C.m&lbespheresverethen kept
under a static pressure fibwing hydrogen gas at 350°C for durs, after which theyvere

cooled to room temperature
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2.2.4: Batch SuzukiMiyaura Cross-Coupling Reactions UsingsPdSMSs

Aryl halide (0.60 mmol) and phenylboronic @&dj7.2 mmol) were dissolved in 5.0 mL of
ethanol/watersolution in a5-mL microwave vial.Potassium carbona{@&.80 mmol) were then
added to the solutio.030 gisPdSMSs(containing 0.012 mmol palladium) wésen added to

the vial. The vial was sealed@dheated under kriowave irradiation at 150°C

The crude reaction mixture wasoncentrated to remove ethanahd the products were
extracted from the aqueous solution using DCM, dried over anhydnagsesium sulfaieand
concentated using a rotary evagpator.Purification of the product was performed using column

chromatography.

2.25: Batch Heck CrossCoupling Reactions UsingsPdSMSs

Aryl iodide (0.40 mmol), methyl otert-butyl acrylate (0.60 mmol), triethylamine (0.084 mL,
0.60 mmol) and 2.0 mDMF were adled to a EmL microwave vialisPdSMSH0.020 g) and a
stir bar were added to the vial, and the vial then sealed. The vial was heated at 130°C in the batch
microwave for the desired amount of time. The resulting pale amber solution with black solid
pieces of the macrospheres was extracted @M, adding water to cause separation from the
DMF phase. The solution wastracted several times with waterremove DMF from the DCM
phase,and the DCM phase was concentrat€te resulting material waséh redissolved in
diethyl ether,extractedagain several times with distilled watés remove DMFE and then
concentrated to obtain the desired prod&dtering through a plug of silica was sometimes

necessary to remove residual DMF.
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2.2.6: Batch Huisga Dipolar Cycloaddition Using isSCuSMSs

Benzyl azide (0.50 mmol), phenylacetylef@®75 mmol) and THF were added to ank
microwave vial.isCuSMSs (0.0098 g) and a stir bar were added to the vial and the vial sealed.
The vial was heated at 100°C in thedbamicrowave for 1 hour. The solution was filtered

throughCelite and concentratezh vacuo

2.3: Results and Discussion

2.3.1:in situ Metal-Impregnated Porous Silica SokGel Supports

Porosity could bencorporatednto a silica solgel bythe addition of a polymer it the sol
gel precursor mixturefollowed by pyrolysis to remve the polymer after formatioriCertain
metal salts could also be addedsitu to the solgel precursor solution to incorporatiesired
metals into the sejel structuren a onepot synthesisSilica sotgels containing palladium(ll)
acetate,palladium(ll) chloride,silver nitrate, copper(ll) acetate, and nickel(ll) acetate were

prepared in this manner.

Figure 2.1: SEM imagesusing a backscatter detectofr silica sotgel with a)silver nitrate
added to segel precursor mixture. bpalladium(ll) acetateadded to sedel precursor.
Lighter areas represent higher atomic number elements.
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Scanning electron microscope (SEM)agesusing a backscatter detectwirthe metal sak
loaded silica seels show metal particles present on the surface of the sbcarightareas
(Figure 21). Energydispersive Xray spectroscopy (EDX) also confieaithe presence of mesal
on the suiace of the silicaafter preparation showing that the metal salts were indeed

incorporated into the sgel structure from this orgot synthesis

Porous metaloaded silica segels were prepared bylding a combination oPEOand the
desired metal satb the solgel precurer solutioncontainingTEOS Increasing the relativenass
of PEO formed smaller, more uniform poresThis is due togelationof the solgel occurring
before phase separation procededading to smaller PEO/silica and solvetasedomaing®®
The addition ofa metal salt also decreased thare sizesLow metal loadings (~1%) decreased
the pore diameters relative to only adding PEO, but higher ruadings (5%) completely

prevented any largecale porosity from forming.

Table 2.1: Silica solgels prepared with PEO and in sidd#@ion of metal salts.
PEO/SIO;, Ag(NO3)/ SiIO,  Pd(OAC),/SiO, Pore Diameter

Entry (wiw)@ (%)@ (%)@ (um)P!
1 - 8.3 - 0
2 - - 5.0 0
3 0.26 - - >50
4 0.37 - - 5+1
5 0.47 - - 0.9£0.3
6 0.26 5.0 - 0
7 0.26 1.0 - 11+2
8 0.37 1.0 - 3.8£0.8
9 0.26 - 1.0 1.0+£0.2

[a] Relative to theoretical amouittitatcould beformed based on added TEQB] Measured from SEM images.
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Figure 2.2: SEM images of porous silica sgéls prepared with a) 0.26 PEO/Si0able?2.1,
Entry 3); b) 0.26 PEO/SiDand 1% P@OAC),/SIO, (Table 2.1, Entry 9) taken using
backscattermode. Lighter areas represent highter atomic number elechén®y PEO/Si®
(Table 2.1Entry 4); and d) 0.47 PEO/Si@Table 2.1 Entry 5).

While the metatloaded porous silica supports may gikigh catalytic surfacearea and
loading, theycannot be used dsrmed. The bulk sefiel mustbe broken into smaller pieces to
fit into the reactor capillariefor use in flow This also leads t@ noruniformity in the size of

the broken pieces, with sonmmusable in flowLarger pieces would not fit within the reactor
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capillaries, and smaller pieces hathe possibility of clogging the flow systert.was a time
consuming and irreproducible process to break up the supports and sort them into pieces
appropiate for use in MACOSDue to these issues, a method of forming supports with
controlledsize, whichcould be tailored to use in the reactor capillaries of the MACOS system

was desired

2.3.2 in situ Metal Nanopatrticle-Impregnated Silica Macrospheres

The use of tetrabutyl orthosilicate (TBOS) as the silica source, rather than TEOS or
tetramethyl orthosilicate (TMOS), was necessary to ensure the phase separation of water and the
alkoxysilane required for the formation of macrospheres. The longer, ngdrephobic, alkyl
chains are necessary to allow for the formation of large macrospheres rather than fine powders or
irregular piece§?™® Serrano et df® studied the mechanism of formation of the silica
macrospheresHgure 2.3, and found that the macrospheres are formed by the aggregation and
fusion of smaller spherical droplets in the emulsion. The macrospheres are very soft after initial
formation, and lose their spherical morphology if the stirring is stoppedintgao irregularly
shaped pieces. Since TBOS undergoes hydrolysis and condensation more slowly than
alkoxysilanes with shorter alkyl chains, a longer timeframe is probably necessary for sufficient
crosslinkages to form from the hydrolysis and condensatiomhe TBOS to stabilize the
structure. The macrospheres stabilized after a synthesis time of about 10 hours, at which point

stirring could be stopped with the macrosphere structure being retained.
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Figure 2.3: Process of formation of silica macrospheres from an emulsion of TBOS in
(top). SEM images of the contents of the emulsion at different synthesis times (bo
Adapted with permission from Refereri&3]. Copyright 2009 Springer Nature.

