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ABSTRACT

The enantioselective hydrogenation of ethyl pyruvate to ethyl lactate (the Orito
reaction) has been studied over cinchonidine-modified Pt/graphite moderated by the
adsorption of S, Bi, Rh and Pd onto the Pt surface. The effect of the moderating
elements on reaction rate (at 293 K, 30 bar, 100% conversion) has been examined in
detail.  The types of Pt site ({111}-terraces, {100}-terraces, steps) at which the
moderating element is adsorbed has been determined by use of cyclic voltammetry.

The effect of heating Pt/graphite in H,/Ar at temperatures between 450 and 900 K
was investigated. Sintering occurred, as observed by high resolution transmission
electron microscopy, causing a reduction in activity due to a decrease in surface area. A
complex variation in the enantiomeric excess (ee) occurred: which reflected the relative
abundance of step sites (giving high ee), {111}-terraces (modest ee) and {100}-terraces
(low ee) on Pt particles of various size. S-adsorption favoured terrace occupation and the
remaining step sites provided an increased ee. By contrast adsorption of Bi, Rh and Pd
onto Pt/graphite resulted in preferential step site occupation at first and to a decrease in
ee. In the case of Bi only, very low doses resulted in preferential {100}-terrace
occupation and to a transient increase in ee. Rh and Pd, unlike Bi, are potentially
catalytically active metals. Rh, like Pt, favoured R-lactate formation (in the presence of
cinchonidine) whereas Pd favoured S-lactate formation. The effect of Pd was therefore
more extreme than that of Rh. The effect on the activity of Pt/graphite of the adsorption
of S, Bi, Rh, and Pd is described in detail. For adsorption of the Bi, reaction rate passed
through a maximum with increasing coverage as initial step site blocking led to a
reduction in polymer formation and to a ‘cleaner’ surface; this was followed by
deactivation as monolayer formation was approached and active surface area was
reduced. In the case of Pd adsorption on Pt, the Pd catalysed the formation of a particular
polymer that strongly poisoned reaction.

Novel experiments were performed in which ethyl pyruvate hydrogenation was
catalysed by Pd/graphite moderated by the adsorption of Pt. [This appears to be the first
study of the catalytic effects of the adsorption of Pt onto Pd]. Activity increased with
increasing concentration of Pt, becoming similar to that of Pt/graphite as full surface
coverage was achieved.

This investigation has mapped the relative importance of {111}-terraces, {100}-
terraces and elementary steps in the determination of rate and enantiomeric excess in this
classic enantioselective reaction, and has provided models that can be tested in future
research.
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Chapter 1

1.1 Introduction

In 2001, the Nobel Prize in Chemistry was awarded to Knowles, Noyori,
and Sharpless for their contribution for the development of catalytic asymmetric
synthesis and in 2007, the importance of surface science also was recognised by
the award of the Nobel Prize to G. Ertl [1]. The present study straddles both of
these important scientific fields.
The demand for chiral molecules, often as single enantiomers, has been significant
in recent years. These molecules constitute an important class of pharmaceuticals,
agrochemicals, flavours, and fragrances. Asymmetric catalysis is not only
beneficial for the practical synthesis of high added-value compounds, but also
stimulates the development of the life sciences and nanotechnology based on
chiral molecules [2]. Homogeneous asymmetric catalysis is presently the most
versatile and efficient [3]. However, recently, heterogeneous asymmetric catalysis
has also become a rapidly growing and challenging field [4]. Chirality
(handedness) is a phenomenon that is widely spread in the universe [5]. For
example, all of the amino acids that form proteins in our body are nonsuperposable
on their mirror image and are therefore chiral possessing a single handedness [5].
Generally only enantiomeric forms of such a compound are effective in a living
system. One of the most important challenges facing heterogeneous catalysis is the
control of enantioselectivity. This is because heterogeneous catalysis poses many
advantages in relation to homogeneous catalysis, such as ease of separation and

handling of catalyst together with potentially high throughputs of raw materials.
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Catalyst modification by an adsorbed chiral organic molecule is a strategy which
1s applied extensively in enantioselective hydrogenation. In this study, a catalytic
study of bi-metallic surfaces has been undertaken in relation to the
enantioselective hydrogenation of ethyl pyruvate (etpy) over cinchona modified
platinum catalysts in order to elucidate mechanistic steps in this prototypical

enantioselective surface reaction.

1.2 Definitions
1.2.1 Catalysis

A catalyst is a substance which increases the rate at which a chemical
system approaches equilibrium without itself being consumed in the process.
Ostwald defined catalysts as “agents which accelerate chemical reaction without
affecting the chemical equilibrium”. The term catalysis was first coined by
Berzelius in 1835 [6]. In 1817, Doberenier reported that reaction of hydrogen and
oxygen over a platinum surface at ambient temperature increased the reaction rate
[7]. A catalyst accelerates the reaction rate by lowering the activation energy of
the reaction as shown in Figure 1.1, and leads to the reaction proceeding via a
different pathway. The relationship between rate constant (k) and activation
energy (Ea) in a chemical reaction is described by the Arrhenius equation:

k = A exp (-Ea/RT) 1.1

(where A = collision frequency, R = gas constant, and T = temperature)
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ammonia synthesis from hydrogen and nitrogen catalysed by iron (Haber process)
[8]:

N, + 3H, — 2NH; 1.2

In homogeneous catalysis, the catalyst and the reactant are in the same

phase. For example, ozone depletion in the upper atmosphere is catalysed by

chlorine free radicals:

Cl + 03 — ClO + 02 1.3

ClO + O —» CI + 0O, 1.4

Promoters are not catalysts but they increase the activity and selectivity of

the catalyst by improving site reactions.

1.2.2 Adsorption

Adsorption is a process that occurs when an atom or molecule in a gas or
liquid phase (adsorbate) bonds to the surface of a solid or liquid (adsorbent). It
differs from absorption, in which a molecule diffuses into the bulk of the

substance. The fractional coverage of adsorbate, 0, is defined as:

Number of adsorbed atoms or molecules

Total number of substrate adsorption sites

When 0 = 1, the adsorbate ensemble is called a monolayer [9].
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The process whereby reactants or products leave the surface is called desorption.
Adsorption/desorption processes are important to a large number of phenomena at
the solid/gas or solid/liquid interface [10]. There are two types of adsorption
depending on the nature of interaction between the adsorbate and adsorbent. These

are physical adsorption (physisorption) and chemical adsorption (chemisorption).

1.2.2.1 Physisorption

Physisorption occurs when the adsorbate bonds to the surface through Van
der Waals interactions which are long range and weak, when compared to covalent
or ionic bonds [11]. Physisorption tends to be reversible. Hence, the adsorbate is
normally in equilibrium with the gas phase. Van der Waals interactions are the
only way that rare gases can interact, therefore they can bond to the surface via
physisorption only [12]. Gases such as argon and krypton are used to determine
the surface area of a solid via measurements of their Langmuir or BET isotherms
[9]. When a molecule moves along a surface, it gradually loses its energy and
finally adsorbs, which is called accommodation [13]. The process is exothermic
and the enthalpy exhibits a range of small values (10-40 kJ mol™) [14]. This
energy is of the same order of magnitude as the enthalpy of condensation. These
small energies can be transferred to the lattice and dissipated as thermal motion.
Physisorption bonding is characterised by a redistribution of charge density within

the adsorbate and the surface atom or molecule separately.
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1.2.2.2 Chemisorption

In chemisorption, a strong chemical (usually covalent) bond is formed
between the surface (adsorbent) and the adsorbate (atoms or molecules).
Adsorbates tend to adsorb at sites exhibiting low coordination number [15].
Chemisorption differs from physisorption in that the enthalpy of chemisorption 1s
much larger than that of physisorption, ranging between 40 and 1000 kJ mol’
[14], and is characterised by electron transfer between the adsorbate and the
surface. The bond distance between the adsorbate and the surface is shorter than
that of physisorption. In order to satisfy the valences of surface atoms, a
chemisorbed molecule may fragment and the formation of chemisorbed molecular
fragments on the surface as a result of dissociation is one reason why solid
surfaces catalyse reactions [15]. As a result, there are two types of chemisorption
depending on the nature of the interaction with the surface. Associative or non-
dissociative chemisorption occurs when the adsorbate molecule remains on the
surface without dissociation. For instance, the adsorption of CO on a low index

copper surface as shown below [14]:

Cu + CO - Cu—CO 1.6

where the “—” indicates a chemisorption bond.

