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STRATEGIES FOR ORGANOCATALYST HETEROGENISATION AND PERFORMANCE IN 

SELECTIVE TRANSFORMATIONS 

by David John Xuereb 

 

Various organocatalysts are successfully heterogenised to robust inorganic 

frameworks, such as mesoporous silicas, by following a developed methodology of 

covalent tethering. The structural integrity of the organocatalyst, the nature of the 

active-sites and verifying the covalent anchoring were characterised through 

spectroscopic and physical measurements. The benefits of a heterogeneous 

system were exemplified through recovery and recycle experiments as well as 

directly measuring improvements in activity and selectivity in catalytic reactions. 

  The immobilisation technique was applied to covalently graft the amino acid 

lysine through the side chain functionality and the consequent heterogeneous 

systems were catalytically tested in the aldol reaction between acetone and 4-

nitrobenzaldehyde. Lysine functionalised silicas offered improved activity and 

chemoselectivity than that of the homogeneous system due to the immobilisation 

method creating well-defined, isolated sites. Maximising this isolated nature was 

achieved through increasing the spatial resolution of sites by solid-phase 

deprotection and governing the degree of catalytic loading on the mesoporous 

support.  

  A similar methodology of immobilisation was applied to naturally occurring 

cinchona alkaloids (cinchonidine, cinchonine, quinidine and quinine) through the 

radical initiated formation of C-S bonds that covalently link the alkaloid to the 

surface of the silica support. All heterogeneous alkaloids were proven to be active 

catalysts in the Michael reaction of ethyl-2-oxocyclopentanecarboxylate (1,3 

dicarbonyl) with N-benzylmaleimide, exhibiting the impressive stereoselectivities 

that are achieved in the homogeneous state. Furthermore, under solvent-free 

conditions the reaction could be completed within 2 hours with no detrimental 

effect on stereoselectivity. 

  It was established in the heterogeneous organocatalytic systems that minimising 

spatial constraints, having a precise balance of substrate-catalyst-pore wall 

interactions and the polar, hydrophilic character of the mesoporous silica surface 

provides a favourable environment for facilitating asymmetric organocatalytic 

transformations. 

  The versatility of organo-functionalised mesoporous silicas can be extended to 

hosts for coordinating transition-metals that create amino-acid complexes, which 

can functionally mimic the active site in metalloenzymes. This was achieved by 

covalently heterogenising Cu
2+

-valine and Fe
3+

-proline complexes onto inorganic 

(mesoporous silica) and organic (polystyrene) supports which acted as highly 

selective catalysts in the oxidation of benzyl alcohol, dimethyl sulfide and 

cyclohexene using benign oxidants such as O
2

 from air. The covalent strategies 

offer a more stable, well-defined active site, which is demonstrated through 

improved catalytic turnovers of the covalent analogues in the various oxidation 

reactions. Through controlling the degree of catalytic loading the creation of a 

more isolated single-site nature of the bio-derived complexes can be achieved 

which increases catalytic efficiency.  

  Correlating the different catalyst environments upon immobilisation onto varying 

supports while concurrently measuring the catalytic activity, leads to the 

development of structure-property relationships for support optimisation. 
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1.1 Importance of Catalysis 

  

Catalysis is of great importance in the modern world. The range of our reliance 

extends from the production of fuel and the removal of pollutants created by 

consuming this fuel, to the development of materials such as plastics, fine 

chemicals, pharmaceuticals and bulk chemicals (Table 1.1.1). Catalysts are 

extremely diverse in composition, with approximately 90 % of all our chemicals 

and materials being produced as a result of its deployment.
1

 More importantly 

catalysis offers substitute, more sustainable routes, than conventional methods in 

the manufacture of commodity chemicals,
 2

 as well as providing alternative energy 

approaches.
 3, 4

 

 

Year  Process Catalyst Industry 

1875 Sulfuric acid synthesis Pt, V
2

O
5 

Chemical 

1903 Nitric acid synthesis Pt gauze Chemical 

1913 Ammonia synthesis Fe/Al
2

O
3

/K
2

O Chemical 

1923 Methanol synthesis CuZnO Chemical 

1930 Fischer-Tropsch synthesis Fe/K/CuO, Co/Kieselguhr Petroleum 

1920-40 Hydrogenation of food oils Ni/Kieselguhr, Raney Agro 

1936-42 Cracking SiO
2

 – Al
2

O
3 

Petroleum 

1937 Ethylene oxidation Ag/Al
2

O
3 

Chemical 

1942 Paraffin alkylation H
2

SO
4

, HF Petroleum 

1950 Naphtha reforming Pt/Al
2

O
3 

Petroleum 

1955 Polymerisation TiCl
3

/Al(R)
3

 Chemical 

1960 Wacker process PdCl
2

 * Chemical 

1963 Ammoxidation BiPMo
12

O
40

 Chemical 

1964-8 Hydrocracking Exchanged zeolite X & Y Petroleum 

1960 Hydrodesulfurisation CoMo/Al
2

O
3

 Petroleum 

1980 NO
x

 reduction VO
X

TiO
2

, zeolites Environmental 

 

Table 1.1.1: Development of industrial processes
5

 (* homogeneous catalyst). 
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1.1.1 General Mechanism and Reaction Energetics 

 

Understanding the fundamentals of a catalyst is imperative in being able to 

evaluate more complex systems and tackle complicated problems associated with 

reaction pathways. In a very general sense, a reaction proceeds between substrates 

only if a minimum amount of energy called the activation energy for the reaction is 

overcome. The percentage of reactant molecules that obtain the activation energy 

can be calculated on a Maxwell-Boltzmann distribution diagram and is very low for 

a demanding reaction. The majority of molecules don’t have this energy and in 

most cases a reaction will not occur whatsoever because of the activation energy 

being so high. Using a catalyst decreases the activation barrier by creating an 

alternative route for the reaction to proceed (Figure 1.1.1).  

 

 

 

Figure 1.1.1: Energy profile diagram of a typical case where a catalyst lowers the 

activation energy for a reaction. 

 

This new route has a lower activation energy so not only converts more 

starting material to product but increases the rate of reaction. Lower activation is 

achieved by providing an alternative reaction pathway. This is a very simple 

illustration of a working catalyst and in reality reaction profiles are more complex 

because of the many transition states and intermediates that are produced and 

consumed throughout the catalytic cycle. Consider a case where substrates X and 

Y form to make Z in the presence of a catalyst (C) (Figure 1.1.2). The lower energy 

pathway consists of additional transition states and intermediates that would not 

arise if the reaction were to proceed without the use of a catalyst.  

  

Gibbs  

Energy 

Time 
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Figure 1.1.2: Example of an energy profile diagram where catalysis offers a 

preferred route through a different reaction pathway. 

 

Enzymes are naturally occurring biological catalysts that fundamentally act in 

the same way as conventional synthetic catalysts by lowering the activation energy 

of a reaction, reducing the entropy, decreasing the transition state of a reaction 

and by providing an alternative mechanistic pathway. Enzymes differ to 

synthetically designed catalysts mainly through their incredible activity and are far 

superior to non-biological catalysts in this respect. Michaelis-Menten kinetics offers 

a reliable model for describing the rate of enzymatic reactions and also provides 

constants from which enzymes can be measurement in terms of their activity.
 6, 7

 

For a biochemical reaction involving a single substrate: A reacts with E, and turns 

into EA, with rate constant k
1

, which turns into B and regenerates E, with rate 

constant k
2

. EA can turn back into A and E, with rate constant k
-1

. The Michaelis-

Menten mechanism for enzymatic catalysis follows this path (Figure 1.1.3). 

 

 

 

Figure 1.1.3: Enzymatic catalysis of transformation of a single substrate. 

 

A B EA E E + + 
k

1
 k

2
 

k-1 
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The mechanism can be analysed using the steady state approximation which 

gives an expression for the rate (Eq. 1.1.1). The constant k
2

/K
m

 measures how 

efficiently an enzyme converts a substrate (A) into the corresponding product (B). 

Typically, enzymes are superefficient
8

 if this value approaches 10
8

 – 10
10

 M s
-1

. 

 

     

  
 

     

     
        (Eq. 1.1.1) 

Where:    
      

  
    (Eq. 1.1.2) 

 

In the hope to achieve similar activities in synthetically produced catalysts, 

inspiration is taken from nature and currently bio-inspired motifs are being 

pursued for promoting efficient transformations. This area is discussed in greater 

detail later (see section 1.5). 

Another very important aspect of catalysis is selectivity, whereby the catalyst 

provides lower activation energy for numerous pathways which result in a mixture 

of different products. The selectivity of a reaction can be described in terms of 

chemoselectivity, regioselectivity and stereoselectivity (Figure 1.1.4). 

Chemoselectivity describes the preferential outcome of a specific chemical reaction 

over other competing transformations. This usually means the reaction of only one 

particular functional group in a molecule or that a process e.g. oxidation, gives 

one product without over-oxidising the compound or halting at a undesired stable 

intermediate. Regioselectivity is the favouritism of a specific ‘direction’ of a 

chemical bond when making or breaking bonds in a reaction. Regioselectivity also 

applies to where on the substrate the reaction takes place such as a particular 

position on a substituted aromatic ring or alkane chain. Stereoselectivity is where 

an unequal mixture of stereoisomers is produced in a chemical reaction. 

Stereoselectivity arises from the differences in steric and electronic effects in the 

catalytic mechanistic pathways leading to the different products and can be 

measured in terms of enantioselectivity and diastereoselectivity. Through astute 

choice of active centre (such as metal element) as well as designing the 

conformation around the site (such as ligands) and the position of steric bulk to 

direct substrate binding trajectories, selectivity of all types can be induced and 

controlled through catalysis.  
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Figure 1.1.4: Selectivities of a reaction in the oxidation of limonene.  

 

1.1.2 Types and Application of Catalysts  

 

Catalysts are utilised in all areas of the chemical industry (Table 1.1.2). A 

topical field where there is fast emerging technology and many examples of 

catalysts is in energy processing. Petroleum refining employs catalysts for 

alkylation, cracking and steam reforming, while synthetic fuels are also produced 

via catalytic systems such as synthesis gas from water-gas shift reaction and then 

the subsequent reaction of syn gas to hydrocarbons in Fischer-Tropsch synthesis
9

 

(Figure 1.1.5 A). With the need for greener technologies, biofuels (e.g. biodiesel) 

are also produced from both inorganic/biocatalytic processes and fuel cells rely on 

catalysts at anodes and cathodes to generate electric currents. Bulk chemicals are 

often produced through catalysis and some of the largest-scale chemicals are 

produced by catalytic oxidations (e.g. nitric and sulphuric acid),
5

 hydrogenations 

(e.g. methanol and ammonia (Figure 1.1.5 B))
10

 and polymerisations (via Ziegler-

Natta process)
11

 (Figure 1.1.5 C). Many fine chemicals are prepared via catalysis 

but are most commonly used on small scales such as olefin metathesis using 

Grubbs’ catalyst
12

 and Friedel-Crafts reactions
13

 (Figure 1.1.5. D) Catalysts also play 

prominent roles in the food industry (e.g. hydrogenation of fats)
14

 and in the 

environment by the reduction and breakdown of harmful waste materials in by-

products of reliant processes. 

 

 

 

 

 

 

 

 

 

[O] 

Chemo: Epoxide formation over 
alcohol or ketone formation 

Regio: Epoxidation of alkene in the 
ring over terminal alkene 

Stereo: Configuration of stereocentres 



David Xuereb  Introduction 

 31  

Area of catalysis Cost (2005) Annual growth (%) 

Auto catalysis 8.61 5 

Biocatalysis (enzymes) 3.44 6 

Bulk chemicals 2.51 3 

Fine chemical (non-bio)  0.63 3 

Polymers 2.58 5 

Environmental 1.23 10 

Petroleum refining 2.82 4 

Recovery of spent catalysts 0.96 5 

 

Table 1.1.2: Sales (in billions of US$) of catalysts and associated areas.
 5

   

 

 

 

Figure 1.1.5: Selection of reactions that are carried out on industrial scales. 

Fischer-Tropsch synthesis in the petroleum industry (A), Haber-Bosch process for 

ammonia synthesis in the bulk chemical sector (B), Ziegler-Natta process for 

polymerisation (C) and a key step of fine chemical syntheses using Friedel-Crafts 

reaction (D). 

 

Catalysts are generally split into two groups depending on the phase they 

occupy during a chemical reaction. The first class is homogeneous where the 

catalyst is in the same phase as the reactants. This is a typical case used in organic 

transformations where a high stereocontrol is needed e.g. in the total synthesis of 

natural products or in the synthesis of fine chemicals. In homogeneous systems 

the catalyst is most commonly a complex dissolved in solution along with the 

reactants, which requires a work up of the reaction to separate the products from 

(2n+1)H
2
  +  nCO C

n
H

(2n+2)
  +  nH

2
O A 

C 

D 

B 3H
2
  +  N

2
 2 NH

3
 

nCH
2
=CHR 

RCl 

 −[CH
2
−CHR]

n
− 
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catalyst (Figure 1.1.6 A). A high stereocontrol is often achieved in homogeneous 

catalysis because the catalyst is frequently a metal complex that can have chiral 

ligands or have steric bulk surrounding the active centre to induce selectivity. 

 

 

 

Figure 1.1.6: Illustration of a homogeneous (A) and a heterogeneous (B) catalyst. 

 

The other class of catalysts are heterogeneous. This describes the catalyst 

being in a different phase to the reactants and often in industry the catalyst is in a 

solid physical state while the reactants are in liquid or gaseous form (Figure 1.1.6 

B). A large benefit associated with this difference is that the reaction can be carried 

out under continuous flow conditions where a constant supply of products is 

achieved devoid of losing catalyst and without the need for purification or workups 

as in the homogeneous example. A main goal for modern catalysis is to achieve 

environmentally acceptable processes in the chemical industry.
 2

 Therefore, 

heterogeneous catalysis offers the opportunities for cleaner methodologies,
 15

 with 

advantages such as being readily amenable to continuous processing and ease of 

catalyst recovery. More scrupulously, the make up of heterogeneous catalysts is 

most commonly recognised as surfaces, whereby reactants in a different phase can 

adsorb and proceed through the reaction pathway. A classic example of this is in 

the Haber process; a nitrogen fixation reaction in which the production of 

ammonia is produced from nitrogen gas and hydrogen gas over an enriched iron 

bed catalyst
16

 (In Figure 1.1.6 B substrates would be N
2

 and H
2

 and product would 

be NH
3

). This example illustrates how a heterogeneous catalyst can be used for the 

production of bulk chemicals, like ammonia. The use of heterogeneous catalysts in 

the production of more intricate structures like in the manufacture of fine 

chemicals and pharmaceuticals is far less exploited.  
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1.2 Heterogeneous Catalysis in the Fine Chemical Industry 

  

Traditionally, fine and speciality chemicals have been produced predominantly 

using non-catalytic organic syntheses. Although in recent years the application of 

using catalytic methods has increased. This is largely due to factors such as waste 

minimisation and production costs.  

Specific characteristics of the typical manufacture of fine chemicals are based 

on the target molecules and the processes from which they are made. These 

almost constantly include: 

 

 Production via a multi-step synthesis. 

 Reaction or formation of complex molecules with several isomers and 

functional groups with limited thermal stability. 

 Relatively small scale products e.g. 1-1000 tonne year
-1

 for pharmaceuticals. 

 Undesirable high E
1

 factors, subsequent to large amounts of unwanted 

products. 

 A high value related with the final product, therefore sympathetic to high 

process costs. 

 The need for high purity requirements. 

