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Abstract
The products of thehydrogenation of alphletoesterdike ethyl pyruvate (EtPy),

methyl benzoylformate (MBF) and ethyl benzoylformate (EBF)usedin manyindustries
including pharmaceuticals, fragranceslvent synthesisand organic chemical intermediates.
The rate of hydrogenation of EtPy incremsatstantiallyusing cintionaalkaloid modifiers
such as cinchonidin€CD) but the mechanisrof rate enhancemeri$ poorly understood,

despitehaving beernnvestigated extensivelyer the lastew decades

The objective of thishesisis to investigate thenechanism omodifier-induced rate
enhancement for thieydrogenatiorreactionsof the alpha-keto ester€tPy, MBF and EBF
Rate enhancements wesbserved for the reactions of #firee substrates (MBF, EBF and
EtPy) usingthe different modifiers (CD,quinuclidine QD) 3-quinuclidinol (QL), 1,4
diazabicyclo[2.2.2]octandABCO), and4-aminoquinoline (AQ). QD, QL, DABCO and AQ
are modifiers that represent parts of the CD molecule, the aim ofrgjudgm being to deduce
which pats of the CD molecule were involved in the rate enhancemenésconcentration
of the modifies were optimised,and the reaction data was kinetically fitted. Theoretical
calculations were also completdd see if the rate enhancement mechanism could be

understood computationally

The reaction mechanism when using @By involvethe 1:1 modifierreactant model
which stabilizes the haliydrogenated statdhis is suggesteespeciallybecause of the rate
enhancements observed f&BF and MBF which made thealternative theory for the
mechanism of actionviaac | eani ng o t unlkelycTagE®Y rgastiormetih@amsen|
maybe a combination of the CD stabilizing the Hajdrogenated state and itleaning effect.
Concerning the achiral tertiagmines,the mechanism of action is unclear but the previous

literature suggestion, supported by results from gngect point to themodifier-surface



complex being stabilizzd by the halthydrogenated substeat The cleaning effect and

competitive adsorptiomay also be involved

Different substrates that were similar in structure to either EtPy, EBF and MBF were
tested alsdo see if other rate enhancements could be found but none of these reactions gave
significant rate enhancementheoretical computational results provided evide for the

existence of a solutiedimer intermediate
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Chapter 1 Introduction

Aims and objectives

Catalysis is an extremely importdigld of chemistryas itis used inmostindustrial
chemistryapplications with exampla ranging fronrefinement of petroleum, production of
pharmaceuticals and chemicals, to the manufacture of synthetic fibres and lastiysis is
astaple for green chemistand is essentidbr making a sustainable worldecause reactions
are achievable using lower energy, with less of the associated pollutiolegletionof finite
resources that this benefit bringydrogenation reactions aakey type of reactiorfor which
catalysts are @eded. In these reactioashydrogen moleculeeacts withanothercompound,
for example, thesaturaibn of organic compounds in many industrial processess an
importantstepin the fats and adl industry as it converts liquid oils into setiquids for

different applicationsincludingshortenings and margarineanufacture

Hydrogenation reactions as¢soused to recover crude oil and gases so that they can
be usedor industrial purpose$ Initially, hydrogenation reactions were usedrétrieve oil
from coal In the1980s hydrogenation was used to cleanse industrial redike®il that hal

chlorine in it®

When using catalystamodifier can be usetd enhance the ratachievingevenfaster
reactionghanthose possible usirthe catalystalone There has been considerable work on the
rate enhancement of hydrogenation reactionsfartber study of these types of reactions is
the focus for this thesisdydrogenation okthyl pyruvate(EtPy)is an importanteaction to
investigate as the produethyl lactateis commercially useful as a food flavouring andlso
found in many cosmetic productsthyl lactatehas a high solvency power, high boiling point,

low vapour pressure and low surface tension. For these reasons it is sought aftevatirige c



industry,andit also acts as a good pastripper and graffiti remover. Ethyl lactate reso

replacedmore toxicsolvents like toluene and xylene making work environmsafsr?

The overall objective of thighesisis to investigate in mechanistic detdhe
hydrogenation oEtPyto see howinchona alkaloignodifierssuch ainchoniding(CD) and
cinchonine(CN) provide a rate enhancemefdr the reactionOnce this is understoadore
fully, this rate enhancememtay be appliedsuccessfullyto other hydrogenation reactiori®
achieve this objective, trEms of this thesis are to investigate the rate enhanceme&t®pf
using cinchona alkaloidsnd other nitrogeontaining hydrocarbon analogs to investigate
the rate enhancement caused byitickvidual structural moietiesf the moleculeCD, to use
computer modelling techniques to explore computationally the different possible mechanisms
and to investigate whether the ratenhancements seen in EtPy are present in other
hydrogenation reaction€atalysis is the process of increasing the rate of reaction by lowering
its activationenergy(Ea). The catalysdoes this by providing an alternative pathwaythe
reactionto take placei.e. the catalyst forms an intermediate with the reactant and is then
recycledsuchthatthe catalyst imotconsumed in the reactiohhere areéwo types ofcatalysts:

homogeneouandheterogeneous

1.1 Reaction Kinetics

As catalysts are not useg in reactions, they are not involved stoichiometrically in the
overall chemical equations. However, because they increase the rate of reaction, they must be
involved in at least one of the intermediate steps. Catalysts lowéx thfethe reaction thus
lowering the energy barrier for the reaction, hence increasing the proportion of reactants that
can react causing the forward and reverse reaction to accelerate. Fijuhesttates the

activation energies of a reaction with catalyst and a reactioowtitfatalyst. The reaction with



catalyst shows a decreasebncompared to the reaction without catalyst, thereby, allowing

the reaction to occur at a faster rate.

Activated
complex

Uncatalyzed
reaction

/

Reactant -

Potential energy

Catalyzed
reaction

Product

Reaction coordinate

Figure 11: A graphical representation of what happens when a catalyst is added to a Peaction.

1.1.1 Orders of reaction

The order of a reaction relates the rate of reaction to the rate corgtamid(the

concentration of reactants.

If a reaction has the equation
GO W6 6 QO

with no intermediate steps the rate law is



wherek is the rate constant.

A zero-order reaction is a reaction where the rai@es not depend on the reactant
concentration; the units &fare mol d® st and the rate equation for such reactions can be

given as:
i 0o M
A first -order reaction is a reaction that depends on the concentration of one reactant
linearly, which becmes a unimolecular reaction if there are other reactants whose

concentration will not make a difference to the r#téhas units of $. Most reactions have

first-order rate kinetics.

7
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A secondorder reaction is a reaction where trege depends on the concentration of a
reactant to the power of 2. The unitkafre mof' dm® s*. Formation of double stranded DNA

from two complementary strands is an example of this.

)

e YO L
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There are other order reactions wheredbecentration is raised to a fraction power but these

three are the most common types of reaction.

1.1.2 Factors that affect the reaction rate

There are several different factdfsat can have an impact on the reaction rate. In
addition to the catalyst, temperature, concentration, pressure and surface area are other

important considerations includeass and heat transfer effects.
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1.1.3 Mass Transfer effects

Mass transfer effects can influence catalytic rakbsre are two types of mass transfer
effects internal and external. Internal mass transfer effects occur in porous materials when the
reactants and products diffuse in and out of the interior of a lgarfigternal mass transfer
effects refer to movement of reactants from the bulk solution to the catalyst surface when there

is a solidliquid interface between the reactants and the catalyst.

1.1.4 Pore Diffusion Resistance

Another factor that can have an effect on rate is the pore diffusion residiafigsion is
assumed to take place in the pores of the catalyst. For the Pt on alumina catalyst used in this
projectlarge mesopores (pore diameter > ~12 nm) were essentiatidim maximum catalytic

activity without mass transfer limitation and pore diffusion resistance and to suppress catalyst

deactivation by foulind.

1.1.5 Solvent

The reaction solvent can affect the reaction rate and solvent effects have been reported
extensively in organic synthesis and in heterogeneous catalysis. The mechanistic understanding
is more detailed in organic synthesis. It is harder to understand and characterize in
heterogeneous catalysis because of the interactions between the suppaitedtaigstsand

the reactantswvhich could belue tothe interactions between the solvent and the support.

When investigating solvent effects in reaction kinetics the reaction rates and product

distribution are correlated with the solvent polarity to determine if the solvent effects make

11



significant changes to the rafiéhe dielectric constant is an importaattor and can change

the rate of reactiof.

1.2 Stereoselective andegio-selective reactions
1.2.1 Stereoselective reactions

A stereoselectiveeactionoccurswhen onestereoisomeis formed preferentially over
another Thedehydrohalogenation ofiddobutane is an examp{Eigure1.2). The E-isomer

is the preferred product compared toZHgomers for this reactiof.

l tBuOK
\)\ T NN L s

Figurel.2: The dehydrohalogenation ofi@dobutane. The Z isomerile product on the left

and the Esomer is in the middle.

If the productsof a reactionare enantiomers, the reaction is referred to as
enantioselectivavhen thetwo enantiomersire produced unequal amounts. An example of
thistype of reactions theEtPyhydrogenation which isne of the reactions focussed on during
this project. Further description of the EtPy hydrogenation is contained w&bittion1.5 in
this chapter

Another example of this is the asymmetric hydrogenaticolefinsusing Pd catalysts.
Hydrogenation of olefins is a very useful reaction for the synthesis of optically active
compounds. These reactions can be done over a Pd catalyst like the hydrogeBatiethgt
2-cyclohexenoa by Drago and Pregosiifrigure 13). They achieved a 30%nantiomeric
excess €6 and a 40% vyield'° Yield is a quantity of moles of a product formed in a reaction

12



in relation to the reaction consumed. The enantiomeric excess is a measurement of purity for

chiral substances.

Q 0
Pd cat. (3.0 mol%)
B
HCOOH/Et;N

Figurel.3: The hydrogenation @& methyt2-cyclohexenone

Another example is Nickel catalysed asymmetric hydrogenationafifdnyl imines(Figure
1.4). Li et al.used completed a femeactions to syntlsse chiral amies. Chiral amines are
useful building blocks for a large selection of chiral intermedidtesre was a 9% yield

and a 9% eel!

o
W _tBu
r
\
HN" %
: HoN

O Ty
©/\Me
Figurel.4: The hydrogenation dR)-2-methytN-(1-phenylethyl)propan@-sulfonamide

AICl 3 (3.0 mmol), CHCI2 (10 mL), RT.

1.2.2 Regioselectivaeactions

Regioselective reactionsccurwhen there is a preferred area where the bonds in a
reaction are made or brokeAn example of this is théromination reaction of N-
bromosuccinimide (NBSwith an asymmetrical alkene such aspropenylbenzenetwo

different product arepossible but one is preferred over the ott{Eigure1.5). 12

13



Br OH
OH Br

NBS
—_—
95% aetone (aq.) +

Major Minor

Figurel.5: The bromination o2-propenylbenzene showing the major and minor product

1.3 History of Catalysis

Elizabeth Fulhame invented the principle of catalysis in B{f4he terncatalysisas
a wordwasnot coined until 183%y Jons Jakob Berzelius (171848)% The word catalysis
comes from the Greek words kata (down) and luo (loose). The oldest fornabfssais
homogeneousatalysis, using enzymeshich has been around for thousands of y&sféie
earliest example of momogeneouprocess is fermentation used to produce wine anddyeer
the EgyptiansAn interesting example of catalysis is r@duction of sulphuric acjdn the
Middle Agesthey made this by burning sulphur and nitric acid together. They improved on
this reaction by using lead as the construction material for the reactors which allowed larger
quantities of it to be made. In 1¥8vo chemistsClement and Desormédiscovered that nitre
in this process was a catalyst as when they added molkesaiof the nitre was needed and it
wasnhotused up in the reaction. They became aware that the nitrous vapours were intermediates

and hat the oxidising agent was &if.

The first time it became clear that a chemical reaction could be accelerated by a
substance where the substance was not used up itself was in the decomposition of hydrogen
peroxide, investigated by L.J. Thénaad-renctchemistin 1818*In 1817, a British chemist
named Humphrey Dav§discovered the first instance where two gaseous reactants can react
on a surface without the metal changing. His research led to the desigmof theesafetyd

lamp. Davy found that ifyou put a platinum wire above a cdaimp and added coal gas the

14



fire would goout, but the platinum wire would stay hot for mamynutes. He concluded that

the coal gas and the oxygen combined to produce enough heat to keep the platinum wire warm.
Davy had discoveredeterogeneousatalytic oxidation. He also recorded the first pattern of
catalytic activity as only platinum and fadium wires would stay hot so weeffective,but

copper, gold, silver and iron were ineffective. It was thought that the platinum and palladium
were more effective than the other metals due to their low heat capacities and low thermal
conductivities'® Peregrine Phillips understood the value of catalytic oxidation in E8®8I
created a way to formulate sulphuric adithwever it was not until a few decades later that
sulphuric acid became a needed chemical in industryMeskel in 1875made fuming

sulphuricacidf r om Phi |l 11§ psé research

The Haber process was an effort to create détalytically. Hundreds of thousands of
tonnes of NH are needed every yeHrin agriculture it is used as precursor to &ertilizer
compositionand significantly increases crop yields by as much as 60%. Increased amounts
were needed during World War 1 where ammonia was used for the manufacture of explosives.
Noncatalyzed synthetic routes whietere notvery effectivehad been used previously
Therefore Haber started experimenting with catalysts to make Bl his first successful
experiment was in 1905 when he reported that he synthesisgdtHow yield at 1293K. It
was notuntil he started performing the reactions at higher pressures tlodtdieed higher

yields. He experimented with many catalysts and fdeefd to be the most active.