The other type of adsorption (dissociative chemisorption) occurs when the

adsorbate molecule breaks up on the surface forming molecular fragments which
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bond to the surface. An example of dissociative adsorption is adsorption of
hydrogen on a copper surface, which forms a monolayer of hydrogen adsorption at
a pressure of 100 mbar and at room temperature as follows [14]:

Cu + H, —» 2Cu—H 1.7

1.2.3 Selectivity

The term selectivity (S) i1s used to describe the extent to which a catalyst
produces the desired product. This is important in industrial applications. The
same reaction produces different products according to the type of catalyst that is
used. For instance, the reaction of hydrogen with carbon monoxide can proceed

along different pathways as follows [16]:

CO + 3H2 L’ CH4 + Hzo 18

CO + 2H, Cu/ZnO/alumina

> CH;0H 1.9
Ru, Fe
12CO + 6H2 EEEEEE—— CGI"I]Q +6C02 110
Ru, Fe 1.11
11CO + 7H, —_ > Ce¢H;30H + 5CO, .

The above reactions are all thermodynamically possible and have negative values
of AG. Different products are formed due to the use of a variety of catalysts, which

make the reaction proceed via different energy pathways.
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1.2.4 Miller indices

Most metals form in one of three crystal structures: face-centred cubic
(fce), body-centred cubic (bec), and hexagonal-closed pack (hep). The surface of a
metal is usually heterogeneous. Hence structure sensitive reactions such as
adsorption will occur to different extents with different Miller planes. Miller
indices are used to define a particular crystal plane, the summation of surface
reactivity on each crystal plane giving rise to total catalytic activity. To identify
the Miller index of a particular set of planes in a three dimensional lattice the

following steps are used [9, 14, 17]:

1. Find the intercepts of the required crystal with the three vectors =, b, and
< defining the unit cell (Figure 1.2(a)).
2. Let the distance from the origin to the points of intersection of the plane

with the three vectors 2 , 5, and T be a, b, and c respectively.

3

3. Let H**h,E‘~-k,H=l
a b c

4, Form the triple (hkl)

5. If there are any fractions in the triple, reduce to the smallest integers having
the same ratio: e.g. (2/4 1/4 1/4) — (21 1).

6. For intersection of the plane at negative values, a bar is placed above the

appropnate h, k, or 1.
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v

-
a

Fig. 1.2(a) The three vectorsa _t;, and © defining the crystal unit cell and being
intercepted by the {111} Miller index.

Figure 1.2(b) shows the (100), (110), and (111) planes in a face centred
cubic crystal and their corresponding face-centred cubic atomic structures. The
triple of integers (hkl) is referred to as the Miller index of this plane and all planes
parallel to this plane. Different planes have different geometric arrangement of the
atoms, hence these planes contain different adsorption sites and chemical
reactivity. Low Miller index surfaces are the most studied, due to their low surface

free energy, high symmetries, and relative stabilities [13].

10
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1.3 Chirality

Optically active molecules can be detected when chiral molecules interact
with plane-polarised light. Biot was the first to observe this phenomenon in 1815
when he observed the rotation of plane-polarised light upon passing through
solutions of sugar and tartaric acid [18]. In 1848, Pasteur deduced that this
property had a molecular basis which depended on the structure of the molecule.
When he examined the crystallisation of sodium ammonium para-tartrate, he
found two types of crystal [19]. He realised that there are left- and right-handed
molecules and each was a mirror image of the other. He suggested that a pure
enantiomer could be prepared in the laboratory in the presence of a directing
agent. Researchers in stereochemistry were acknowledged by the award of the
Nobel Prize for chemistry in 1975 to Prelog and Cornforth for their work on
stereochemistry. As mentioned earlier, in 2001, Knowles [20], Noyori [21], and
Sharpless [22] also won the Nobel Prize for Chemistry for their work on chirally
catalysed reactions.

Van’t Hoff and Le Bel [23, 24] described optical activity in organic
molecules using the tetrahedron arrangement model of substituent atoms around
the stereogenic centre. They recognised that the four substituent atoms arranged
tetrahedrally around the carbon atom must be different in order to generate two
different enantiomers. In 1966, Cahn, Ingold, and Prelog addressed the
nomenclature of chiral molecules [25]. A molecule can be chiral if it is not

superimposable on its mirror image, as shown in Figure 1.3. Molecules which are

12
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not superimposible on each other, but are mirror images of each other, are called
enantiomers. Chiral molecules have the property to rotate plane-polarised light so
they are optically active. When a molecule can be superimposed on its mirror
image then it is called achiral. A racemic mixture is a mixture that contains two
enantiomers in equal amounts. Enantiomers have the same chemical and physical
properties. Cahn-Ingold-Prelog rules are used to assign the absolute configuration
of a stereogenic centre [26] (Figure 1.3). The highest atomic number (Br) around
the stereogenic centre will have the highest priority; it will be assigned Number 1.
A lower atomic number substituent (Cl) will be given No.2, etc.. In the case where
two atoms directly bonded to the stereogenic centre are the same, for instance, if -
CH; and -CO are bonded to the stereogenic centre, -CO will have the highest
priority because the carbon is bonded to O, which has a higher atomic number
than H on the -CH; substituent. The molecule is then positioned such that the
substituent of lowest priority is pointing down. If viewed from above with the
sequence from the highest to the lowest priority substituent in a clockwise
direction, the molecule will be designated an R-enantimer whereas if the same
sequence in an anti-clockwise direction, the molecule will be designated an S-

enantiomer (Figure 1.3).

13
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Chapter 1

butanol on kink surfaces of Ag(643)" and Ag(643)° using thermal programmed
desorption. They found that there was no chiral selectivity observed in the
desorption of R- and S- 2-butanol [29]. Later, based on theoretical calculations,
Sholl [30] predicted these to be an enantiospecific adsorption energy difference in

chiral systems.

L u

(a) (b)

Fig. 1.6 Schematic diagram of metal kink sites: (a) a kink step edge of different lengths
which is non superimposable on its mirror image upon rotation in the plane of the paper
(the kink is chiral), and (b) a kink step edge of the same length that by rotation of 90° is
superimposable on its mirror image (the kink is achiral). Reproduced from reference [31].

In 1999, Attard and Feliu [32, 33] broadened Gellman’s model of surface
chirality by introducing intrinsic chirality in the atomic microstructure of both the
terrace and the two joining steps forming the kink site (Figure 1.7). Accordingly,

all single crystal surfaces were chiral as long as their atomic microstructures were

17
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different, irrespective of the step lengths which formed the kink sites as shown in
Figure 1.6. This model did not differentiate between steps of different length as in
Gellman’s model. The kink site can be described as the junction of the three
surface planes of the face-centred cubic (fcc) metal, namely (111), (100), and
(110) planes. Attard assigned priority of these planes according to Cahn-Ingold-
Prelog rules where the higher surface atom density will have the higher priority.
For fcc metals, the surface atom density order for planes is (111) > (100) > (110).
When planes sequences are in the order of {111}-{100}-{110} in a clockwise
direction, they will be considered R-kinks and where in an anti-clockwise

direction they will be considered S-kinks as shown in Figure 1.7 [32].

18
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Chapter 1

microstructure. The nomenclature developed by Attard et al. [32] has recently
been refined still further by Jenkins and co-workers [34] that can be applied for
example to bce metals which, although chiral, do not appear to exhibit “kink” sites
as discussed above. Although the Jenkins nomenclature is applied to all materials,
because for fcc systems the Attard nomenclature is somewhat more
straightforward, it will be used to describe surface symmetry in this thesis.

Attard et al. [32] also observed the first experimental confirmation that
kinked surfaces of metal single crystal have intrinsic chirality using the
electrooxidation of D- and L-glucose on both achiral and chiral platinum single
crystal surfaces. For the achiral surfaces Pt{111} and Pt{211}, the electooxidation
of D- and L-glucose resulted in identical voltammetric responses. Repeating these
experiments using chiral Pt{643}° and {643}® electrodes resulted in a different
voltammetric diastereomeric response, as shown in Figure 1.8. Electrooxidation of
the R-/L- and S-/D- combination resulted in the same voltammetric profile. The R-
/D- and S-/L- also produced identical voltammetric waves. However, each of these
pairs of responses was different from each other. Further, the enantioselectivity
towards glucose electrooxidation was found to increase with increasing surface
density of kink sites [35], the Pt{531} surface (which contained most kinks)
showed the greatest differences between the electrooxidation of D- and L-glucose

for any chiral surface.