Palladium films, similar to those coated on the walls of the MACOS reactor capillaries, were
also coated on silica maapheres to load them with met@igure 24). Unfortunately, the
coatings were noeaniform, broke off of the sphere surfacend heated to the point of glowing
under microwave irradiatiorSince these palladium fiknoated macrospheres exhibited many of
the same problems the metalated redor capillaries had, a more dispersed metal nanoparticle
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Figure 2.4: SEM images of #ica macrosphere coated with galladium film (left) and
morphology of theifm (right).
catalyst was desiredlherebre, metal salts addeid situ to the solgel precursor emulsion

seemed to be a better option for catalyst loading.

The silica macrospheres coulalso be loaded with metals by the addition of a metal salt to
the solgel precursoremulsion similarly to thein situ loading of the porous silicddeally, a
metal salt with higher solubility in the sgél precursophasethan the aqueous phase would be
selected teefficiently load the desired metal into the macrosphdiesvever, when used imé
formation ofin situ metatimpregnated silica macrospheres, higtetal loadingsprevented
macrosphere formatioh.oadingsof up to 2.0 mol% palladium(ll) acetate relative to TB@S
the solgel precursor emulsiostill allowed for formation ofarge spterical structures. Addition
of the metal salt aftemacrosphergormation, but before hardeningaused the spherical
structure to destabilize, giving amorphous piecgghout the metabeingincorporated into the

sokgel Since the mixing is very impora for obtairing large spherical structures, and the
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Scheme2.1: Formationof isSPdSMSgreparedrom TBOSusing a sehel emulsion

macrospheres are not fully stable after initial formation, disruptions to the mixing before
hardening can cause loss of spherical morpholddgne preparation of the in situ palladium
loaded silica macrgheres iEPdASMSs) is shown iScheme2.1. Calcination of thasPdSMSs
was performed at 500°C for 16 hours to remove remaining organic surfactants from the
macrospheres, further harden the structures, and promote the formation of palladium
nanoparticlesrom the palladium(ll) acetate dispersed through the macrosphere structure.

The isPdSMSswere able to be prepared as monodisperse macrospheres with controllable
diameters from 760310e m by changing t he st(Tliable22nSEMr at e

images using a backscatter detector show bright spots dispersed over the surface of the

Table 2.2: Diameters ofsPdSMSspreparedrom TBOSusing a sebel emulsion.

Stirring Rate Macrosphere Diameter
(rpm) (e f)
450 No sphere formation
500 1310+80
550 1070+100
600 1010+100
650 940+120
700 840+100
750 760t90

[a] Measured from SEM images.
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iISPdSMSs(Figure 2.%l), suggesting that metal particles may be present on the surface of the
macrosphere€£DX also confirmed the presence of palladium on the sarénd in the interior
of the macrospheres, with approximately equal ratios of palladwrsilicon (Figure 2.6).

Residual amounts of carbon, sodium, and bromide were also present from the synthesis.

2 mm

Figure 2.5: SEM images othe surface olsPdSMSsausing a backscatter detector.
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Figure 2.6: EDX spectra of the surface and interioisfdSMS. Pd/Si weight% determined by

EDX.

Table 2.3: Composition otheisPdSMSs

Element

Composition
(Weight%)

< 0.5%

1.34

< 0.5%

Si

40"

Pd

4.3"

[a] Determined by combusin analysis[b] Determined by ICFAES.

The palladiumcomposition of thasPdSMSswas also measured using inductively coupled

plasmaatomic emissiorspectrometry (ICFAES) (Table 2.3) TheisPdSMSs had a palladium

composition of 4.3 weight%, which, when compared to the silicon weight%, shows a 0.11

palladium/silicon weight ratio. This in agreement with the values of 0.10 and 0.099 calculated

from EDX spectra The palladium loading of thésPdSMSs determined by ICRES is
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approximately 2.9 mol% palladium relative to silicon, which is nearly 50% higher than the 2.0
mol% palladium(ll) aetate to TBOS added during preparation. This suggesthénmajority of
the palladium(ll) acetate is being incorporated into the macrospheres, but there is a significant

guantity of the TBOS that is not reacting or being incorporated into the macresphe

Pd 500°C for 16 h
Pd Hz at 350°C for 3 h
PdO
\ PdO 500°C for 16 h
15 20 25 30 35 40 45 50 55 60
20

Figure 2.7: PXRD spectra ofsPdSMSdefore and after reduction undey &t 350°C

The pwder X-ray diffraction (PXRD) spectrurof the isPdSMSsafter calcination(Figure
2.7) shows only peaks fompalladium oxide, with no discernible peaks for metallic palladium
However,after treatment of thesPdSMSsunderhydrogen gast 350°C for 3 hourgpeaks for
metallic palladium appeadin the PXRD spectrum, while the palladium oxide peaksipletely
disappeaed Thissuggests there isompletereductionof the palladium particles encapsulated in
theisPdSMSs even those buried in the cerstod the macrosphereslhere was no obvious large

scale porosity observed in thePdSMSsstructurefrom the SEM imges but they must be
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permeable tohydrogengas for this complete reduction to have occurrétherefore the
macrosphereswustcontain some degree pbrosity.Since mesoporosityas observed by Huo et
al® and Serrano et & in their preparations of silica macrospheunsing thispreparationit is
possible that it is present in thePdSMSs as well to some degréiéhe broadening of the
palladium peaks in the PXR spectra is characteristic of very small crystalline domains,
suggesting that the palladium particles present withinisRdSMSsare either very small or
made up of aggregates srhaller particles, which is desirable to give high catalytic performance

ard not heat under microwave irradiation.