 

If a carefully designed catalyst can fulfil the requirements sought as a 

consequence of these characteristics, then catalysis can contribute to the 

enhancement of the production of speciality chemicals, thus providing an 

improved production process and aiding the removal or transformation of toxic 

reagents or by-products. Moreover, the implementation of a catalyst can provide 

enantioselectivities and chemoselectivities and even offer transformations that are 

not possible without the use of catalysts. For fine chemical or chiral drug 

synthesis, selectivity, whether it be chemo-, regio-, diastereo- or enantioselectivity, 

is a major aspect of a catalyst’s performance. Other factors such as productivity, 

which ultimately determines the catalyst cost, and activity, which affects the 

production capacity are also significant aspects in evaluating the capability of a 

catalyst.  

The majority of catalysts employed in industry for the synthesis of speciality 

chemicals are of a homogeneous nature.
 15

 The main advantages of using 

                                                

1

 E factor is a measure of how many Kg of waste is produced per Kg of product. 

Ultimately a desirable E factor is <1. 
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homogeneous catalysts are that they are defined on a molecular level and have a 

broad scope, with variability through design. Unfortunately there are shortcomings 

associated with these types of catalyst such as sensitivity when handling and 

sometimes poor activity due to deactivation through lack of stability. 

Heterogeneous catalysts offer solutions to these problems through their stability, 

which can be accredited to the rigidity of the metal surface or the resistance that 

the inorganic support provides to harsh conditions e.g. high temperatures and pH. 

Heterogeneous catalysts have other benefits over the homogeneous counterparts 

such as solvent versatility, simplified separations, ease of recovery and superior 

recycling. Although it must be noted that there are shortcomings associated with 

heterogeneous catalysts like diffusion hindrances, leaching and a lack of 

knowledge around the active site environment and the finer mechanistic details. If 

these limitations can be overcome then the benefits of a heterogeneous 

arrangement far outweigh that of the homogeneous analogue. 

Heterogeneous catalysis commonly used for the synthesis of fine chemicals are 

metals, metal oxides or solid acids such as zeolites or clays, all of which have a 

considerable amount of parameters that are carefully varied in order to achieve the 

best possible performance. The most important options are choice of metal 

(usually transition-metals), type of catalyst (supported, powder or skeletal), metal 

loading and type of support (alumina, silica, polymer). The active metal is fine 

tuned to suit a particular reaction by strong consideration of the oxidation state, 

the surface area, dispersion and the size of the crystallites. Also a great deal of 

thought has to go into the support parameters, which can have a profound affect 

on the selectivity or the reaction rate, these include such variants as the surface 

area, pore structure and the acid-base properties. If all these parameters can be 

met and applied effectively, with an improved activity and selectivity, it can be 

envisaged that the disadvantages that homogeneous catalysts suffer from can be 

overcome by heterogeneous analogues and developed into an industrial catalyst 

that can be utilised in fine chemical synthesis. 

Highly selective transformations have been successfully carried out for 

enantioselective syntheses using catalysts with no metal present and in recent 

years a vast number of impressive examples have been identified. These examples 

are subsequently discussed, paying particular attention to the importance and 

direction of the field. 
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1.3 Organocatalysis 

 

The use of organic molecules as catalysts has gained much exposure in recent 

years, so much so that it is now a predominant area in organic chemistry, 

recognised as organocatalysis.
17

 

 

1.3.1 Advantages and Development 

 

Organocatalysis is the use of organic molecules to principally catalyse 

asymmetric transformations and is an innovative and currently prevalent area for 

stereoselective synthesis. Primary examples of highly stereoselective 

transformations that use organocatalysts have been documented some 40 years 

ago
18-20 

(Figure 1.3.1) but recently the field of organocatalysis has experienced a 

resurgence due to the discovery of their high versatility and tuneable properties in 

terms of catalytic potential. Along with organometallic and enzymatic catalysis, 

many chemists now consider organocatalysis to be one of the main divisions of 

enantioselective synthesis. 

 

 

 

Figure 1.3.1:  Chiral enamine catalysis in the Hajos-Parrish-Eder-Sauer-Wiechert 

reaction.
20 

 

The rapid growth of organocatalytic research can be attributed to the 

overwhelming advantages the field offers over existing technologies, as well as the 

ease of exciting possibilities of development within academic investigation. In 

previous years, asymmetric catalysis was dominated almost exclusively by metal-

based chiral catalysts which allow for a whole plethora of reactions. This is where 

organocatalysis offers real benefits because organometallic systems can often be 

expensive, toxic and sensitive to air and moisture. Organic molecules, especially 

the backbones of employed organocatalysts, are generally insensitive to oxygen 

and moisture, therefore reducing the need for special reaction vessels, storage 

containers and the requirement for ultra-dry reagents and solvents. A wide range 

of organocatalysts are based on naturally available biological sources, such as 

L-proline  

CH
3

CN, 1M HClO
4

 

80 °C, 24 h 

84 % ee 
87 % yield 
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amino acids,
 21

 resulting in cheaper preparation and the opposite stereoisomers 

can be obtained to give desired outcomes in stereoselectivity. One of the biggest 

assets of employing organocatalysts is the incredibly high stereoselectivities that 

can be achieved. Organic intermediates can be isolated and characterised and 

transition states can be accurately postulated, therefore acquiring a detailed 

understanding of the reaction mechanism is more easily attained. With the reaction 

mechanism identified, the organocatalyst can be modified through adding steric 

bulk, enhancing electrostatic interactions and improving substrate activation.  

All of these factors, coupled with the savings in cost due to the absence of 

metal precursors, brought about the prospect of a complementary mode of 

catalysis which accelerated the speed of innovation, improvement and novelty. 

However, downfalls still exist that limit the new concepts full potential. The 

benefits are subsided with the high mol % of catalyst that is frequently used (in 

some cases as much as 50 mol %), which leads to low turnover numbers that has 

an impact on the viability of industrial application. Although, it can be argued that 

organocatalysts are typically less toxic than the metal-based alternatives, so can be 

easily removed from waste streams, therefore mitigating the cost of the high 

catalytic to substrate ratio.  

The conceptualisation of the field of organocatalysis has only occurred very 

recently. Up until two decades ago there were minimal reports on the use of 

organic molecules as catalysts for asymmetric transformations and these had been 

largely overlooked because the individual studies were regarded as unique 

chemical transformations. In the late 1990’s the theory of using small organic 

molecules to facilitate fundamental reactions developed through the utilisation of 

stereomerically pure ketones in enantioselective epoxidations
22-24

 and hydrogen-

bonding donors in an asymmetric Strecker reaction.
25,26

 The concept of 

organocatalysis came to fruition around 10 years ago through coinciding 

publications
26,27 

on the unification of the underlying mechanisms of the catalysed 

transformations and detailing how organocatalysts could provide environmental 

and scientific benefits through illustrating a broad applicability and by describing a 

general activation strategy. Since that time there have been thousands of 

publications on the insight, application and evolution of organocatalysis.
28

 This 

predominant area now competes with the use of homogeneous metal complexes, 

especially for application in asymmetric transformations for fine chemical 

syntheses. All organocatalysts can be assembled into a handful of subdivisions 

that describe the mode of substrate activation and reactivity.   
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1.3.2 Classes (most common) 

 

A generic mode of activation describes a reactive species that can participate in 

a diverse range of reaction types while giving consistently high enantioselectivities. 

The different groups of organocatalysts arise from the interaction of a single chiral 

moiety with a basic functional group in a highly controlled manner. Once 

discovered and fully established, an activation mode presents a platform for 

designing novel reactions and also leads to the growth of pioneering catalysts that 

can be used for specific complex rearrangements or inter-conversions.  

 

1. Enamine catalysis is one of the most common methods of activation.
29

 

Typically the amine functionality on the catalyst reacts with a ketone to 

form a stable enamine intermediate which subsequently interacts with an 

electrophilic species through either hydrogen bonding or electrostatic 

attraction as a consequence of the bifunctional character of a neighbouring 

urea or acid group.  This mode of activation has consequently been utilised 

in a wide range of carbonyl α-functionalisations.
29

 

2.  Hydrogen-bonding catalysis occurs through a well-defined transition state 

based on electrophile activation to undergo nucleophilic attack
30,31 

and is an 

active area of research.
32,33

 

3.  Iminium catalysis was designed as a general strategy for asymmetric 

organic synthesis. It is an attractive alternative to transformations that 

traditionally use Lewis acid catalysts.
34

 This mode mechanistically follows 

the formation of iminium ions from α,β-unsaturated aldehydes and chiral 

amines in equilibration that imitate electron donation, inherent to Lewis 

acid catalysis, into the lowest-unoccupied molecular orbitals (LUMO) and 

subsequently lowering the activation energy of the acceptor. 

4.  Singly occupied molecular orbital (SOMO) catalysis is based on the 

oxidation of an electron-rich enamine to generate a reactive radical cation. 

The high electrophilic nature of the (SOMO) of this intermediate allows it to 

react readily with weak nucleophiles.
35

 Applying this principle opens up new 

ways for catalysing asymmetric α-functionalisations.
36-38

 

5.  Counterion catalysis directs additions into transiently generated N-acyl-

iminium ions and oxocarbenium ions.
39,40

 In this system the thiourea 

functionality, which are known to form strong complexes binds to, and 

ionizes the weak carbon–chlorine bonds of chloroamides and chloroacetals 

to generate a transient ion pair. The resultant anionic intermediate directs 

the approach of nucleophiles a preferred face of the transient stabilised 
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cationic species resulting stereoselective induction through ionic 

interactions. 

 

Mode of catalyst Catalyst (example) Activation 

 

Enamine  

 

 

HOMO 

 

 

Hydrogen bonding 

 

 

 

LUMO 

 

Iminium 

 

 

LUMO 

 

SOMO 

 

 

SOMO 

 

 

Counter-ion  

 

 

 

LUMO 

 

Table 1.3.1: The most common activation modes with examples of catalysts for 

each genre. 

 

Appreciating the mechanisms and the basis of these activation modes is 

required if existing catalysts are to be tuned and adapted for a specific set of 

substrates or to increase selectivity of an already applied reaction. Furthermore, 
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new organocatalysts can be designed to function with superior characteristics 

within these foundations.  

As alluded to earlier, the main advantage of using organocatalysts is the 

impressive stereoselectivities that can be achieved, so their use in fine chemical 

and pharmaceutical processes is highly desirable. Considering the short amount of 

time since the conceptualisation of the field, organocatalysts have been 

successfully employed in a range of fine chemical syntheses. It is important to 

recognise not only the diversity of the catalysed transformations but the 

significance of the target material produced and the benefits over conventional 

methods for production of that compound. 

 

1.3.3 Scope and Potential 

 

Industrial applications of organocatalysts are fast becoming prominent in a 

field dominated by metal catalysts.
41

 The first example of this kind was 

implemented more than 40 years ago to manufacture steroids on multi-kilogram 

scales via an intramolecular aldol reaction of a triketone using a catalytic chiral 

amine.
20

 This transformation with a pentane ring is now commonly known as the 

Hajos-Parrish-Eder-Sauer-Wiechert reaction (Figure 1.3.1). Decades later, the chiral 

amine proline was found capable of catalysing intermolecular asymmetric aldol 

reactions, along with many other types of transformations via chiral enamine 

catalysis.
29

 At the same time this was established, MacMillan and co-workers 

designed novel organocatalysts
42

 based on an iminium mechanism. Since this 

resurgence 10 years ago, there have been many published organocatalysts that 

facilitate a variety of reactions proceeding via a range of mechanistic classes and 

activation modes.
17

 An example of a chiral amine catalyst used in the 

pharmaceutical industry is in the asymmetric synthesis of warfrin, which is 

prescribed as an anti-coagulent. (S)-Warfrin is five times more active than the 

opposite enantiomer and in the conventional synthesis of conjugate addition 

between 4-hydroxycoumarin and benzalacetone a chemical resolution of the 

racemic mixture is needed that only affords the more active enantiomer in a 19 % 

yield.
43

 To improve synthetic efficiency a di-amine chiral organocatalyst was 

employed to enantioselectively facilitate the addition of both substrates without 

the need for isomer separation
44

 (Figure 1.3.2). In another report this step was 

made viable by exploiting a cinchona derived organocatalyst.
45 
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Figure 1.3.2: Chiral enamine catalysis in the conjugate addition of (S)-warfrin. 

 

Asymmetric alkylation via phase-transfer catalysis (PTC) using an 

organocatalyst is carried out on an industrial scale in the synthesis of (+)-

indacrinone (Figure 1.3.3). PTC is the use of a catalyst to transfer a substrate from 

one phase into a phase in which the reaction takes place. This catalyst most 

commonly acts like a detergent by solubilising the reactant. (+)-Indacrinone was 

formed in high entiomeric excess by using a catalyst derived from a cinchona 

alkaloid.
46

 The mechanistic understanding for stereoselectivity was explored using 

a mixture of CPK molecular modelling and single crystal X-ray analysis, which 

hypothesised the substrate/catalyst ion pair was held in a particular conformation 

due to a π-interaction between aromatic groups.
47 

 

 

 

Figure 1.3.3: Organocatalytic asymmetric alkylation via phase-transfer catalysis. 

 

Catalytic amounts of boronic acids are exceptional dehydrating agents and 

have been found to be effective for amide bond formation from amines and 

acids.
48

 A more elegant example of the catalytic use of boronic acids is in the 

dehydrative cyclisation reaction in the synthesis of the LFA-1 antagonist BRIT 2584 

THF, AcOH (10equiv.) 
r.t., 24 h 

92 % ee 
99 % yield 

+ 

Toluene, CH
3
Cl 

92 % ee 
95 % yield 
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(Figure 1.3.4).
49

 Mechanistically it is plausible that the cyclisation proceeds through 

transient intermediates where the interaction between the acetal group and 3,5-

bis(trifluoromethyl)phenylboronic acid facilitates the dehydration. 

 

 

 

Figure 1.3.4: Boronic acid-catalysed dehydration as a key step in the synthesis of 

BRIT 2584. 

 

Asymmetric catalysis via non-covalent bond interactions such as hydrogen 

bonding is also a practical route to the production of fine chemicals. Hydrogen 

bonding catalysts were first designed on thiourea and chiral guanidines backbones 

(Figure 1.3.5).
50,51

 There have been various examples of such catalysts that activate 

substrates in this way in the chemical industry such as Jacobsen’s Schiff base 

effectively used by Chirex for the large-scale synthesis of amino nitriles via the 

enantioselective Strecker reaction.
52

 A further example is the desymmetrisation of 

a prochiral diphenol developed by Miller et al and utilised by Merck.
53

  

 

 

toluene, (MeO)
3

CH 

reflux, 24 h 

95 % ee 
80 % yield 
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Figure 1.3.5: Hydrogen bonding catalysis in chiral acetylation of a prochiral 

diphenol. 

 

Minimal peptides were screened in order to efficiently provide the 

monoacetate because the enzyme used in industry gave inadequate yields.
54

 It was 

found that the tetrameric peptide (catalyst in Figure 1.3.5) provided the best 

results in terms of conversion and selectivity, which is remarkable considering the 

low molecular weight in comparison to natural peptides and the long distance 

between the phenol oxygen and the prochiral centre. 

Further examples of enamine-type catalysis are exhibited in drug and natural 

product synthesis via aldol and Mannich reactions. Following on from the 

breakthrough work described earlier,
27

 proline and proline derivatives are 

incredibly selective when employed as catalysts in these types of reactions. The 

synthesis of (R)-convolutamydine A
55

 which is a member of a group of alkaloids 

isolated in 1995 that exhibits activity in the differentiation of leukemia cells was 

achieved by the organocatalytic aldol reaction of acetone with 4,6-dibromoisatin 

(Figure 1.3.6). The prolinamide induced the formation of the quaternary carbon 

atom with the correct R configuration and under improved conditions the natural 

product was obtained in almost quantitative yield with high enantioselectivity. 