Haberteamed up witlBASF chemical companyo scaleup this reaction; they tested
over 4000 different catalysts and managed to create plants that allowed the reaction to take
place. Haber won the Nobel prize in 1919 because of his #émki923 BASFused a Zn©
chromia catalyst at high pressure to synthesise methanol. This wascaiginés it marked the
development of synthesis of mass quantities of organic produws. came alongatalytic
crackingwhichwas first used in 1938.In 1938 Otto Roelen discovered oxo synthesisch

15



marked the emergence lmdmogeneousg catalysed reaction#n the 1960s Chevron revived

hydrocracking using metal promoted silieduminas, aluminas, and zeolités

Environmental issues drove new technologies using catalysis agwglin 1980V,
W and Ti oxides were used in thelecti\e catalytic reductio(SCR)of NOx by NH for power

plants. In 1990 the use of catalysts for diesel oxidation wusityceriumwere developed®

1.4 Catalyst inhibitors, poisons and promoters
1.4.1 Catalyst inhibitors

A catalyst inhibitor lowers thactivity of a catalysttypically, the inhibitor has a similar
molecularstructuren most case® the reactardnd sacan bind to the active site of the catalyst
instead of the reactant itselfhe active site ighe group of atoms on the surface of a
heterogeneousatalystwhere the reaction takes place between the reactantsnhibitor
reduces the activity of the edystvia a reversible process andisdlifferent from a poisqras
a poison irreversibly changes the catalyst. An examptehdiition is when hydrogen peroxide
decomposition is inhibited by acetanilidéScheme 1). Hydrogen peroxide is
thermodynamically unstable due to the unstable peroxide bdedemposing to water and

oxygen
H.O.Y OH A

Scheme 1. Decomposition of hydrogen peroxide

The degradation reaction can be catalysed by many typebketgfrogeneoys
homogeneouand biological catalysts, among the most common being potassium iodide, lead

dioxide and manganese (IV) oxidend the enzyme catalase. Ferroatalysed degradation

16



can be inhibited by acetanilide, as can the-aatalysed degradation. It is thought that
acetanilidebinds to the surface of the iron catalyblydrogen peroxide is used in many
oxidation reactions, bleaching processes, as a disinfectant and in treatméhitafigdout as

its decomposition is very likely to occur nitustbe stored with the inhibitor acetanilide.

Enzymes or biological catalysts can be inhibited eithereversiby or reversiby.
Reversible inhibitors are inhibitors that nullithe enzyme by binding to ivia a weak
interactionthat is notbound covalently. Therare two types of thiskind of inhibition:
competitive and nowgompetitive inhibition. Competitive inhibition is whethe inhibitor
structurallyresemblsthe substrate and therefore competih the substrate when binding to
the enzyme active sifé Non-competitive inhibition is where the inhibitdoes nobind to the
active site of theenzyme,but it does bind toanother part ofthe molecuk causing a

conformational changehich then deforms the active site makihinactive.

Irreversible inhibitionoccurswhen an inhibitor forms a strong covalent bond with th
enzyme deactivating the enzyme irreversiBi.In heterogeneousatalysis irreversible

inhibitors are called catalyst poisons.

1.4.2 Catalyst poisons

A catalyst poison is a substance that completely stopshdrits the reactivity of a
catalyst. A poisorcauses theatalystto be chemically deactivatk rather tharphysicdly
altered Lead is an example of a poisibratreduces the activity of the catalystsar catalytic
converters. Catalytic converters are devimethe exhaust pipes cédrsthatreduce theuantity
of toxic gases and pollutangsnitted into the atmospher&here are two types: the tvatep
converte and the threstep convedr. The twastep converter works by combining unburned

hydrocarbons, carbon monoxide and oxygen to producea@®HO. This is useful as CO is

17



toxic and the unburned hydrocarbons are pollstdrdt cause damage to human heatiththe
environmeng* Examples of the unburned hydrocarbanslude small molecules such as
formaldehyde anthrger compounds includinigenzene, toluene and xylene. These molecules
are toxic as they can cause cancer. Some of these molecules also caithighe nitrogen

oxides to form ozone which createaphotochemical smog. The thretep convertecarries

out the above conversions and in additadso reduces theitrogenoxidesto nitrogen The

lead poisons the catalytic converter by forming a lead coating on the surface of the catalyst
thereby blocking the harmful gases from adsorbitay.this reason, unleaded fuel is required

to run cars containing catalytic convertéts.

1.4.3 Catalyst promoters

These are substances that enhance the reactivity of catalysts in seacttalyst
promoters by themselves have no catalytic effect. Catalyst prometeretimes called
catalyst modifiersusually work by adsorbing onto the surfadetlee catalyst and through
intermolecularforces(hydrogen bonding, electrostatic attractions) loweratttesationenergy
(Ea) needed for the reaonh. An example of this is in the Haber progesfien producing
ammoniasmall amounts oK>O increase the rate of the reactitmthis example th&>0 is
the catalyst promoter armbmiumis the catalyst use@thercatalytic promotes includethe

modifiersCD andCN in the EtPyhydrogenatiort®

1.5 The EtPy hydrogenation reaction

Over the past three decadles hydrogenation &tPyhas been investigated and studied
extensively. The main goal of these experiments and investigatiorfeaused onmproving

the enantiomeric excess (a)the reactionThe eeis of interest in organic chemistry as it

18



shows the purity of one enantiomer over the o#flseenantiomers can have different chemical
and biologicalproperties. Ratenhancemestusing the modifier<CD (Figure 16) and its
diastereoisomeEN have beembserved in previous studi&s’®2° as well as an enantiomeric
excess 2822 However,as the main focus for these experiments was ththee®rigin of the

rate enhancement was riolly explored

\

Figure 16: Different parts of cinchonidind he blue part is the quinuclidine moiety; the green

part is the hydroxyl group and the red part is the quinoline moiety.

The earliest publications on tB#Pyhydrogenation were concerned with just cinchona
alkaloids andhow they gave such a significa@hantiomeric excess and yidld the EtPy
hydrogenationwhen compared to the unmodified reactidrhe first publications were
completed by Oritoet al. from 1979 to 1980in thesereports U-ketoesters likemethyl
benzoylformate (MBF) EtPy and methyl pyruvatewere hydrogenated using cinchena
modified catalysts. Optical yields of up to 90 % were found using the modified cafdigst.
yield was heavily influenced by the catalyst-fi@atment and various other addés. They
found that all cinchona alkaloids that had the same absolute configuraG@hpasduced the

R-enantiomefR-ethyl lactatejand all cinchona alkaloids with the same absolute configuration

19



as CN produce theS-enantiomern(S-ethyl lactate) The absolute configuratiorefers to the
spati al arrangement of atoms within a <chir

description.This was found through using a chiral column in gas chromatogfaphy.

Blaseret al published a paper followingn from Ori tods wor k whe
the modified cinchona catalysts were up to 100 times more active than the unmodified catalyst.
In this work they stated that there wasdigcerniblerelationship between total or metal surface
area and performaacThey found initial rates were increased in the modified reaction by 5
100 times. They stated that thermal treatment had the biggest influence on the rate rather than
catalyst prereatment which is in contrast the findings found in the Oritceaction?’ This
paper proved using adsorption isotherms BBtadsorbs onto the metal surface and they
theorized that the areinteractions with th&kketoester on the surface of the metal and not in
the liquid phase. They also ruled out a basic effdetre the stronger the base the faster the
rate enhancemeriiecausé¢hey could not achieve a significant rate enhancement with stronger

bases compared @D.%®

Baiker and Blasewere thdirst to look at the different aspecaifthe cinchona alkaloid
hydrogenation to investigate what cadiffee rate enhancement. Theeportedthat if thee is
a change tohearea around the oxygen group of the cinchona alkaloid therdaigeschange
in both sign and size of optical inductiofhe nature of the alkene part of tip@inuclidine
moiety wasfound to not be significant to optical inductias itis hydrogenated in the first
parts of the reactiony substitution around the carbon that is attadhélde OH group results
in lower enantioselectivityThey found that if the N is alkylated the optical induction is lost
completely.The partial hydrogenation dfequinolinemoietydecreased the enantioselectivity.
They confirmed that in the reactiaring CD the R-enantiomer was produced and wheN
was used thdS-enantiomer was produceth the EtPy hydrogenation reactiothe CD
modifier produces an excess of tl®-énantiomer while th€N modifier produces they-

20



ethyl lactatelt is unclear how they changed the maoeli§ chemically but they used IR, MS
and NMR in order to make sure they were using the correct structures. They found the results

by gas chromatography with a chiral colufin.

1.6 The 1:1 Modifier to reactant model

Thegenerally accepteahechanism for the mode of action for the EtPy hydrogenation
is that the CD modifier adsorbs onto the platinum surface via the quinoline moiety through its
“-systent® The quinoline moiety is known to adsorb parallel to the surfadheoplatinum
(Figurel.7). This wassupportedy hydrogerdeuterium exchange between adsorG&and
deuterated solvents. All the hydrogens on the quinoline were exchanged with the deuterium
which indicates that t he modi f ielectron systénme c ul e s

parallel to the Pt

Pt surface

Figurel.7: Modifier-reactant complex theorized by Baiker

It was first thought that CD worked in the reaction mechanism twithpoints of
contactj.e., the CD molecule adsorbs onto the Pt (111) surface \gait®line moiety parallel
to the surface. This was shown und#ra-high vacuum conditions and investigated by rear
edge Xray absorption fine structure spectroscopy (NEXAE®aikeret al.say that in acetic

acid the nitrogenon the CDis protonated Wwich was found through NMR experimente
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EtPy molecule adsorbs onto the platinamd once therejt is attractedto the protonated
nitrogen of the quinuclidine moiety of the modifier, where a hydrogen bond is formed between
the hydrogen on the nitrogen and the oxygenuifeéid.8). However, they propose that in ron

polar solvents following theoretical observatioret th protonated nitrogen on the quinuclidine
moiety is not needed to form hydrogen bond with the carbonyl. The hydrogen bond could come
from the halthydrogenated state of the reactart{©-N). In addition,they mention thahere

is some hydrogen bondjrbetween the @ group on the CD and the carbonyl group on the
substrateput this is of minor importancdhey came to this conclusiadhrough theoretical
calculations Baiker states that the hydrogens that protonate the nitrogen and hydrogenate the
substrate could either come from the solvent if it is polar or from dissociatively adsorbed

hydrogen®!

Pt surface

T T
| Pt surface I |

Figure1.8: Reactant: modifier complex put forward by Mcbresmal.3?

However, Mcbreeret al. addedan additional interactiorand made it into a-Boint
model, where there are interactions between this Gn the quinoline moiety and the carbonyl
group on the substrate (Figute8).>? They came to this conclusion as recent surface studies
had found that aromatic-Bs adsorbed da Pt(111) were hydrogen bonded to carbonyl groups

on substrates near theifhe surface chemistry they used was reflection adsorption infrared
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spectroscopyit is mentioned that thprotonson the quinoline ring are more acidic due to the
redistribution of electrons in the chemisorption bond formatiod the activation of the
qguinoline ring by bonding to the Pt surfaddis allows it to form hydrogen bonds with the
carbonyl on the substeat® This model however is not completely likely as it would mean that

the ethyl pyruvate would be in a cis conformation with carbonyls pointing the same way.

Hydrogendeuterium exchange between adsorb&dand a deuterated solvent shows
that all the Hatams of the quinoline moiety are simultaneously exchanged, indicating that
modifier molecules are chemisorbed with thelectron system of the quinoline parallel with
the Pt surfaceThey state that is unclear how the nitrogen is protonated ondghigudidine
moietyunder reaction conditiathey point outPotentially, this could be achieved through the
use of a protic solvent. In aprotic solvents it has been said that it could be protonated by surface

hydrogens*

Once the hydrogenation reaction occtire hydrogen on the nitrogen stabilizes the half
hydrogenated EtPy. There is a fast transfer of the proton to the oxygen of the carbthrey!
EtPymoleculefollowed by the slow addition of the H atom and desorpfldrey mention they
cannot be sure ithe carbonor the oxygen is hydrogenated first. They stated that there is

competitive adsorption between the hydrogen and the sub3trate.

1.7 Origin of the rate enhancement

Baikeret al.link thermodynamic and kinetic reasons for the rate enhancenentate
acceleratiorwas found to followa lowering of the activation barrier of the modified reaction
compared to the unmodified reaction. As a correlation between theddtonyl orbital energy

and the hydrogen rateasfound, they show that the more stabilized diastereocisomer complex
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givesa larger stabilization to thieeto-carbonyl compounds and thigas claimed taive rise

to the rate enhancemetit.

Garlandet al.first used the term ligand accelerated catalysis when describing the EtPy
hydrogenation andhow that the reactionith CD adledhasa faster rate as CD is involved in
the reaction mechanis#.Another reason for the rate enhancement put forward is that CD
reduces the catalyst @etivation The catalyst deactivation comes from-pyoducts from the
EtPy reaction or decompositipnoducts from EtPy adsorbing to the surface of the catalyst and
taking up the active site3here have been different reports published on why the catalyst

deactivation and ligand origin theory happens.

Jenkinset al report that the reason CD gives a rate enhancement is due to its
suppression of side reactions of the EtPy (pyruvate dimerization/ polymerization). These side
reaction products go oto adsorb to the Pt surface and stop the substrate from adsorbing
therdore deactivating the catalysthey came to this conclusion as scanning tunnelling
microscopy has shown that the EtPy polymerise at the platinum surface. Furthermore, they
found thatquinuclidine QD) increased the chiral product when added with CD. Ty
believe means that the QD helps inhibit the EtBy polymerizing and freeing up more active

sites on the cataly3f.