20



Chapter 1

Current density / pA/era?
)

Curront densicy / jLASTR?

> '

N ——| —
= N T I T T P X 5 A
E (A re0) / Voiw B (ratim) 7 Veis
& - © - @
g... -
I i
-m ol v ———t
L £ 3 -5 - . [ £ 4 E | » R

" B -
E (PdH ref) / Voks B (PéM ref) / Vol

Fig. 1.8 Pt{643}° voltammogram in (a) 0.05 M H,S04 + 5 x 10° M D-glucose or (b)
0.05 M H;S04+ 5 x 10° M L-glucose. Pt{643}% voltammogram in (c) 0.05 M H,SO,4 + 5
x 10° M D-glucose or (d) 0.05 M H;SO4+ 5 x 10° M L-glucose. Sweep rate = 50 mV/s.
A clear enantiomeric difference in oxidation rate at 0.3 V is observed using the kinked
electrode surface. Reprinted from [32].

1.4 Bimetallic surface chemistry

Bimetallic surfaces impart unique chemical and physical properties which
differ from each of the individual metals comprising the bimetallic structure
including electronic and catalytic properties [36]. They have an important

application in catalysis, magneto-optical films, corrosion, and structural materials
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1. Frank-van der Merwe (FM) [40, 41] or layer-by-layer growth in which the
second layer commences to grow after the completion of the first, the
subsequent layers growing in the same manner.

2. Stranski-Krastanov (SK) [42] growth where the complete first layer is
formed as in FM growth followed by three-dimensional islands growth.

3. Volmer-Weber (VW) growth [43] in which the growth of the three-
dimensional islands commences from the onset of deposition without
formation of the complete monolayer.

The growth of adsorbate on the surface is controlled thermodynamically by the
instability free energy of an adsorbate, which is the sum of surface energies of
both the growing adsorbate on the substrate (ys;) and the interfacial surface
energy (v)), and the surface free energy of the substrate (ys). The FM growth mode
1s observed when (yas + 1) <vs at all deposition stages. If (yas + v1) > vs is true at
all deposition stages, VW growth mode (three-dimensional islands) will occur. If
the first monolayer deposition of adsorbate obeys (yas + Y1) < s but subsequent
growth occurs according to (yass + 71) > ¥s, the growth mode will be the SK mode.
The use of these thermodynamic rules in order to predict the growth mode
depends on the local surface equilibrium and kinetic factors. Due to the fact that
the overlayer growth is a dynamic process, the growth mode can change
depending on both temperature and crystallographic orientation of the substrate,
indicating that kinetic factors can be more dominant than energetic considerations.

Indeed, if equilibrium cannot be reached due to the kinetic limitations, the entire
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energetic description is considered inappropriate [44, 45]. Limitations of the
proposed thermodynamic model were observed with experiments involving
scanning probe microscopies [46]. Determination of the theoretical growth mode
requires accurate values of surface and interfacial energies which are generally
unavailable. It is therefore, necessary to assume simplifications, where the surface
energy of the adsorbate on the substrate v, is assumed to be equal to the surface
energy of the adsorbate (y,). This approximation is inadequate in the case of a few
monolayers of adsorbate thickness and would be inaccurate if any lattice mis-
match occurred between the two materials, because this lattice mis-match would
induce stress energy into the adsorbate, which would gradually increase with
adsorbate thickness, causing a change to the adsorbate surface energy. Hence, the
adsorbate surface energy is necessary to determine the adsorbate energy as a
function of adsorbate thickness. Further thermodynamic parameter simplifications
were made [47] by assuming that the interfacial energy was very small in
comparison with the surface energy of the adsorbate and the substrate. Therefore,
FM growth mode occurred when y5 < ys while VW occurred when y, > ys.
Although interfacial free energy is likely much smaller than other surface free
energies, if the interfacial energy is significant, it will strongly influence the initial
growth of adsorbate [48, 49]. The role of the dynamic processes which form the
three basic growth modes has not been mentioned above. Particularly when the
adsorbate is relatively refractory or low substrate temperatures are employed or

when the vapour flux is high, an overlayer formed may display metastable
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behaviour which is due to slow kinetic rather than equilibrium growth. This
behaviour produces two additional growth modes: the simultaneous multilayers
(SM) mode and the monolayer plus simultaneous multilayers (MSM) mode [50].
The SM growth mode was analysed by Kaschiev [51] who found it to be a
metastable form of the FM growth mode, and is often referred to as pseudo-FM

[52].

1.5 Homogeneous enantioselective catalytic reactions

In homogeneous catalysis, a chiral organometallic complex (which has a
chiral ligand) catalyses the reaction of an achiral organic molecule and the reaction
is carried out in the same phase. An active catalyst must have the ability for
enantiodiscrimination and for lowering the energy of the transition state of the
reaction. Hence, the formation of two diastereomeric complexes having
substantially different energies will lead to high enantioselectivity. In
homogeneous catalysis, the metal atom is directly influenced by the environment
of the chiral ligand and at the same time provides the active site for the reaction
[53]. Ligand substituents play an important rule in the obtained enantiomeric
excess (ee). The Binap-Ru catalysts are an example of excellent ligand-metal
complexes that allow efficient enantioselective hydrogenation of functionalized
olefin and ketones producing a high ee (up to 99%) [54]. For example, the

enantioselective hydrogenation reaction of aromatic ketones (Figure 1.10) [55].
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{S,SSHRu]

{CHa)},CHOH
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Fig. 1.10 Productive and fast homogeneous enantioselective hydrogenation. Reproduced
from [55].

Homogeneous chiral catalysts exhibit high activity and selectivity and the
reaction mechanism can be investigated via spectroscopic studies. However,

difficulties of separation and handling are major disadvantages.
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1.6 Enantioselective hydrogenation of a-ketoester in heterogeneous catalysis

over cinchona-modified platinum

1.6.1 Onto reaction

In 1979, Orito et al. [56-58] reported the first enantioselective
hydrogenation reaction over cinchona modified PYC (Figure 1.11). In this
reaction, 5% Pt/C was pre-treated with a solution of CD and was used
subsequently to catalyse the hydrogenation of methyl pyruvate and produce R-
methyl lactate in high excess. In the absence of the modifier, hydrogenation was
found to be slow and yielded a racemic mixture. Catalyst pre-heating was
investigated by the same group who found that heating the catalyst in hydrogen to
573 K was optimal for high ee. The reaction is normally carried out in the liquid
phase at room temperature and high pressure; different solvents can be used such
as toluene, dichloromethane, ethanol, and acetic acid. The best results have been

achieved upon using acetic acid [59].

0 H  ,OH HO, H
Z, 2.
OR Pt/Alkaloid _ > OR  + > OR
HsC H, HsC HsC
o) o 0
Pyruvate ester (R)-lactate (S)-lactate

Fig. 1.11 The Onito reaction. (R = -CHs, -C;Hs).
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1.6.1.1 Mechanistic models for a-ketoester enantioselective hydrogenation in the

Orito reaction

Wells’ model

In 1990, Wells et al. [60] proposed the first model (7emplate Model)
interpreting the observed enantioselectivity on supported Pt. This model described
ordered arrays of adsorbed CD on a Pt surface which created preferential
adsorption sites. Reactant-modifier interaction was not involved in this model.
Later, in 1994, Wells et al. [61] replaced the template model with the 1:1
interaction model between the reactant which was methyl pyruvate and the
adsorbed alkaloid on a Pt surface. In this model, hydrogen bonding between CD in
the open-3 conformer (most stable) with the quinuclidine-N and methyl pyruvate
with the carbonyl group in ant-conformation (lower energy conformation)(N...H-
O type) is proposed as in Figure 1.12. The formed half-hydrogenated state (hhs)
stabilized by the H-bonding can be used to interpret the rate enhancement induced

by the modifier and the observed enantioselectivity [62].
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Fig. 1.12 Intermediate modifier-substrate interaction proposed by Wells ef al.

Baiker’s model

Baiker and co-workers suggested a model for enantioselection in acetic acid
in which the formation of protonated quinuciidine-N of CD is proposed [63]. The
protonated quinuclidine-N interacts with the oxygen atom of the keto-carbonyl of
pyruvate ester with a 1:1 interaction via H-bonding (Figure 1.13). This model is
supported by theoretical calculations [64, 65], and 1s similar to that proposed by

Wells for aprotic solvent since both propose an N-H-O type interaction.