 

 

 

Figure 1.3.6: Total synthesis of (R)-convolutamydine A. 

Acetic anhydride, CHCl
3
, -30 °C 

95 % ee 
80 % yield 

-15 °C 

(10 mol %) 

97 % ee 
50 % yield 
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The total synthesis of the indole alkaloid ent-dihydrocorynantheol, which 

displays substantial antiparasitic, antiviral, and analgesic properties, is an 

insightful case of the advantages of the organocatalytic approach over 

organometallic methods
56

. The key step relies on a proline-catalysed Mannich–

Michael reaction sequence so that the correct configuration of the two 

stereocentres was formed in a single step. The transformation into ent-

dihydrocorynantheol was achieved by a Wittig reaction of the carbonyl group 

followed by stereoselective reduction of the resulting olefin. The overall reaction 

was carried out in 4 steps with a 38 % overall yield (Figure 1.3.7), whereas the use 

of a non-organocatalytic procedure took 8 steps with a lower yield including a 

series of organometallic reactions including multiple ring-closing metatheses and a 

zirconocene-catalysed carbomagnesation.
57 

 

 

 

Figure 1.3.7: Organocatalytic synthesis of ent-dihydrocorynantheol. 

 

A noteworthy case of an organocatalytic method superseding organometallic 

procedures is observed in the total synthesis of the natural product (+)-epi-

cytoxazone which was carried out via a proline catalysed Mannich reaction (Figure 

1.3.8).
58

 The stereoisomer (-)-cytoxazone, was synthesised by a Ti-catalysed 

Sharpless asymmetric epoxidation of an allyl alcohol by the same authors
58

 but in 

this case the key step involved the condensation of p-anisaldehyde with p-anisidine 

and hydroxyacetone to form the syn-amino alcohol. Organocatalysis was 

successful because the chiral enamine derived from a ketone and proline reacts 

(30 mol %) 

DMSO 

99 % ee 
99 % de 
85 % yield 
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faster with an imine than with an aldehyde and the formation of an imine from an 

aldehyde and a primary amine is faster than the concurrent aldolisation.
59 

 

 

 

Figure 1.3.8: Organocatalytic asymmetric Mannich reaction to form a key 

intermediate in the synthesis of (+)-epi-cytoxazone. 

  

More demanding chemical procedures are now being facilitated by 

organocatalysts like hydrogenations that formerly require stoichiometric metal-

hydrides, high pressures and high temperatures. Most common catalysts are based 

on chiral systems of ruthenium and rhodium with BINAP and DuPhos derived 

ligands (Figure 1.3.9).
60-62

 These metal-based catalysts give remarkable 

stereoselectivities but using organocatalysts for these types of reactions are more 

desirable in terms of energy, safety and in cost.  

 

 

 

Figure 1.3.9: Ligands used in metal-based asymmetric hydrogenations, BINAP (A) 

and DuPhos (B).  

 

The hydrogenation of α,β-unsaturated aldehydes
63-65

 set the basis for the 

regio- and enantioselective reduction of polyunsaturated natural aldehydes. The 

(20 mol %) 

DMSO, RT 

d.r. 2:1 
81 % ee 
76 % yield 

A B 
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structure of the organocatalyst is similar to that of the chiral ligands used in metal 

hydrogenations. In this case the use of a chiral phosphate counter-anion induced 

chirality in the reduction step of the substituted α,β-unsaturated aldehydes
53

 of (E)-

citral to (R)-citronellal and farnesal to (R)-dihydrofarnesal (Figure 1.3.10). The 

organocatalytic asymmetric transfer hydrogenation to produce citronellal gives the 

highest ee reported and is the first example of the asymmetric synthesis of 

dihydrofarnesal. The products are industrial important compounds as perfume 

ingredients, fragrances and industrial intermediates.  

 

 

 

Figure 1.3.10: Hydrogenation of citral (A) and farnesal (B).  

 

Oxidations are also reactions that are currently carried out under high 

pressures with metal-based catalysts, whereas organocatalysis offer an attractive 

alternative by reducing energy, costs and carrying out the reaction in a more 

environmentally benign manner. An example in complex drug synthesis is in the 

asymmetric epoxidation for DSM’s large scale synthesis of a compound which was 

an anti-HIV and blood-pressure modulator.
67

 The stereoselective epoxidation is 

carried out by a fructose derived ketone although critical parameters such as pH 

and temperature are needed to be controlled throughout to avoid decomposition 

of the catalyst (Figure 1.3.11). 

 

 

 

 

 

 

92 % ee 
77 % yield 

90 % ee 
71 % yield 

B 

A 
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Figure 1.3.11: Asymmetric epoxidation with Shi’s catalyst. 

 

After the breakthrough of organocatalysis, the earlier research was primarily 

centred on understanding the reaction mechanism in order to develop catalysts for 

better selectivity, investigation into the number of different reactions that can be 

facilitated and exploring the range of substrates that can be activated. Nowadays, 

the biggest impact publications are based around advancing organocatalysis by 

the utilisation in industrially significant applications and the concept of 

sustainable, more environmentally friendly and ‘greener’ routes to catalytic 

procedures through employment of these types of catalysts coupled with 

optimised reaction conditions. Ideal asymmetric reactions would be performed at a 

high rate, under mild conditions, with quantitative yields and enantiomerically pure 

products, with catalyst recovery and recycling. These conditions are where the field 

of organocatalysis is progressing. In this chapter the applications in fine chemical 

synthesis have been highlighted and it is important to emphasise the rapid 

development of this intriguing class of compounds through the vital role in drug 

syntheses
68

 from the formation of carbazolespirooxindole skeletons
69

 that exhibit 

important biological activities to the enantioselective aza-Henry reaction of cyclic 

trifluoromethyl ketimines in the synthesis of Anti-HIV drugs.
70

 It is clear in recent 

years that more complex rearrangements and transformations for specific target 

materials with essential properties are at the forefront of organocatalysis research.  

Another area of active research is the use of organocatalysts in multiple 

catalysis reactions whereby higher reactivities are achieved with the use of two or 

Acid 

THF, oxone, K
2
CO

3
 rt, 5 h 

Oxone:  
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more distinct chiral catalysts in ‘one-pot’, compared with that of the two or more 

systems separately.
71

 The reason for this research is to find more efficient methods 

to the synthesis of complex compounds with impressive stereoselectivities. This 

area is jointly represented with the use of multifunctional organocatalysis, which 

offers many of the same advantages of multiple catalysis but in this case the 

potential of reactions that can be catalysed is narrower
72

 (Figure 1.3.12). The use 

of organocatalysts with transition metal motifs takes advantage of their 

compatibility while exploiting the advantages of both forms of catalysis. There 

have been many examples in recent years where this concept has successfully 

presented a range of reactions for specific target materials that give superb 

conversions and selectivities.
73,74

 General examples showcasing the range of 

available processes are amine-activated carbonyl compound addition to transition-

metal-activated substrates,
75

 organic BrØnsted-acid/base controlled stereoselective 

reactions with metal activated substrates
76

 and the reaction of organic Lewis-base 

initiated nucleophiles with transition-metal mediated electrophiles.
77

  

 

 

 

Figure 1.3.12: Contrast of multifunctional and multiple catalysis 

 

A very topical and important area of organocatalysis that is receiving much 

attention is the way in which to make the area more ‘green’ and environmentally 

friendly,
78 

which is currently being carried out in a number of ways. A complex 

technique is to carry out cascade and tandem reactions so that sequential 
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transformations of a reaction are carried out in one pot with no need for work up 

or purification until the final step.
79

 Organocatalysts, more specifically the very 

nature of organic chemistry, have access to a large number of functional groups 

and therefore allows for the distinct activation modes to be combined and tuned in 

one or multiple catalysts and permits the collection of these different catalysts in 

one flask for utilisation in domino-type reactions.
80

 These cascade type reactions 

create powerful protocols with increased atom economy and catalytic efficiency in 

facilitating a whole host of important product formations.
81,82 

Less complex ways are currently being pursued to make organocatalysis 

more sustainable, through reducing energy consumption and optimising reaction 

conditions and making the full potential out of available resources. One method of 

realising this objective is by employing low loading organocatalysts by reducing 

the amount of organic compound produced and used in the reaction. Currently 

many procedures use high mol % of organocatalysts and efforts are concerted 

around bringing this ratio down through increasing the activity of organic 

systems.
83

 Other advancements in this area are concentrated around the use of 

friendlier reaction media e.g. water and ionic liquids.
84-86

 In some cases the 

sustainability of the reaction can be improved by removing the use of a solvent 

altogether by carrying out the reaction in solvent-free conditions. There have been 

some very encouraging results based around this idea, most notably in respect to 

activity as diffusion through the liquid is mitigated.
87,88

 Further methodologies have 

focused on alternative reaction techniques such as high-speed ball milling
89

 and 

the use of microwaves and ultrasounds to promote the reaction.
90,91

 Although these 

notions offer attractive alternatives and are classified as ‘green’ organic syntheses, 

the approaches have so far offered few examples of successful applications. 

One way in order to make the reactions more efficient is that each 

homogeneous catalyst can be transformed into a heterogeneous analogue through 

immobilisation onto a solid support, whereby making recovery and recycling of the 

catalyst more facile. From an industrial viewpoint this also helps to keep 

processing costs low because of the reduced loss of catalyst within the reaction 

and in recuperation due to the heterogeneous nature. There are numerous 

supports and varying approaches to immobilise catalytic entities on solid 

frameworks, all of which have a profound effect on the stability and local 

environment of the catalyst.  

Careful consideration must be taken regarding the stability of the support, 

especially that of extreme temperatures and pH, so that a basis of selection can be 

made. Solubility factors and solvent versatility also play an important role in 

deciding upon the nature of the support, as these are vital in fulfilling the 
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optimum reaction conditions. Other aspects such as the hydrophobic/hydrophilic 

nature or steric and electrostatic interactions that may be present must be 

evaluated to anticipate if this would thwart or assist catalytic reactions. The main 

advantages for a suitable support would be to maintain the integrity of the 

catalytic active sites while providing an appropriate environment for efficient 

catalysis i.e. the activity and selectivity would not be negatively affected upon 

heterogenisation. This can be controlled through spatial considerations and the 

nature of the surface of the support (polarity, hydrophilicity etc.) that would play a 

role in the diffusion of reactant molecules and also influence the accessibility to 

the active sites. 

 

1.4 Heterogenising Organocatalysts 

 

Employing organocatalysts has shortcomings due to their homogeneous 

nature, which necessitates the use of high mol % of catalyst and gives rise to 

difficulties associated with recovery and reusability. Through immobilisation these 

downfalls can be suitably overcome and could even lead to increased selectivity. 

There are various reasons for this increased selectivity accredited to the influence 

of the steric constraints present in some particular supports or because of the 

stability of the catalytic sites, which consequently has a bearing on the mechanism 

or the transition states of the reaction.  

Two general concepts used for amino acid immobilisation are by covalent 

and non-covalent methods (Figure 1.4.1). There are a number of support types 

(discussed in sections 1.4.1 and 1.4.2) for each method and the choice of which 

form is usually based on the inherent properties of the support and the benefits 

that it can offer. 

 

 

Figure 1.4.1: Representation of the two distinct methods of immobilisation. 
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Covalently anchored catalysts can be separated into two categories based 

on the solubility: soluble supports, including PEG and dendrimers, and insoluble 

supports such as silica and polymers. Examples of non-covalently attached 

catalysts are immobilisation on ionic liquid modified-silica matrices and 

encapsulation inside the cavities of β-cyclodextrin. These are not the only types of 

support that are available and supports that have not been mentioned but have 

had much attention are biphasic catalysts, whereby amino acids are anchored to 

ionic liquids (Figure 1.4.2).
92-94

 The ionic liquid moiety can act as a soluble support 

and an advantage of using this route is that the catalyst can be recovered simply 

by the solubility difference with varying solvents.
95,96

 Ionic liquids have received a 

great deal of attention because of their favourable properties such as insignificant 

vapour pressures, recoverability, non-inflammability and high thermal stability. 

These characteristics have helped ionic liquids function as effective reaction media 

in a whole host of applications in chemistry.
97

 Furthermore, chiral ionic liquids 

offer attractive uses in asymmetric synthesis and resolution racemates due to the 

inherent isomeric nature.
98

  

 

 

 

Figure 1.4.2: Examples of proline anchored to ionic liquids. 

 

1.4.1 Non-covalent Approaches 

 

These catalysts are not chemically bound to the support but give remarkably 

strong attachment through dipole interactions between the catalyst and 

support.
99,100

 
 

A striking example of a non-covalently bound catalyst is an l-proline 

derivative that has been successfully immobilised within β-cyclodextrin.
101

 This was 

achieved by inclusion of the phenol moiety branched from the 4-position on the 

proline ring by interactions between the aromatic ring in the catalyst and the cyclic 

oligosaccharides of the cone (Figure 1.4.3). Synthesis of the heterogeneous active 

catalyst was effortlessly accomplished by heating the phenoxy-amino acid and β-

cyclodextrin in a mixture of ethanol and water followed by removal of the solvent. 

The inclusion of the catalyst was confirmed through the variation of chemical 
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shifts in 
13

C NMR and shifts in absorbances in UV spectroscopy owing to the host-

guest interactions. The (4S)-phenoxy-(S)-proline immobilised catalyst proved to be 

active in catalysing the asymmetric aldol reaction of various benzaldehydes in 

good yield and with impressive enantioselectivities. Not only was the catalyst easily 

recovered by filtration and recycled with no loss of selectivity, but the ease with 

which the active catalyst was immobilised is most noteworthy. This methodology 

can be applied to other organic moieties used in catalysis, as demonstrated, in the 

immobilisation of other proline derivatives.
102

 

 

 

Figure 1.4.3: Amino acid immobilised by inclusion into β-cyclodextrin and an 

example of the asymmetric aldol reaction it catalysed. 

 

A very different route to non-covalent immobilisation is the adsorption of 

amino acids onto ionic liquid matrices (Figure 1.4.4). These are frameworks that 

consist of a support such as silica gel with anchored ionic liquids at the surface. 

These layers provide a location for amino acids to adsorb and dissolve. Modified 

silica gels have been prepared
103,104

 and have been successful in catalysing the aldol 

reaction between acetone and various aldehydes with modest yields. The choice of 

support, i.e. the presence and which ionic liquid was immobilised greatly affected 

the enantiomeric excess. It was also found that the optimum state of the silica gel 

for catalysis is when the surface is covered entirely with a covalently attached 

monolayer instead of a mixture of covalently linked and adsorbed ionic liquid 

fragment. These results demonstrate the consequences of interactions from the 

support and the active single-site on the transition-state in the asymmetric aldol 

reaction. 
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Figure 1.4.4: Ionic liquids covalently attached to silica gels as supports for amino 

acid immobilisation. 

 

Non-covalent immobilisation of organocatalysts can be realised by taking 

advantage of acid-base principles (Figure 1.4.5). The interaction between an acid 

and a base can be strong thereby restricting the loss of the catalyst through this 

relationship. The function of acid-base affiliation is convenient in the respect of 

heterogenisation because the pair-attraction acts as an anchor in addition to 

performing as a chiral modifier for resolution or stereoselectivity. Most common 

examples of this approach have been securing protonated organocatalysts to 

sulfonic acid functionalised organic motifs.
105

 Model examples include direct aldol 

reactions facilitated by a primary-tertiary diamine based catalyst
106

 and an affixed 

MacMillan catalyst for the Diels-Alder reaction of cinnamaldehyde.
107

 Unfortunately 

in these cases the activity and selectivity was inferior to the homogeneous 

analogues. This acid-base methodology has also been applied to the 

immobilisation of organocatalysts onto poloxometalates providing a recoverable 

catalyst that can be re-used many times, although in these cases activity 

diminished upon recycling.
108 
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Figure 1.4.5: Acid-base immobilisation techniques for immobilisation of 

organocatalysts. 