The isPdSMSs were too large to image directly with transmission electron microscopy
(TEM), so they were ground to a powder before imagingxamine the palladium particle size
and distributiorwithin the macrospheseA dispersion of palladium nanoparticles was observed,
confirming that the palladium was present as encapsulated nanopartitiesilita matrix, and
dispersed throughout the structure of tHledSMSs A TEM image of a piece of the ground
iIsSPdSMSs sheing the dispersion of palladium nanoparticles and a histogram of particle size
measured from analysis of TEM imagese show in Figure 2.8 The majority of palladium
particles were in the range ofnm in diameter, but some larger particles were oles®
Porositywas not observeih the macrosphere pieces imagédt it was noted by Serrano et
al®¥ that samples prepared using TBOS rather than TEOS were less ordered, containing worm
hole-like channelsThe pieces analyzed have been ground from the bulk structuese swt
uniform, andmay not fully represent the morphology of the silica in the macrosphEhes.
complete reduction of palladium particles within tisPdSMSssuggests thapores must be

presentalthough they weraot observed, with the palladium particles possibly withant.
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Figure 2.8: TEM image ofbrokenpieces oisPdSMSsand histogram of particle size distribution
measured using TEM analysis.

The dispersion of palladium nanoparticles throughout the silica maatixonly provides a
high catalyst surface aredut may also prevent the particles from heating under microwave

irradiation due to a sizeduced metato insulator transitio®™ To test the microwave heating
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ability of theisPdSMSs a sealable microwave vessel was filled with the macrospheeetane

was usedto fill the spaces between the macrosphexed conduct heat to the walls of the
microwawe vessel. The isPdSMSs were therheated under microwave irradiation while
measuring the temperature of the vessel with an external IR gaaneraompared to the heating
of water and DMHKFigure 2.9) At a microwave power of 30 W, there was negligible imgabf

both pentane and thePdSMSswhile water (tani =  @t.20°Q, 3.45 GHzand DMF (tan

= 0.161at 20°C, 2.45 GHzboth heated significantly. In contrast, the metal films coated on the
capillary walls had been found to heat to incredibly Higimperatures at the same microwave
power™® Higher microwave power settings began to show some heating &Pt MSsand

pure silica macrosphes but to a significantly lesser degree than the water or DMF.

140 | s ',.w‘

g
N\

3
1
5
é’. o Pd/SiO, Macrospheres
g
EE— Pentane

o 10 20 30 4 50 60 70 80
Microwave Power (W)
Figure 2.9: IR camera image oBPdSMSsin pentae being heatethy microwave irradiation
(embeddednd temperatures @MF, water, pentane, silica macrospheres, BR#SMSsin
pentane at various microwapewersettings.
The isPdSMSsdid not heat to a significantly differediegreethansilica macrospherethat

did notcontain metal nanoparticleBue to this, it was thught that the heating of th&€PdSMSs
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under microwave irradiatiois not due to the palladium nanoparticles, but may instead be due to
water present within the macrosphei@sorder to investigate this, the silica macrospheres were
left open to air for sveral daysnd heated under microwave irradiation ag&igure 2.10) The
temperature achieved for the silica macrospheres left exposed to air was significantly higher than
before exposure, suggesting that adsorbed water within the macrospheres doestednt
heating under microwave irradiatiodpon further heatingin vacuoat 130°C for 10 hourghe

silica macrospheres exhibited a 4% mass loss, pasy from loss of absorbed water

80 1 Aged 5i0, Macrospheres

[=a]
o
I

Pentane

o+
o
1

Temperature (2C)

20 T T T 1
0 20 40 60 80

Microwave Power (W)

Figure 2.10: Temperature of silica macrospheres in pentane under microwave irradiation.

These results suggest that thevas insignificant heating due to the palladium paréisl
loaded into the macrospher@%e sizs of the particles are too small to individually header
microwave irradiationand the dispersion seems to be high enough that percolative conduction
does not occyrpreventing heatin§* Sincethe degree of heating from the palladilmaded
macrospheres is less than from solvents with medium microalas@ ptiorcapabilities, heating

in reactions containing thePdSMS shouldbe dueonly to microwave absorbance of thelvent
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and reagentsThis should preventhe formation of hot spotdue toinhomogeneous heating of

the metal catalysts was observed when using metal fifthls

Copperloaded macrosphergssCuSMS) were also preparedh a similar manner to the
iISPdSMS by the addition of copper(ll) acetate to the-gel emulsionusedto form the

macrospheres.

" 4

N, o "

Figure 2.11: TEM image ofground pieces a6CuSMS showing a dispersion of metal particles
in a silica matrix
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However, theisCuSMS began to turn green after several days, indicating that the copper
within the macrospheres wabecoming oxidized. TEM imagedso showed a dispersion of
polydispersecopper particles with diametersinging from about 20120 nm (Figure 2.11)

significantlylarger than th€-3 nmpalladium nanoparticles in thePdSMS.

To attempt to load the macrospheres with palladium selectively on their surface, the addition
of palladium(ll) acetatevas delayed until after formation of macrospheres. Addition soon after
formation of the macrospheres caused loss of structure, bubgvagveral hours until after
hardening did not cause destruction of the macrosphere structure. SEM images of the surface and
interior of the macrospheres using a backscatter detetguré 2.12) show several large
palladium clusters on the surface ot timacrosphere (Figure 2.12b), but the distribution is
uneven and sparse. EDX spectra also confirm that, although the palladium appears to have been
selectively incorporated onto the surface of the macrospheres, it was in very small quantities
(Figure 2.13) Examination of the flask after synthesis showed mudhepalladium(ll) acetate
remaining in the flask, unincorporated into the macrospheres. Pure silica macrospheres also

adsorbed negligible amounts of palladium when soaked in a pallaaittoontainng solution.

Figure 2.122 SEM images using a backscatter detector of a) the surface and b) the inte
silica macrospheres prepared with addition of palladium(ll) acetate to the emulsior
hardening of the macrospheres. Lighter areas represent higher atomic number elemeé14
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Figure 2.13: EDX spectra of surface and interior of silica macrospheres prepared with addition
of palladium(ll) acetateelayed untikfter formation and hardening of the macrospheres.