Later, Burgi [66] using theoretical calculations proposed the formation of a

bifurcated H-bond interaction between the quinuclidine ring and the two adsorbed
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diastereomeric pyruvate esters pro-(R) and pro-(S) (Figure 1.13). Figure 1.13
shows the proposed interaction of cis and trans ethyl pyruvate with the modifier
(CD). The trans conformation is proposed to be more stable. A repulsive
interaction occurs between the ethyl group of ethyl pyruvate in pro-(S) form and
the quinoline ring of CD. This repulsion will produce different stabilization
energies for pro-(S) and pro-(R) forms. It is postulated that this difference is

responsible for both rate acceleration (hydrogen bonding to carbonyl) and

enantioinduction in enantioselective hydrogenation.
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(a) (b)

(©)

Fig. 1.13 Substrate-modifier interactions proposed by Baiker. (a) CD : trans pyruvate
interaction (b) CD : cis pyruvate interaction (Pro-(S)) (c) CD : cis pyruvate interaction

(Pro-(R)).
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Augustine’s model

In 1993, Augustine [67] proposed a model which differs from that of Wells
and Baiker. This model postulated an edge-on adsorption of CD via the N of the
quinoline ring in contrast to previous models which had suggested that adsorption
of CD occurred via the quinoline ring parallel to Pt surface. Later studies
performed by Augustine [68], suggested a change in the adsorption geometry of
CD to be parallel to the Pt surface. It is proposed in both models that a “bidentate”
complex was formed as a result of the modifier and pyruvate ester interacting via a
six-membered ring (Figure 1.14). This bidentate interaction occurs via both the
lone pairs of quinuclidine-N atom and the O atom at Cy of the modifier with the
carbon atom of the keto carbonyl and the pyruvate ester group. This proposed
interaction is dependent on the ability of alcohols and amines to react with
activated ketones via nucleophilic attack on the carbonyl group. However, this
model cannot interpret the sense of the obtained ee when quinuclidine-N is
protonated, the high ee when a protic solvent (AcOH) is used (the lone pairs of
quinuclidine-N cannot interact with the reactant), and the obtained high ee when

Cy-OH of CD methylated (as in O-methyl-CD) is used instead of CD [69].
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Fig. 1.14 Substrate- modifier interaction as proposed by Augustine. Reprinted from [70].

Margitfalvi’s model

Margitfalvi ef al. proposed what is known as “the shielding model”. This
suggests a 1:1 interaction between the reactant and the modifier formed in solution
through the electronic interaction of the quinoline ring of CD with n-orbitals of the
keto pyruvate group [71-73]. The role of the quinoline ring is to shield one side of
C=0 of the prochiral pyruvate from hydrogenation and then the hydrogen can
adsorb on the Pt surface on the unshielded side of C=O (Figure 1.15), favouring
the predominant formation of one enantiomer. The role of the Pt surface is to
provide activated hydrogen for C=0O hydrogenation of the reactant. Hence, the

enantioselectivity of this model is attributed to the modifier-substrate interaction in
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solution. According to the cinchonidine-reactant interaction, CD must be in a
closed conformation. This model, however, lacks the ability to interpret some
experimental observations. First, this model cannot interpret the high ee observed
when the quinuclidine-N of CD is protonated. Second, the observed rate
acceleration at low modifier concentration could not be explained according to this
model [74]. Third, it is reported by Bartok ef al. [75, 76] that there is no decrease
in enantioselection when the modifier is fixed in an open conformation.
Furthermore, when a-isocinchonine (anti open conformatiom) is used a 76% ee
was obtained [77]. These results contrast with the shielding model which suggests

that only the closed form of alkaloid produced enantioinduction.

9“ quinuclidine ring

Fig. 1.15 Substrate- modifier interaction proposed by Margitfalvi. Reprinted from [70].
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McBreen’s model

Recently, McBreen ef al. have proposed the two-point H-bonding model
[78]. In this model two H-bonding interactions were proposed as in Figure 1.16.
The first interaction is an aromatic-carbonyl H-bonding interaction between the
aromatic ring hydrogen atoms and the carbonyl group. This proposed interaction
depends on surface science studies supporting this type of interaction, especially
the C—H---O interactions between the adsorbed aromatics on Pt(111) and the
carbonyl groups of coadsorbed molecules [79], i.e. the metal surface activates the
quinoline C-H bonds to exhibit hydrogen bonding towards the carbonyl of the a-
ketoester. The same interaction is reported between tetrafluorobenzene and
oxygenated clusters [80-82]. The second H-bonding interaction is between the
ester carbonyl O atom and the quinuclidine-N atom. This model, as in previous

models, proposed a 1:1 substrate-modifier interaction adsorbed on the Pt surface.
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The two-point model predicts the correct enantioselectivity for reaction. For
example, when CD was used as modifier, the formation of pro-(S) in the
intermediate complex is expected to be sterically hindered by the substituents at Cy
(which 1s the OH group). The role of the C—H-O interaction is important in
enantioselectivity as shown by experiments conducted by Diezi ef al. [83, 84]
using CD with different substituent at Cy. In these experiments, the R-enantiomer
was obtained in excess (when Cy substituent = OH, OCHj;, and OC,Hs) while S-
enantiomer was formed when the substituent was O-phenyl. This was attributed to
a competitive interaction for the phenyl substituent to the aromatic-carbonyl
interaction. In this model, it is assumed that the prochiral carbonyl is not strongly
chemisorbed to the Pt, since strong adsorption would weaken the carbonyl-
aromatic interaction. It should be noted that C—H---O binds to the surface while
the ester carbonyl H-bonding interaction with the quinuclidine-N takes place

above the surface.

1.6.1.2 Catalysts

Platinum is observed to be the best catalyst for enantioselective
hydrogenation of functionalised ketones. The choice of support is crucial in order
to obtain an active catalyst. A variety of supports have been used. Al,O;, SiO,,

Ti0,, and zeolites have been found to be the best for enantioselective
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hydrogenation reactions. Alumina supported Pt has produced the best ee and rate
[85, 86]. Bartok attributed this to the presence of oxonium cations formed
continuously on alumina (the electrostatic acceleration) which can promote the
directed adsorption of the surface complex in the course of competitive adsorption
[85, 86]. Catalyst particle size is also important. Catalyst reduction pretreatment in
hydrogen at a variety of temperatures has been found to increase Pt particle size
and to remove impurities on the Pt surface which leads in the end to improved
enantioselectivity and increased activity [57, 69, 87-89]. Catalysts that have a
particle size of less than 2 nm exhibit lower activity and selectivity [90, 91]. In the
present study, the Pt/G catalyst is used to broaden and extend the range of support

studies.

Attard et al. studied the effect of catalyst morphology on enantioselectivity
[37, 88, 89]. This was achieved by using the conducting support graphite, and
measuring the CV for the Pt surface. From the CV, step and terrace sites on Pt
were separately identified and the effect of these sites on enantioselectivity during

Orito reactions could be attempted.

Bartok and co-workers [92, 93] used ultrasound treatment in order to
improve Pt catalysts performance. This was used in the hydrogenation of ethyl
pyruvate modified using HCD-modified Pt/alumina; an ee of 97% and possibility
of catalyst re-use was reported. The catalyst improvement was ascribed to the

ultrasonic effect on Pt producing an optimal particle size [93].
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1.6.1.3 Substrates

In enantioselective hydrogenation reactions using cinchona-modified Pt, the
substrates that produce highest ee are limited to a-ketoesters, a-ketoacetals, a-
ketoethers, and some trifluoromethyl [94]. a-ketoesters, such as ethyl and methyl
pyruvate, are some of the best and most used in the enantioselective reaction [94].
In all enantioselective hydrogenation reactions, an activated electron-withdrawing
group such as carbonyl, ester, carboxyl or acetal in the a-position, is required for
rapid reaction. The presence of these activating groups is crucial for effective
enantioselective hydrogenation. The best results have been obtained when
Pt/alumina has been used as a catalyst in the presence of CD,
methoxydihydrocinchonidine (MeOHCD) or HCD as modifiers in acetic acid or

toluene as solvents (Table 1.1).
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Table 1.1 Enantioselctive hydrogenation using different substrates over Pt/alumina catalysts at

room temperature

Substrate Modifier Solvent ee/ %(R) Ref.
o]
/u\cm CD AcOH 98 [95]
[¢]
MeOHCD AcOH 96 [96]
coon HCD AcOH 94 [97]
Q H
| CD AcOH 58 [98]
N \/
o]
(o]
: J\ t HCD AcOH/Toluene 98 [99]
\g?f° CD Toluene 9] [100]
(o]
EWA)J\COOB MeOHCD AcOH 96 [101]
)OH/OR MeOHCD AcOH 97 [102]
OR
: ll CD Toluene/TFA 926 [103]
o CD Toluene 92 [100]
M/\ MeOHCD THF/TFA 96 [104]
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1.6.1.4 Modifiers and solvents