  

Ion-pair immobilisation is a similar method to acid-base anchoring because 

the main interaction between catalyst and support is ionic based.
109

 In this case the 

organic molecule is cationic by a quaternary ammonium centre which is attracted 

to the sulfonate functionalities on the stationary phase (Figure 1.4.6).
110-112

 Two 

methods can be followed for introducing the catalytic site to the support: Either by 

direct polymerisation of a pre-formed ammonium sulphate monomer or through a 

post ion-exchange of the quaternary ammonium salt with a sulfate salt polymer. 

Both approaches exhibit similar performances in phase transfer alkylation 

reactions, when using the immobilised cationic alkaloid, but more importantly give 

comparable enantioselectivities and conversions to the homogeneous catalyst. 

 

 

 

Figure 1.4.6: Ion-pair immobilisation on polymeric supports. 

 

Ion-pair immobilisation methodologies have also been successfully employed 

on clays (Figure 1.4.7). Montmorillonite (clay) has negatively charged layers with 

charged compensating cations (Na
+

) which occupy the space between layers. 

Therefore using ion-exchange techniques, cationic organocatalysts such as 

MacMillan, proline and prolinamide active entities have been successfully 

incorporated within the interlayers of clays and shown reasonable activity in direct 
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aldol and Diels-Alder reactions.
113,114

 Chiral anionic organocatalysts have also been 

entrapped within cationic layers of layered double hydroxide (LDH) clays in an 

identical manner and have been used to promote several transformations, such as 

Michael additions and aldol reactions with extremely high selectivities.
115,116 

 

 

 

Figure 1.4.7: Cationic (A) and anionic (B) ion-exchange methods for immobilisation 

within clay interlayers.  

 

All the non-covalent immobilisation that can occur via ion-pair interactions, 

acid-base interactions and hydrophobic interactions is interesting chemistry that 

can be exploited but is often seen as not as stable as covalently attached 

analogues. In most cases the physical bond linking the catalysts to the support is 

stronger than ionic interfaces and therefore is more likely to be superior at 

recycling through reducing the leaching of the active species. The ranges of 

supports that offer covalent attachment is diverse and will be explored and 

reviewed to create a balanced opinion of which methods offer most successful 

heterogenisation.  

 

1.4.2 Covalent Approaches 

 

These catalysts offer advantages over non-covalent analogues such as an 

increased stability in harsher reaction conditions due to the stronger bonding 
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forces between support and catalyst. Better stability predicts an improved re-

usability, since in theory, with a stronger attachment, there would be less 

aggregation and no loss of single site nature. 

As mentioned previously dendrimers are examples of these types of supports 

and are straight-forwardly synthesised using commercially available materials such 

as diaminobutane poly(propyleneimine) dendrimers DAB(AM)n containing n = 4, 8, 

16, 32 or 64 free amino groups. The surface amine groups are coupled with 

carboxylic acid functionalised protected amino acids to give the dendrimer-

supported amino acid.
117

 A varying number of generations can be synthesised and 

results indicate that shorter reaction times and lower mol % of catalyst used were 

benefits accredited to immobilisation.  

Improvements are also observed with amino acid immobilisation on 

polyethylene glycol (PEG).
118,119

 PEG supports are high molecular weight (in the 

order of 1000’s) repeating organic chains; these are linked to the amino acid by a 

spacer to give a bio-derived organocatalyst.
120-122

 Using this support provides an 

easy way for recovery of the catalyst by precipitation on addition of a non-polar 

solvent. Although PEG and dendrimer supports are soluble and therefore 

homogeneous, the active sites are anchored within the support network and may 

suffer from diffusion limitations depending on the substrate, like that observed 

with porous heterogeneous catalysts. Not only do these catalysts possess 

disadvantages like decreasing activity on recycling but their inherent nature 

presents drawbacks such as the need for treatment steps. 

Heterogeneous catalysts offer solutions to problems of recovery and 

reusability with silica and polystyrene being the most common forms of covalent 

supports. Amino acids covalently attached to insoluble polystyrene can be 

recovered by basic filtration. There are numerous strategies for immobilisation; 

new developments involve 1,3-dipolar cycloaddition of an azide functionalised 

resin and an O-propargyl hydroxy amino acid
121,123

 (Figure 1.4.8, e.g. 1) or a more 

recent method for synthesising a styrene amino acid derivative that links to a 

polymer through thiol-ene coupling reaction via a radical initiating step
124

 (Figure 

1.4.8 e.g. 2). In this grafting method the hydroxyproline is first reacted with a 

vinyl-benzylchloride via a classical Williamson etherification.
120

 The immobilised 

proline catalysts were active in the asymmetric aldol reaction for a range of 

ketones and arylaldehydes, as well as being active for a host of Michael 

additions.
121,123

 Example 2 shown in Figure 1.4.8 was successful in carrying out a 

variety of α-selenenylation reactions and enantioselective Mannich additions.
120,124 
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Figure 1.4.8: Two methods of immobilisation of proline to insoluble resins. 

 

The resins play a critical role in preventing the deactivation of the anchored 

catalysts. Most often the polymer supports are Merrifield resins with very high 

molecular weights that aid to their insolubility and can be purchased with varying 

functionalities at the surface providing options for catalyst grafting via covalent 

routes. A commonly utilised resin terminates in an amino group and is linked to 

organocatalysts, especially those of amino acid derivatives, by the formation of 

urea or thiourea linkages
125-127

 (Figure 1.4.9). The urea functionality provides a 

strong link to the support in order to limit leaching and aggregation of each 

catalytic single site. These urea-bound catalysts have been proven to be effective 

in a range of transformations from nitro-Michael additions
128

 to Mortia-Baylis-

Hillman reactions
122

 in modest conversions with decent selectivities.  

 

 

 

Figure 1.4.9: Urea (A) and thiourea (B) grafted organocatalysts. 

 

Apart from just individual amino acids being immobilised, small peptide 

chains have also been anchored onto insoluble polymer resins. Di- and tripeptides 

are highly active and selective catalysts for asymmetric aldol reactions
129,130

 and 

have been found to be more active than homogeneous proline.
131

 Peptides are 

appealing catalysts because they are less complex than enzymes and are attractive 

alternatives to small organocatalysts, as they offer many more sites for structural 

and functional variations.
130

 Solid supports for peptides include polyethylene glycol 

grafted on cross-linked polystyrene (PEG-PS). PEG-PS is a practical support because 

B 

A 
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of its compatibility with a range of solvents, due to its amphiphilic nature,
132

 and 

its wide use in solid-phase peptide synthesis, which is the method of 

immobilisation employed for these peptides. This resin-anchored catalyst is highly 

beneficial, especially when the peptides are hydrophobic, because the hydrophilic 

PEG branch of the support now makes the peptide soluble and stops aggregation. 

More recent work has been concentrated on the synthesis of bio-derived 

silica frameworks. Metal-based catalysts can be covalently anchored into the pores 

of mesoporous materials most effectively by the post-grafting method
133,134

 (Figure 

1.4.10) through anchoring of the organic ligands present (The methods for 

complex anchoring will be discussed in detail later in this chapter). This strategy 

can be applied to purely organic moieties where chiral catalysts can be introduced 

onto the surface via a linkage produced by reaction with the silanol functionalities 

in the channels (Figure 1.4.10).
135

 This covalent route to immobilisation of 

organocatalysts is believed to be the most suitable, since adsorption and ionic 

methods lead to a decrease in catalyst stability. Amino acids used in catalysis must 

have the amino and carboxylate groups accessible to fulfil the requirements of the 

well-defined mechanism for each particular reaction that the amino acid is 

catalysing. Therefore amino acids are immobilised by reacting the functionalities 

present on the side chain with a linker that can be covalently attached to the silica 

surface (Figure 3.3.10). The chemistry is similar to that of immobilisation to 

polymeric supports, where the coupling reactions are identical apart from the 

support, which is functionalised with a silane anchor.
136-140

 One of the first 

examples of organocatalyst immobilisation was first achieved by Calderon et al 

whereby the characteristic amino acid side chain is converted into an amine 

functionality, which undergoes nucleophilic attack of an isocyanate derivatised 

silane that can then covalently anchor to a silanol group in the channel of porous 

silica.
141

 In some cases
142

 the use of mesoporous silica contributes to a chiral 

enhancement, which may be due to the spatial restrictions inside the pore 

directing the formation of one isomer over another. Another route is to graft the 

active entities in situ during the hydrothermal synthesis of the mesoporous 

material to create a pre-formed organo-functionalised mesoporous silica in ‘one-

pot’.
 143

 This technique has proven successful and shown to produce an active 

catalyst for the direct aldol reaction. The rationale allows for a higher loading of 

catalyst but reduces the single-site nature of the active centres, which can have 

negative effects on the catalytic potential in terms of activity. 
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Figure 1.4.10: MCM41 and silane grafting technique to functionalise the surface of 

the silica support (See Figures 1.5.12 and 1.5.14 for specific examples). 

 

Mesoporous silicas are extremely stable up to high temperatures and 

pressures and also have total solvent and pH versatility. This makes them very 

appealing as support candidates and opens opportunities to development in 

continuous flow conditions.
144 

Porous frameworks are ideal as supports because they offer high surface 

areas that give rise to high catalytic activity using a small amount of material. 

Metal-organic frameworks (MOFs) are a growing class of porous frameworks that 

could be potentially good as a catalyst host because of the tuneable properties and 

wide range of design aspects that can be altered to maximise catalytic efficiency. 

MOF’s are generally constructed by reticular synthesis
145

 with the synthesis of 

these networks being similar to zeolites and aluminophosphate molecular sieves, 

via solvothermal or hydrothermal syntheses.
146,147

 Metal nodes are interconnected 

by the rigid polydentate organic linkers (Figure 1.4.11). Other conditions have also 

been successfully implemented such as synthesis under ionothermal
148

 conditions 

and with the assistance of microwave radiation.
149

 

 

 

 

Figure 1.4.11: A metal organic framework with highlighted cavity and examples of 

organic linkers.
150 

 



David Xuereb  Introduction 

 59  

 

In order to covalently attach organic molecules directly to the framework of 

the structure, linkers are introduced into the synthesis of the MOF with 

functionalities that can be manipulated to graft active catalysts (Figure 1.4.12). 

Again, the chemistry of attachment after incorporation of the desired linker is 

similar to that of attachment to polymers and mesoporous silica via solid phase 

coupling reactions. There are few examples of this kind
151,152

 but these materials 

may prosper as supports through the diverse structure characteristics that can be 

reached through pre-synthesis design and post-synthetic engineering. Comparable 

non-porous metal based materials have been used as supports, such as zirconium 

phosphates,
153,154

 which offer similar benefits to MOF’s. Again the research into this 

area is primarily sparse with few noteworthy examples.  

 

 

 

Figure 1.4.12: Skeletal of a post-modified organic linker in a MOF that can be 

functionalised to contain an active organocatalyst (star: active site). 

 

Although over 3000 3D MOFs have been characterised
145

 many difficulties 

arise in the production of a regular porous stable framework. Problems such as 

predicting network geometry, interpenetration and low stability on loss of 

templates is a major shortcoming.
155

 These shortcomings exist because the 

networks are purely synthetic and many factors have to be taken into account to 

achieve a desired structure, including the rigidness of ligands, temperature, type 

of anion, concentration and the labile degree of metal-ligand coordination. Metal-

organic frameworks are not naturally occurring so many are often unstable in 

normal atmospheric conditions so utilisation and storage is a difficulty. An 

additional problem is that a single metal coordination geometry can also 

propagate into more than one type of network.
155

 Few catalytic examples of MOFs 

are recognised, with most emphasis on applications as gas storage devices.
150

 In 

many cases an open framework does not exist because the passage is hindered by 
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solvent molecules or interactions from the framework in order to keep the ordered 

crystal composition intact. Overall, the drawbacks of these organic-inorganic 

hybrid systems hinders their development as supports compared to more 

thoroughly investigated materials. 

Conceptually recoverable and sustainable heterogeneous organocatalysts 

have been established through attachment to magnetic nanoparticles, allowing for 

a facile route to recovery of the catalyst from the reaction mixture.
156-159

 The 

catalysts are attached through to covalent oxygen bonds to the surface of typically 

Fe
3

O
4

 nanoparticles, allowing for convenient separation by the use of an external 

magnet. This is a fine example of how heterogeneous systems are designed with 

the importance of recovery at the forefront.  

Clearly the number of available supports for heterogenisation is vast, leading 

to a diverse variety of sub-divisions in each class, which in some cases can be 

altered or fine-tuned for desired properties for physical requirements or for 

influencing the nature of the active-site. As reviewed, all the potential supports 

have drawbacks and benefits based on their characteristics but understanding how 

each individual support mechanistically affects a specific catalyst for precise 

transformations is yet to be established. Ultimately, one support type for a 

particular catalyst and set of substrates may have an opposite effect on a different 

reaction in terms of activity and selectivity, or even in recovery and reusability. 

Evidently supporting organocatalysts is a very current and prominent area of 

research owed to the advancement of greener technologies and improvement of 

sustainable chemistry. 

 

1.5 Metalloenzyme Mimics and Bio-inspired Catalysts 

 

Amino acids that act as organocatalysts can be heterogenised in approaches 

as described above and additionally, can function as immobilised ligands that can 

coordinate to transition metal centres thus creating anchored bio-mimetic amino 

acid complexes. In the current sub-chapter the importance of amino acids 

functioning as ligands to form metalloenzyme mimics is highlighted by a thorough 

review of the evolution of heterogeneous bio-inspired transition-metal based 

catalysts, while evaluating advantages and disadvantages of supports and 

immobilisation procedures for creating these topical and versatile systems. Firstly, 

it is important to understand the function and composition of the metalloenzyme, 

in order to devise a suitable strategy for encapsulation or immobilisation of the 

active site. 
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1.5.1 Enzymes and Practical Evaluation 

  

Enzymes have been found to catalyse a wide-range of organic 

transformations with a high-degree of activity and selectivity. The most 

fundamental transformations from simple oxidations of straight chain alkanes to 

intricate rearrangements are catalysed with exceptional selectivity. It is this 

unsurpassed regio-, chemo- and stereoselectivity that has caught the eye of the 

pharmaceutical industrial giants of the present day. The importance of 

enantiomerically pure drug syntheses is evident from the growth of the global 

pharmaceutical market to $808 billion in 2009, at a compound annual growth rate 

(CAGR) of 9.3 % between 1999 and 2009.
160

 The market is forecast to grow to over 

$1,000 billion in 2014 demonstrating the requirement for highly efficient and 

selective catalysts to meet the growing demand.  

Already an increasing number of bio-transformations are carried out on an 

industrial scale, utilising biocatalytic processes
161,162 

using primarily fixed-bed 

immobilised enzyme reactors or batch reactors (Table 1.5.1). Many of the products 

formed are isolated as a particular enantiomer, which reiterates the importance of 

using enzymes in industry and their notable characteristic for effecting highly 

stereoselective organic and bio-organic catalytic transformations. 