2.3.3. Catalytic Activity of Metal-Loaded Macrospheresn Batch Microwave Conditions

The catalytic ability of theisPdSMSswas evaluated in MAOSInder batch conditionto
ensure that the palladium nanoparticles were catalytieatlive. TheisPdSMSswere ableto
catalyze the Suzul¥liyaura crosscoupling ofseveral aryl halides with phenylboronic admd
MAOS, evenwith a shortreaction time and..0 mol% theoreticatatalyst loading Table 2.4).
Although 1.0 mol% of palladium nanoparticldmsed on the palladium content of ledSMSs
determined by ICFAES, relative to the aryl halie was added for each reactiont all catalyst
may be available for reaction. A significant proportion of the palladium nanoparticles present
within the macospheres are encapsulated in areas within the interior of the macrosphere
structure. Despite the macrospheres being brokertadgtrring during reaction, soneatalyst

may stll have remained inaccessible
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Table 2.4: SuzukiMiyaura cross coupling reactions in batch MAOS catalyzeidPgSMSs.
R isPdSMSs (1.0 mol% Pd)@],

N B(OH), K2CO; (3 equiv.)
|+ ©/ >

EtOH/H,O (1:1) O
microwave, 150°C, 10 min

Entry ArX Yield (%)

: O :
Br

R

Br

1.0 equiv. 1.2 equiv.

Br o~

[a] Based on thotal palladium content of thisPdSMSs determined by IGRES.

These results were promising for the use ofisRelSMSsas asupported catalysh MACOS
for palladiumcatalyzed crossoupling reactionsHowever, a possiblproblem for the potential

application of supported catalysts for Suzikyaura crosscoupling rections in MACOS was
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the precipitation of product from solution as the temperature decreased, as these precipitates

could potentially cause blockages in the flow system.

Heck crosscoupling reactions were also performed using is®BSMSsin batch MAOS
conditions(Tables2.5 and2.6). Unlike for the SuzukiMiyaura crosscoupling catalyzed by the
iISPASMSs,aryl bromides were unreactive, even with2® mol% palladium loading and 20
minute reaction timeAlthough, the effective catalyst loading witictuallybe much lower than
this due to encapstulan of the palladium nanoparticles the interior of the macrospheres
broken remainsAryl iodides were coupled inear quantitativerield under similar conditionas

was attempted fothe crosscoupling ofaryl bromides Table 2.§. For substrates wh lower

Table 2.5: Heck crosscoupling of aryl bromides in batch MAOS catalyzeddBdSMSs.
isPdSMSs (2.0 mol% Pd)l,

R1\©\ Et;N (1.5 equi R
0 5N (1.5 equiv.)
+ 7 “R, -
N /\rr - ().\R2

(o] DMF, microwave, 130°C,
1.0 equiv. 1.5 equiv. 20 minutes 0
Entry R. R, Conve[rt?ion

(%)
1 H Me 0
2 H t-Bu 0
3 Me Me 0
4 Me t-Bu 0
5 OMe Me 0
6 OMe t-Bu 0

[a] Based on théotal palladium content of thesPdSMSs determined by
ICP-AES. [b] determined byH-NMR spectroscopyf the crude reaction
mixture. 57



yields, such as iodobenzenengder reaction timesr increased catalyst loadinggere able to
increase yieldsln the case of the Heck reaction products, there were no solids observed, apart

from the remains of thsPdSMSs

Table 2.6: Heck crosscoupling of aryl iodides in batch MAOS catalyzedisfdSMS.
isPdSMSs (2.0 mol% Pd)l?],

Ri o EtsN (1.5 equiv.) R
+ A R > I~ _O.
I o DMF, microwave, 130°C R;

1.0 equiv. 1.5 equiv. o
Entry R: R, Pa"a(dri]uorl'; /()L)?a?ding (mT:Stee 5 Yield (%)
1 H Me 2.0 30 99
2 H Me 2.0 20 89
3 H Me 2.0 10 85
4 H t-Bu 2.0 20 81
5 H t-Bu 3.0 20 94
6 Me Me 2.0 30 99
7 Me Me 2.0 20 97
8 Me t-Bu 2.0 30 99
9 Me t-Bu 2.0 20 99
10 OMe Me 2.0 30 98
11 OMe t-Bu 2.0 30 95

[a] Based on théotal palladium content of thisPdSMSs determinedaly ICP-AES.
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The isCuSMSs were used in batch microwave conditions as a catalyst for Huisgen dipolar
cycloadditions $cheme 2.2 but only traces of product were observedHARNMR spectra after
1 hour of reaction time. This suggests that this reaction tdmneffectively used inldw with

this catalyst, as thectivity is too low.

IN\\
& isCuSMSs N_ N
o -

THF, microwave,
100°C,1 h

traces

Scheme2.2: Huisgen dipolar cycloaddition catalyzed isuSMSs irbatchMAOS.

2.4: Conclusions

Monodisperse, metal nanopartidteaded silica macrospheres with a diameter around 1 mm
were prepared from a sgel emulsion techniqueMicroporosity was not observed in the
macrosphere structure, but mesoporosity may be predesmtto the peneability of the

macrospheres to hydrogen gas

Palladium could be loaded into the macrospheres up to 4.3 weight%, while still maintaining
formation of macrospheres, in the form of higtilgpersednetallic nanoparticlesThe palladium
nanoparticlesvere matly 2-3 nm in diameteand dispersed throughout the entire structure of
the macrosphere3hese palladiurtoaded silica macrospheres did not heat significantly under
microwave irradiation, witlthe heatingthat did occurseemingly due to water trapped the
macrospheres Copperloaded silica macrospheres were also prepared, but the copper

nanoparticles were prone to oxidation.
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The palladiumloaded macrospheres were catalytically active for both StMiyaura and
Heck crosscoupling reactions in batch MA®reactionsHeck crossouplings of aryl bromides

wereunsuccessful, but near quantitative conversion to product was achieved for aryl iodides.
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Chapter 3: Suzuki-Miyaura and Heck Cross-Coupling

Reactions in MACOSUSsing isPdSMSs
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3.1: Introduction

The useof bulk metal films in MACOS had proved problematic due to the intense and

uncontrollable heating of the metal films under microwave irradiation, as well as the low

catalytic surface area and laminar flow reducing reagent contact with catalytic stift&tes.

While the metalfiims had proven to be effective catalysts, the technical problems associated

with their usdimited their application and reusability.