The presence of a modifier in enantioselective hydrogenation is crucial for
the achievement of rate enhancement and enantioinduction [105-107]. The most
efficient chiral modifiers to have been used in enantioselective hydrogenation over
Pt are CD and its derivatives (Figure 1.17a) and its near enantiomer cinchonine,

CN (Figure 1.17b) [59, 70, 108-110].

allliH

(a) (b)

R1 R Modifier
H -CH=CH, €D

H -CH,-CH; HCD

Ph  -CH=CH, PHOCD
OMe -CH,-CH3; O-MeHCD

Fig. 1.17 (a) Cinchonidine, CD, and its simple derivatives (HCD = 10,11-Dihydrocinchonidine,
PHOCD = O-Phenylcinchonidine, O-MeHCD = 10,11-Dihydro-O-methylcinchonidine); (b) CN.
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There are three important parts of the modifier structure: an aromatic ring
(quinoline in CD), the basic nitrogen atom at the quinuclidine ring, and the Cs and
Cy part [70]. The stereogenic centres in the cinchona alkaloid are located at Cs, C,,
Cs, and Co. It has been observed that Cg and Cy play an important role in
controlling the sense of enantioselectivity. For example, CD (where Cg and C, are
configured as S and R, respectively) produced an R- excess, while CN (possessing
the opposite configuration at Cg and Cs) produces the S-enantiomer in excess. The
configuration at Cg was found to be responsible for the sense of enantioselectivity,
and the substituent at Cy to be important for high ee (OH and OMe substituent
groups are the best whereas large bulky groups will reduce or even invert
enantioselectivity) [59, 108]. Partial hydrogenation of the aromatic ring weakens
the bond to the metal which leads to lowering of the ee; and the alkylation of
quinuclidine-N leads to a complete loss of ee [108, 111]. Enantioselectivity can
occur at low concentration of the modifier. Recently, Hutchings e al. [112, 113]
reported an inversion in enantioselectivity sense depending solely on the modifier
concentration. In this study, hydroquinidine 4-chlorobenzoate was used as a
modifier of Pt at different concentrations. At low modifier concentration, S-
enantiomer was produced in excess, and at higher concentration of modifier, R-
enantiomer was favoured; the opposite trend was observed with hydroquinine 4-

chlorobenzoate.
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The conformation is also thought to be an important factor in controlling
ee. Taking CD as an example, the two most important torsional angles are 1,: C3-
C4-Co-Cg and 1, : C4-Cy-Cg-N, [114]. Other rotations around C;-C;o and Co-O
single bonds were reported to be less important [114]. Six low energy
conformations of CD were obtained according to these rotations. Optimisation of
those conformers revealed the four most stable conformations of CD. The
aforementioned findings have been confirmed recently by a theoretical study [115]
of these conformations on Pt(111) as shown in Figure 1.18, which revealed closed-
1, closed-2, open-3, and open-4. In the open conformation, the lone quinuclidine-
N atom points away from the quinoline ring, whereas in the closed conformer the
lone pair of the quinuclidine-N atom points towards the quinoline ring [114]. Both
calculations and NMR [99,100] measurements for these conformers show that the

open-3 conformer is the most stable conformer of CD in aprotic solvents [116].
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Bartok and coworkers [75, 117] studied several derivatives of cinchona
alkaloid using conformational restraint (Figure 1.19) in order to determine the
productive conformer of the alkaloid. They showed that a-isocinchonine (a-1Cn)
and o-isoquinidine (a-1Qd) produced a high ee, which exhibits the same
conformation as CD. For y-isoquinidine (y —1Qd), the obtained ee was very low;
this was attributed to the steric hindrance of the methyl group at C,o, which made
the adsorption of the modifier on the Pt surface more difficult. Since rotation
around the single bond Co-Cg on these derivatives was impossible, a closed

conformation could be rejected as being “active” during the generation of high ee.

a-ICn a-1Qd y-1Qd
R=H R = MeOQO R = MeO
88% ee 85% ee 22% ee

Fig. 1.19 Cinchona derivatives with conformational constraints. Reprinted from reference
[94].

Adsorption of the alkaloid on the metal surface is crucial in the

achievement of enantioselectivity. Blaser ef al. [118] proposed that the modifier

45



Chapter 1

adsorbs to the metal surface via the aromatic ring parallel to the metal surface.
Deuterium exchange experiments by Wells et al. [119] confirmed this proposal. In
these experiments, deuterium exchange between dihydrocinchonidine and D, on
the Pt surface showed that all the H atoms of the quinoline ring and the H of O at
Co exchanged for D. However, no exchange took place on the quinuclidine ring.
These findings were confirmed by NEXAFS studies which found that 10,11-

dihydrocinchonidine adsorbed parallel to the Pt(111) surface [120].

In general, solvents have been found to influence enantioselectivity via a
weak dependence on their dielectric constants (€). The best solvent exhibits a
dielectric constant in the range 2-10 [59]. Acetic acid has been reported to
generate high ee’s when used as a solvent during the Orito reaction [59]. A NMR
study of CD [116] showed that the effect of the solvent is related to the proportion
of the modifier in an open-3 conformation (which is the best for modifier-substrate
interaction) [116]. It has also been reported that the lower the ¢ (all €
measurements at room temperature), the higher the abundance of open-3
conformation during reaction, which leads to high ee. For example, the dielectric
constants of toluene, tetrahydrofuran (THF), and acetone are 2.3, 7.6, and 20.7
respectively, and the open-3 conformations ratio was reported to be 70%, 62%,
and 40% respectively [116] in these solvents. Calculations by Baiker [116] have
shown that the open-4 conformation has high energy and by increasing the value

of €, the energy of closed -1 and closed-2 reaches the energy of the open-3
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conformation. However, in acetic acid and ethanol (¢ = 7.1, and 24.3 respectively),
the proportion of open-3 for acetic acid has been reported to be 100% and 77% for
ethanol. This contrasts with findings reported above [59]. The difference in
behaviour has been ascribed to the acetic acid protonating the quinuclidine-N and

in ethanol to H-bonding formed between the solvent and alkaloid [121].

1.6.2 Side reactions accompanying enantioselective hydrogenation over supported
Pt during the enantioselective hydrogenation of etpy
1.6.2.1 Transformation of CD

Cinchonidine 1s hydrogenated first at the quinuclidine part wia
hydrogenation of C;,=C;, bond, which produces Dihydrocinchonidine (DHCD)
which is also an efficient modifier (increased reaction rate observed while ee not
effected) [122]. As long as hydrogenation was underway, the hydrogenation of the
quinoline ring of the modifier was observed [122]. Reaction with complete
conversion of etpy was found to contain CD hydrogenated derivatives [122]. At
this stage, the efficiency of the modifier was reduced because hydrogenation of the
aromatic ring was shown to weaken the interaction with the Pt surface, which
leads to a decrease in the amount of adsorbed modifier on the metal surface [96,

122-124].
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1.6.2.2 Aldol condensation of pyruvate esters catalysed by N-base of the modifier
The carbonyl group of a-pyruvate ester is reactive due to its
electrophilicity. In addition, the a-hydrogen on the methyl group adjacent to the
carbonyl group promotes the pyruvate esters reactivity. Enolisation of pyruvate
ester during enantioselective hydrogenation over CD modified-Pt was reported
first by Baiker [125] (Figure 1.20). Cinchonidine catalysed deprotonation of ethyl
pyruvate by abstracting H at the a-position by quinuclidine-N of CD followed by
an inter-molecular aldol reaction. A subsequent ethanol elimination and
cyclisation (lactone formation) produced complex la which exist in two
tautomeric forms. The enol form 1b protonates the quinuclidine-N of CD and

enhances the ee by 4% [125].
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s Et P2 = O

OH\ 0

Protonates CD
1b la

Fig. 1.20 Aldol condensation reaction catalysed by CD [125].