 

Product  Enzyme  Production scale 

(tpy) 

high fructose corn syrup (HFCS) glucose isomerase  > 1,000,000 

lactose-free milk Lactase > 100,000 

Acrylamide Nitrilase > 10,000 

cocoa butter Lipase  

Nicotinamide Nitrilase > 1,000 

D-pantothenic acid Aldonolactonase  

(S)-chloropropionic acid Lipase  

6-aminopenillianic acid penicillin amidase  

7-aminocephalosporanic acid glutaryl amidase  

aspartame
®

 Thermolysin  

L-aspartate Aspatase  

D-phenylglycine hydantoinase/carbamoylase  

D-p-OH-phenylglycine hydantoinase/carbamoylase  
 

Table 1.5.1: Summary of chemicals produced on a scale of > 1,000 metric tons per 

year (tpy) as a result of biocatalysis.
163 

 

The biggest advantage of enzymes is their supreme selectivity. Enzymes are 

used to increase chemo- and regio-selectivity; but their best asset is enabling 
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enantiomeric control. In many cases enzymes can achieve enantioselectivies of 

greater than 99 % enantiomeric excess (ee) in an undemanding fashion. Enzymes 

are also highly active under mild conditions such as temperature, pressure and pH, 

which makes them easier to work with on a small scale; but are also more 

appealing on an industrial scale on a cost and efficiency basis. Another benefit is 

that reactions are preferentially carried out in aqueous media therefore providing a 

‘greener’ route. Using water as a solvent meets industrial processing goals such as 

attaining sustainable development and carrying out manufacturing by more 

environmentally-benign methods. A further advantage of enzymes is their wide-

diversity in terms of the reactions that they are able to catalyse, which means they 

can be applied to an increasing number of applications on an industrial scale. 

Progressively, biocatalysts are combined or used in conjunction with chemical 

catalysts for a network of reactions.
163

  

Over the past few decades, irrespective of the advantages of using 

biocatalysts, many reservations have been raised focusing on their drawbacks.
164

 

The availability of enzymes for commercial exploitation has been limited due to a 

lack of in-depth, in situ characterisation as well as proprietary precincts, which 

leads to a shortfall of desired reactions from specific substrates to targeted 

products. This restricted substrate specificity is a huge shortcoming because, even 

though in principle a large breadth of chemical reactions can be catalysed, only 

certain substrates could be directly employed due to the size-selection preferences 

of the enzyme. Enzymes also require co-substrates and co-factors which lead to 

cost considerations, but of greater significance is the enzymes lack of stability in 

varying conditions and desired media. In most cases, harsher temperatures, 

pressures and pH are required for maximising efficiencies and yields leading to 

narrow operation windows within specific reactions.  Given the above, the stability 

of the enzyme is rather limited and often leads to their deactivation, via 

bimolecular pathways, which is a major cause for concern in downstream 

processing. Another drawback is development cycles are too long for new 

industrial biocatalysts. A main reason for this is a deficient knowledge base of 

biotechnology and, compared to patent lifetimes around the same length, such 

durations can easily be deemed too long for many industrial applications. 

Compared with other types of alternatives, for example, homogeneous and 

heterogeneous catalysts, the main advantage of enzymes as catalysts are their 

unsurpassed selectivity, which is offset, to a great degree, by their lack of stability 

(Table 1.5.2). Immobilising an entire enzyme can be thought of as an arduous 

task, but by mimicking the catalytic function of its active site, stable catalysts that 

are amenable to industrial processing can be developed. Metalloenzyme mimics 



David Xuereb  Introduction 

 63  

have long held the fascination of synthetic chemists and both structural and 

functional enzyme mimics have been rationally developed through the interaction 

of transition-metal complexes containing suitable amino acid residues. Developing 

strategies for anchoring these active entities on stable inorganic frameworks leads 

to the creation of highly active and selective catalyst that can facilitate highly 

stereoselective transformations for the production of fine-chemicals. Furthermore, 

through the immobilisation of a functional mimic of the active site in an enzyme, 

problems associated with substrate specificity may also be overcome. This would 

also aid the recovery and reusability of the catalyst and make it amenable for 

continuous processing. 

 

Advantages Disadvantages 

High stereoselectivity Stability 

High Chemo-selectivity Availability  

Compatible with water as solvent Low specific substrate activity 

Mild operating conditions Long development times 

 

Table 1.5.2: Advantages and disadvantages of enzymes for industrial 

transformations.
163 

 

Zeolites and mesoporous silicas are suitable hosts for anchoring and 

encapsulating single-site bio-derived catalysts because of their large surface areas 

and robust composition. The different routes used for immobilisation, such as in 

situ encapsulation or post synthetic modification of the framework can alter the 

nature of the active catalyst.  

 

1.5.2 Amino Acid Versatility and Metalloenzymes 

 

A metalloenzyme is a lengthy protein that contains a small metal complex in 

the active site that is coordinated by amino acids from the protein scaffold. The 

amino acids stabilise and isolate the metal active-centre providing a specific 

binding pocket for particular substrates to attach (Figure 1.5.1). 
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Figure 1.5.1: Schematic of an active site within a metalloenzyme. 

 

Proteins coordinate to metal ions by dative bonds formed through nitrogen, 

oxygen and sulphur atoms that make up the enzyme backbone. Amino, amidato, 

amido, carbonyl and carboxylate ligands can be located at the C- or N- termini of 

the peptide chain, within the chain itself (except amino and carboxylate) and in 

side-chains.
165

 The peptide chain is made up of small building blocks of amino 

acids, which are composed of an acidic carboxyl group (-COOH), a basic amino 

group (-NH
2

), a hydrogen atom and a characteristic side chain (-R). Amino acids are 

good metal-complexing agents because of the electron donating effect of the 

substituents. Forming chelate rings through the amino and carboxylate groups is a 

common feature of amino acid coordination spheres, due to dissociation of the 

acidic proton to form a bidentate N, O-donor. Side-chains can also coordinate to 

the metal centre e.g. amino group of lysine and arginine, imidazole group of 

histidine, mercapto group of methionine or carboxylato groups of aspartate and 

glutamate (Figure 1.5.2).
166 

 

 

 

Figure 1.5.2: (A) Typical coordination sphere of an amino acid containing 

transition-metal complex. (B) Examples of amino acids that can also coordinate 
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through the side chains. (C) Possible coordination sphere of a bis-complex of 

histidine coordinated through the imidazole group. 

 

Iron and copper ions frequently occur as metal centres in biological oxidation 

systems and act as proficient catalysts, the activity and selectivity of which can be 

attributed to their inherent electronic properties and accessible redox capabilities.  

Metalloenzymes containing iron active sites, which can be very diverse due to 

electronic and geometric differences arising from ligand environments, consist of a 

substantial group of dioxygen activating enzymes that show significant promise 

for functionalising a wide range of organic substrates with high efficiency and 

selectivity.
167

 Heme-enzymes play critical roles in the biological hydroxylation of 

saturated carbon-hydrogen bonds, epoxidation of olefins, heteroatom oxidation, 

oxidation of aromatics and dealkylations.
168

 Mononuclear non-heme enzymes 

catalyse oxidative transformations either by Fe
III

-sites activating substrates for 

reactions with dioxygen (e.g. intradiol dioxygenases and lipoxygenases) or 

through Fe
II

-sites activating oxygen by direct binding to O
2

, resulting in iron-

oxygen intermediates that react with the substrate
169

 (e.g. Rieske dioxygenases and 

extradiol dioxygenases) (Figure 1.5.3). Binuclear iron enzymes are also useful O
2

 

activation compounds; for example, soluble methane monooxygenase (sMMO), a 

di-iron containing enzyme, has a carboxylate-bridged dinuclear iron centre
170

 that 

is capable of oxidizing aromatics and methane (the most inert hydrocarbon with a 

C-H bond energy of 104 kcal mol
-1

).
171 

 

 

Figure 1.5.3: Mono-nuclear enzyme active sites. Fe
II

 sites directly bind O
2

 for 

substrate insertion, while high spin Fe
III

 sites activate the substrate for direct 

reaction with O
2

. 

 

Furthermore, copper metal centres play a major role in biological dioxygen 

activation systems
172

 (Figure 1.5.4). Single copper-ion-containing enzymes {e.g. 

particulate methane monooxygenases (pMMO)} are effective in highly demanding 
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hydroxylation reactions and oxidations of inert hydrocarbons such as methane.
173

 

Mononuclear copper enzymes {e.g. galactose oxidase (GO)} also play an important 

role in the two-electron reduction of O
2

 to peroxide coupled with oxidation of 

organic molecules, such as oxidation of primary alcohols to aldehydes, which in 

turn can serve as substrates to yield carboxylic acids.
174

 Dicopper species that 

contain a binuclear copper centre as the active site (e.g. tyrosinase and catechol 

oxidase) can selectively oxidize phenols to catechols and further to quinone.
175,176 

 

 

 

Figure 1.5.4: Mono-nuclear and bi-nuclear examples of different copper sites in 

enzymes. 

 

A more comprehensive review of metalloenzymes including mechanistic 

aspects of significant enzymatic systems is provided in chapter 5.1. 

 

1.5.3 Inspiration for Heterogenisation of Metalloenzyme Mimics and 

Immobilisation Rational 

 

Understanding the nature and the coordination sphere of the active metal 

centre in a metalloenzyme provides valuable insights for developing design 

strategies for heterogenising bio-inspired catalysts for chemical transformations. 

Structural and functional enzyme mimics have been developed through the 

assembly of transition-metal complexes with natural amino acids,
177

 designed 

organic ligands,
178

 or by the use of artificial proteins.
179

 Amino acid-transition-metal 

complexes can perform as isolated active sites when encapsulated in inorganic 

host materials such as aluminosilicates or covalently bonded to mesoporous silica 

frameworks and polymers. These supports act as substitutes to the protein 

scaffold and create a spatial environment similar to that of the natural enzymes, 

therefore presenting an alternative to conventional biological and chemical 

processes. The replica heterogeneous catalysts are more versatile to pH changes, 

exhibit better thermal stability and display superior solvent and substrate 

versatility compared to biological metalloenzymes. The catalyst may also be 
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recovered and recycled numerous times due to the heterogeneous nature, which is 

desirable from an industrial perspective. 

Catalyst stability, activity and selectivity may be enhanced through chemical 

modifications of the active site by altering immobilisation procedures or by 

changing the support type. Somorjai and Park
180

 have recently highlighted the 

seven molecular components that influence the selectivity of heterogeneously-

catalysed reactions and have elegantly demonstrated how it would be possible to 

correlate these molecular factors for the development of hybrid systems; which 

take advantage of- and facilitate enzyme selectivity in a heterogeneous medium.  

One of the most important properties of the support is the degree of the 

hydrophilicity or hydrophobicity, which can play an important role in determining 

the catalytic outcome. Corma and co-workers
181,182

 have shown that the 

hydrophobic-hydrophilic properties of a heterogeneous catalyst play a determining 

role in enhancing both the activity and selectivity of a reaction, due to different  

polarities and transition-states that the reactant can adopt.  Each framework type 

has its own inherent degree of water attraction but can also be altered by post 

treatments. Choice of support is based upon consideration of experimental 

conditions of intended reaction, with each methodology of heterogenisation 

having explicit benefits most notably in selectivity.   

 

1.5.3.1 Zeolite Encapsulated Functional Mimics    

 

Zeolites are porous crystalline aluminosilicates with three-dimensionally 

connected channels. The primary building units are single TO
4

 tetrahedra, where T 

is an aluminium or silicon atom. Each T atom is tetrahedrally bonded to four 

oxygen atoms forming a bridge to neighbouring T atoms. Zeolites have the ability 

to act as catalysts for chemical reactions which take place within their internal 

cavities. They are thermally stable, chemically robust and easy to separate from 

reaction mixtures by filtration or centrifugation. Zeolites can incorporate guest 

molecules, more specifically metal-complexes, within their structure, due to the 

availability of empty channels and cages, which provide a stereochemicaly 

demanding void space for catalysis to occur. A metal cation can be readily 

exchanged into the zeolite to balance the overall net negative charge on the 

framework.
183

 The ionic interactions between the support and the metal-ion are 

strong enough to hold the guest metal in place. Using this rationale, careful 

combinations of metal complexes immobilised as active sites throughout an 

inorganic matrix can result in catalysts that can mimic the functional aspects of 

enzymes.
184,185

 Aluminosilicates are ideal supports and by astute choice of the 
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metal complex, novel single-site heterogeneous catalysts can be created.
186,187

 

Zeolite encapsulated active centres offer many advantages, such as the organised 

pores and channels, which can impede or assist diffusion on a size selective basis. 

In these architectures, zeolites serve as a substitute for the protein scaffold of 

natural enzymes and provide a controlled steric environment, where the catalysis 

proceeds.
188,189

 These heterogeneous catalysts are resistant to harsh reaction 

conditions, stable at high temperatures, facilitate separation of products from 

reactants and aid catalyst recyclability. 

Phthalocyanines, synthetic porphyrins and salen metal complexes 

encapsulated within zeolites (Figure 1.5.5) have been widely studied as biomimetic 

catalysts and have revealed promising oxidation potential. Attempts have also 

been made to immobilise these complexes on solid supports such as silica, 

activated carbon, alumina and polymers.
190

 Immobilising phthalocyanine metal 

complexes within zeolite Y was reported by Romanovsky et al.
192,192 

and involved 

the formation of the zeolite-entrapped metal phthalocyanine via template 

condensation of four dicyanobenzene molecules around the intrazeolite metal 

species. Raja & Ratnasamy
189

 also illustrated that, via a ‘ship-in-bottle’ type 

methodology, single-site heterogeneous catalysts, consisting of entrapped 

complexes of Fe and Cu phthalocyanine, in which all or most of the hydrogen 

atoms have been replaced by electron-withdrawing substituents, converted 

methane in air to methanol and formaldehyde. To some degree, these 

heterogeneous catalysts effectively imitate the function of methane 

monooxygenase enzymes, by employing an analogous transition-metal, when 

compared to the active sites in pMMO and sMMO; thereby encouraging the 

oxidation of methane, albeit at lower levels of conversion. 
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Figure 1.5.5: Graphical representation of Co(salen) (A) Co-phthalocyanine (B) 

encapsulated within the supercages of zeolite Y accompanied by skeletal forms 

and structure of a metalloporphyrin (tetraphenyl porphyrin) complex (C). 