The isPdSMSs had proven to be catalyticallgtive for SuzukMiyaura crosscoupling

reactionsunderbatchreactionconditions, as well as not heat under microwave irradiafibe.

macrosphere diaeter was also tailored for incorporation into the reactor capillaries used in

MACOS without causing significant backpressure issu@sth a microwaveransparent
supported palladium nanoparticle catalyshand, crossoupling reactions using MACOS were

performedusing reactor capillaries containing packestls oisPdSMSs.

3.2: Experimental
3.2.1: Materials and Methods

Phenylboronic acid, tert-butyl acrylate, methyl acrylat 4-bromoanisole, 4
bromoacetophenone, iodobenzenddbtoluene, triethylamine, ethanol (95%)\MF, and DCM

were purchased from Sigma Aldrich.

NMR spectroscopy was performed using a Bruker ARX 400 MHz spectronidtermal
imaging was performed using &hIR Systems TheroVision A320 infrared camera fitted with
a 24° fixed FOVlens and an AP1 1200°C filteElemental analysis was performed at Galbraith

Laboratories, Inc. in Knoxville TN.
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3.2.2: Preparation of a MacrosphereFilled Reactor Capillary

A quattz (2000 pm inner diametegr silicon carbidg1750 um iner diameterkapillary
was fitted with Vespd /graphite ferrules andtainless steel Swagel®ktube fittings. Glass
wool was used to fill the bottom of the tube fittings to prevent the macrosploerpigeces of
them, from exiting the tube and being transported to other parts of the MACOS system where
they may cause blockages. One end of the tube was blocked off with the tube fittings, leaving
one end open, and the tube was then filled with the espberes. The second tube fitting was

then attached, blocking off both ends of the capillary.

The volume of the reactor was thereasured by attachingsgringe filled with DMF to
one end of the reactor afiiting the capillary with DMFuntil it reachedthe other tube fitting.
For the quartz tubes, the solution was withdrawn iafgsedagain until no air bubbles were
observed in the capillary. Since tbiéicon carbide capillarieare opaque, the solution was drawn
out and pushed through again until normair bubbles were observed coming out of the tube

fittings and consistentolumemeasurements were obtained for subsequent measurements.

3.2.3: Continuous-Flow Suzuki-Miyaura Cross-Coupling Reactions Using the First
Generation MACOS System

The reactionsolution was prepared by the combination ofl énalide (0.60 mmol) ash
phenylboronic acid (7.2 mmol), ar¢bCO; (1.80 mmol)dissolved in 5.0 mL of ethanol/water

solution

A 15cm quartz capillary loaded withsPdSMSs was placed through the microwave

irradiation zone of a Biotage® initiator that has been modified for flow reactions to allow the
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microwave to be active while the chamber lid is ogeneedle at the end of the reactor capillary

was used to punctugesealed vial, and the system was pressurized using compressed air

The solvent othe reaction to be performed wiaéused at a flow rate of 20 L / mi n . Onc
the solvent begato collect in the vial, the microwave is turned on and the power is gradually
increaseduntil a temperature of 150°C, measured using the extérhatnoVision A320
infrared camerawas reachedContinual adjustment of the microwave power was necessary to
maintain this temperature. The valve whsn closed, and the syringe switcheshe containing
thereaction mixture. The valve wapened, and the reaction mixtwasinfused at a flow rate

of 20 €L/ min.

3.2.4:Continuous-Flow Heck CrossCoupling Reactions Using the MACOS System

A 23 cm longsilicon carbidereactor capillary comining isPdSMSswas placed within the
microwave chamber of theecondgenerationMACOS system and attached to the rest of the
system. The MACOS system was flushed with 10 mL of the reaction solution (aryl iodide (5.00
mmol), methyl ortert-butyl acrylate 7.5 mmol), and triethylamine (7.5 mmol) diluted to 25.00
mL with DMF) at a flow rate of 100 uL/minThe MACOS system was then pressurized to 200
psi and the reactor was heated to 130°C with the microwave. The reaction solution was then
infused at a flow rée of 30 uL/min Once 4 mL of the reaction solution was infused, the valve
connected to theamplingloops switched, isolating 510 pL of the reaction solution from the
MACOS system. That collected solution was pustetdofthe samplingloops to a vial with3
mL DMF, using a third syringe pump. The reaction solution continued being infused into the
MACOS system at 30 pL/minute, and tfe@mplingvalve switched once again after an additional

1 mL of reaction solution was infused. The cotéel solution was then pushed through the
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samplingloops using 6 mL DMF and theampling flowsystem was drained by pushing air

through it to collect all solution.

The pale amber solutiosbtainedfrom thesamplingloopswas extracted with DCM, adding
wate to cause separation from the DMF phase. The solution was extracted several times with
water to remove DMF from the DCM phase, and the DCM phase was concentrated. The
resulting material was then-tBssolved in diethyl ether, extracted again several timils
distilled water, and then concentrated to obtain the desired product. Filtering through a plug of

silica was sometimes necessary to remove residual DMF.

For subsequent reactions using the same reactor capillary, only 2 mL of reaction solution was
usal for the initialpriming of the MACOS systemTlhe system was flushed after use by infusing

10 mL of air at a flow rate of 500 pL/minute.

3.3: Results and Discussion
3.3.1:Suzuki-Miyaura Cross-Coupling Reactions UsingsPdSMSsin MACOS

Since thasPdSMSshad shown to be active in batch microwave conditions, StMijdaura
crosscoupling reactions were also performed using the-diesteration MACOS systeffigure
3.1). A quartz reactor capillary was used, meaning that the heating of the reaction would only be
due to theabsorptionof microwave radiation byhe reaction mixturesince thesPdSMSshave
shown to not heat under microwave irradiatiBackpressure was apedl using compressed air

and sealing the system.
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— Syringe ]

Microwave
Chamber

Figure 3.1: Schematic of the firsgeneration MACOS syste used for SuzukiMiyaura cross
coupling reactions catalyzed iBPdSMSsThe system was pressurized with compressed air and
then sealed.
The macrospheres were packed in the reactor capillary and placed in the microwave chamber
of a Biotag® Initiator, modified to allow for operation with the cavity opehhe quartz
capillaries had an inner diameter of 2000 & m,
proportion of the volume was filled with thePdSMSs Due to this, e actual reactor volume
would be very smallhoweverthe effective catalyst loadig would be much higher than the
reactants wouldexperience in batch conditionghe microwaveirradiation chamberin the

Biotage® Initiator is only about 4 cm long, so the residence tmit&in the heated area would

only be about 17 minutes at the flow eatused without the macrospheres presdihe

66



temperaturan the microwaverradiated zonavas monitored using an IR camera, and adjusted

as necessamuring reaction.

a) OMe B(OH), isPdSMSs, K,CO; (3 eq.) OMe
| | + ©/ >
Br EtOH/H,0 (1:1) O

Flow, microwave, 150°C

(o)

o)
b) /©)LM9 + B(OH), isPdSMSs, K,CO; (3 eq.) O Me
>
Br ©/ EtOH/H,0 (1:1) O

Flow, microwave, 150°C

Scheme3.1: Flow SuzukiMiyaura crosscoupling reactionsattemptedin the firstgeneration
MACOS systenusing theisPdSMSs.The formation of precipitates blocked the reactor capillary
and prevented further infusiar reagents.