Aldol formation usually occurs before the hydrogenation reaction
commences and prior to the addition of catalyst. IR and NMR analysis of mixtures
of etpy and CD in dichloromethane showed protonation of CD by the complex 1b

[125].
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1.6.2.3 Aldol polymerisation at Pt surfaces

Aldol polymerisation also occurs by the pyruvate ester interaction with the
Pt surface [126, 127]. Methyl pyruvate polymerises in the absence of CD and H,
on the Pt surface. Using a continuous fixed-bed reactor, a hydrogenation of methyl
pyruvate (mepy) over Pt/alumina was conducted by Baiker e al. [126]. In this
experiment hydrogen and methyl pyruvate were reacted in the absence of
modifier. Later, the hydrogen feed was stopped for 30 min (H, starvation) then H,
addition restored to the reactor. It was found that conversion decreased from 80%
before H, starvation to 40% after H, was restored (Figure 1.21). This behaviour
was ascribed to the partial blockage of Pt active sites by the surface polymer

during the hydrogen starvation stage.
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Fig. 1.21 Influence of hydrogen starvation during mepy hydrogenation in the absence of
CD. Reproduced from [126].
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Fig. 1.23 Plausible mechanism of mepy polymerisation over Pt{111}. Reproduced from
[126].
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1.7 Application of voltammetry for adsorption

1.7.1 Voltammetric techniques

Voltammetry is an important electrochemical tool for investigating the
electrochemical behaviour of a system. Linear sweep voltammetry and cyclic
voltammetry are examples of these voltammetric techniques. In the voltammetric
process, the electrode potential is swept between two limits at a particular sweep
rate, while the electrode current is measured. The resulting curve is known as a
voltammogram and shows peaks and troughs which may be ascribed to adsorption

at various adsorption sites.

1.7.1.1 Linear sweep voltammetry (LSV)

Linear sweep voltammetry involves applying a linear potential sweep to the
working electrode whilst monitoring simultaneously the current flowing in the
circuit (Figure 1.24). A signal generator produces a voltage sweep from E; to E;
and a potentiostat applies this potential wave to the electrode under study.
Scanning can be in the positive or negative direction and, in principle, the sweep

rate v can be defined as:

v =dE/dt 1.12
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where dE is the difference in potential between E; and Eg, and dt is the time taken
to complete the modulation. This method of analysis is commonly employed in
polarography whereby, under well-defined conditions, the limiting current derived
from a redox process in solution during LSV may be used to quantitatively

determine the concentration of electroactive species in solution.

1
0 Switching time, A E; B° E(orn
{ —p

(a) (b)

Fig 1.24(a) Linear potential sweep; (b) resulting voltammogram. Reprinted from [128].

1.7.1.2 Cyclic voltammetry (CV)

In cyclic voltammetry, the current passing between the electrode of interest
and a counter electrode is measured under the control of the potentiostat. The
working electrode is subjected to a triangular potential wave or the so-called saw
tooth wave whereby the potential changes from an initial to a final value then
reverses to the initial potential value. The resulting voltammogram is shown in

Figure 1.25. Any voltammogram peak can be used to determine the potentials at
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which electrochemical processes take place. The peak size depends on the sweep

rate, electrolyte concentration, and electrode composition [128, 129].
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Fig 125 (a) A triangular potential wave (saw tooth wave). (b) Resulting cyclic
voltammogram. Reprinted from [128].

1.7.2 Characteristics of a typical cyclic voltammogram of platinum

The first study of adsorption of hydrogen ions on platinum was carried out
by Frumkin and Slygin [130, 131] in 1934. In this study, a monolayer of hydrogen
atoms was adsorbed on platinum in the region 0.0 — 0.3 V positive of the hydrogen
equilibrium potential (0.0 V):

Ha + € —  Hay 1.13
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In 1960, Will and Knorr [132] investigated the adsorption of hydrogen and oxygen
on activated polycrystalline Pt using cyclic voltammetry by repeated cycling
between the hydrogen and oxide regions. Two reversible hydrogen peaks were
reported; the so-called “weakly” and “strongly” bonded states. Will [133]
conducted experiments using activated Pt single crystals and found the more
strongly bonded peak lay at the more positive potential, corresponding to
adsorption of hydrogen on {100} sites, while the weakly bonded peak lay at the
more negative potential, corresponding to adsorption of hydrogen on {110} or
{111} surface sites. These findings using Pt single crystals were analogues to
those using activated polycrystalline Pt.

The cyclic voltammogram for polycrystalline platinum in sulphuric acid is
shown in Figure 1.26 [132]. Two characteristic regions are observed:

(1) hydrogen desorption/adsorption regions (A and D)

(2) oxide adsorption/desorption regions (B and C)
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Fig. 1.26 Cyclic voltammogram for polycrystalline platinum electrode in sulphuric acid.
Sweep rate 100 mV s. Reprinted from [132].

Region A of the voltammogram represents hydrogen desorption:

Hoiy— Hag + € 1.14
Electrons flow from the Pt -H covalent bond to the metal as a result of proton
desorption, which generates a current each time this occurs. This generated current

is proportional to the surface area of the Pt electrode.
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Region D represents hydrogen adsorption which is the reverse of hydrogen
desorption. It should be noted that regions A and D are symmetrical about the
potential axis and these processes are therefore reversible.

Hay + € —  Ha 1.15

Region B is associated with adsorption of an oxide species to form an oxide
surface. This occurs via place exchange (Figure 1.27) between platinum atoms and

adsorbed oxygen. These chemisorbed oxygen atoms may diffuse into the bulk of

the electrode and formed a non-stoichiometric oxide [134].

Pt + H20(aq) —_— Pt-O}{(ads) + H+(aq) + e 1.16
+ R

Pt-OHgs) + HOpgy —— PHOM: aa + Heg™ @ 117

Pt(OH), (uqs) — Pt-Opasy  + HaOqg 1.18

The potential sweep is reversed upon reaching 1.55 V. Beyond this point,
potential excursions result in a breakdown in solution and formation of oxygen

gas. Similarly, potential excursions below 0.0 V result in hydrogen production.

58



&

%

, G

77--

(

$

Y

" HHS

6Y" P$Y

$>

%

?0. @,

Y

6

" P$



Chapter 1

with ultra-high vacuum (UHV). This study confirmed Will’s assertions regarding
weakly and strongly adsorbed states [136-138].

In 1980, Clavilier [139] introduced a novel technique to prepare single
crystal electrodes with well-defined surface crystallography by flame annealing
(heating them to 1000 °C in air). Subsequent cooling under H, followed by
quenching in ultra-pure water in order to protect the crystal surface from surface
contamination gave rise to singular electrochemical response features for each
Pt{hkl} electrode. In Figure 1.28, the potential of voltammetry to probe specific Pt
catalysts adsorption sites, based on Clavilier's results [139-141], is proposed. It 1s
seen that the individual adsorption site of the idealised cubo-octahedron
nanoparticle may be detected and their surface density evaluated assuming that the
electrical double layer population of the nanoparticle mimics the bulk single
crystal results. It may therefore be expected that a superposition of all possible

Miller planes may be obtained using “real” supported catalysts.
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1.8 Objective of the present study
The objective of this investigation was mainly to study the effect of CD-
modified bimetallic catalysts on enantioselectivity and reaction rate of ethyl

pyruvate hydrogenation. This was achieved via the following benchmarks:

1. An investigation of the effect of different coverages of sulphur, bismuth,
palladium, and rhodium on a 5% Pt/G supported catalysts on enantiomeric
excess and reaction rate.

2. In addition, measurements to be made on a Bi-modified Pt/Si0, (EUROPT-
1) catalyst together with a coverage dependent study of Pt on 5% Pd/G
catalysts. Detailed studies of the effect of thermally annealing PG
catalysts and subsequent deposition of Bi to form Bi-modified annealed
catalyst in relation to the enantioselective hydrogenation of ethyl pyruvate
was also to be carried out.

3. To study the effect of nanoparticle size on the enantiomeric excess and
reaction rate of the Orito reaction.

4. To use cyclic voltammetry as a probe to study the catalyst surface
morphology.

5. To investigate the effect of adsorption at step/kink and terrace sites on the

catalyst performance in enantioselective reactions.
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2.1 Introduction

Enantioselective hydrogenation of ethyl pyruvate to ethyl lactate on
modified bimetallic supported catalysts has been investigated. Pt/graphite catalysts
were used, sintered at different temperatures. It was found that the catalyst sintered
at 700K gave the highest enantiomeric excess. Cyclic voltammetry was used to

characterise the deposition of metals on supported Pt catalysts with particular

emphasis on the 700 K sintered Pt catalysts.