 

Metallophthalocyanine (MPc) complexes are also attractive potential 

oxidation catalysts, because of their rather cheap and facile large scale preparation 

coupled with their intrinsic chemical and thermal stability. Their macrocyclic 

structure is similar to that of porphyrin ligands which are widely used in nature in 

the active sites of oxygenase enzymes, but phthalocyanines containing electron-

withdrawing groups, are relatively stable to degradation and more readily available 

than porphyrins. Metallophtalocyanine complexes encapsulated in zeolites have 

been widely investigated in oxidation of hydrocarbons (Table 1.5.3). Iron 

phthalocyanine was employed as a catalyst for the selective cyclohexane oxidation 

with PhIO and cyclohexanol was obtained as the sole product.
193

 Zeolite 

encapsulated perfluorinated Co-phthalocyanine and Cu-phthalocyanine 

incorporated inside zeolite Y were found to be more active in cyclohexane 

oxidation than their corresponding unsupported analogues.
194

 Given their 

promising potential, metallophthalocyanines have also been immobilised onto 

zeolites embedded in polydimethylsiloxane membranes, activated carbon black 

and MCM-41 by sol–gel synthesis.
195,196

 Metallosalens, metallophthalocyanines and 

metalloporphyrins have also been covalently grafted onto silicas and organic 

copolymers,
197

 which are other types of supports with inherent benefits, which will 

be discussed later.  
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Synthetic metalloporphyrins have been studied as cytochrome P-450 models 

and are found to be efficient catalysts for alkene epoxidation and alkane 

oxidation.
198

 The use of homogeneous metalloporphyrin systems has many draw-

backs due to the increased propensity of the porphyrin ring to undergo oxidative 

self-degradation and aggregation. Furthermore, oxidation of hydrophobic 

substrates by water-soluble cationic metalloporphyrins is difficult, as the 

catalytically active species remains dissolved in the aqueous phase. To overcome 

these difficulties metalloporphyrins have been encapsulated within zeolitic 

frameworks that stabilize the porphyrin ring. This approach was described by 

Nakamura et al and involved iron(III) and manganese(III) 5,10,15,20-

tetramethylporphyrin complexes synthesised within the cages of NaY.
199

 These 

materials showed catalytic activity in the oxidation of cyclohexane with hydrogen 

peroxide. Supporting metalloporphyrins onto a rigid solid host provided the site-

isolation of the active centres and prevented the formation of less reactive dimers 

(oxo metalloporphyrin dimers). The complex synthesized within zeolitic 

supercages is too large to pass through the channels, which effectively retards 

dimerisation and deactivation and favourably influences the catalytic activity.   The 

chemical modification of the metalloporphyrin microenvironment for the 

improvement of the catalytic efficiency has been achieved by the introduction of 

electron-withdrawing substituents into the porphyrin ring to restrict the formation 

of unreactive oxo-dimers and hence improve the activity and stability of 

metalloporphyrins (eg. porphyrin substituted with NO
2

 groups).
200,201 

 

Catalyst Substrate Oxidant Conv. (%) Selectivity (%) 

Cu-Pc cyclohexane 

 

TBHP 

 

1.1 cyclohexanol (70) 

cyclohexanone (30) 

Cu-Pc-Y 

 

 

 

cyclohexane 

 

cyclohexane 

 

TBHP 

 

H
2

O
2

 

26 

 

7 

 

cyclohexanol (50) 

cyclohexanone (50) 

cyclohexanol (44) 

cyclohexanone (56) 

Co-F
16

Pc 

 

cyclohexane 

 

H
2

O
2 

 

0.82 

 

cyclohexanol (46) 

cyclohexanone (54) 

Co-F
16

PcY 

 

cyclohexane 

 

H
2

O
2 

 

0.91 

 

cyclohexanol (58) 

cyclohexanone (42) 

Co-F
16

Pc 

 

cyclohexane 

 

TBHP 

 

5.0 

 

cyclohexanol (55) 

cyclohexanone (55) 

Co-F
16

Pc-Y cyclohexane TBHP 1.0 cyclohexanol (50) 
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    cyclohexanone (50) 

Ru-F
16

Pc cyclohexane 

 

TBHP 

 

8 

 

cyclohexanol (33) 

cyclohexanone (67) 

Ru-F
16

Pc-X 

 

cyclohexane TBHP 70 cyclohexanol (1.6)    

cyclohexanone (98.4) 

Fe-PorCl
4 

cyclohexane PhIO 15 cyclohexanol (99) 

Fe-PorCl
4

-Y cyclohexane PhIO 25 cyclohexanol (99) 

Fe-Por 

 

(Z)-cyclooctene 

 

PhIO 

 

50 

 

(Z)-cyclooctene 

epoxide (99) 

Fe-Por-X (Z)-cyclooctene PhIO 86 (Z)-cyclooctene 

epoxide (99) 

 

Table 1.5.3: Summary of catalytic performances of metallophtalocyanine and 

metalloporphyrin-based catalysts in oxidation reactions.
186,194,202-205

 PhIO 

(iodosylbenzene) has been often chosen as oxygen source in oxidation reactions 

with metalloporphyrins, because it has been successfully used with P-450 to 

support the proposed Por
•+

-Fe
IV

=O formation as an active species in cytochromes P-

450. Key: Pc = phtalocyanine, Por = porphyrin. 

 

Ratnasamy and his colleagues were also instrumental in the design of 

haloperoxidase enzyme mimics, whereby CuCl
16

Pc complexes were encapsulated 

within the supercages of zeolites X and Y and were shown to be effective in the 

oxychlorination and oxybromination of a wide range of aromatic compounds, 

using molecular oxygen as the oxidant, in the presence of a suitable alkali halide 

(e.g. KBr).
185

 Mimics of hydroxylases have also been prepared by encapsulating 

Pd(0) and Fe(II) entities within zeolite A
206

 for the regioselective hydroxylation of 

terminal methyl groups in linear alkanes. Raja and Ratnasamy
207

 have also shown 

that dimeric copper-acetate complexes, encapsulated within zeolites X and Y, were 

effective in converting L-tyrosine to L -DOPA (Figure 1.5.6), which, when perceived 

from a substrate specificity point of view, mimics the catalytic function of the 

enzyme tyrosinase. These encapsulated bio-inspired catalysts displayed high 

substrate specificity (only monophenols were oxidised) and regioselectivity 

(hydroxylation at the ortho position) and improved turnover frequencies were 

observed upon heterogenization, which can be attributed to single-site nature of 

the isolated active sites. The mechanism of this reaction is thought to directly 

mimic the catalytic function of tyrosinase by reversibly binding O
2

 through 

antiferromagnetically coupled copper ions and hydroxylating the phenol derivative. 
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Figure 1.5.6: Comparison of the catalytic performance (TON) of the copper-

containing catalysts for the oxidation of monophenols (L-tyrosine, phenol) and 

ortho-diphenols (ortho- and meta-cresol) after 24 h, at 298 K, using molecular 

oxygen (100 psi) as oxidant. 

 

Another zeolite-encapsulated system that has been explored involves the 

tetradentate salen ligand (N,N’-bis(salicylaldehyde)ethylenediimine) that possess 

two oxygen and two nitrogen atoms and can form stable complexes with transition 

metal ions. The salen ligand is able to diffuse freely through the zeolite pores 

where upon complexation with previously exchanged metal-ions it becomes too 

large and rigid to escape the cage. The flexible ligand method has been adopted 

for the encapsulation of a large variety of Co, Mn, Fe, Cu, Rh, Pd, Ni salen 

complexes within faujasite supercages.
208

 These types of complexes proved to be 

active and selective catalysts for hydrogenation reactions and in the oxidation of 

alkanes, alkenes and alcohols.
209

 Mn-salen-X showed high activity for the oxidation 

of styrene and p-xylene whereas Mn-salen-Y was reported as an effective 

heterogeneous enantioselective catalyst for the epoxidation of alkenes.
208,210,211

 Cu-

salen-Y showed high activity in phenol oxidation; whilst Fe-salen-Y and Mn-salen-Y 

complexes were used in the oxidation of cyclohexane.
212

 The substituted copper 

salens that contain electron-withdrawing groups like -Cl, -Br or -NO
2

 showed higher 

activity compared to their unsubstituted analogues in oxidation reactions with 

H
2

O
2

 and TBHP. Substitution of the aromatic hydrogen atoms of the salen ligand by 

electron-withdrawing groups has two major effects: (I) retention of the copper 

complexes in the zeolite cavities is enhanced (due to the larger size of the 

substituents) and (II) the electronic properties of the encapsulated complex are 
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modified.
213

 A significant drawback in utilising zeolite-encapsulated salen 

complexes is the availability of space within the supercages; which not only 

hinders the diffusion of substrate molecules but also limits the choice of reactants, 

because of the restricted amount of space that is available within the pore for 

interactions with substrate and generation of active transition-states for a 

satisfactory catalytic outcome. This can be suitably overcome by employing diverse 

immobilisation strategies for improving active-site separation
211

 or by reducing the 

size of the salen structure through loss of steric bulk.
209

 Although altering the 

structure of the ligand can have an adverse effect on the resulting ee in the 

reaction, more recent advances have highlighted the merits of utilising versatile 

supports for these types of complexes, in order to maintain ee and increase 

catalytic efficiency.
214-217 

 

 

Table 1.5.4: Metallosalen-based catalysts have also proved effective in oxidation 

reactions.
205,208,212,218,219

 Key: Sal- salen. 

Catalyst Substrate Oxidant Conv.(%) Selectivity (%) 

Cu-Sal cyclohexane 

 

cyclohexene 

 

H
2

O
2 

 

O
2

 

 

6.1 

 

33.6 

 

cyclohexanol (43) 

cyclohexanone (57) 

2-cyclohexen-1-ol (55) 

2-cyclohexen-1-one (41) 

Cu-Sal-Y 

 

cyclohexane 

 

H
2

O
2 

 

4.0 

 

cyclohexanol (26) 

cyclohexanone (74) 

Cu-Sal Styrene O
2

 84.2 styrene oxide (62.4) 

Cu-Sal-SBA Styrene O
2

 47.3 styrene oxide (49.4)  

Fe-Sal-Y 

 

cyclohexane 

 

TBHP
 

 

1.9 

 

cyclohexanol (23) 

cyclohexanone (77) 

Fe-Sal Styrene O
2

 83.1 styrene oxide (51.2) 

Fe-Sal-SBA Styrene O
2

 80.9 styrene oxide (59.7 

Co-Sal Styrene O
2

 85.9 styrene oxide (54.4) 

Co-Sal-SBA Styrene O
2

 49.2 styrene oxide (72.4) 

Mn-Sal  

 

Mn-Sal-X 

 

styrene  

 

styrene  

O
2 

 

O
2 

 

78.8 

 

54.8 

 

benzaldehyde (52.0) 

styrene oxide (32.5) 

benzaldehyde (66.7) 

styrene oxide (27.7) 

Mn-Sal-Y 

 

cyclohexane 

 

TBHP  7.9 cyclohexanol (33) 

cyclohexanone (67) 
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A further class of bio-inspired catalysts have been designed by drawing 

inspiration from studies involving active metal centres in metalloenzymes that are 

coordinated to the protein scaffold. Amino acids datively bond to the metal centres 

in natural enzymes; therefore its function may be replicated somewhat by 

preparing transition-metal complexes with amino acids as ligands. The amino 

acid–transition-metal complexes can be heterogenised by encapsulation within 

inorganic host matrices such as aluminosilicates or covalently bonded to 

mesoporous silica frameworks and polymers.  

There have been numerous efforts aimed at the activation of molecular 

oxygen by metal complexes
206,220,221 

and extensive studies have been reported for 

the selective oxidation of organic compounds.
222,223 

Transition-metal complexes containing amino acids immobilised within 

zeolitic supports generate isolated active centres that function as effective 

selective oxidation catalysts using benign oxidants such as air and display high 

turnovers and selectivity in oxidation reactions.
224-228

 Weckhuysen et al 
227

 pioneered 

the immobilisation of Cu(histidine) complexes within the cages of zeolite Y using 

an ion-exchange strategy. Using a combination of spectroscopic tools, they 

demonstrated that, in the case of [Cu(His)
2

]
+

, the two histidine ligands are 

coordinated to the Cu
2+

 in the coordination plane by the amido N and the 

imidazole N, while the carboxylate group coordinates in an apical plane. However, 

an equilibrium exists between the NNNN (histamine-like coordination) and NNNO 

(one histidine is bound histamine-like and the other glycine-like) bonding in the 

coordination plane of the bis(histidine) complexes, as the carboxylate oxygen of 

one of the histidine ligands can partially replace one of the imidazole nitrogens.
224

 

The type of  bonding though, between an amino acid and Cu
2+

 is similar for all α-

amino acids with the exception of histidine.
229

 The general coordination for a Cu 

complex with two α-amino acids is the binding of both the amino acid by an amino 

nitrogen and a carboxyl oxygen; i.e. a NNOO coordination or a glycine-like 

bonding. Recently, Weckhuysen’s group have elegantly demonstrated
230,231

 the 

isolation and stabilisation of a mononuclear copper(II) complex with a 3,3-bis(1-

methylimidazol-2-yl)propionate (abbreviated: MIm
2

Pr) ligand (Figure 1.5.7), using 

the zeolite-encapsulation strategy that has been described earlier,
227

 for the room 

temperature oxidation of benzyl alcohol to benzaldehyde. On immobilisation, the 

authors observe a neutral bis-ligand species (Figure 1.5.7 B), which is identical to 

the homogeneous analogue, but can easily be washed out from the zeolite 

structure.  This further facilitates access of the substrate molecule (benzyl alcohol) 

to the immobilised, mononuclear, monoligand [Cu(MIm
2

Pr)] charged species, 
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(Figure 1.5.7 A), which displays a higher catalytic potential than its homogeneous 

analogue, Cu(MIm
2

Pr
2

).  

 

 

 

Figure 1.5.7: Charged 1:1 Cu-complex which can coordinate to the zeolite 

framework oxygen atoms (A) and the neutral homogeneous 1:2 complex 

coordinated through two NNO-ligands (B).
231 

 

As a summary, a number of routes
232

 are known for preparation of metal 

complexes inside zeolites (Figure 1.5.8): ion exchange,
224

 flexible ligand 

approach,
233

 zeolite synthesis,
234

 ligand adsorption
202

 and ship-in-bottle methods.
225 
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Figure 1.5.8: Methods for encapsulating metal complexes within zeolites: Ion 

exchange (A), flexible ligand (B), ligand adsorption (C), ‘ship in a bottle’ (D) and 

zeolite synthesis methods (E). 

 

The ship-in-bottle method involves assembling the final active metal complex 

inside the pores of the host by reacting smaller precursors to afford the larger 

complex that becomes sterically entrapped inside the cages. This route was 

employed for encapsulating metal-phthalocyanine or metal-porphyrin complexes 

within the zeolite.
225 

The ion-exchange strategy, for example, involves the exposure of a sodium- 

ion charge balanced zeolite to a solution containing other cations, facilitating an 
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exchange of the sodium ions. This method has been used for encapsulating metal-

amino acid complexes inside a zeolite structure and an example of this is 

entrapped Cu-histidine complex
226

 (Figure 1.5.9). The strategy initially involves ion-

exchanging a sodium-enriched zeolite Y (Na-Y) with a solution of Cu-histidine at pH 

7.3. The capability of the copper complex to undergo ion-exchange is dependant 

on its charge and stability, which are both influenced by the pH of the reaction. At 

low pH values of around 2, less than 1 % of the Cu
2+

 is coordinated to the histidine 

ligand. On increasing the pH to 3, Cu
2+

 forms mono-histidine complexes and within 

a pH range 6-10, bis complexes are formed. Bis complexes are formed by 

coordination of four nitrogen atoms from the imidazole and the amine group of 

each molecule, as well as the carboxylate oxygens that can also coordinate to the 

metal. In solution, two histidine ligands coordinate to the Cu
2+

 ion in a square-

planar geometry. However, in a confined space in the cages of the zeolite, 

encapsulated by the ion-exchange method, a framework oxygen atom replaces one 

of the histidine ligands
226

 (Figure 1.5.9). 

 

 

 

Figure 1.5.9: A combination of XRF, UV/Vis/NIR, ESR, EXAFS and XANES, IR and 

Raman spectroscopy is used to elucidate the composition of Cu-histidine complex 

encapsulated within zeolite Y.
226

 Based on one form of a proposed structure by 

Baute et al 
235

 (A) a refined complex is determined as one histidine ligand 

coordinating in a tridentate facial-like manner and the fourth position occupied by 

a framework oxygen atom from a Brønsted acid site (in red) (B). 

 

The zeolite synthesis method follows a kind of templated synthesis 

approach (Figure 1.5.8 E). Preformed transition-metal complexes are included in 

the zeolite synthesis mixture and the zeolite is formed around the metal complex, 

using it as a sort of template, and thereby encapsulating it.
234

 Metal 

phthalocyanines, porphyrins and amino acids provide examples of such entrapped 

catalysts. The flexible-ligand method involves the synthesis of metal complexes in 

the zeolite cavity by coordination of the ligand with the exchanged metal cations. 