In support ofthe work ofJenkinset al, Toukoniitty et al. showed that the EtPgD
interactions resulted in ligand acceleraffdin this paper they showed for the first time that a
high ee can be achieved (87%) without a ligand acceleration effect. However, they also
hypothesised that the EtPy could deactivate the catalyst via decomposition or side reactions of
EtPysuch amligomerisation. They make mention in this paper that the exact reactions causing
the catalyst deactivation is not known. The catalyst deactivated quicker at higher reactant

concentrations of the unmodified reaction. They show that at low EP concentrationgahere
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no difference in the rate between the unmodified reaction and the modified reaction which
provided evidence that the ligand acceleration is due to their catalyst deactivation theory as
most of the reactions reported had used high levels of EtPy. dmrethison that supports their
catalyst deactivation theory is that they tried much lower catalyst amounts with a constant
[CD]; at lower [EPy] the racemic reaction was reported to be faster than the enantioselective
reaction presumably due to the CD strongly adsorbing onto the sites and blocking some of the
active sites. So, they report at highetHy that addition of CD reduced or preventis
deactivation as it adsorbed onto the catalyst surface sites thus preventing the EtPy molecules
from deactivatingt via sidereactions. Specifically, Toukoniitgt al.reported that CD caused

the rate enhancement due to it suppressing side reacfi&tByg although the sideeactions

were not describe®f Attenuated total reflectan¢ATR)i infrared spectroscop§fR) was also

used to show that EtPy decomposedifites faster when CD was absémtther suggesting

that CDsuppression of degradation aspotential reason for the rate enhancement. It was
mentioned that when the EtPy decomposed CO fragments were left on the Pt catalyst. The side
reactions for the EtPy could be aldgpe polymerisationsimilar to the findings oBonelloet

al. for methylpyruvatethathydrogen starvation on the surface of the Pt catalysts could lead to
polymerization ofmethyl pyruvateln contrast tolroukoniitty et al. manypublications say that

this is an intrinsic part of the reaction mechanism of the substradiéfier interaction39:40:41.42

However, Meier et al. suggest that the rate enhancement is not due to catalyst
deactivation in contrast to Toukoniitgt al. They found that catalyst deactivatiaoes not
occur under gmropriate conditions (15 bar ofHbressure, 20°C and acetic acid) in the
unmodified reactiofi® They used acetic acid to minimise side reactions and also to avoid
catalyst deactivation. Acetic acid was used because it had been previously reported that acetic
acid preventghe alumina of the catalyst frooatalysingetPy degradation by adsorbing onto

the alumind?
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In addition, it was reported that amine modifieesalysethe EtPy decomposition (by
aldol condensation) when in toluene but not in acetic 4tid.this papefFerri et al.go one
step further to say that hydrogen transport limitatiorthie system leads to a lower surface
hydrogen concentration and then a lower enantioselectivity. Hydrogen transport limitations can
be reduced by increasing the hydrogen pressure. CD, CN and qui(fitjnee 19) were
compared and the order of superipiit terms of ee and rate enhancement was found to be CD
> CN > quinidine. They attribute this to adsorption strengths as the quinoline moiety is much
more effective than the methoxy quinoline moiety. They were able to calculate the adsorption
strengths othe modifiers by switching the major enantiomer of the product by changing the
modifier. This provided information on the adsorption strength and the geometry of the

modifier 43

cinchonidine cinchonine quinidine

Figurel1.9: Comparison of the molecular structures of CD, CN and quinidine.

1.8 Alternative models

Another model for the rate enhancement put forward from Margité&hal. is the
shielding effect model which involves an interaction between molecules of EtPy and CD in the
liquid phasé®They st at'e stthaecrkei nigs b'et ween t he ester

moiety and there is an interaction with the quinuclidine nitrogen and the keto group. The
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unshielded part of this complex is where the hydrogenation occurs; the shieldedvaiced
the EtPy interacts with platinum surfafleigure 110). They based this model off of NMR

results they previously had obtained but also molecular modéfling.

ETPY

<«——— Quinoline moiety

Figure1.10: Margitfalvi et al.shielding model. The left image is the CD in its closed
conformer. The right image is the closgmtformer with EtPyBlue @) circle: nitrogen, grey

@)circle: carbon, white() ) circle: hydrogen and ged ( ) circle: oxygen.

It wasreportedby Baiker et al.that forming a closed complex CD and EtPy complex
is not a prerequisite to chiral inducti@s using cinchonidine in its open 3 conforrgares
similar enantiodifferentiatioproviding evidence thdahe conformers do not make a difference

in this reaction which suggedtsatMa r gi t f al \nacéusat¢mode |l i s

Another model was put forward by Augustieeal. and studied computationally by
Vayner et al suggests thaihe CD and the EtPy form a strong covalent bond (Figui®)
forming a zwitterionic adduct which adsorbs to the platinum and then is reduced via inversion.
An ethyl pyruvate molecule is covalently bondedhe nitrogen from the quinuclidine moiety,
which has a positive charge, to the carbon in the carbonyl group. They proposed this model as
amines are likely to undergo nucleophilic attack with the carbonyl group. In this model

G.Vayneret al.state thathe adduct is stabilized by hydrogen bonding in acidic media. The C
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N bond is said to then go through hydrogenolysis with inversion of configufititmwever,
this is wunlikely as the highest achietved
section numbet.8) which would mean the quinuclidine moiety of the CD would be protonated

and therefore would not be able to form a covalent bond with the £tPy

Figurel.11: Thezwitterionic adductodel proposed by Augustire al. Atoms: grey:

carbon; white: hydrogen; red: oxygen; blue: nitrogen.

1.9 Previous EtPy hydrogenation studies

There have been many studies completed on the EtPy hydrogemrsaionwhere
each one has attempted to look at the readtiom a different perspective. Some of the

completed studies are described in this section

Following on from rate investigation8lackmond et al. showed that product

distribution was altereldy bulk diffusion limitationsi.e.,thetransport of Hwas limitedfrom
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the gas phase to the liquid phaskey mention thabulk mass transfer limitation suppressed

production of théR-enantiomebut do not state why

Lou et al.investigateda newPt/3DC(3D carbon)catalyst(5 pmol) for EtPy (0.2 mL)
hydrogenationwith CD (4 mg) as the modifierin varioussolvens (1.6 mL). The Pt on this
catalyst was ordered on a 3D mesoporous struclure reaction was carried out iistainless
steel autoclave at room temperature and with 5 MPa gf Hey achieved high
enantioselectivities in the hydrogenation of ethyl aradhyl pyruxatewhich couldbe obtained
in solvents with dielectric constants between 2 and 10. The prepared catalyst Pt/3DC afforded
high catalytic performance after chiral modification of Cable 1.1) Much better catalytic
activity, with a high TORturnover fregiency) of 11800 h!, was achieved compared with €D
modified Pt/C andPt / A0z catalysts. The Pt/3DC catalyst was more stable and durable than

Pt / Al,Os under the reaction conditions uséd.

Table 11 The results ofEtPy hydrogenatiorat 5 minutes ovePt#3DC
catalyst®
Catalyst Solvent Conv (%) ee(%)
1 Pt/3DC Acetic acid | 100 79.5
2 Pt/3DC Toluene 99.4 40.5
3 Pt/3DC Ethanol 83.5 37.9
4 Pt/C Acetic acid | 41.1 48.1
5 Pt/ Al203 Acetic acid | 89.0 84

Guanet al. used carbon nanotubes (CNT) as the support. The CNTs act as-a nano
reactor where they enrich the molecules inside the channels but also stabilize the chemical state

of the Pt in the higher oxidation state*(tThis was shown by XPThis is importahas the
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more electrophilic Pt species promotes the interaction between the chiral modifier/ reactant
with the platinum nanoparticles. They found that highly oxidized Pt species are stabilized
inside the channels of CNTs when Na+ is present. The Pt atside the channels also had a
stronger adsorption to hydrogen which also improved the enantioselectiigy. Pt
nanoparticles encapsulated in the channels are denoted by (in) and the Pt nanopatrticles outside

of the channels are denoted by (ctit).

Table1.2 Conversions and eedim Guanet al.>?

Catalyst Conversion (%) ee (%)
PUCNT (in) 95 95
Pt/CNT (out) 95 75
PUCNT (inHy) 56 60

The stateof-the-art currently for the EtPy hydrogenation reaction is 0.88 mol of
modifier to mol of Pt ratio, acetic acid as solvent, 100 bar of hydrogen pressureP8j461
substrate of EtPy to platinum 5 W& Pt/ Al,Os. This method was developed Biaseret al*°
It has been reported that the best catalyst i9@P/ Al.Os which has low dispersion and a

large pore volume.
Following on from this work Blaseat al. performedhreeseries of experiments:

1. Catalysts wt % Pt on alumind4759 was used in ethanol; 2 mg of CD, 20 bar;
2. Thesecond series was conducted in toluene with the same catal{§t,/0g, 20 bar;

3. Acetic acidwas used witltatalyst 5R94, 650 mg MeOHCd, 100 bar.
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They found increasing thmodifier concentration at low concentrations increased the yield but
at higher modifier concentrations the pattern chdngkee yieldof R-lactatestaredto decrease

after 2mmol/ litre.

It wasfound that if more tha@ mmol/ litre of modifier was addegthe reaction rate
and ee would decrease. This implies that too much of the modifier would take up all the active
sites on the platinum therefore poisoning the reaction. They found a linear relationship between
the amount of modifier anthe degree of modification und2rmmol/ litre of modifier. The
line deviated and no longer showed a linear relationship at gteate2 mmol/ litre. This
assumd that only modified sitesauld induce chirality Blaseret al.then went on to conclude
that if the modifier beame chiral when adsorbed onto the platinum the reactmudcbe
performedenantioselectivityHowever this only worledfor a certain number of reactions due
to the high substrate specificity of the catalsdit was suggested that it could orfigppen

with U-keto-esters?

Blaseret al showedthat he modified reaction was approximatelyi280 times faster
than the unmodified reaction. A significant increase of the enantiomeric axasssoticed
from 1 to 40 bar. On a chiral site, the rate determining step (RDS) to the major enantésmer
proposed to be the addition of the second hydrogkeareas the RDS for the minor enantiomer
remaired the first H additionFor the unmodified site they theorize that there is competitive
adsorption between the hydrogen and the EtPy and the addition of the first hydrogen is the rate

determining step®

When using cinchona alkaloidsas modifiers, high ee and rate enhancements in
hydr og e n-ketoestershave beedgerf Thereis still no definitive explanatiorf why
thisoccursand a few theories have been put forwaredolainthis. Early work gave different

explanations to why this rate enhancement occuethy! pyruvate EtPy) is activated by
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quinuclidine, there is more H coveragen the modified calyst than on the unmodfied
catalystsand the quinoline moiety adsorbing on the platinum givas electronic interaction

This was found by using a-HD» exchange experiment to vary the surface coverage of the
hydrogenAll three of these effects givanenhancd rate of the reactiolBondet al. ordered

the significance of these effects as the first being the most significant and the last being the

least®3

Jenkinset al. describe the rate enhancement inrtherk as a reaction occurring at a
normal rate at an enhanced number of sites rather than due to an enhanatd natenal
number of sitesThey did this by blocking step or terrace sugth inert adatoms and observing
the chiral performance of themaining surfaceThey found that when addirfgismuth,the
step sites were blockenhd therefore the ee decreased implying that the step sites are the most
important for enantioselective hydrogenatidhey also found that the most important sites for
increasing the rate of reaction were the terrace sité® steps (F111)x(111) and
Pt(100)%(111)) and terraces (Pt00) and P¢111)) of a 5% Pt/ graphite were used and these

terraces and steps were identified using cyclic voltamniétry.

FurthermoreJenkinset al.describedwo types of adduct formed semiketal formed
by the reaction of the product and the substrael a dimer of the substrate formed in a
dimerization reactionfor this explanationthe enol and the keto forms of the substreges

formed®’

Minder et al. investigated thé&tPy hydrogenation in supercritical fluid (ethane and
CQOy) and gave a different insight into the reaction. In supercritical ethane the reaction time was
reduced by 3.5 comparedttee reaction irtoluene without any loss of enantioseleityi. An

advantage of using supercritical fluids is that the enantioselectivity remains high even at high
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catalyst/reactant ratio. They also observed a catalyst deactivation in supercritical carbon

dioxide. The CQwas reduced on the platinyas indicatedby FT-IR spectroscopy*

Xin You et al.used aigh-pressureeaction system and fixdaed reactor and compared
this reactor to the usual batch reactdre katch reactoresulted in an ee &0 % and thdixed-
bed reactoresulted in an ee &0 %. They believd this wasdue to the adsorbedD being
removed from the surface of the platinum over time ucddainuousconditions. They found
that a side reaction of the polymerizationEdPy decrease under high pressure. The&yso
found that the presence of a solvemtld alleviate the competitive adsorption of hydrogen and
substrate. Like Mindest al.they found that C@and GHes improved the reaction greatly giving
it higher activityat first butover timethe CO, causeddeactivationof the catalysby the
adsorbed CO and carbonate speeird the GHs removed the CD from the surface over

time 54,55

Margitfalvi et al. describs reaction agwo parallel reactiongacemic hydrogenation
resulting inR- andS- product in equal amount and enantioselective hydrogenation to produce
only one of thewo enantiomersTheir findingssuggestedhatCD acceleraté the reaction to
synthesise th&-enantiomer buimportantly itdeceleratd the S enantiomerthis wasa new
observationHowever, theydid notreportthe exact nature of the rate acceleration and the rate
deceleration. Margitfalvet al. suggestethe acceleratiowas not due tthe suppression of the
poisoning effect of CO or oligomers BtPYy:. It is interesting to note that they also tried achiral
tertiary aminesvith CD and they found a strong acceleration effelsich they attribute to the
ATAs preventig cinchonidine forminga dimer and also to stop the quinoline on the

cinchonidine ring being hydrogenat®d

Toukoniitty etal. investigated the use of dissolved oxygen. In their investigation they

added trace amounts of oxygen which increased the overadindiiee ee. In batch reactats
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is suggestedhat the rate deceleratias due to thepresenceof side reactiongesultirg in
catalystdeactivation The side reactiorarepolymerization an@&tPydecomposition. They say
the rate enhancement could be attributerethuction incatalyst deactivation effects and not
associated with intrinsic kinetics of the reaction. Taggibute the rate acceleration because of
the oxidative removal of the CO surface impuritigsoxidizing the molecule to GOThe CO
comes from the decomposition of the EtPlie EtPy decomposition has besdrownto take

place at the surface using IR &sés >’

Ma et al.looked at different dissolved gasand their effect on the adsorption©D
via anIR study. Ar, N, Oy, air or CQ donotenhance the adsorption@D. The only gas they
investigatedthat increased the adsorptioh CD was hydrogenas they reported thabhe H
removed CO which freed wgitesfor the CD to adsorb. They found£&lso removes CO from
the surface but does not increase the adsorpti@DofThey mention CO is a strong inhibitor

of the EtPyhydrogenation because it stadpB adsorbing onto the platinum surfae.