2.2 Materials

2.2.1 Catalysts
In this study, two types of supported platinum catalysts were used:

1) Pt/graphite (Pt/G) was 5 wt% of Pt supported on graphite, with a Pt surface
area of 2.1 m’g” and a mean Pt particle size of 14 nm; supplied by Johnson
Matthey.

2) The standard reference catalyst EUROPT-1, 6.3% Pt/Si0,, with a total
surface area of 185 m’g”’ and a mean Pt particle size of 2 nm; was
manufactured by Johnson Matthey. Its characterisation has been reported

previously [1, 2].
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2.2.2 Reagents

Ethyl pyruvate (EP, Fluka, >97%) was used as received. In this study
cinchonidine 1s mainly used for enantioselective hydrogenation. Cinchonine, the
near enantiomer of cinchonidine was used for few experiments. The cinchona
alkaloids are white crystalline solids and were supplied by Fluka (purity, 98%) and
were also used as received. Dichloromethane (DCM) was the solvent that has been

used in most reactions (Fisher, HPLC 99.9%). It was used as received.

2.2.3 Other matenials

Other matenals used are listed in Table 2.1 and were used as received

unless otherwise stated.
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Table 2. 1. Other materials used in this study.

Material Supplier Specification
Bismuth nitrate BDH 98%
Sodium sulphide Fisher scientific 35.5%
Palladium nitrate solution Johnson Matthey 14.8% Pd by weight
Hydrogen hexachloroplatinic Johnson Matthey 25.15% Pt by weight
acid solution
Rhodium chloride Johnson Matthey 42.4% Rh by weight
Hydrogen BOC Gases 99.995%
5% H,/Ar BOC Gases Specshield
Helium BOC Gases 99.995%
Nitrogen BOC Gases High purity
Air BOC Gases High purity
Methanol Fisher scientific 99.5%
Sulphuric acid Fisher scientific 98%
Toluene Fisher scientific HPLC 99.98%
Potassium permanganate BDH GBR
Acetic acid Fisher Glacial
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2.3 Apparatus and procedure

2.3.1 Reactors

Enantioselective hydrogenation reactions were carried out in two autoclave
reactors.
2.3.1.1 Baskerville mechanically stirred reactor

Most experiments (those which were catalysed by Bi, S, Pt, and Pd
modified Pt/graphite catalysts and sintered catalysts) were carried out in the 100
ml high pressure stainless steel Baskerville reactor (Figure 2.1). Reactions took
place in a glass liner (80 ml) which was placed in the stainless steel vessel. The
vessel was attached into the body of the reactor. A Teflon ring was placed between
the vessel and the body of the reactor in order to prevent any gas leakage. A sealed
mechanical impeller stirred the reactor and was driven by an integrated motor and
magnetic drive unit. The reaction mixture was typically stirred at 1000 rpm.

Reaction progress was monitored by a Buchi gas controller 9901 dosing
system controlled by a computer. By using this system, a constant pressure could
be set before the reaction started. In the reaction vessel, the pressure (P,) was kept
constant. Gas consumed was compensated via doses from a gas reservoir vessel
which was held at pressure (P;), higher than the reactor vessel in order to keep the
reaction pressure constant. Consumed H, gas was calculated using the ideal gas
law:

PV=nRT
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Where P = (P;-P,), V and R are the volume and the universal gas constant.
Temperature (T) was the ambient temperature during all experiments of 298 K. n
is the H, uptake that was consumed in the reaction measured in moles. The
recorded uptake data was then analysed using Microsoft Excel™. A typical
hydrogen uptake curve is shown in Figure 2.2. The slope maximum of hydrogen

uptake was taken as the maximum rate of the reaction in the units of mol h' gg,.".

Impeller

l

Gas inlet (from

—  » Vent
Buchi controlier)

PTFE O-Ring
Glass Liner #
T >
hermocouple 1 Stainless Steel Vessel
PTEF impeller »U <

Fig. 2.1. Schematic representation of the Baskerville reactor.
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Fig. 2.2. A typical H; uptake curve for the hydrogenation of ethyl pyruvate over Pt/G
catalyst.

2.3.1.2 Autoclave engineers magnadrive II mechanically stirred reactor

The Autoclave Engineers reactor (Figure 2.3) consists of a 120 ml stainless
steel vessel reactor which was equipped with a pressure gauge, a thermocouple,
and a sealed mechanical stirrer driven by an integrated motor and magnetic drive
unit. The stirrer and thermocouple were connected to the electronic control tower
in order to control the stirrer speed and monitor the reaction temperature.
Reactions took place in a 70 ml glass liner vessel. The progress of the catalytic

reaction was monitored by a gas dosing system which was built in-house (Figure
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2.4). The digital pressure display measures the change in the fixed volume gas
reservoir, and was connected to high resolution data logger (ADC-16) processor
and computer in order to measure the hydrogen uptake. The data recorded was
then analysed using programs such as Microsoft Excel™ or Microcal On'ginTM.

Rhodium modified Pt/G catalyst experiments were carried out using this reactor.

Rotor
l Control Tower
Connection
< > o
[m]
Pressure gauge =
Vent Valve Sampling Valve
o (/ pling
Gas inlet ~
PTFE O-Ring
Glass Liner WT
Thermocouple > Stainless Steel Vessel
Steel impeller > ‘n’ /

Fig. 2.3. Schematic representation of the Autoclave Engineers Magnadrive I1.
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vessel before H, admission. Typically, EP (2.32 g, 20 mmol), modifier (20 mg),
catalyst (0.25 g), and solvent (12.5 ml) were placed in the glass liner and sealed
into the autoclave. For reactions that were catalysed by Pt/SiO,, EP (7.54 g, 65
mmol), catalyst (0.25 g), solvent (12.5 ml), and modifier (50 mg) were used. The
autoclave was purged three times with H, at 4 bar to expel air, and was
subsequently pressurised with H; to either 30 or 35 bar. The reaction was initiated
when stirring commenced. Enantioselective hydrogenation was carried out at

constant pressure, temperature (ambient), and stirring rate (1000 rpm).

2.3.3 Product recovery

The reaction mixture was separated from the catalyst by filtration using a
funnel with a Whatman Nol1 filter paper. 6 ml samples of the filtrate were taken
and passed through a pipette plugged with cotton wool into a sample vial in order

to analyse it by GC.

2.4 Procedure for catalyst modifications

2.4.1 Deposition of Bi on Pt/G and Pt/Si0O,
0.35 g samples of sintered catalyst were placed in a 100 ml evaporating
basin with a magnetic stirrer bar. Different volumes (0.25-50 cm’) of Bi(NO;);

solution (2.9 x 10* M) were added to each sample and stirred for 3 h. The slurry
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was then filtered off under vacuum and washed with 200 ml of ultrapure water.

The catalyst was left to dry at ambient temperature overnight.

2.4.2 Deposition of S, Pd, and Rh on Pt/G and Pt on Pd/G

0.35 g samples of sintered catalyst were placed in a 100 ml glass bubbler.
For each sample a specific volume of adsorbate solution [Na,S (1.5 x 10° M),
H,PtCl, (7.4 x 10™ M), PA(NOs), (8.6 x 10 M), and RhCl; (1.0 x 102 M)] was
added. H, was passed through the slurry for 30 min, then the mixture sparged for
another 30 min with N,. Then, the catalyst was filtered off under vacuum, washed

with 200 ml of ultrapure water and dried at ambient temperature overnight.

2.5 Thermal annealing and sintering of catalyst

Samples (3-4 g) were placed into a silica boat and inserted into a Carbolite
tube furnace (Figure 2.5). A continuous flow of 5% H,/Ar was passed through the
tube furnace for 30 min in order to expel air. The tube furnace was then heated to
the required temperature at a rate of 10K min”. Upon reaching the required
temperature; the catalyst was left for 4 h. Then the catalyst was allowed to cool to
ambient temperature under the flow of 5% H,/Ar. Prepared samples were

transferred to sealed sample vials and used within 6 days.
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DCM

Ethyl pyruvate

R-Ethyl lactate

|
|
|
5 |
S-Ethyl lactate
]

I | G L _ LL_

—_— R —_— —— —_— ——— e
& —— - ~ = s -z < g

minutes

Fig. 2.6. A typical chromatogram of DCM, ethyl pyruvate, and ethyl lactate (R- and S-).