Complexes with previously exchanged metal ions are able to diffuse freely through 
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the zeolite pores. This approach is well suited for the encapsulation of metal-salen 

complexes, as the salen ligand offers the flexibility to move throughout the 

channels.
233 

 

1.5.3.2 Covalent Strategies Using Mesoporous Silica  

 

As reviewed, porous inorganic solids can be used for anchoring well-

separated catalytic centres in order to replicate the behaviour of homogeneous and 

enzymatic catalysts. This strategy can be specifically adopted for larger channel 

architectures, such as hydrophilic mesoporous silicas,
236

 so as to accommodate a 

broader scope of substrates. A major drawback of zeolites as supports is the 

microporous nature of the pore architecture, which regulates the diffusion of 

reactant molecules to, and product molecules from, the active site that is 

contained within a small pore or channel. This is not the case with mesoporous 

silica frameworks, because the pore diameters can be in excess of 500 Å. In fact, 

with mesoporous silicas, a range of pore diameters are potentially available (from 

25-250 Å), hence judicious choice of pore aperture imparts desired spatial 

constraints or freedom with respect to the mechanistic pathway. A notable 

example is MCM-41 (M41S) which has ordered pores of hexagonally packed one-

dimensional channels comprising of a very large surface area.
237

 The silanol groups 

at the surface of the channels can be organofunctionalised and then used to host 

organometallic and transition-metal-containing catalysts by coordinating to metal 

centres.
238

 Introduction of functional groups via silylation is the most reliable 

method to prepare inorganic-organic hybrid materials. The hydrophilicity of the 

silica may also be altered by decreasing the amount of silanol groups on the 

surface by grafting less polar organic compounds therefore enhancing surface 

hydrophobicity, which in turn can influence catalytic activity.
239

 RSi(OEt)
3

 and RSiCl
3

 

are the most popular silylating agents,
240

 which can be facilely used to functional 

the surface of the mesoporous silica. 

As with most solid supports, practical advantages include high mechanical 

and thermal stability and straightforward separation of the catalyst from the 

reaction mixture, in order to be re-used without degrading. In addition, silica 

frameworks also do not swell on exposure to solvent or reactants and are readily 

available in a range of pore diameters. 
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Figure 1.5.10: Substrate interactions that govern selectivity when a transition-

metal complex is covalently anchored within a mesopore. Dashed lines represent 

non-covalent interactions with the substrate and surroundings. 

 

It was originally hoped that deliberate restrictions of space inside the pore, 

particularly in the vicinity of a tethered active site, would induce chirality in a 

target molecule (Figure 1.5.10). The approaching prochiral compound would 

experience interactions with the chiral ligands and the metal centre but also more 

significantly with the inner wall. The sum of these interactions would be 

approximately the same order of the two transition-states that determine 

enantiomeric excess; therefore with the additional interaction on the pore wall 

potentially affecting the stereoselective outcome. 

 This has been suitably demonstrated in the allylic amination of the 

Trost-Tsuji reaction (Figure 1.5.11) by making a direct comparison with 3 different 

catalysts (1 homogeneous and 2 heterogeneous, Figure 1.5.12); containing the 

same (S)-1-[(R)-1,2’-bis(diphenylphosphino)ferrocenyl]ethyl-N,N’-

dimethylethylenediamine palladium dichloride active centre.
241,242

 The 

homogeneous catalyst comprised of the active metal complex attached to a 

soluble silsesquioxane
243

 moiety. One heterogeneous analogue was covalently 

attached to nonporous silica, and the other to mesoporous silica with pore 

diameters in the range of ca. 30 Å. Results show (Table 1.5.5) the homogeneous 

catalyst forms the straight chain product almost exclusively and this is mirrored by 

a very similar outcome in the case of the unconfined heterogeneous catalyst. On 

the other hand, the catalyst tethered in the mesopore gives an equal amount of the 

regioisomers, but more significantly exhibits an ee of 95 % of the branched 

product, which is far superior to the ee of 43 % of the diminutive yield of the same 
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product from the unconfined solid catalyst. These results indicate that there are no 

spatial restrictions in the uninhibited catalysts that would preferentially produce 

branched isomers and consequently give impressive ee’s. 

 

 

 

Figure 1.5.11: Allylic amination of cinnamyl acetate with benzylamine (Trost-Tsuji 

reaction). 

 

 

Figure 1.5.12: Depiction of the dppf-diamine palladium dichloride catalyst 

attached to nonporous silica (A), spatially confined mesoporous silica, MCM-41 (B) 

and to a soluble silsesquioxane moiety (C).
238 
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Form of Pd 

catalyst 

Conv 

(%) 

1 

(%) 

2 

(%) 

ee 

(%) 

Homogeneous 76 99+ - - 

Tethered- 

non-porous 

98 98 2 43 

Tethered – 

mesoporous 

99+ 50 50 95 

 

Table 1.5.5: Allylic amination of cinnamyl acetate with benzylamine catalysed by 

dppf- diamine palladium dichloride catalyst in homogeneous form, tethered to 

nonporous silica and confined within mesoporous silica.
241,242

 (1 and 2 refer to 

products in Figure 1.5.11) 

  

Further proof of this concept was observed in the one step conversion of 

ethyl nicotinate to ethyl nipecotinate using the same catalysts.
244

 Once again the 

confined form gave conversions far superior to that of the non-confined analogue 

with an order of magnitude improvement in ee. The soluble catalyst attached to 

the silsesquioxane produced a racemate, thereby proving the chiral advantage of 

creating a hindered active site that is immobilised within the channels of the 

framework. 

This rationale can promote the cost effectiveness of using anchored 

inexpensive chiral ligands rather than more extravagant auxiliaries as in 

homogeneous catalysts. Greater enantioselectivities can be attained using the 

restricted conditions in the concave pores of a mesoporous silica because the 

limiting dimensions hinder the possible orientations of bulky reactants so that 

interactions with the inner walls dictate stereospecificity. This theory is established 

further in the asymmetric hydrogenation of E-α-phenylcinnimic acid and 

methylbenzoylformate
238,245

 (Figure 1.5.13). RhI(COD) metal centres (where COD: 

1,5-cyclooctadiene) are covalently tethered to porous silica with inexpensive 

ligands, such as (S)-(-)-2-aminomethyl-1-ethylpyrrolidine (AEP). The chiral complex 

attached to concave surfaces produces better ee’s than that of the convex or 

homogeneous catalysts (Figure 1.5.14). 
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Figure 1.5.13: Asymmetric hydrogenation of E-α-phenyl cinnamic acid and methyl 

benzoylformate. 

 

 

Figure 1.5.14: Rhodium diamine complexes covalently anchored to mesoporous 

silica (A) and results of asymmetric hydrogenations. The same Rh catalyst can be 

anchored via ionic interactions with the pore wall (B) and employed in the 

hydrogenation of methyl benzoylformate.
238,245 

 

A differing methodology for immobilising metal complexes to mesoporous 

silica is through ionic attachment – an approach that was adopted by Rege et al.
246 

Through this approach, a negatively charged counter-ion could be used to attract a 
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metal-cation-containing complex, through dipole charges in the ligands and 

anchoring the compound through hydrogen bonding with the surface silanol 

functionalities. The Rh(COD)AEP catalyst was immobilised in this way and used 

again in the industrially-significant hydrogenation of methylbenzoylformate to 

methyl mandelate.
247,248

 As expected, the confined, non-covalently anchored 

catalyst gives the same correlation in results to that of the covalently anchored 

series, proving that chiral restriction does indeed boost enantioselectivity.  Non-

covalently tethered rhodium catalysts were immobilised in the same way onto 

mesoporous silica supports that contained a range of different pore apertures. 

Results show
238

 with more room available inside the nanospace around the active 

site, less enantioselectivity was observed (Figure 1.5.15). It reflects that, as the 

declining influence of the spatial constraints from the inner wall decreases, so 

does the preference for a particular stereoisomer. This methodology can be further 

applied to the immobilisation of bio-inspired complexes for selective catalytic 

transformations. 

 

Figure 1.5.15: Effect of surface curvature on the enantioselectivity of the reaction 

with a range of pore apertures (left) and a graphical representation (right) to show 

how the constrained environment imposed by the pore walls facilitates 

stereoselectivity. 

 

Using covalent methods similar to those applied in previous immobilisation 

approaches,
249,250

 solitary amino acids or peptides can be grafted onto amino- 

functionalised mesoporous silica by solid phase peptide synthesis (SPPS) 

methodology
251

 (Figure 1.5.16). First, the silica surface must be derivatized with an 
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amino group and this is most commonly achieved by the co-condensation of 3-

aminopropyl-trimethoxysilane.
252

 The hydrophobic character inside the pores can 

be adjusted by co-functionalization with other species e.g. methyl groups
253

 and 

this also influences the stability of the amino groups. The material with just the 3-

aminopropyl moieties shows a poor hydrothermal stability because the basicity of 

the functional groups gives rise to the fast hydrolysis of the silica. Grafting a 

mixture of 3-aminopropyl and methyl groups to the surface improves 

hydrothermal stability due to a decreasing basic character inside the pores.
253 

 

 

 

Figure 1.5.16: SPPS method of covalently attaching amino acids to silica. 

 

Amino acids, (such as Fe
3+-

-proline that were previously encapsulated within 

the cages of zeolites using the “zeolite synthesis method” described earlier) can be 

covalently anchored onto mesoporous support by the formation of very stable 

bonds, with surface bound amide groups, in a coupling reaction through the 

formation of a peptide bond. This technique was a major breakthrough allowing 

the synthesis of peptides and small proteins, which could be attached to an 

insoluble support.
251 

This solid phase method is beneficial because the material can 

be easily recovered by filtration and any unreacted reagents left at the end of the 

synthetic coupling step can be removed facilely by a washing procedure. SPPS 

comprises of repeated cycles of coupling and deprotection of successive amino 

acids. The free N-terminal amine of an already attached peptide chain is coupled to 
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a single N-protected amino acid. This unit is then deprotected, providing a new N-

terminal amine to which a further amino acid can be attached. 

Two major termini are used in solid phase peptide synthesis; Fmoc and t-

Boc protecting groups. Each method involves different protection, deprotection 

and cleavage steps. To remove Fmoc from a peptide chain, basic conditions are 

used such as piperidine in DMF. To remove a t-Boc protecting group acidic 

conditions are used, for example trifluoroacetic acid. It is a common conception 

that Fmoc chemistry has many advantages over t-Boc chemistry, as it generates 

peptides of higher quality and in better yield. Activating agents are used when 

coupling a carboxyl group of an amino acid to make the reaction proceed at a 

much faster rate. There are two main types of activating groups: triazolols (HOBt, 

HOAt) and carbodiimides (DCC, DIC) (Fig 1.5.17). 

 

 

 

Figure 1.5.17: Common activating and protecting groups used in SPPS. 

 

A number of amino acids (Fig 1.5.18) and short peptide complexes with iron 

and copper have been immobilised on mesoporous silica via SPPS and these have 

shown promising trends in the oxidation of hydrocarbons.
254

 This elegant method 

was implemented by Pringruber et al 
254

 in order to mimic the active core of the 

enzyme methane mono-oxygenase (MMO). Instead of immobilising single amino 
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acids on porous silica, a short peptide motif, found in the active site of the enzyme 

of His-x-x-Glu, was covalently anchored and coordinated to transition-metal 

centres via an auto-assembly route, in order to mimic the structure of the 

metalloprotein more closely. The main difficulty is preventing the formation of 

incomplete peptide chains but this can be overcome by capping unreacted surface 

amino groups and maximising the yield of the coupling steps. Immobilising a 

short peptide chain rather than single amino acids made it possible to incorporate 

more coordination sites, therefore significantly increasing the metal loading. 

Additional benefits of improvement in catalytic properties were observed by 

complexation of the metal-ions to the peptide chain when compared to that of the 

grafted single amino acids. One problem associated with self-assembly is that 

mixtures of complexes with varying coordination modes arise, which makes 

spectroscopic characterisation difficult. However, the use of EXAFS along with 

geometrical constraints allowed for credible structural models of the complexes to 

be developed.
254

 The immobilised complexes have also been tested in the 

oxidation of cyclohexane using hydrogen peroxide as the oxidant to produce 

cyclohexanol and cyclohexanone.
255

 The complexes of iron and copper with the 

covalently anchored HisGlyGlyGlu peptide sequence gave superior activities when 

compared to iron and copper immobilised on non-peptide-modified support or one 

single amino acid derivatised silica.
255

 Studies proved no metal leaching from the 

bio-derivatised support, because metal content stayed constant before and after 

reaction, as can be detected through ICP analysis. 

 

 

 

Figure 1.5.18: Synthesis of HisGlyGlyGlu peptide chain on functionalised silica by 

SPPS113 (A) and how the peptide link may coordinate to a copper centre to form a 

metal complex (B). 
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A similar route to immobilisation of organic moieties to silica is by using 

‘click’ chemistry
256

 protocols. In this instance the tether is generated quickly and 

reliably by joining smaller units together. First the silica is derivatised, usually with 

amino functionalities, tethered by the most popular reaction within click chemistry; 

azide alkyne Huisgen cycloaddition using a Cu catalyst.
257

 This procedure gives 

good yield and has been used to immobilize proline on hydrophobic supports as 

discussed earlier.
258

 This route for immobilisation on hydrophilic silica, provides 

amino acid derivatised frameworks that can coordinate to transition metal centres 

giving rise to highly effective heterogeneous catalysts. 

More recently chiral copper proline-derived complexes have been 

immobilised on mesoporous silica and employed as heterogeneous catalysts in the 

asymmetric epoxidation of α-β-unsaturated ketones, using H
2

O
2

 and triethyl amine 

as an additive
259

 (Figure 1.5.19). Triethyl amine was added to the mixture because 

α-β-unsaturated ketones require basic conditions in order to achieve impressive 

conversion and selectivity.
260

 The covalently anchored copper complex produces 

conversions in excess of 85 % with greater than 82 % ee for a range of substrates 

and is also recycled effectively for up to 5 times with marginal loss in yield and no 

drop in enantioselectivity. This example further illustrates the proof of concept of 

covalently attaching bio-inspired metal complexes and highlights the impressive 

selectivities that can be achieved with this novel approach. 

 

 

 

Figure 1.5.19: Epoxidation of unsaturated ketones using a heterogenised 

prolinamide copper complex. 

 

In summary, the covalent anchoring of transition-metal complexes can be 

achieved in a number of ways (Figure 1.5.20): the in situ immobilisation strategy 

involves reacting the ligand first with a tethering group containing an oxysilane 

functionality, followed by addition to the gel mixture for the synthesis of the silica 
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framework. The silicon source in the catalyst precursor can act as a framework 

substituent and graft into a tetrahedral site, within the framework, forming bonds 

with adjacent silicon atoms via bridging O linkages, leaving a well-defined organic 

moiety at the surface within the pores during formation of the channels. Post 

synthetic anchoring is the most commonly used technique which derivatizes the 

silanol groups of the silica surface with a tether consisting of functionality, such as 

an amine or alkene, which can be further reacted with a desired ligand that 

coordinates to the metal centre. Similarly anchoring can be performed on a pre-

made ‘tetherable’ organic compound that contains pendant oxysilane groups.    

 

 

 

Figure 1.5.20: An outline of various strategies for grafting organic moieties onto 

mesoporous silica supports. 

 

1.6  Structure-property Relationships      

 

 Structure-property relationships are classically recognised as models for 

predicting and explaining chemical properties arising due to the structure 

influence of the physical-chemical features of the catalyst. In this research 

structure-property correlations are more precisely defined as how the support 

affects the local environment of the active site which concurrently resembles the 

catalytic outcome. Quantifying these links is most likely carried out through in-

depth characterisation techniques to fully identify the nature of the active site. 
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Preliminary investigations into structure-activity correlations have been undertaken 

by recent advances in spectroscopy, space-resolved profiling and combining high-

throughput experimentation with data modelling. Being able to recognise the 

relationship between the support and the active site can lead to optimisation 

strategies for catalytic processes. Examples of this are the epoxidation of bulky 

olefins (e.g.methyl oleate) and acetalization to form fructone by porous 

titanosilicates, such as Ti-MCM-41 and Ti-zeolite β (Figure 1.6.1).
161,181,182

  

 

 

Figure 1.6.1: Methyl oleate (A) epoxidation and Fructone synthesis form ethylene 

glycol and ethyl acetoacetate (B). 