As the modifier mediatedEtPy mechanisnof rate enhancemerias not been fully
understood there is room for more investigation to see if this mechanism daettée
understood. In this project thmechanism of rate enhancement using a modified Pt catalyst
was explored foEtPy with different malifiers, both experimentallyand computationally to

gain insight into the reaction mechanism

1.10 Conformers of CD

Elevendifferent conformations of CD and Ohave been identified closed, 2 closed,
3 open, 4 open, 5 open, 6 open, 7 closEpehn, 9 open, 10 open, 11 open (Figui).>® The
conformers are said to be open if the nitrogen on the quinuclidine moiety is pointing away from

the quinoline ring whereas the closed conformers are pointing towards the quinoline moiety.

34



These conformabtns were found using NOESDFT analysis. They investigated different
temperaturenduced changes of the conformational populations using this type of anklysis.

this work they also state that the most stable conformer is opéh (3)

closed(2) open(3)
closed(1) (
<
C C
open (4) open (5)
open (6)
¢
¢ C
closed (7) open (8)
open (9)
¢ - ¢
open (10)
open (11)
o (%

Figurel.12: Elevendifferent conformers of cinchonidine. Their conformers were made in this
project computationally and were adapted from A. Bagker s wdrk&® Top left tobottom
right: closed(1), closed(2), open(3), open (4), open (5), open (6), closed (7), of@nopen

(9), open (10), open (11)
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Ab initio calculations show that the conformation that is mostly used by the CD in
apolar solvents is the open 3 conforniwever, using polar solvents the closed 1 and closed
2 conformers are greatly stabilized widtgards to open 3. At room temperature it was found

that just over 50 % of the conformers were cld¥ed.

1.11 Ethyl pyruvate hydrogenation usingPt Colloids

EtPyhydrogenation using colloids rather than the conventional supported catalysts
been reportef526364There has beesignificantprogressvhere reports suggestat colloids
gavea very similarreactionrate and ee compared to that of the conveatlp supported

catalysts.

Jochenet al.investigatedtPyhydrogenatiomvercolloidal catalysts oplatinum sols.
When they added HG@Ind then removed HCI via dialyslseyobtainedvery high ratesf EtPy
hydrogenationhigher than the reactions without H@\. this paper, they show that when the
acidity of the colloidal system is reduced the rate and ee incredsexyy olloids is
advantageus as they have the beneéif not showing the effects often seen wstlppoted
catalyst$? This can behelpful as usuallyfor supported catalysts there is a competition for
modifier molecules between the metal sites and the support surfeeeolloids were made
so that the nanoparticles were highly dispersed in the stabibgiegt, polyvinylpyrrolidone

This was also measured by a hydrogen uptake md#itor.

Collier et al.completed reactions on the EtPy hydrogenation using Pt colloids with CD
and they found an increase in rate of&8 These rates were measured from the hydrogen
uptake monitof?In this study Pt (2.3 ni2.8 nm) and Pd (2.7 na3.8 nm) solvenstabilised
nanoparticles were investigated for EtPy hydrogenation. These reactions were compared to the

conventional supported catalysts (5 wt.% Pt on alumina). They exhibited parallel rates and
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enantioselective excess was also observed in the ethyl lactate rdaetamfound that the Pd
nanoparticles resulted in a reversal of the sense of the enantioselectivity in the ethyl lactate.
For the Pt nanopatrticles the rate and enantiomeric excess were the same as the conventionally

supported platinum cataly&t.

Kohler et al. undertookhydrogenation oEtPy using Pt colloids stabilized in ethanol
with poly(vinylpyrrolidone).lt was found that the stabilizer adsodito the particle surface
which provides a steric barrier to interparticle collisi@thoughthe surface areas of the
catalytic particles might be reducéthey compareé a traditional P{ Alumina catalyst with a
colloidal catalystand found that for the colloidal system the enantiomeric excess and the
reaction rate wrelower than the traditionadystem.They measured these rates by using a

hydrogen pressure monit®t.

In another studyPt (2.3 nm- 2.8 nm) and Pd (2.7 nm 3.8 nm)solventstabilised
nanoparticls were investigated fdetPyhydrogenation. These reactions were compared to the
conventional supported catalygswt. % Pt on alumina They exhibiéd parallel rats and
enantioselective excesms also observad the ethyl lactateeaction It was foundhat the Pd
nanoparticles resdt in a reversal of the sense of the enantioselectivity in the ethyl lactate.
For the Pt nanoparticles the rate and enantiomeric ewa¥ssthe same as the conventidbyal

supported platinum cataly%t.

1.12 Other modifiers used in theEtPy reaction

Other modifiers have been investigated to better understand wigpPHiPy system
gives a rate enhancemeamtdto see if any modifiersan enhance this rate furth&tinder et
al. used R)-2-(1-pyrrodidnyl)1-(1-napthyl)ethanol(Figure 1.13) in acetic acid using the

reaction conditions-10 bar of H pressure at-25 °C. At low hydrogen pressure it wiasind
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thatthere wasenantiadifferentiation of the modifier. They suggest that there could be a rate
enhancement in the acetic adide tobasecatalysis of carbonyl reduction. They attribute the
rate acceleration tbasecatalysis of the carbonyl reductiamd sippression of side agtions

e. g. polymerisation ofEtPyand interactions between the modifier as a ligand (when adsorbed

onto the catalyst surface) and the reacfdnt

Schurchet al®® noted that to have an efficient chiral modifier a basic, secondary and
tertiary N atom and an adsorptive anchoring of the complex on Pt were advantageous. They
synthesised -19-anthracenyh2-(1-pyrrolidyinyl)ethanol and (R)-2-(1-pyrrodidnyl)1-(1-
napthy)ethanol(Figure 113). They obtained an ee of & which is 12 x higher than the
naphthalene derivative of this modifier. The modifier was found to have a higher stability
against sethydrogenation compared to that of the naphthalene derivative. Th&tjtsietol the
9-anthracenyl group of the previous modifier with driptycenyl moiety. This led to a
complete loss of enantidifferentiation. This suggested themthat an extended flat aromatic

ring system is needed -ketaesteeyydragenatienf f i ci ent mod

Figure 1.13: The structure of K)-2-(1-pyrrodidnyl}1-(1-napthyl)ethanol 1éft), of 1-(9-

anthracenyh2-(1-pyrrolidyinyl)ethanol (ight)

The mdifier 1-(9-anthracenyh2-(1-pyrrolidyinyl)ethanol gave a rate acceleration and
the ee was higher thdor the 1-(naphthalerl-yl)-2-(pyrrolidin-1-yl)ethan1-ol. When they

increased the pressure from-100 barthe rate increased but the ee stithe same. For the
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other molecule when the pressure went higher thamat@he performance was poor due to
partial hydrogenatiorhe modifier 1(9-anthracenyh2-(1-pyrrolidyinyl)ethanol was found to

have a rate enhancement and ee similar to that of the cinchona alf&loids.

Blaseret al.found thata modifier, O-methy}10,1tdihydrocinchonidine(Figurel.14)
gave a high ee 033 at 10 bay this is more efficient thal€D or 1l-dihydrocinchonidine.

However, they dichot compare rates to the unmodified reaction andXDCN reactions®®

Figurel.14: Structure ofO-methyt10,1tdihydrocinchonidine

O-methyt10,1%dihydrocinchonidinavas found to be thibest modifieywith 93 % ee
in all of the solventswhich were toluengcetic acid AcOH) andethanol EtOH).%” They also
report that a basic nitrogemoietyclose to a stereogenic centre that is connected to an aromatic
ring areneeded to give an e€hey found tha€CD and quinine derivatives give higher ees than
the CN and quinidine families. When a methoxy group was added to the quimatirey a
lower enantioselectivityvas observed When aetic acidwas used as a solvetiite best ee
valueswere obtainedSubstituents of OH or OMe at G8ereoptimal and larger subsiients
on the Qatom increased optical induction.Other substituentsled to lower

enantioselectivitie&®
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New modifiers were synthesised fromtilyptophan. §-3-(1-methytindolyl-3-yl)-2-
methylaminepropanl-ol (Figure 1.5) was the most efficient modifier which gave an ee of
43 % using toluene at 1 bar of pressure and 273K. Raising th@ddsure decreased the
enantioselectivity. This was explained by weatasistance of the indolyl to hydrogenation
which gave lower ees hEy found that, similar to the quinoline moiety for cinchonas alkaloids,
the indolyl moiety of ktryptophan modifiers was the aromatic system that adsorbed onto the

platinum surface®’

OH
”/
N
N
\

Figurel.15: Sructure (S)3-(1-methykindolyl-3-yl)-2-methylaminepropanl-ol

Heinz et al. found thatamines can be used to give enantiomeric exaeshis
hydrogenation reactiorThe amines make an imine with tB&Py and thenproceedto form
ethyl lactate The rate is also enhanced but less than when theyQiz@andCN. They found

this modifier (Figurel.16) gave better eeds anfdd®§ave a rat e

HoN

Figurel.16: The gructure of §-1-(naphthalerl-yl)ethanl-amine
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Wanget al.found thatCD was better at higher pressures as the naphthalene ring can be
hydrogenated. The @esalways lower when the modifigrashydrogenateth their reactions.
(R)-2-(pyrrolidin-1-yl)-1-(quinolin-4-yl)ethan1-ol gave a better ee at higher pressures than
(R)-1-(naphthalerl-yl)-2-(pyrrolidin-1-yl)ethan1-ol. At lower pressures the quinoline
derivative (Figure 1.7) is inferior for ee.For the R)-1-(naphthalefil-yl)-2-(pyrrolidin-1-
ylethanl-ol modifier they found that the influence dhe modifier concenttion was
significant regarding the rate of the reaction as at lower concentration there was a rate

enhancement but not at higher concentraiion

oV eh®

Figure 1.17: The gructures of(R)-2-(pyrrolidin-1-yl)-1-(quinolin-4-yl)etharr1-ol (left) and

(R)-1-(naphthalerl-yl)-2-(pyrrolidin-1-yl)ethan 1-ol (right).

SolladiéCavallo et al. showed that the ee using both modifiers, naphthilen
yl(piperidin-2-yl)methanol and anthracehyl(piperidin-2-yl)methanol (Figure 118) were
lower than that of CDThey showed this by finding the ees using a chiral colutowvever,

the reaction rateseave not reported in this pap@r.
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Figure1.18 The dructures of two modifiersA- naphthalerl-yl(piperidin-2-yl)methanol, B

A A
Arﬁ
H

anthracer-yl(piperidin-2-yl)methanof®

Bartoket al.used the modifiers quinidine angdinine (Figure 1.9) which gave similar
ee values as CD and CN. A hydrogen consumption graph plotted against time in this paper

implies a rate enhancement compared to the unmodified reaction but did not give any*values

quinidine quinine

Figurel.19: Structure ofquinidine (left) andjuinine (right)

Under mild conditions of millipascals (mPa) % prressure at 273K,-gropanol on
Pt/SIQ, Ruggeraet al.found that the rate of th&¢(+)-1-aminoindarmodified reaction (7.35)
gave a comparable rate to CD (7.989-(*)-1-indanol (which isS-(+)-aminoindan(Figure
1.20) with a hydroxy group attached adjacent to the: gkbup) gave a racemic mixture and

noee’?
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Figurel.20: Structure ofS-(+)-aminoindan

(S)proline 2(2-napthyl}ethyl ester (Figure 112 gave a5 % enantiomeric excess
which was much lower than the ee given by CD¥898t was the highest ee given by a set of
proline esters tested in the hydrogenation by Sapas. They make no mention of rate values

in this paper?