The reactions shown in Scheme 3.1 were attempted in th@dénstration MACOS system
using the isPdSMSs as a catalysnfortunately, the formation of precipitateaused clogging of
the capillary Precipitates formed around ts®dSMSs irthe reactor capillargould be observed

throughthe quartz reactor capillari€sigure 3.2) Due to this,SuzukiMiyaura crosscoupling

reactions often failed when using tsdSMSs in MACOS

Figure 3.2: Quartzreactor capillary for MACOS fied with isPdSMSsafter being used for a
SuzukiMiyaura crosscoupling reaction. White bolighlights the area in which thehite solid
was present

The blockages always occurred just below the microwasdiated aea of the reactor

capillary, meaning precipitation may have been induced upon cooling of the reaction mixture.
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Conversionswere determined by'H-NMR spectroscopyby comparing product to starting
material peaksrom the collected solutionwere very low.However,precipitation of products

from the solutiorcould reduce apparent yieldshey remain trapped in the reactor capillary

3.2: Heck Cross-Coupling Reactions UsingsPdSMSsin MACOS

The development of the secegdneration MACOS system and usesititon carbide reactor
capillaries allowed for many advantages oier firstgeneration systeni.he secondjeneration
MACOS systenmusesa microwave applicator with much lorger microwaverradiation zone
than the Biotage® Initiatorallowing for increagd residence time withotlhe need to decrease
the reactionthroughput Silicon carbide reactor capillariesather than quartenes were also
used becausesilicon carbideitself heats controllably under microwave irradiatiqgeroviding
heating in place fothe reaction mixtureThis further ensures a large and uniform heating zone
because the capillary remairssationarywithin the microwave cavity unlike the reaction

mixture, transfering heat alongts lengthindependent of the flow rate useflqure1.21).*”!

Valve and Collection

Valve————") Loops
¢/ . .
. ) Microwave Applicator
HoldingCoil Backpressure System
ReactorCapillary
Reagen_t ] i Collection Bell
Reservoir
Syringe
Syringe Pump——én D

Figure 3.3: Schematic of thesecondgeneratiorMACOS system used to test tlPdSMSsfor
Heck crosscoupling reactions
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MACOS Line

Sampling Loop Valve Switch
Sampling Line € >

Figure 3.4: Valve with samplingloops used for sampling during flow. Switching of the valve
can switch thdines connected to the samplitopps to bringa known volume bsolution in and
out of thepressurizedMACOS systen{shown in blue)

A schematic of the secorgkneration MACOS system used is showirigure 3.3. A single
CFU was used tanfuse the premixed reaction solutianThe reactor capillary consisted of a
siliconcarbidec api | | ary wit h 1I|gaddd withePdSMSsAebackpessaraod t e r
200 psiof argon was applied using the PCD to prevent boibhghe reaction solutionThis
systemalsouses an additional valve with tveamplingloopsthat can be switched between the
MACOS system and a secondaamplingflow system at atmospheric press(Figure 3.4) By
switching this valve, &nown volumeof the reaction mixture streagan be taken out of the
MACOS systemwithout interruptionof flow or causing depressurizationThis aliquot of the
reaction mixture cathenbecollected separately by pushing it through shenplingflow system
using solvent. Since the concentratiar starting materialshe reaction solution and volume of
the samplingloops are known, the amount of product expected in the collected aliquot can be
determined and used #ssess the reactiohe extraction of the aliquot can be repeated at set

times in continuouflow to continually monitor reactions over extengetiods otime.
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Table 3.1: Heck crosscoupling reaction of aryl iodidggerformed in MACOS usingPdSMS.
isPdSMSs,

R1\©\ o EtsN (1.5 equiv.) R
+ z R >
I HZC/\([)]/ z DMF, microwave, 130°C F O\Rz
1.0 equiv. 1.5 equiv. Flow 0
R R, ISPdSMSs  Residence Isolated Yield (%)
! ? 9) Time (min)'¥ 15t yse 2@ use 39Use 4" Use 5" Use
H Me 0.257 8.6 78 80 81 82 79
H t-Bu 0.267 9.0 94 88 85 88 89
Me Me 0.278 10 89 87 89 86 84
Me t-Bu 0.281 10 88 91 84 87 90
[@JReacti on solution was infused at a flow r dasedoof 30

aryl iodide concentratigruntil 5.00 mL of reaction solution was infuseResidence timevas calculated based on
the measured totaheasuredrolume of the reactor capillary, subtracting the measured volume of the fitiimgjshe
flow rate used[b] Yield was determineftom the combination ofwo aliquots of solutiomemovedafter 8000 s(4
mL reaction solution infusednd 1000G (5 mL reation solution infuseddf reaction time

Heck crosscoupling reactions of aryl iodides performed in MACOS ussRdSMSsgave
near quantitative conversions, and gasalatedyields over repeated use of tlwatalyst(Table
3.1). The same reactor capillary filled with tlE*dSMSswvas used repeatedly, without removing
the macrospheres from the capillaifhese conversions are in line with, or better than, those
obtained when using the palladium ficoated reactor capillarig$able1.4). The use of silicon
carbide reactor capillaries and a dispersed metal nanoparticle catalyst allowed for more
controllable and uniform heating of reactions, as well as reusability of the reactor capillaries.
There did not appear to be significargduction inproduct yield over multiple useof the
supported catalysElemental analysis of the resultingaction mixturesletermined 6L5 ppm of

palladium in solutionshowing that there is some leaching of catalyst fromdPdSMSs over
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time. Evenwith this small amount of leaching, 5 uses of shpportedcatalyst was not enough

to significantly affectts performance.