A typical chromatogram 1is illustrated in Figure 2.6. The peaks were eluted
in the sequence of increasing retention time, corresponding to solvent (DCM),

ethyl pyruvate, (R)-ethyl lactate, and (S)-ethyl lactate.
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2.6.1 Determination of enantiomeric excess

The enantiomeric excess (ee%) is defined by the equation:

([R]-[SD
ee (%) = X 100 2.1

(IR]+1[8D

Where [R] and [S] represent the concentration of (R)- and (S)-ethyl lactate

respectively, which were determined from the integrated peak areas of the gas

chromatograph.

2.6.2 Determination of conversion

Conversion is defined by the equation:

(AR + 0As)
Conversion (%) = X 100 2.2
(A r) T 02Ais) TAER)

Where A;, Ajs), and Ajgp) are the integrated peak areas of (R)- and (S)-ethyl
lactate and ethyl pyruvate respectively and o,and o, are the coefficient correction

factors for (R)- and (S)- ethyl lactate respectively.
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2.7 Electrochemical study of catalysts

2.7.1 Equipment

Cyclic voltammetry (CV) is a technique that was used in this investigation
to study the catalyst morphology and the effect of catalyst modification by metal
adsorption and thermal annealing on the enantiomeric excess and reaction rate.
Figure 2.7 shows the arrangement of the components that comprise the equipment
used in obtaining CVs. The electrochemical cell (Figure 2.8) was attached to a
potentiostat (750a, CH instruments) which was connected to a computer running
the control program “CHI”. All collected data was stored in the computer and was

analysed by using Microcal Origin™.

2.7.2 The electrochemical cell

The electrochemical cell (Figure 2.8) consists of two Pyrex glass
compartments (a and b) which contains three electrodes. The working electrode
was a Pt mesh which supported the catalyst sample. The Pt mesh was connected to
a thin platinum wire which was inserted into a narrow bore glass tube fitted with
Teflon collar working as a holder. The Teflon collar has a screw on its side to
adjust the glass tube up and down. The Pd/H reference electrode was housed in the
small compartment (b), which was to produce a stable and fixed potential for a
period around 6 h. The platinum mesh counter electrode was placed beneath the

working electrode in a luggin capillary in compartment (a). It was used in order to
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consisted of two steps. The first step was initial purification of mains tap water by
using a Milli-RO 10 plus system which, utilises reverse osmosis membranes and
activated carbon filters. The purified water was then stored in a reservoir where it
was connected to the Milli-Q system for the second purification step. The Milli-Q
purification system utilised a pack of mixed bed resin through which the pre-

filtered water was cycled until the desired water resistivity was reached.

2.7.4 Procedure for cleaning and obtaining a typical cyclic voltammogram

All glassware including the electrochemical cell was thoroughly cleaned
before use. This was achieved by soaking the glassware overnight in a dilute
solution of KMnOj, in concentrated sulphuric acid (“green acid”) where the green
colouration is due to the formation of MnO®' ions. Then the glassware was
thoroughly rinsed with ultrapure water and ready for use. The Pd/H reference
electrode was heated in a Bunsen flame [4] to remove surface contaminants. It was
then inserted in the cell which was filled with ultrapure water. The palladium
electrode was charged by passing hydrogen gas over the reference electrode via
the gas inlet of the reference chamber for 30-40 minutes. The electrolyte
(sulphuric acid 0.5 M) was then replaced by ultrapure water and de-gassed by N,
gas for 30 minutes in order to remove dissolved oxygen. A positive pressure of N,
gas was maintained over the electrolyte surface during every cyclic voltammetry
measurement. The platinum working electrode and platinum wire were flamed to

remove surface contaminants followed by pressing of 2.7 mg of catalyst sample
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into the platinum mesh working electrode. The platinum working electrode was
then placed in the electrochemical cell in compartment (a) and adjusted by a
Teflon holder to a level such that the catalyst sample was situated just below the
electrolyte surface. All electrochemical connections were then made to the
potentiostat starting with reference electrode followed by counter electrode then
working electrode. The potential was then held at 0.0 V for 5 min to remove the

oxide layer on the catalyst and relieve the associated surface reconstruction [5].

2.7.6 Calculation of adsorbate coverage
2.7.6.1 Adsorbate coverage of Bi and S

The surface coverage of adsorbate was calculated by measuring the
integrated area below the voltammogram which represents the total charge Q. The
total integrated area below the CV of the unmodified (clean) catalyst (Figure 2.9)
can be considered as 0.~ 1. The decrease in the integrated area was attributed to
adsorbate coverage. So the adsorbate coverage can be determined by using the

following equation:
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2.8 Transition electron microscopy (TEM)

TEM images were used to analyse metal particle-size and morphology of
Pt/G catalysts at Johnson Matthey Technology Centre. Images were collected
using an FEI microscope (F20 S-TWIN), fitted with a Schottky field emission

electron source. It was operated at accelerating voltages of up to 200 kV.
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3.1 Introduction

In this chapter, the influence of thermal annealing at different temperatures
on a 5% PY/G catalyst has been studied and tested via the enantioselective
hydrogenation of ethyl pyruvate to ethyl lactate. Also, the effect of adatom

adsorption on the same reaction using the following catalysts has been

investigated:

e MM = By, S, Pd, and Rh)-CD-modified 5% Pt/G catalyst sintered at
different temperatures.
e Bi-CD-modified 6.3% Pt/Si10; catalyst sintered at 450 K.

e Pt-CD-modified 5% Pd/G catalyst sintered at 700 K.

The objective of this study was to investigate the effects of thermal annealing
and adsorption of adatom on the step and terrace sites of the aforementioned
catalysts on the reaction rate and enantioselectivity. Cyclic voltammetry (CV) and
transmission electron microscopy (TEM) were used as tools to characterise

modified catalysts and thermally annealed catalysts.
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3.2 Thermal annealing of Pt/G and its influence on enantioselective
hydrogenation

The effect of catalyst sintering on enantioselective hydrogenation was
studied by heating the 5% Pt/G catalyst in 5% H,/Ar at different temperatures as
described in section 2.5 followed by characterisation using CV and TEM. Each
sintered catalyst was investigated as described in the experimental section 2.4.1 in

order to study the effect of sintering on the reaction rate and the enantioselectivity.

3.2.1 CV and TEM characterisation

Figure 3.1 shows the CVs of the unsintered 5% Pt/G catalyst and catalysts
sintered in 5% Hy/Ar at 450, 600, 700, 800, and 900 K. In general, as annealing
temperature was increased, the Hypp area decreased for a fixed mass of catalyst.
All CV features were attenuated to varying extents as described by Attard et al.
[1]. As shown in Figure 3.1, the magnitude of the {111}x{111} and {100}x{111}
step peaks relative to unsintered samples was more pronounced and narrower
when annealing temperature was increased. As a proportion of the total Hypp
charge, the {100} terrace features at 0.27 V (Pd/H) increased in intensity
significantly, but then became less marked as annealing temperature reached 600
K and were completely attenuated after that. For Pt{111} terrace voltammetric
peaks, there was both a shift to a more negative potential and a slight increase in
relative area, as the annealing temperature increased. This was consistent with an

increase in the average of {111} terrace width of the Pt particles [2]. Surface area
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Table 3.1 Effect of thermal annealing on Pt surface area and Pt{100} terraces of 5% Pt/G
sintered catalysts. .

Ent Annealing Relative Pt surface Pt{100}terraces
y temperature/K area % relative area
1 unsintered 100 0.046
2 450 5] 0.103
3 600 44 0.118
4 700 36 0.086
5 800 25 0.091
6 900 24 0.011

TEM micrographs of the unsintered and sintered catalysts are shown in
Figure 3.2(a)-(f). Figure 3.2(a) shows a TEM micrograph for unsintered Pt
catalyst. Particle shapes appear spherical and have rounded, unfaceted boundaries.
Some particles are aggregated in clusters and connected by necking. Heating the
catalyst to 450 K (Figure 3.2(b)) was accompanied by increase in particle size and
faceting. Aggregated clusters started to disperse but particle necking was still
observed. TEM micrographs of Pt/G catalyst sintered at 600 K are shown in
Figure 3.2(c). There is an increase in the size of particles whose shape starts to
become hexagonal and boundaries between particles become clearer. Clusters
continued to disperse and particle necking decreased markedly. TEM micrographs
of Pt/G catalyst sintered at 700 K (Figure 3.2(d)) show an increase in particles size
and faceting. Hexagonal forms are orderly in shape and most particles dispersed.

When the heating temperature exceeded 700 K, hexagonal particles continued to
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