[~
O T
H
Figurel.21: The gructure of(S)-proline 2(2-napthyl}ethyl ester

1.13 Summary of published results using different modifiers

A summary of the published results using different modifiers is shown in Table 1.3. In
conclusion previous studies show that in order to maximise the ee and rate enhanitemment
main components needed in the modifier include a moiety that can adsclstofdce of the
catalyst usually an aromatic group and a basic nitrogen which stabilizes thgdraljenated

Et Py mol eculketodser). anot her U
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Tablel1l.3A summary of published results usinifferent modifiers

Modifier Solvent Temperature| H, pressure | Rate ee
Name Structure /°C / bar enhancement | /%
(R)-2-(1-pyrrodidnyl)}1-(1- OO Acetic acid | 0-25 1-10 7
napthyl)ethanol
HO
O
1-(9-anthracenyh2-(1- OO‘ Acetic acid | 10 10-100 20-21 87%
pyrrolidyinyl)ethanol
HO
O
1-(naphthalefi-yl)-2- OO Acetic acid | 10 10-100 7-8 68%
(pyrrolidin-1-yl)ethar1-ol
HO
O
H2N Aceticacid |9 8 6 82%
(9-1-(naphthalerl-yl)ethar OO
l-amine
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O-methyt10,1% Acetic acid | RT 100 23.75 93%
dihydrocinchonidine
(S)3-(1-methytindolyl-3-yl)- OH Toluene 0 1 4 43%
2-methylaminepropanl-ol N N
N
\
(R)-2-(pyrrolidin-1-yl)-1- HO NQ Acetic acid | 25 1 N/A 75%
(quinolin-4-yl)ethan1-ol ©\:%\
N/
(R)-1-(naphthalert-yl)-2- HO NQ Acetic acid | 25 1 N/A 66 %
(pyrrolidin-1-yl)ethan1-ol
A= naphthalerl-yl(piperidin- Aceticacid | RT A= 40 N/A A=72%
2-yl)methanol B= 40 B=47%
Ar\[/@
N
OH .
B= anthracer®-yl(piperidin-2-
yl)methanol A Ar=
B Ar= OOO
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Quinidine

Acetic acid

RT

N/A (rate
enhancement bu
no values

reported)

81%

Quinine

Acetic acid

RT

N/A (rate
enhancement bu
no values

reported)

85%

S-(+)-1-aminoindan

2-propanol

10

2.2

63 %

(S)-proline 2(2-napthyl}ethyl

MeOH

25

50

N/A

23%

Footnotesrate enhancement is the rate of the modified reaction oventhedified reacbn
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Other molecules thato nothave all three ofrtesecomponents have been reported to
give a rate enhancement in ti#PyCD hydrogenation e. g. quinuclidine QD), 1,4
diazabicyclo[2.2.2]octane DABCO) and 3-quinuclidinol (QL) in a Ptcinchona systerff-’
QD has also been reported to give a rate enhancement where there is no CD*piidsess
three moleculeslo not containan aromatic ring tadsorbto the surface of the catalyst
However,it was foundusing theoretical calculations completed in this projeat they are
able toadsorbto the surfaceEach of these compounds still contagnbasic nitrogen that can
stabilize the hathydrogenatedtPyreactantFrom the computational anagerimental work
in this project it was therefore concluded thia¢ most important component is the basic
nitrogen.However the rate enhancement is less significant using these achiral tertiary amines.
These studies show that there is the possibility of different modifiers giving rate enhancements

in the ETPY hydrogenation.

1.14 Different reactants that experiencerate enhancement

Ketopantolactone andBF (Figure1.22) hydrogenation reactionsere compared’’
using aPt / Al20s catalystand it wasfound that theMBF rate enhancement was more
significant than th&tPyhydrogenationThe reaction rate could be enhanced for hydrogenation
of ketopantolactonéut this was less significant thalBtPy hydrogenationlt was concludel
that the rate enhancement must be an intrinsic feature of the asymmetric hydrogenation of
alphaketo estersThe hydrogenation of ketopantolactone was also investigated by S&turch
al. and it was found that a high ee (%8 can be obtained using toluene and a 4Pt on
alumina catalyst if oxygen and wateem@removed duringpre-treatmentof the catalyst and

the hydrogenation reaction itsélf.
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Figure 1.22: Reaction schemes showing the hydrogenation of ketopantolactone (above) and

MBF (below)

Sharmeet al.compared a multi walled nanoparticle support with grapl@necarbon
nanotube(CNT), activated carborfAC) (Figure 1.3, Table 1.4. In this paper they were
investigating the hydrogenationmithyl pyruvate® The conditions used for the reaction were
Pt/C (300 mg), CD (40 mg, 0.13 mmol), acetic acid (15 mL, 23.7 mmol), methyl pyruvate (0.75

mL, 8.3 mmol). The reaction was carried out in a stairdéssl vessel under varying hydrogen

pressures.
o OH
Pt/Ac 5mole%, rt, H,
- O% >
le) (@)

Figurel.23: Reaction scheme showing the reduction of methyl pyruvate to metrgtielact
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Table1.4 Yield and e€ obtained using nanoparticle support with graphierte methyl
pyruvate hydrogenation

Entry Catalyst Yield (%) ee(%)

1 Pt/ AC 97 31

2 PU/G 87 91

3 PtICNT 75 89

4 Pt/MWNT 99 99

MWNTs (multi walled nanotubes)rovide high specific area, good electrical
conductivity and good thermal and chemical stability. They form a highly stable system that is
unreactive in many adicland basic media, which do not promote any side reacfltresate

of reactionincreaseds the pressure was increagéd.

Camposet al. found thatimmabilising a chiral inducer ol % platinum mesoporous
nanotubes produced interesting res(AfBhe chiral influencers werg T-1)l-trimethoxysily+
cinchonidine moieties which were created via surface anchorage. They investigated each
modifier in the hydrogenation of-ghenylpropand,2-dione (Figurel.24) finding that the
more they added the more the conversion increased basitae ee up until 1%. Increasing
beyond the optimal 15 %, the modifier worked as a poison and reduced the effectiveness of the
reaction. The conversions and eeds were take

the reactior®

Figurel.24: The hydrogenation of-phenylpropand.,2-dione
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Gzollosiet alused CD modified 8 Pd/ Al.Os and observed a siold rate increase
(87 49%) for the hydrogenation of itaconic acid (Figurg5). The ee ofhe itaconic acid also
increased from % to 32 %. (E)J-Phenyicinnamic acid on the other hand caused a decrease
in rate with addition of the benzylamine. However, the ee increased from O4dotGhe (E)
Uphenytcinnamic acid. This work was differefiom other publications discussed as the

alkene bond was hydrogenated rather than a carbonyl &toup.

0
0
HO
OH HO
. OH
o]
0]

Figure1.25: Hydrogenation oftaconicacid

EBF has also been showm give a slight rate enhancement using CD (Maetial).
They used a FtAl O3 catalyst with toluene as the solvent to afford an ee &b 85igure 126)
in a semibatch reactorThe maximum rate enhancement wa$/@éore than the unmodified
reaction. When more of the modifier was added after the optimum it decreased and the rate
decreased to a lower level than the unmodified reaction after more addition of modifier. They

do not mention why this may be the cd8e.

Figurel.26: EBF hydrogenation
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Ethyl trifluoropyruvate hydrogenation (Figure¥) was carried out using CD modifier
and afforded a poor ee of 5

%: the rate is not mentiondédwever. In this reaction PAI.Oz and toluene was usédl.

O OH

F%(O\/ FWO\/
F - F
F O F

@)

Figurel.27. Hydrogenation of ethyl trifluouropyruvate

In conclusionjn addition toEtPy, otherU-keto esters such asethyl pyruvateMBF,
ketopantolactoneitanoic acid, iphenylpropand.,2-dione andEBF haveall been used as
substratesogether withCD asa modifier all have shown a rate enhanoent inprevious
studies As all of these molecules have shown rate enhancements it dbowse possibility
that this Picinchona system coulgotentially give rate enhancements on molecules énat

similar in structure to 2y but havenot been reported.

1.15Reactors

There are manyypes of reactors that are used fmmogeneousnd heterogeneous

catalysis.These include continuous reactors, semi batch and batch reactors.

1.15.1 The continuous reactor
In the continuous reactor tiheactantare fedthroughonepoint and the products come
out at anotheiexample of continuous reactrefluidised bed and fixed bed reacipas well

as slurry reactors.
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1.15.1.1Fixed bed reactors
It is the simplest type of reactor and is available in many sizes facilitating laboratory
scale, pilotplant scale, or commercial scale reactions. The cataly$iteeth bed reactorare
in the form of pelletsvhich are placeth a tubewhich the reactantlows through reacting to
form the productHowever,there can be problems with small surface areas of the catalyst

particles inside the react®y.

1.15.1.2 Fluidised bed reactor

Fluidised bed reactsare like fixed bed reactors except ttagalyss are very fine and
the gaseous reactantgassedver the catalysfThese fine particles are then carried with the
reactant forming a fluidThis ensures effective mixing of the catalyst which minimizes the
temperature gradients and offers a more enhanced mass and heat transfer. This overcomes some
of the problems of the fixed bed react&n applicationof thisis the oxychlorination of ethene

to chloroethene (vinyl chloridé}.

Fluidised bed reactors are used in a range of applications including the pyrolysis of
plastics. This application involves subjecting plastics to high temperatures of 400 to 500 °C

without any oxygen. This will thermallgecompose the plastic instead of burnirfg it.

1.15.2 Continuous stirred tank reactor

The continuous stirred tameactor has a stirreand the reactants are added and the
products are removed continuoushhe stirring ensures that everything is mixed perfectly
and that the mixture iBomogeneousContinuous stirred tank reacsosire usedn different
industries like chemical and environmental engineeriigamples includdermentation,

biogas production and wastewateratmenf®
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1.15.3 Trickle bed reactors

Trickle bed reactorsare used in the petrochemical, mineral, coal, waste and
pharmaceutical industries. The trickle bed reaalionws the downward movement of the liquid
reagent and the downward movement or upward (counter movement) of the gaseous reagent
over a catalyst bedThey offer several advantagéscluding thatthey are simplistic in
operation as there an@ moving parts or catalyst separation umheyalsoallow high catalyst
loadings and low costs. The disadvantages arétbgiare/ulnerable to liquid maldisbution,
there areintraparticle diffusion limitations and heat transfer rades poor externally and

between the particle$his is where a slurry reactor is better sufted.

1.154 Semibatch reactors

Semtibatch reactorare similar tdbatch reactors. Howevdhey have a modifiegart
which allows addition of reactants during the reactiime product can be removed through
creating a purge streaamd the selectivity can be improv&emibatch reactors are run on an

unsteadystate bas. They are usually a singitirred tank.

Batch andsemibatch reactors are usually liquid phase sinallscale. They cost less
per unitthan a stirringcontinuous tank reactor. It costs more however when the production is
scaled.The cost includgprotective measures, ngmoductive times when there has to be a
switch in batches and handling of the reaction like cleaning it, filling and emptyfhig ithis

project asemibatch reactor was used.
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1.15.5 Batch reactors

Batch reactorsire a closed systewhere there is no continuous flow of reactants and
products in and out of the reactor. They have many applications and are usgsiny and
pharmaceutical®’ They are simplistias they usually only have a tank and an agitator or stirrer.
The reasofatch reactors ao widely used is becausethéir versatility. They can carry out
reactions without breaking containmemthich is advantageougor toxic and potent

compoundsTheyare used in the treatment of wastew&ter.

1.15.5.1 Slurry Reactors

One example adibatch reactor is the slurry reactor. In a slurry reactor the solid catalyst
is suspendeth a closed system for a batch versiltirtanalsobe setup to accommodate flow
reactions The slurry reactocan be considerdtie usual substitute for trickleed reactors. A
slurry reactor allows good temperature control and stability as there gh déat capacity
which is very useful for exothermic reactions. Temperature conditions are uniform throughout
the reactor and heat transfer and heat recovery can be achieved. The diffusion resistance
between the particles is loasthe particles are smalAlso, as an added advantape tatalyst
can be easily replace8&lurry reactors can be used in the formation of ethylene glycol and

glycolic acid®

1.16 The components of the catalytic system

In this section the different parts the catalytic system adiscussed in terms of the

optimum components for th&tPyhydrogenation.
1.16.1 Catalyst

The best catalystvailablefor the EtPy hydrogenatiocommerciallyis 5 % Pt/ Al03

with low dispersion and a large pore volume. Weblal. showed metal particles <#m are
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less selective and also lower tharnover frequency(TOF). It was found that the
enantioselectivity did not change with the acidity or the supfd@ther supportsuch asSiOy,

TiO2 and CaC@can also be used but are mstoptimalas alumina in terms of yield and ee.

Catalysts witha lower dispersion were less selective and had a lower turnover fregifency.
Comparedto Pt,Irand Rdat al yst s wer e mtketdestér byslregermaton. e ct | Vv
There was also no rate acceleration in any of the hydrogenation reactions using these

catalysts’40

1.16.2 Solvent

There have been reports of matifferent solvents in the literature like toluene, EtOH
and acetic aci®® Many solvents are suitable for tH&tPy hydrogenation Solvents with a
dielectric constant betweenld give the highest optical selectivi/Acetic acidandtoluene
are the mostommonb ut al so tend to gi ve.Thelmeactidmatggh e st ¢

showed no correlation witkolventpolarity.

1.17 Side reactions ofEtPy

Like with manyreactions the EtPy hydrogenation has side reactions that can suppress
the rate and the ee of the primary reaction. It has been reported that oligomers formed from
EtPy can poison the catalyst. As well as EtPy dimerization (Fig@8, nther byproducts
include: semketal formation from the solvent and the substrate; s&tal formation of the
CD and substrate; transesterification to create methyl pyruvate and methyl lactate from EtPy
in methanol; formation of the byroducts from bgomers and modifier and hydrogenated

derivatives of CD%
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Figure1.28: Dimerization ofEtPy enhancedenantioselectivity inEtPy hydrogenatiordue to

competingenantioselectiveldol reactioncatalyzed bycinchonidine

1.18 Computational Analysis

As part of this thesis, there is an investigation into conformers of different modifiers to
provide insght into the mechanism of actiorRecently, there has beetonsiderable
development in the fieldf computational design of solid catalysBomputational methods
have been used screen for thelesignof new catalyst which can givéncreased activity and
catalysewith improved selectivity This is important becauseost clemicalscurrently are

synthesised through technologies based on cé&dfys

The essentiakasos as towhy finding new catalysts a prioritythrough screeningre
environmentaland sustainabilit)concerns There is a aed to find catalysts thare more
selective notexpensive and thatre made frommaterials that have an abundanceEamth
Some examples of catalysts that have been discoaesatsedn batterieshydrogen storage,

optical absorptiomandmolecules fohomogeneousatalysis

A key development of computbased catalyst design wdlat the method in
calculations for surface processesdleen greatly improved.heoretical calclations on the

interaction energies of molecules and atoms wig¢hal surfacesan be achieved together with
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trends in reactivity for transition meslTMs) and alloys® This can be investigatetirough

the basis oflensity functional theory (DFTalculations of reaction barriers, reaction energies
and theassociated entropie3hroughexperimendtion it has beeshownthat real catalyst
particles have well defined geometrical featur€omputational studies are usefidr
identification of characteristics because the activation energies for elementarg seafetions

are highly correlated with adsorption energies.