The residence time within the reactor capillary varied somewhsd,to variation othe
packing of the macrospheres within the itagy, but was generally around® minutes. The
total volume of theibcon carbide reactor capillary useds appr oxi mat el y 550

macrospheres filled about 3% of thetotal reactor volume

3.4: Conclusions
SuzukiMiyaura crosscouplingreactions were unsuccessful in MACOS usingisRelSMSs
due to the formation of precipitate§he precipitates cloggetthe reactor capillarypreventing

further infusion of the reaction mixture

The Heckcrosscoupling of aryl iodidesvas performed using thePdSMSsin the second
generation MACOS stem.Good yieldswere obtained for the crossoupled product&n each
reaction, and precipitates were not an issilee samasPdSMSsloadedreactor capillary was

usedmultiple timeswith no significant chang of yield upon subsequent usep,to 5 times
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Chapter 4: SelectiveSurface Metal Loading of Silica
Macrospheres Through the Use oAmphiphilic Transition

Metal Complexes
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4.1: Introduction

An unfortunate aspect of thePdSMS is that the palladium nanoparticles are dispersed
throughout the entire macrosphere structure, not exclusively on the surface where they will be
able to come into contact with the reaction solution. Since the nanoparticles are dispersed
uniformly throughthe macrosphere structure, a large majority of the catalyst will be inaccessible
to reagents flowing around the macrospheres in the reactor capillary. Attempts at coating silica
macrospheres with metals after formation were unsuccessful, as bulk nmesalvBire unstable
and heated significantly under microwave irradiatidfethods of selectively incorporating
metals on the surface of the macrospheres, sucklagirt the addition of metal salts towards
the beginning of macrosphere formation during sysithéisrupted the macrosphere stability,

causing collapse of the spherical structuréow uptake of metals by the macrospheres

Another possible method of selectively incorporating metals at the surface of the
macrospheres during formation would be to employ transition roetdhining surfactant
molecules.Surfactantsthat contain transition metals as an integral part of theucstre are
referred to as metallosurfactants. Metallosurfactants behave in similar ways to typical purely

organic surfactants, and are able to form micedlesvell asfims at airwater interfaceS?

Figure 4.1: Rutheniumcontaining metallsurfactant used to template the formation of por
silica sotgels with metal nanoparticles deposited on the pore surffces.
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Metallosurfactants containing rutheniu(figure 4.1) have been shown to be capable of
templating the solgel formation of mesoporous silica while incorporating ruthenium

nanoparticle®nto the pore wails.*®

It was thought that the use of amphiphilic transition metal complexes could exploit-the oil
water nature of the macrosphere synthésipromote the incorporation of metal salts on the
outer surface of the macrospherasthe oil and water interfacéf the concentration of the
metallosurfactant is kept below the critical micelle concentration, the metallosurfactants may
assemble at thenterface between the macrospheres and the aqueolusion during
macrosphere foration

Dithiocarbamate (DTCjunctionalized ligands were considered because they can be easily
prepared from a wide variety of commerciaflyailable amingswith the desiredhydrophilic
functionality already incorporatednd chelate to desired catalytic metals to be incorporated into

the macrospheres (Scheme 4°4).

R1 CS,, KOH R & Metal Salt Ri N
N—H s N—< » N—& M)
/ H;0 / / s”

R R, S R;

Schemed.l: Preparation of DTC transition metal complexes from amines

4.2: Experimental
4.2.1: Materials and Methods

TBOS, carbon disdide, diethylamine, diethanolamine,-&thylethanolamine, dibutylamine,
bis(2-ethylhexyllaming 6-aminohexanoic acid, 1@minododecanoic acid,N-methylD-

glucamine, sodium bisulfiteand DMF were purchased from Sigma AldricRalladium(ll)
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acetate trimer (Pd 4%48.4%) was obtained from Alfa AesaCTAB was purchased from

British Drug Houses.

Samples were prepared for SEM imaging by mounting on an aluminum stub using carbon
tape. SEM images and EDX spectra were recorded on a FEI XL30 ESEM equipped with an
EDAX energy dispersive spectromet#R spectroscopy was performed usingerkinElmer
PE1750 FTIR spectrometerwith samples prepared as KBr pelleEemental analysis was

performed at Galbraith Laboratories, Inc. in Knoxville TN.

4.2.2 Synthesis ofDithiocarbamate Complexes (117)

In a 20-mL scintillation vial, 0.40 mmol of amine was dissolved in 9.5 mL distilled water.
The solution was allowed to stir for 10 minutes, and 0.5 mL of a 2M aqueous solution on KOH
was added to the solution. The solutioras allowed to stir for an additional 10 minutes,
followed by the addition of 0.41 mmol carbon dfglg. The carbon distitle was immiscible
with the aqueous solution and stirred vigorously foro2rk until a clear yellow solution was
obtained. A solutio of the metal salt (0.20 mmol) was then added dropwise to the solution
(nickel(Il) acetatetetrahydrate or zinc(ll) acetate dihydrate in 2.0 mL distilled water, or
palladium(ll) acetate in 2.0 mL DMF) and allowed to stir overnight.

The metal complex wasrgcipitated by adding a 1M solution of NaHS@opwise until no
further precipitation was observed. The solution was then centrifuged to collect the solid
precipitate and the solution was decanted. The precipitate was washed with distilled water and
centrfuged again, disposing of the aqueous solution The precipitate was thessalved in
slightly basic (KOH) solution and centrifuged again. Any remaining sbadlwas insoluble in

basic solution was collected separately. The solution was then acitifiedgh dropwise
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addition of 1M NaHS®to cause precipitatiomnd centrifuged again. Again, the precipitate was
washed with distilled water and centrifuged. The solution was decanted and the precipitate
dissolved yet again in basic solution. The solutkas extractedthree times with diethyl ether

and centrifuged to remove any remaining traces of precipiteiewas insoluble in basic
solution. The solution was then acidified to induce precipitation and centrifuged to collect the
solid. The precipitatavas then washed once again with distilwater and dried under vacuum to

yield a brown (palladium), green (nickel), or white (zinc) powder.

4.2.3 Preparation of Metal-Loaded Silica Spheres Using Dithiocarbamate Complexes
These macrospheres were prepdred similar manner to thpreparation oin situ metat
loaded silica macrospherelescribed in Chapter 2.2.8lowever, instead of the addition af

metal acetate salt, a 8016 g portion of the dithiocarbamate metal complex was added

Silica spheres theotour of the dithiocarbamate complex added, with a diameter of
approximately 2 mm, were then filtered from solution and dried in air for 24 hours, during which
time they shank to a diameter of approximately ImmAfter drying, the spheres wecalcined

in a muffle furnace overnight at 500°C.

4.3: Results and Discussion
4.3.1: Amphiphilic Transition Metal Complexes

A variety of amines with varying chain lengths and functionality were used for the formation
of DTC complexesof nickel, zinc, and palladiumFigure 42). The complexes were

characterized by IR spectroscopy ensureDTC formation and coordination Table 4.).
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Complexes with hydrophilic and hydrophobic chaimds were prepared, as it was not known

whether the metal would comprise a hydrophobibyarophilic group.

HO
HO o
o
S\
HN—<<S,[M] s
HN—<<S:[M]
1: M = Ni" 4: M = Nj"
2: M =2zn 5: M = Pd"
3:M=Pd"
HO, HO
Me— S H S H S,
N—¢ ™I N—¢ ™I N—& ™I
Me—/ S Me—/ S _/ s
HO
6: M = Ni! 8: M = Ni" 10: M = Nij
7: M =2zn 9: M =2Zn'" 11: M - Zn"
HO OH
Me OH
R Pl
S Me S HO S,
N—& M) N—< [N HO  N—< M|
f/ ) Me S md s
Me
Me
12: M = Ni 15 16: M = Ni"
13: M = Zn' 17: M = pd"
14: M = Pd"

Figure 4.2: DTC ligands synthesized and coordinated to transition metals
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Table 4.1: Selected IR stretching frequencies of DTC transition metal complexes.

Complex 3 K-CS,) (cm™) 3 (-8) (cm™)
1 1521 943
2 1506 946
3 1522 935
6 1520 993
7 1502 993
8 1514 991
9 1502 986
10 1513 976
11 1491 989
12 1506 966
13 1497 957
14 1512 972
15 1506 979
16 1535 966
17 1533 966

Both grimary and secondary aminasth and without polar functionalityere used for the
formation of theDTC ligands Carboxylic acid and alcohol functionalities were used to promote
hydrophilicity at thechain end for those complexeSecondary amines were chosen in addition
to primary aminesas they will not undergthe basemediateddecomposition pathway possible
for the primary amine DTCE&cheme 4.2 However, the acidnediated decomposition pathway

is still possible, which can lead to-famation ofthe amine and carbon disidle (Schemet.3).
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Table 4.2: Elemental analysis results of DT@@mplex3.

Element mass% Composition Acélf;l]gggﬁiigﬁal Ex(p;%ep%l;r;opgl]cal
C 26.4% 8.9 7
H 4.01 16.2 12
N 3.6% 1.0 1
S 257" 3.3 2
Pd 26.1"! 1 1

[a] Determined by combustion analysis. [b] Determined by-FES. [c] Based on expected coordination of
DTC ligand.

The DTC complexes were not completely characterized, sadingplexstructuresare not
known. Elemental analysisf DTC complex 3 (Table 4.2 suggests a single DTC ligand
coordinated to the palladiumenter. The additional duir atomper palladiummay be dueo
coordination of hydrogen sulfide formed during the preparation of the DTC complex by possible
acidmediated decomposition of DTCs. There is likely a mixture of complexes present, which

have not been fully identified.

H\ S° Base or oxidizing agent
IN—< : N=C=s + SH-
R4 S R,

Schemed.2: Basemediated decomposition of DT@s alkyl isothiocyanates.

R1 S' H+ R1
/‘N—< . /‘N—H + Cs,
R, S R,

Scheme4.3: Acid-mediated decomposition of DTCs

79



4.3.2: Preparation of Silica Macrospheres UsingAmphiphilic Transition Metal Complexes
Even though they were not fully characterizadselection othe DTC complexes were used
in the formation of silica macrosphereSDX was usedo determineif they provided any

selectivity in metal incorporation.

For most of the DTC complexes, no seleitgifor metal incorporation wasbserved using
SEM and EDX Silica macrospheres formed usingngplexes with DTC ligands contaiy no
hydrophilic functionality contained metals both on the surface and in the interior of the
macrospheregFigures 43-4.5). The macrospheres prepared using DTC complexes that
contained alcohol functionality appeared to contain very small amounts of(Figtakes 46 and
4.7). It is possible that the complex remained in the aqueous solution rather than being

incorporated intole macrospheres.

The most promising results were obtained fraomplexes3 and 5, which contained
carboxylic acid functionalityMacrospheres prepared with the additiorcofplex3 contained a
marked selectivity for the incorporation of metals towards the surface, confirmed by EDX
(Figure 48). SEM images using a backscatter detector show a distinct preference of metal
incorporation towards the outer surface of the macrospheresladigng at a crossection of a
broken macrospher€omplex5 showed lesselectivitythan complexX3, as the interior of the
macrospheres was also found to contain palladium by EgUre 49). The longer alkyl chains
of complex5 may increase hydrophatiiy, causing the complex to be present in the interior of
the macrospheres to a greater extétdawever, @en with the increased selectivity of metal
incorporation towards the surface of the macrospheres, a sighifiogion wasstill present in

the interior of the macrospheres.

80



140 210

Sur f ¢
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Figure 4.3: SEM images using a backscatter detector and EDX spectra of silica macrospheres

prepared using DTComplex7.
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Figure 4.4: SEM images using a backscatter detector and EDX spectra of silica macrospheres
prepared using DTComplex12.
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Figure 4.5: SEM images using a backscatter detector and EDX spectra of silica macrospheres
prepared using DTComplex15.
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Figure 4.6: SEM images using a backscatter detector and EDX spectra of silica macrospheres
prepared using DTComplex8.
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Figure 4.7: SEM images using a backscatter detector and EDX spectra of silica macrospheres
prepared using DT€omplex10.
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Figure 4.8: SEM images using a backscatter detector and EDX spectra of silica macrospheres
prepared using DTComplex3.
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Figure 4.9: SEM images using a backscatter detector and EDX spectra of silica macrospheres
prepared using DTComplex5.
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