1.19 Previous studies on the ETPY hydrogenation using computational analysis
Theoretical calculations have been completed otRg hydrogenation previously:

1. In 1997 Margitfalviet al.used results found in computational studiesadd interactions
with the substratestPy, EBF, pantolactone and trifluoroacetophenone as evidence that
there are interactions in the liquid phase. In this work thegusd h e Iding dffece
model 6 the accur ac y(seesectiontlLil@hey used thd21&put ed
basis sets for their computational calculations. In this work they also fin@thaan
exist in nine different conformefs.

2. Martin et al. used Density functional theory calculations to study EBF adsorption on
Pt(111) andvereable to estimate the numibof adsorption sites needed. They estimate
thatEBF covers 8 12 Pt atomshrough their calculation¥

3. Baikeret al.reported the use @FT studieson CD adsorptioron Pt(100) and Pt(111)
surface. There was a much stronger adsorptio®€bfto the Pt(100) surface than the
Pt(111) surfaceTherefore, theyconcluded that the best catalytic surface for the
hydrogenation of ketones is the Pt(111) surface. The electronic structure was modelled

by meanf DFT.%8
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There has been work using computational studies to model other modifiers. &agker
minimised the energies of(R)-2-(1-pyrrolidinyl)-1-(1-naphthyl) ethanol, R)-2-(1-
pyrrolidinyl)-1-(2-naphthyl)ethanol,R)-2-(1- pyrrolidinyl)-1-[1-(8-methytnaphthyl)]ethanol
(Figure 129) and EtPy.They found the most stable conformationstfarsethree modifiers.
The theoretical calculations were made at the Harieek (HF) level with the Gaussian 98
program using the-81& basis set. They identify in this work that repulsion between the EtPy

molecule and the anchoring group is important to enantiodifferentf&tion.

» -

5 el

Figurel1.29: The synthetic modifiersR)-2-(1-pyrrolidinyl)-1-(1-naphthyl) ethanaol (left),
(R)-2-(1-pyrrolidinyl)-1-(2-naphthyl)ethano? (centre), andR)-2-(1- pyrrolidinyl)-1-[1-(8-

methyknaphthyl)]ethano8 (right)

M.Casellaet al. were studying someew modifiers using computational calculations.
These modifiers were (§})-1-aminoindan, (R T-Lyaminoindan, (1R,28(+)-cis-1- aminc
2-indanol, (1S,2R] T-cjs-1-amina2-indanol, (S)(+)- l-indanol and (R) T1-1}yindanol
(Figure 1.8). They optimisedhe structures formed between these modifiers and the EtPy.
They found that there is hydrogen bonding between the OH and thpdxtid on the (1R,2S)
-(+)-cis-1- amino-2-indanol and (1S,2R)( T-c)s-1-amino2-indanol modifiers. They found
due to their calglations that theOH group has a smaller proton affinity than tNéi> group.

They suggested that the ee can be predicted from computational calculations and in this

58



instance, they could predict the two modi

interactions’3

LB o

)-(+)-1-aminoindan (R)-(-)-1-aminoindan (1R,2S)-(+)-cis-1- amino-2-indanol (1S,2R)-(?)-cis-1-amino-2-indanol

ssjes

(S)-(+)- 1-indanol (R )-1-indanol

//O

Figure1.30: Structures of theynthetic modifiers:(S§+)-1-aminoindan, (R -1}
aminoindan, (1R,28(+)-cis-1- amino-2-indanol, (1S,2R] T-c)s-1-amina2-indanol, (S)(+)-

1-indanol and (R T-1}indanol.

1.20Summary

The EtPy hydrogenation using cinchona alkaloids has been studied extensively.

However, theeason for tarate enhancement has not been fully understlbdough several
theories of how the rate enhancement ocdwage been put forwardsone of them are
definitive. This makes room for more work to beonducted experimentally and

computationallyto see whythe rate enhancement occurs

There hae been many different modifiers used to sdach parts of the modifiers are

needed and from this the main components baes foundo be thebasic nitrogen, aromatic

moiety and hydroxy group. More reactions are needed to understand the difference in rates

when modifiers have all these components andalgive a rate enhancement and why some

modifiers only have one or twaf these components and they give a rate enhanceAiso;.

59

fi



the type of catalyst has a big effegth the 5% Pt on alumina catalyst ghg the best ee and

rate values.

The third chapterof this thesiswill focus on theCD and CN modifiers and the rate
enhancements that are obtained using these modifiers in tthe EIBF and EBF
hydrogenation®ver the unmodified reactiom the fourth chapter reactions usimgpdifiers
thatareanalogues gbarts ofcinchonidine wll be investigated in detail. The rate enhancements
will focus onthe substratestBy, MBF and EBF again over the unmodified reactidn the
fifth chapter results fothe other substrates that had similar structure$Ry, BIBF and EBF
will be descriled with all the modifiersin the sixth chapter the computational analysis
calculationsareshown. In this chapter calculations dimer formation, adsorption energies of

EtPy and workfunctions using the different modifiers are carried out.
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Chapter 2

Experimental

2.1 Introduction

The focus of this project was to gain a better understanding of why the rate enhancement
observed with the hydrogenation ethyl pyruvate EtPy) (Figure 2.1) over a modifiedPt
system is so pronounced. To facilitate ihvestigation into théydrogenation of EtPynd
otherrelatedsubstrategeactions were carried out usisgveradifferent modifiers. Chapter 3
describes experiments using different amounts of modifiers where the mol additive per mol of
Pt were compared with each other. Tather substrates were found to have significant rate
enhancements using the same modifiers in toluene and.004cetic acid; these weethyl
benzoylformate and methyl benzoylformaiEBF and MBR. Reports of the hydrogenation of
MBF and EBF have beestarcely reported and these novel results are described in Chapter
In addition to EtPy, a library of other substrates that have a similar structure to EtPy were tested
to see if rate enhancements could be observed. These included beta and gamreatdiketo
The results of experiments using these other substrates are described in Chideterebical
studies were also completed to try and obtain a greater understanding of the rate enhancement,

and these are reported in Chapter 6.

A hydrogen uptake mmtor was used to monitor the amount of hydrogen pressure (bar)
used up in the reaction once it was completed. Gas chromatod@@hwas used to measure
the conversion of reactant to product for the reactions. The reaction mixtures for the EtPy
hydrogen#éon usingcinchonidine CD), (R)-quinuclidinol (R)-QL) and3-quinuclidinol QL)
were analysedsing a GC with a chiral column to check the enantiomeric excesses. The catalyst

was characterized using powdeirdy diffraction (XRD), transmission electron microscopy
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(TEM), carbon monoxide chemisorptiof©@) and BrunauerEmmettTeller surface area
andysis BET). The 5% wt. onPt / Al2Oz was reduced prior to us®y heaing to 400 °C with
H> for four hours. Reactions were evaluated in a glass liner within a 50 mL stainless steel

autoclave.

0 o)
Ha
0 OH
Figure2.1 Reaction scheme of the EtPy hydrogenation

2.2 Materials

Typically, a commercially sourced 5 % Wt / Al.Oz catalyst (Sigma Aldrich) was
used in the hydrogenation of these substrdteis. catalyst was usddr every reaction except
for afew reactions | used with a % wt. Pt / Al20s catalyst.The modifiers used in these
reactions weraminoquinoline AQ (1)), quinuclidine QD (2)), 3-quinuclidinol QL (3)), (R)-
quinuclidinol (R)-QL (4)), cinchonidine CD (5)), cinchonine CN (6)) and DABCO (7)

(Figure2.2).
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Figure 2.2 Chemical structure of the modifiers used in this study. Key: AQ (1); QD (2); QL

(3): (R)-QL (4); CD (5); CN (6) and DABCO (7)

The naterials used as received were:

(98 %) EtPy (Sigma Aldrich +Alfa Aesar)

(95 %) EBF (Sigma Aldrich)

(98 %) MBF (Sigma Aldrich)

(98%) 1,1,%trifluoro-2,4-penatadione (Sigma Aldrich)
(999) Ac et ofpigmea Aldriche

(99%9) et hyl ®igeatAdrclget at e
(99%9) met hyl acetoacetate (Al fa Aesar)
(99%8) met hyl (Signaldrich) nat e
(998) Benz a®igma Aldrichip e

(9%) et hyl b GSigmaAiricld c et at e
( 9%) (Sigma Aldrich)

(98%) CN (Sigma Aldrich)

4-AQ (Sigma Aldrich)

(97 %) QD (Sigma Aldrich)

(98 %) QL (Alfa Aesar)

=4 =4 4 A4 A4 A4 A5 -4 A5 -5 -2 -5 -5 -2 -

66



(99 %) (R)QL (Sigma Aldrich)

(99 %) 1,4diazabicyclo[2.2.2]octane (DABCO) (Sigma Aldrich)
(99 %) R-Ethyl lactate (Sigma Aldrich)

S-Ethyl lactate (Sigma Aldrich)

Toluene (Sigma&ldrich)

Acetic acid (Sigma Aldrich)

o-alumina (Sigma Aldrich)

5% Pt on alumina (Sigma Aldrigh

5% Pt on aluminaJohnson Matthey

=4 =2 =4 A4 -4 A4 -5 -2 -2

2.3 General synthesis and preparation of the catalyst

The substrate (see Table 2.1 for the different substrates B$¢d.Os catalyst (0.25
g, 1.25 mmol) and toluene +acetic a(@D01M) (5 mL) solvents were added to a glass liner.
The modifiers of this reaction (see Table 2.1 for the different amaddtsd) were added also.
The glass liner was put into a 50 mL stainless steel autoclave and the system was purged three
times with 10 bar of hydrogen. The system was put under 20 bas aidHhe stirrer was
started at 1000 rpnThis stirring speed was oken as it was the same stirring speed used in
the literaturé. A hydrogen uptake monitor was used to observe how much hydrogen was taken
up by the reaction. The reaction was carried out at room temperature and the reactions were
left for one and a half hours or until the reaction went to complelibe. reactions wer
completed in batches for each substrate and modifier. For each substrate and modifier the
reactions would be completed within a week which limits the variability of room temperature.
Although, there was variability in room temperature as the room wealdup and cool down
throughout the dayOnce the reaction was completed the reaction mixture was filtered using
filter paper to remove the catalyst so that the reaction mixture could be analysed by GC to
check the ee and to make sure there was no startaterial or byproducts in the reaction

mixture.

67



Table 2.1 The substratessed and the amounts of eaced in the

reaction
Chemical structure Amount addedmmol)
EtPy o) 45
Ao
0
EBF 0 43
o™
o
MBF 0 41
O/
(0]
1,1,k trifluoro-2,4- @ o 45
F
pentadione F>":)J\/U\
Acetophenone @J\ 41
Ethyl acetoacetate o @ 45
A~
Methyl acetoacetate @ e 45
M-
Methyl levulinate Q 45
)Wo\
(0]
Benzalacetone @ 45
@/\)J\
Ethyl benzoylacetate Qe 41
©)J\/U\O/\
Ethyl tifluoropyruvate e 45
F
F (¢]
2,3-butandione o 45
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In Table2.1theamountof each of the substrates used in the reaction are shown. The
amountsvere loweredometimes so an accurate hydrogen uptake graph could be made. This
was because if there was too much substrate more hydrogen would be taken up in the reaction
than could be detected by the software that was being Tikedsoftware used was called

RaspbenyPii. The modifiers, and their quantities used, are shown in Table 2.2.

Table 2.2- Modifiersthat were investigateid the reactions

Chemical Amount addedmmol)

4-AQ 0.7, 1.4, 1.05, 0.35, 0.07

CD 4.25x10° -8.5 x10°

CN 0.0085 pmol

Quinuclidine 0.9, 0.45, 0.23, 0.67,
1.37,2.2,0.09

QL 0.024, 0.039, 0.063,
0.078, 0.16, 0.24

R-QL 0.078

DABCO 101, 202, 303, 150, 50,
10

2.4Equipment
2.4.1 Batch reactors

In this project a batch reactor was used for the hydrogenation readtieasdvantages
of a batch reactor includbatit is very reliable and robust is easy and simple to use and it
is versatile so you can use it for several types of reactions. The disadvantages include that it
can only create a limited quantity of theoguct and the purity can decline if you use it for

different reactions as it can be difficult to clean completely. Typical reactions that use the batch
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reactor include food processinpeverage processingpgharmaceutical formulations and

biotecology products manufacturing

2.4.2 Autoclave Reactor

In Figure 2.3 a schematic representation of the autoclave reactor that was tireed
reaction is shown. When the glass liner containing the reaction mixture was placed into the
autoclave thevalve on the left was opened to allow around 10 bahydrogen into the
autoclave to purge the system. Madve on the left was closed and thalve on the right was
opened to release the pressure and vent the hydrogen out of the system. This was repeated twice
more and then 20 bar of hydrogen was flashnto the system. The glass liner was placed in
the autoclave where there was an overhead impeller driven by a magnetic drive $hstem.
autoclave used in the reaction was from the Parr instrument company with the model number

4597 and had a maximum nested operating pressure at 70 bar and 350 °C.
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Hydrogen pressure

S

Left
Valve

Magnetic stirrer bar

.

Right
Valve

Vent

\

Where the glass
liner is put

Thermocouple

Figure 2.3 Schematic of ®arrinstrument stainless autoclavk glass liner was put in the

autoclave and the volume of reaction mixture goes above the stirrer bar and thermocouple.

2.4.3Hydrogen uptake monitor

The reactions were monitored by a hydroggtake monitoi(Figure 2.4).Hydrogen

uptake monitorsmeasurethe amount of hydrogen pressuiear) that is usedup in the

hydrogenation reaction.
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Figure2.4: Hydrogen uptake monitor

A schematic diagram of the hydrogen uptake monitor used to assess the performance
of each modifier and substrate @hapters &b is shownFigure 2.4. For each reaction the
hydrogen was fed through valve A to the gas reservoir which would hold approxiG@tey
of hydrogen. The hydrogen gas from the reservoir flowed from the gas reservoir through valve
B and to the pressure regulator. From here 20 bar of hydrogen was allowed to flow to the
autoclave (Figure 2.4). Before the reaction started valve A wassmo more hydrogen could
flow into the gas reservoir. Once the reaction had started the gas reservoir was monitored by
the pressure transducer and the drop in hydrogen pressure was detected by the Pi computer

programme software (Figure 2.5).
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Figure 25: Hydrogen uptake of the EtPy hydrogenation usingRB;act i on c¢(0a@i t i o
bar); RPt 1D, (Wt .2% mmol, 250 mg); EtP§. Q@5 mm

Macetic acid); CDThS.exgbmale|si 2r 5. mg)

In Figure 2.5 the hydrogen uptake graph is showihe software that analyses the
reaction shows the change in hydrogen pressure in the reactor and as more hydrogen is used
up in the reaction the higher the change in hydrogen preS§heesoftware takes records the
pressure every 30 secondtydrogen upake pressure is on theaxis and time (s) is on the x

axis

73



2.5 How the rate is calculated

2.5.1 Noise rejection

The data was affected by electrical noise on the pressure monitoring system which was
a major issue for some of the reactions. When idatinterference occurred, this caused the
data points to appear as outlierhich detracted from the trends in the pressure measurements
to which kinetic models was fitted (Figure 2.6). These outliers needed drcheled from
further analysisnd to @ this a SavitzkyGolay filte*was implemented in the SciPython
library* to obtain a trend line by fitting a moving polynomi@utlying datapoints were detedt
in the smoothed data and then automatically exclu2ie@ data points were collected over the
course of an experiment and the window for the running polynomial was chosen as 101 points
This would allow a % order polynomialo be fitted. This choice ofitting parameters was
found to produce a trend line which followed the main trend of the data and so provided a good
reference from which to reject outlier points. A tolerance of 0.5 units was chosen on the scale
shown in Figure 2.6, rejecting points thnare further from the Savitzk§olay trendline than

this reference.

74



a === svg fit b -=- svg fit
) o UM ) « DABCO
.
8 8 . e . -.. .:. a#.
L ” N Lot -
2 2 LR AR TR
c c * IV:\ . . ¢ * .
S5 6 S5 6 ware " '
.d _Q f' .
— = .
© (0 . ' .
= 4y . =~ 4 N
0} . 0 ) . B
= . * o e e o
..g . o v * ) . ..‘E :. .
o . . . o .— ,‘." LT o /
S 24 R A O S5 2 Joe
o LI M A . . o
T TRk T P
PRI T " o
et P . d
0 = T : . T T 0 T T T T T
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
time/s time/s
10 10
——- Initial Slope fit s ]
C) o d —-- Initial Slope fit
===~ kinetic model ) === kinetic model
¢ UM » DABCO
8 8
LT B S I o o v =l
2] 2 R oo ED et
c c Lot
S 6 = i
6 6 :,g,'-:
g g ;
@© @®© o
~ ~ V.13
o 4 o ! g‘{
- : e #
S . o ot -] S e
o ) .v’.g.,.-‘-ﬁn + o ‘A
3(\1 24 . e u," ’. M.. R ?\I 2 L
[J o
L w't '#%' L f?
a;_‘p;-‘"‘:’.{:‘ .
0 Ll 0
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
time/s time/s

Figure 2.6 H, uptake measurements using Sigma Aldrich 5%Pt/ALOs. a) Unmodified
and b) DABCO modified catalyst. Il n bot
fito i ne is fi t-Goeydapprosdh.re)dJnmoldifeed eéddd) DABE nyodifi
catalyst following outlier rejectiorf he fitted lines here are a linear fit to the first 1000 s (

dash line) and a kinetic model fit to the data set (green déise¢d

In Figure 2.6 the aR values are calculaisthg the red dashed line on the bottom two

graphs of Figure 2.6 and the iRs values are calculated using the green dash line.
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The kinetic models used in this work assume that there is no hydrogenation at time zero
for the experiment. This is difficult tachieve practically as data collection can start a few
seconds before the reactiomaches the stirring speeflo before fitting, the time origin was

reset so that the zero time is when the reaction begins.

For all data sets the first 1088cond=f datawas found to give a good approximation
to linear hydrogen uptakélup, with respect to timeéJsing aPythonscript, a standard linear

function can be fitted to this portion of the data (EquaZidi.

O ao &)
Equation2.1- Equation of the linear function fitted to the dathere,torig is the original time
series of the measurements andndc are the slope and intercept of the linearThe zero

reactiontime should be set as the time at which this equation @ves T, i.e, we require a

time shift, tsnirt (Equation2.2).

fo) —

Equation2.2- Equation for the time shift used in the analysis

The data set was then adapted totime origin by offsetting all time values in the data

according to:

0 0 0

Equation2.3- Equation to find the new time in the analysis
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This givesa time seriespew in which'O mtwhentnew=0. Data that now haal
negative time value was removed from the datafsaew linear fit to the data was carried
out giving the equation (Equati@¥). A check was made that this linear fit gave the same

slope as the original and gase T

€

O a o

Equation2.4- Equation for the linear fit

2.5.2 Kinetic model

In terms of the chemical reaction the reactant, D, is first adsortedhe surface and

then hydrogenated following the reaction schéBwuations2.5 and2.6):

D(sol) + S == D(ads)

Equation2.5- Equation for the reactant adsorbing onto the surface

Hz + S—> 2H(ads)

Equation 2.6 Equation for thalissociative adsorption of hydrogen to the surface

D(ads) + 2H(ads)> DH(ads)

Equation2.7- Equation for the adsorbed reactant being hydrogenated.

For the initial surface adsorption step, we assume Langmuir adsorption will give the surface

coveragelJ D, 4 Eof the adsorbed reactant:
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Equation2.8- Equation for the surface coverage of the adsorbed reauthete Kags is the
equilibrium constant for the adsorption of the reactant to the catalytic surface sifesasnd

the concentration of reactant in solution.

The kinetic equations are integrated numerically using the increments:
10 goO @ o
Equaton 2.9- Shows the change in hydrogen uptake presdumsoshows the slope of the

graph at the linear portion.

10 go @ o

Equation2.10- Shows the change of concentration of reactant in soluti@nek: is the pseudo

rate constant which includes active site concentration, for the surface hydrogenation reaction

(Equation2.8).

So, it is assumethat the equilibrium between the solution and surface adsorption is

maintained throughout the reaction and that hydrogen does not compete for adsorption sites

with the reactant.

The numerical integration is carried out usingydéhoncode which calculateshanges

in Hup andDso with a time step ¢f 0 p s, so that the time step is significantly shorter than

the time interval between data points (30 s). At each time step the surface coverage is

recalculated from Equatidh8.
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Equation2.9 shows that the gradient obtained in the linear fit to the iniaal @f the
data (Equatior2.4) will be the product of the surface coverage of the reactant and the rate
constant for the surface hydrogenation reaction. As such, the interpretation of the initial slope
as demonstrating differences in the rate constant wheparing catalyst modifiers can be
mis-leading as the modifiers would also be expected to influence the surface coverage of

reactants.

The kinetic model has only three variable parameker$adsandDo. WhereDy is the
reactant concentration at theastof the experiment, which corresponds to the maximum
hydrogen uptake observed. Bs is measured we restrict the fitting process to only allow +/

5 % variation in this parameter.

Equation2.9 shows that the slope of the graph in the linear porticgady times is
related to the adsorption equilibrium constant as well as the rate constant. So, the linear fit
slope is not a direct measure of the intrinsic rate of a catalytic site on the surface. By fitting the
model, we can try to separate the surfegeerage and the rate constant for hydrogenation.
Only a pseudo rate constant has been defined as it also contains the concentration of active
sites. A rate enhancement suggests that the modifiers are able to increase the intrinsic rate but
the adsorptiorof the modifiers will also cover over some active sites, reducing their number.
So, the enhancement seen is a balance between the increased activity and reduced number of
sites. Once the values from the fittings were obtained, they were multiplied Byn6m&l bar
las this is the calibration factor to convert bar to mat@93K Error bars were added as three
reactions of EtPy and CD were completed and the error was found te 5% #dr the linear

fit and +£10% for the kinetic fit.

The aR that is used in the results sectilates to theate values obtained from the

linearfit. These linear fit rate valued the modified reactionaredivided by the linear fit of

79



the unmodified reactiaand this gives the aR valud$e iR values are found from the rate
values obtained from the kinetic fit model. The kinetic fit valuestie modified reaction are

then divided by the unmodified kinetic fit values and that gives the iR values.

The software was written in python and installed on the Raspberry Pi, it just uses the A/D
convertor on th@i to read the output of the pressurenitor.

The device was calibrated by comparison with the standard lab gauge (see appendix for
error). The biggest error with the system was due to fluctuations due to electrical interference

which were removed by the smoothing software.

2.6 Characterization Techniques

2.61 Carbon Monoxide Chemisorption

Carbon monoxide chemisorption is an extremely usefudlytical technique in
heterogenous catalysis as it can be used to measure the specific surface area of the metal and
dispersion of a caligst which is necessary when comparing the effectiveness and activity of
catalysts. Carbon monoxide (CO) binds very strongly to the transition metals and blocks access
to other gases and reactants. As it binds strongly the amount of carbon monoxidecased to
a surface of a heterogenous catalyst can be used to determine the surface area of the solid. A
fixed amount of CO gas is flown through the metal sample and adsorbs to the metal surface.
This is repeated until the surface of the metal is complettiyrated. This allows the
calculation of the total surface area (equafidil) as well as the dispersion of the metal on the

support (equatio.12).

A CO molecule binds to the transition metal to from a partially triple bond (Figtixe 2.

This happens by

1 Two "- bonds are formed through an overlap of tharlitals with the antibonding pi

orbitals from the carborkfort he el ectrons from the -met al
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antibonding orbital on the carbon monoxide molecule ({mwiding) therenustbe
electrons in its @rbitals,and itmustbe in a low oxidation state (0, +1, +2).
T The orbitals from the metal -padwihtkespf t he

hybridised molecule from the carbon monoxide molecule.

- %%

sigma bond pi back bond

Figure 27: representation of the bonding between CO and the metal
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Equation2.11- The equation to work out the metal dispersion usingntineber of surface
atoms and the totalumber of atomsVags= volume of CO adsorbed ¢¥ molar volume gas

of CO, m.w = molecular weight, M= % metakding n= stoichiometric factor
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Thespecificsurface area isalculated using Equation 12

. ér,.,,‘,.Q‘oo . |
(0] — 1l Wd (o € s U
Qa d w

Equation2.12i Equation to calculatepecific surface area using the surface area occupied
metal atom Vags= volumeof CO adsorbed, ¢ molar volume gas of CO, n= stoichiometric

factor, N\= Avogadro numbef, = cross sectional area of activate metal atom m

The instrument that was used was a Micromeritics Autochem Il. The Important parameters

were:

1. A prereductionstepwasrequiredprior to CO chemisorptioranalysisto ensurehat
all PtOwasfull reducedo Ptmetal.CO doesnotbind to PtO,soit isincredibly
importantthatthisis donein orderto achievequality analysis.

2. After this step, the catalyst is cooled down to roemperature and a sample loop
containing the CO is passed over the catalyst. The sample loop contains a precise
known volumeThis process of CO being introduced is continued until no more CO is
adsorbed.

3. Itis assumed that PLCO stoichiometry is exactly. Itis important to know that this
is an assumptiohereforeby knowing the total moles of CO thatadsorbed in a
givenexperiment (from the CO purging) we can work out the moles of Pt active site

(per gram of catalyst).

In this project thélow rate of the CO isotimportant as it runs on a parallel line to
the one that goes over the catalyst bed. Fixed amounts (vQloh@® are directed into

the gas line that flows over the catalyst bed which are introduced through a sample loop.
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Thus, the flow rate does not matt€he catalyst bed temperature was heated to and fixed
at 35'C for the entire of the analysis.

2.62 Gas chromatography

Gas chromatography is an analytical technique that is used to analyse and separate
compounds in a reaction mixture. It is a versatile analytical technique and is used extensively
in many industries including pharmaceuticals, pesticadels cosmetics and many analytical
laboratories including environmental and forensic. The main usesG@rare to identify
chemicals and determine their concentration relative to the other chemicals in the reaction
mixture.GC can also be used to calcul#te vapour pressure, activity coefficients and the heat
of different solutionsandto see if a reaction has gone to completion or if there are any by

products.

The sample/reaction mixture being analysed is introduced t&@eolumn via a
sample port. Aew microlitres of the sample, contained within a GC sample vial, are injected
into a GC injection port. Here the sample is heated so that it is in the gas phase and then it
enters the gas stream along with the carrier gas. The carrier gas is usuaigmitrelium or
hydrogen as it must be inert, dry and oxydee. In this projeabitrogenwas used. The carrier
gas is known as the mobile phase and the column is known as the stationaFiglhase8).

This carrier gas moves along a column which is heated in the column oven to a specific
temperature. The compounds are separated along the column due to the difference in affinities
of the compounds in the reaction mixtuetativeto the stationary phasés the compounds

leave the columitheygo towards the detector. The separation of the analytes depends on the

vapour pressure and the activity coefficients of the solutes.

In this project the GC samples were detected by a flame ionization detectdariae f

ionization detector is one of the most common types of detectors as well as a thermal
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conductivity detectorin the flame ionisation detector once the liquid enters the detector it is
heated and then it mixes with hydrogen and an oxidizer (hydrogee fland the compounds

are pyrolyzed in between two electrodes. This releases electrons and ions. Therefore, the
current between the two electrodes changes. These changes are detected, amplified and

integrated using an integrator and display system.
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Figure 28: Schematic diagram of a gas chromatography system

A Perkin Elmer TGAFTIR-GC/MS wasused for the GCd he parameters used in this
project for the GC ard.5 L of sample was injecte@P wax column, ramp rate of 10 °C min
-1 acarrier gas flow ratef 1.6136 mL/min; pressure of 8.11071 psi; average velocity of 29.792
cm/sec no splitter and no externalamdard was addeBerkinElmer Chromatography Data

System (CDS) Software was used.

2.62.1 Chiral column

A chiral column was usetb determine the enantiomeric excess (ee) of some of the
reactions performed for these investigations. The reactions that were analysed by the chiral
column were the EtPy hydrogenation reactions using the modifiers QL. Bnd QL.
Capillary columns using chiral stationary phase were able to separate enantiomers in all cases.
The most common chiral stationary phases are cyclodextrin derivaiires chiral column

used was a chiraldex betacolumn 30 m column length, column OD 0.32 mm and film
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thicknes 0.25 microns. Column OD is a column that is filled with a packiragtadecylsilyl

groups chemically bonded to a silica gel carrierorder to find the selectivifthe R and S

peak areas are subtracted from each other and divided by the total geeakdrthat value is

times by 100 in order to get the ee. The conversion is found through adding the product peaks
and dividing them by the product peaks and the starting material peaks and then times that

value by 100.

2.6.3 Transmission electron microscopy (TEM)

Transmission electron microscopyEM; Figure 29) is a highly useful type of
microscopy that can analyse surfaces of materials on the nanoscale and allows the user to look
in-depth at the crystal structure and diéfiet features in that structur@ome features that can
be provided by TEM includthe size of the nanoparticles and the topography of the material.
TEM works by transmitting a high intensity beam of electrons through a thin sample in order
to form an imag of the sample. It is a widely used analytical technique in heterogenous
catalysis. The images created have a much higher resolution than those made using light

microscopy. This is due to the small de Broglie wavelength of the electrons.
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Figure 29: Schematic diagram of a transmission electron microscope

The mode of action of thEEM is as follows: the electron gun shoots a high intensity
beam of electrons. This high intensity beam of electrons is focused onto the condenser lens
where the high angle electrons are excluded by the condenser aperture. The electrons then hit
the sample ahthe electrons are transmitted depending on the electron transparency and the
thickness of the sample (Figure9R. The transmitted electrons are then focused by the
objective lens into an image on a fluorescent screen. The electrons are convertedsto ligh
that the image is created. The densities in specimen are shown by the darkness in the image.
The images that are made on the fluorescent screen can be taken at different magnifications

which allows the user to look in detail at the structure of thiace’
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Figure 2.D: The optical electron beam diagram of TEMnage obtained from libre texts

Figure2.10 shows what happens when the electron beam is transmitted through sample.
When a crystal |l attice has electrons transm
waves ar e f or me@ndiderceé and statériegsangmi the Bragg equation is

satisfied (Equatio.13).
1 ¢ AOGET
Equation2.13- Bragg equation
In the image a diffraction pattern would be seen and when the transmitted electrons and
the diffracted beams combine a magnified image can be ®enhanging the focal lengths
of the lenses, the diffraction pattern and the electron microscope image can Hé&séean
be usedn the analysis ofhe microstructure of material8In this project a Jeol JEM 2100

LaB6 TEM was used. The sample was digpersed onto copper grids and analysed as is.

Imaging was done at 200kV
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2.64 Brunauer-Emmett-Teller (BET) surface area analysis

The BET theory was developed by Stephen Brunauer, Paul EenmieEdwards Teller
in 1938 and it was an addition to the Langmuir theory which was developed in 1916. BET
theory extends monolayer adsorption (Langmuir adsorption) to-fayér adsorption. The
Langmuir theory connects the monolayer adsorption of gdscoles onto a solid surface to

the gas pressure above the surface at a set tempétature.

| &
p 1 &

Equation2.14- Langmuir theory— fractional coverage of the surface, P is the gas pressure

and is a constant.
Langmuir theory has the following assumptions:

1 Gas molecules (adsorbates) form a monolayer on the surface

1 Each active site of the surface/ catalyst can be occupied byadieeonly

1 All surface sites have the same adsorption energy for the adsorbate.

1 The solvent can adsorb at one site but is independent of adsorption at neighbouring
sites.

M The surface site is where a molecule can adsorb onto.
In BET theory it is also asimed that:

1 Gas molecules will adsorb onto a solid in layers infinitely.
1 The adsorption layers do not interact with each other

1 This Langmuir theory can be applied to each layer.
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In BET analysis nitrogen is usually uskédcause of its strong interaction with solids
and its high purity as well as its availability. The surface is cooled with liquisoNt can
detect adsorption between the gaseous and solid phase as these interactions are weak most of
the time. Nitrogens then releasestepwiseinto the sample cell with the surface that needs
analysing. The conditions of a partial vacuum are created. After the saturation pressure no more
adsorptionsccur. Pressure transducers monitor the pressure changes as the adisdgsio
place. When the adsorption layers have all formed the sample is removed and the cell is heated
so the adsorbed nitrogen is released from the material. This adsorbed nitrogen is then
quantified. The data is then shown as a BET isot@BET allowsthe surface area of surfaces

to be calculated? °

For this project a Quantrochrome QuadroWin instrument version 6.0 was used. The
BET was run with 20 adsorption and 20 desorption points. There was a degas time of 3 hours

at a temperature of 200 °C.

Thevolume of gas required to fill the pores is based on the difference of pressure from
adsorption to desorption measurements. The nitrogen condenses in pores and as the pressure is

changed the difference can be measured and rmescevol can be calculated.

Brunaeur, Emmett and Teller found that monolayers that form between relative
pressures of 0.05 to 0.30 the monolayer evenly covers the previous one. In order to work out

the metal surface area the Langmuir adsorption theory is applied to those monolayers.
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Equation 2.15BET equation used to describe the specific surface area. W = weight of
gas adsorbed, P/Po = relative pressure, Wm= weight of adsorbate as monolayer and C = BET

constant.

Using equation 2.15 a linegatot of theleft-handside of that equation against P/ PO.

From the linear plot.

5
i 2P P
® 6 w 6
Equation 2.16intercept and slope values from the linear graph created from equation

2.15. Wm = weight of monolayer, C= BET constant, s= slope and i= intercept

o p
i Q
Equation 2.17the weight of the monolayer can be worked out from the intercept and

the slope.
ny
Equation 2.18equation to work out the total surface area

Y VIO
Equation 2.19equation to work out a specific total surface asdhe total surface area

divided by the weight
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2.6.5 Xray Diffraction (XRD) Analysis

XRD is the most common technique to study crystalline structure. It isdestructive
fast analytical technique that can be used for phase identification antbeatepnformation
on unit cell dimensions. XRD can be carried out on single crystals or powders. It can be used
to find if a sample is amorphous or crystalline. If the sample is amorphous the peaks would be

broad and if they are crystalline they wouldsbarp!*

The three basic elements are aray tube, a sample holder, and arax detector. X
rays are produced when charged particles of sufficient energy are decelerated. Insiciythe X
tube there are electrodes, and the tube is maintained at higigevab draw the electrons
towards the anode. The-tdys are produced when electrons with sufficient energy eject the
inner shell electrons of the metal. Theseays radiate in all directions.-¥ys are used
because they have a similar wavelength tsffeeing between atoms in a crystallite structure.

TheXr ay source is a®Cu KU (& = 1.5406 j).

When the crystal l attice is hit by the i
Diffraction takes place when scattering in a certain direction is in phifisscattered rays in
other atomic planes. The reflections then combine and reinforce one another. This is known as
constructive interference. Most scattering interferes with itself and is eliminated which is called

destructive interference.

The electrondensity of the crystallite structure can be found by measuring the
intensities and angles of the diffracted beams. The electron density will show the mean

positions of the atoms in the crystals.

Braggso Diffraction wil leemthesubstanceandthexi f t h

rays meets the conditions of Braggds | aw. Th
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the same as the angle of scattering (constructive interference) and that the path length difference

is equal to an integer numberwéavelengths. (Figure 2.11).

¢CQi Q¢ 1
i D-spacing
HRAaA

Figure 2.11: Graphical representation of the incidematyxeam hitting the crystallite structure.

Once XRD has been completed the sample the mean particle size can be determined using
the Scherrer equation. When the crystallite size is less than 100 nm line broadening occurs

(Equation2.20).

T g
Equation 2.20: The equation relates the broadening of a peak in a diffraction pattern to the size

of the particle in the crystal | attice wher

which i s di menrsay nwawesl, eliregtdodsieningacehaldthetmaxenum

i nt ens t isthe bragglangie.
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Figure 2.12: Simple schematic diagram of a XRD diffractor system.

A simple schematic diagram of a XRD diffractor system similar to the one used in this
project is shown in Figure 2.12. Powderray diffraction (XRD) spectra were acquired using
an XO0Pert Pro PAN Analytical p wradidtierrsourdei f f r a c
operating at 40 keV and 40 mA. The spectra
software. The mean crystallite size of the metallic gold nanoparticles, where possible, were
determined using th&cherrerequationassuming a spherical partidbape and a K factor of
0.89 at the reflection arising from the set
of the catalysts were compared to the following reference files: RAQBA201), PdO (03

065-5065), Pt (01080-3828), PtO(04085-0714)and Au(01071-4614).
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Chapter 3

Hydrogenation reactions using cinchonidine and cinchonine modifiers

The enantioselective asymmetric hydrogenation of ethyl pyruvate has been studied
whereupon a rate enhancement is seen on addition of certain modifiers. A variety of theories
have been puforward for the rate enhancement observed in this reaction, however, the
mechanism is still not fully understood. In this chapter the rate enhancement induced by
cinchonidine (CD) has been investigated for se\srastrated,e., ethyl pyruvate (EtPy),thayl
benzoyl formate (EBF) and methyl benzoyl formate (MBF). The benzoyl formate reactants
have been chosen to investigate the mechanism of rate enhancement as they contain structural
moieties that are similar to EtPy, buéstdiffer in key regions that ay influence the substrate
modifier-catalyst interaction. Furthermore, two 5 %i.Pt / Al,O3 catalysts (Sigma Aldrich
and Johnson Matthey) were compared to evaluate the differences in rate that may relate to the
physical properties of the catalyst. Thesmactions will form the baseline of catalyst

performance for comparison with achiral modifiers suc@Bsn Chapter 4.

3.1 The background of the rate enhancement caused by CD
3.1.1 The 1:1 Modifier to reactant model

CD is neededo induce ee in the product, which is thought to produce a rate enhancement
in the EtPy hydrogenation. The most recent and generally accepted mechanism for the mode
of action is that the quinoline moiety adsorbs onto the platinum surface (Figureh®&.1)
protonated nitrogen then attracts the EtPy molecule and then stabilises-itgdnatienated
state Thereis a fast transfer of a proton to the oxygen on the carbonyl and a slow addition of

hydrogen onto the carbon and then the substrate dgsedstroduction section 8).
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Pt surface

Figure 3.1 Reactant: modifier complex put forward Bfaseret al. !illustrating the haH
hydrogenated ethyl pyruvate being stabilised by. B&th of thesesubstrates have adsorbed

onto the Pt.

3.2Results and Discussion
3.2.1 Catalyst Characterization

Two commercial catalysts are compared; a 34t / Al.03 sourced from Sigmaldrich
(SA) and a 5 wt% Pt / Al203 sourced from Johnson Matthey (JM). As the nanostructure of
heterogeneous catalysts have an impact on their activity, both catalysts were analysed by
transmission electron microscopy (TEM) to provide morphological information, which may
then correlate witlany differences in activity. Powder-pay diffraction (XRD) was used to
compare the two catalysts with gamma alumina in terms of their bulk crystalline properties and
particle size. BrunaudemmettTeller (BET) analysis was used to look at the surfaca afe
the entire catalyst and CO chemisorption was used to investigate the surface area of the Pt
nanoparticles on the cataly3te surface properties found using these techniques are shown

below in Table 3.1
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Table 3.1 Surface properties and metal r@tderistics of the SA and JM catalysts
Catalyst Particles| Particle size | Particle size | Standard | Total Pore radius| Pore metal Pt
size (minimum) | (maximum) | deviation | specific | (A) volume | specific | loading
(mean) | (nm) (nm) (nm) Surface cclg surface | (%)
(nm) area/ areal/
m2g m2gt
SA 5.9 2.3 22.4 2.7 99 41 0.07 | 3.6
JM 2.6 0.8 6.2 0.7 146 113 0.09 | 3.6 4.6

3.2.1.1 Transmission electron microscopy (TEM)
Particle size, morphology and dispersion has been shown to chamyath®selectivity
of the ethyl pyruvate hydrogenation in previous wWankd in view of this the samples (SA and
JM catalysts) were imaged by TEM. This was in order to understand the particles size and

morphology of the Pt particles.

In Figure 3.2 the Sowt Pt/ Al.Oz3 (SA) catalyst can be seen at different magnifications.
Notably, the Pt nanoparticles appear to be encapsulated by-g(@lmina)(Figure 3.2 b
f). The alumina does not resemble typical gamma alumina, wisighlly have sharper rod
like shapes$.The mean particle diameter was measured at 5.9 nm with a standard deviation of
2.7 nm(Figure 3,2 a)The largest particle was measured at 22.4 nm, which illustrates that the

range of particle sizes is broad and carekpected to impact on the rate of reaction.

98