 

Through in-depth characterisation, high-throughput experimentation and 

molecular modelling, information on the roles of different catalyst variables were 

uncovered. Associations of the properties of the support silicate, dispersion and 

measure of active-sites, presence of surface modifiers, substrate selection, activity 

and selectivity were established. Using these connections made it viable to 

maximise the activity of the Ti-catalyst, by providing a particular catalyst 

environment and controlling the hydrophilicity of the support.
181,182

 The 

conversions observed in acetalization were improved by optimising the acidity of 

the catalyst by varying the ratio of Si to Al. Zeolite β was determined to be most 

active with a ratio of Si/Al of 25-50, which gave a good concentration of acid sites 

while limiting the adsorption properties of the material. More acid sites would 

hinder the reaction because the hydrophilicity of the channels would increase and 

then play a more determinate role on the highly polar reactants. 

 This example typifies the importance of making support-interface 

connections by how catalytic efficiency was increased. Choosing an appropriate 

support is vital for facilitating enhancements in rate and stereoselectivity (Table 

1.6.1), as this controls the local environment and plays a pivotal role in optimising 

the orientation of desired transition-states through varying confinement effects. By 
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utilising a myriad of pore-window apertures the diffusion of organic molecules can 

be regulated.  The nature of the active site can also be further attuned by adopting 

an appropriate encapsulation strategy, which could eventually assist in maximising 

the hydrophilic/hydrophobic character of the support. The nature of the active site 

and its involvement in the catalytic process can be characterised by using a wide-

range of physico-chemical spectroscopic techniques, which provide valuable 

insights for drawing mechanistic relationships, which in turn facilitates structure-

property correlations. 

 

Structure-property Effect on catalysis 

Porous architecture  Activity 

Pore aperture Selectivity 

Hydrophilicity/Acidity/Polarity Activity/Selectivity 

Active-site dispersive properties Activity 

Robustness Activity 

 

Table 1.6.1: Summary of structure-property impacts on catalysis. 

 

 Understanding the influence the support can have mechanistically on the 

chemical outcome of catalysis can be a great asset in being able to predict product 

distribution and stereomeric excesses. Moreover, deciphering the support-catalyst 

relationship provides avenues for not only optimising reaction conditions but to 

specifically tailor the support for desired outcomes in selectivity.     

 

1.7 Aims  

 

1.7.1 Design 

 

Primarily the aim is to rationalise immobilisation strategies for 

organocatalysts and amino acid-transition-metal complexes. Critically assessing 

benefits of various supports allows for appropriate methodologies of 

immobilisation of catalysts to be adapted, developed and improved, which will give 

the best probability of achieving the greatest catalytic potential. 

Firstly, as reviewed, the area of heterogenising organocatalysts is still 

underdeveloped and little work has focused on immobilisation within inorganic 

frameworks, especially that of covalent attachment to mesoporous silica. The 
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immobilisation strategy will offer stability to the organocatalyst by covalent 

anchoring to mesoporous silica and will keep the integrity of the functional groups 

crucial for catalysis by anchoring through a functionality on side chain of the 

organocatalyst. The immobilisation procedure will be applied to two distinct 

catalysts; the heterogenisation of a system that gives a low ee (such as lysine in 

the aldol reaction) and that of an impressive system in terms of stereoselectivity 

(such as cinchona alkaloids in the Michael reaction). Two very different 

organocatalysts are investigated in order to give an indication of the potential and 

versatility of the heterogenisation approach. Heterogenisation of lysine is hoped to 

improve the activity and stereoselectivity of the catalyst, while immobilisation of 

cinchona alkaloids is hoped to maintain the impressive activity and 

stereoselectivies observed in the homogeneous state. 

Other immobilisation approaches will be carried out such as solid phase 

peptide synthesis (SPPS) and adsorption methods in order to establish whether the 

rationale developed in this investigation is beneficial for active site control and for 

achieving full catalytic potential. 

 

1.7.2 Characterisation 

 

Characterisation is carried out in order to confirm the integrity of the catalyst 

on the solid phase and to give information on the nature of the active sites. UV 

spectroscopy will establish presence of grafted amino acids (such as lysine) by 

detecting the cleaved protecting group from the heterogeneous sample, while BET 

adsorption isotherms will confirm whether the catalyst resides within the pores of 

the support. MAS 
13

C NMR can help to identify the integrity and presence of the 

organocatalysts on the solid phase but more importantly 
29

Si NMR is undertaken to 

confirm the covalent anchoring by detecting the Si environment in the tether. FT-IR 

spectroscopy is also crucial in detecting the immobilised organocatalyst but more 

importantly this technique provides information on the functional groups of the 

catalyst and therefore gives an indication of the active-sites local environment. XRD 

confirms the phase purity and identity of crystalline and ordered materials. 

The information gathered through characterisation can establish the nature of the 

active site and provide structure-property relationships when correlated with 

catalytic results.  
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1.7.3 Catalysis 

 

Important asymmetric transformations in the fine chemical industry, such as 

aldol and Michael reactions, will be carried out with heterogeneous and 

homogeneous analogues in order to determine the benefits or hindrances on 

supporting a catalyst. Catalytic experiments and characterisation data will be 

interrelated in order to discuss the quality of the immobilisation approach. The 

catalytic results from other approaches will be compared so that the effectiveness 

of the developed methodology can be critiqued.  

Altering immobilisation procedures and modifying support properties 

through the degree of hydrophilicity and size of pore diameter may have a 

consequence on the efficiency of the heterogeneous catalyst. Through measuring 

selectivity and activity changes with varying support properties, coupled with 

characterisation data, offers insights into the environment of the active sites and 

how the change in nature can affect the catalysis. These structure-property 

relationships can hint at the mechanisms involved on the solid state and therefore 

provide opportunities for optimising the catalyst local environment for desired 

outcomes in selectivity and activity. Furthermore the activity and catalytic potential 

of the organocatalysts will be optimised through the immobilisation approach by 

controlling the isolated nature of the active sites through catalytic loading. 

 

1.7.4 Versatility  

 

Another area is to highlight how these organocatalysts can coordinate to 

metal centres to provide a different class of powerful catalysts. Iron and copper 

based systems are chosen to mimic the catalytic function of metalloenzymes by 

coordinating to anchored amino acids such as valine and proline. Covalent 

immobilisation of the amino acids will be carried out through an adapted 

methodology of ‘click chemistry’ approaches. Supports will vary from mesoporous 

silica to polystyrene in order to establish how the support influence affects the 

catalytic results. 

Again characterisation is incredibly important to identify the nature of the 

catalytic entities on the solid phase. IR and UV spectroscopy are the most powerful 

techniques and will be used to identify the nature of the metal centres and the 

coordination sphere of the amino acids in the complex. This data also provides 

information on the how the complexes interact with the support which is 

important when considering the catalytic outcomes. 
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 Detailed catalytic analysis of industrially significant oxidations such as those of 

dimethyl sulfide, benzyl alcohol and cyclohexene, will show how varying supports 

and altering loadings for bio-inspired heterogeneous complexes can have drastic 

effects on catalytic outcomes in terms of chemoselectivity and activity. Drawing 

correlations from this data can help to establish support-property relationships 

and hopefully, considering the overlap between these two distinct areas as 

discussed, correlations can be made between organocatalysts and bio-derived 

metal based systems that may provide avenues for a better understanding of 

heterogeneous single-site catalysts. 
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It was crucial to carry out a number of characterisation techniques to 

ascertain the local environment and integrity of the catalyst, in order to recognise 

catalytic performance and to understand reasons for changes in selectivity and 

activity between different analogues of the same active site. Both spectrometric 

and spectroscopic techniques were used in tandem to study the catalyst before 

and after immobilisation. Structural analysis of the solid support was carried out 

using surface area techniques and X-ray diffraction, while a detailed understanding 

of the active site was obtained through DR-UV-Visible, MAS NMR and FT-IR 

spectroscopy. All compounds prepared through organocatalysis were isolated and 

fully characterised through IR, NMR and mass spectrometry methods. Information 

on selectivity, conversion and product distribution were calculated using 

information gained from NMR, high performance liquid chromatography (HPLC) or 

gas chromatography (GC). 

 

2.1 Adsorption Isotherms 

 

Adsorption is the physical or chemical binding of molecules or ions onto a 

surface of a different phase. The amount of adsorbed molecules measured on a 

substance is related to the material’s surface area. Porous materials have very high 

surface areas because of the low density permeable nature. The measurement of 

surface areas is vital in understanding microporous and mesoporous catalysts 

because correlations can be made on the activity and the degree of diffusion 

limitations of the catalyst/support for particular reactions. It is also crucial in 

deciphering if catalytic sites have been anchored to the surface of porous supports 

and also whether attachment has occurred inside the channels.  

 

 

A B

Surface

Adsorbed 

layers

Gaseous 

molecules

1
st

3
rd

2
ndmono 

A B

Surface

Adsorbed 

layers

Gaseous 

molecules

1
st

3
rd

2
ndmono 

 

 

Figure 2.1.1 Langmuir (A) and BET (B) models of a gas adsorbed on a surface. 
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 The adsorption of inert gaseous molecules on a surface can be modeled 

through Langmuir or BET (Brunauer-Emmett-Teller) isotherms (Figure 2.1.1). The 

Langmuir model is a semi-empirical isotherm derived from a proposed kinetic 

mechanism (below) and is based on four assumptions: 1. the surface has a fixed 

number of adsorption sites which are all equivalent, 2. adsorbed molecules do not 

interact, 3. adsorption occurs through the same mechanism at independent and 

identical sites and 4. A monolayer is formed at maximum adsorption. 

 

Fraction of occupied sites = θ  So number of vacant sites = 1- θ 

Rate of adsorption = k
1

P(1- θ) Rate of desorption = k
2

θ 

At equilibrium rate of adsorption = rate of desorption so: 

k
1

P(1- θ) = k
2

θ   

since k
1

/k
2

=K  then:  KP - KP θ = θ     (Eq. 2.1.1) 

     KP = (1+KP) θ      (Eq. 2.1.2) 

 

)1( KP

KP


      (Eq. 2.1.3) 

 

(Where θ = fraction of occupied sites, K = equilibrium constant and P = 

pressure) 

 

Often molecules adsorb onto surfaces in multilayers rather than the 

monolayer assumed in the Langmuir derivation. BET adsorption theory takes this 

into account and leads from the assumptions that infinite layers of gas molecules 

can be physisorbed onto the surface with no interactions between layers (Figure 

2.1.2). This model is more accurate and allows the BET theory to be applied for 

multiple layers of gas adsorptions rather than a single layer in the Langmuir 

technique. The derivation for BET isotherm is more complex than the Langmuir 

model but is explained in terms of calculating the sum of substituting each 

equilibrium equation of adsorbing/desorbing gas molecules for each layer into the 

equilibrium term of the neighbouring layer. This ultimately tends towards the sum 

of an infinite geometric progression since at the saturation pressure the number of 

adsorbate layers on the surface is infinite. Taking this account produces the 

recognised BET isotherm which can be rearranged to: 

cV

cx

cVxv

x

mm

)1(1

)1(





    (Eq 2.1.4) 
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Where x = P/P
O

, v = volume of gas at standard temperature and pressure, V
m

 

= monolayer volume and c = KP
O

. 
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Figure 2.1.2 Comparison of BET and Langmuir isotherms for surface area 

measurements by N
2 

adsorption. 

 

2.2 X-ray Diffraction  

 

 Powder X-ray diffraction (pXRD) was used as the main technique for the 

structural analysis of the zeolite framework.  Phase purity and relative crystallinity 

were indicated with subsequent Rietveld refinement using CelRef. XRD is based on 

the constructive interference of monochromatic X-rays that have been diffracted by 

a crystalline sample. Firstly the X-rays are generated by a cathode ray tube and 

filtered to produce monochromatic radiation which is directed toward the sample. 

The interaction of the incident rays with the sample diffracts the ray and produces 

constructive interference but only when Bragg’s law (derivation below) is satisfied. 

This law relates the wavelength of incident beam to the diffraction angle and the 

lattice spacing in a crystalline sample. The diffracted X-rays are detected, 

processed and counted with all possible diffraction directions of the lattice being 

obtained by scanning the sample through a range of 2θ angles. Each material has a 

set of unique d-spacings which is obtained from conversion of the diffraction 

peaks and compared to d-spacings of standard reference patterns.   

  For observation of diffraction patterns the incident rays must be in phase so 

the extra distance travelled by the second wave is equal to nλ then this wave will 
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produce constructive interference and will result in a peak in the resulting 

diffraction pattern. 
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Figure 2.2.1 Derivation of the Bragg equation from the extra distance X-rays travel 

to point C while still forming constructive interference. d = lattice spacing. 

 

For constructive interference each wave of radiation must reach the detector 

in phase and therefore be in phase at point C. Therefore BCD is the extra distance 

travelled by wave 2 and this must equal n.  

 

n = BC + CD     (Eq 2.2.1) 

since BC = CD then: 

   n = 2BC      (Eq 2.2.2) 

sin  = BC/d     (Eq 2.2.3) 

 

n = 2d sinθ     (Eq 2.2.4) 

 

The peaks observed in the powder pattern can be indexed to produce Miller 

indices using the 2θ values and also to give relative d-spacing between the planes. 

Miller indices are a notation system in crystallography for directions and planes in 

crystal (Bravais) lattices, while the d-spacing provides the relative distance between 

atomic planes in the material. 
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The XRD pattern also measures the crystallinity of the microporous material. 

Higher, sharper, more defined peaks in the chromatogram are a result of increased 

crystallinity. In mesoporous frameworks the unit cell and lattice parameters are 

much larger and because 2θ values are inversely proportional peaks are often 

observed at low degrees therefore makes phase identification more difficult. 

Furthermore, amorphous systems show no meaningful peaks and the diffraction 

pattern is dominated by broad background signals. After immobilisation of an 

organic compound on the amorphous support, XRD can be still be carried out to 

show that the moiety being anchored is not crystalised on the surface by detecting 

no peaks in the diffraction pattern. 

 

2.3 Inductively Coupled Plasma (ICP) and Elemental 

Analysis (EA) 

 

Using elemental analysis as way to calculate empirical composition is not 

only a way to confirm the integrity of the supported catalyst on immobilisation but 

it is also a way to measure catalytic loading. If the amount of catalyst can be 

measured on the support, the activity of each catalytic site may be worked out by 

calculating the catalytic turnover and frequency. For metal based systems 

elemental sample composition can be determined using inductively coupled 

plasma (ICP). The sample is digested in concentrated acids (HCl/HNO
3

) and 

injected into argon plasma which has been produced by a flow of gas in a high 

energy field causing ionisation and intense heating. On entering the plasma most 

atoms dissociate and undergo excitation and ionisation transitions. These 

transitions are at specific energy levels and produce characteristic spectral lines 

for each element. In each sample, the quantity of each element can be measured 

by the intensity of the light emitted at specific wavelengths that correspond to 

specific elements. This is an example of optical emission spectrometry (OES).  

Alternative methods of detection include atomic absorption spectrometry (AAS) 

and atomic fluorescence spectrometry (AFS) which involve measuring the amount 

of light absorbed by elements or the fluorescence produced by excited elemental 

decay. 
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Figure 2.3.1 Schematic of ICP induced ionisation method for measuring elemental 

composition through atomic emission spectroscopy
1

. 

 

Percentage weight of organics can also be measured through elemental 

analysis and is usually accomplished via combustion analysis. In this technique, a 

sample is burned in an excess of oxygen, and various traps collect the combustion 

products, which are carbon dioxide, water, and nitric oxide. The masses of these 

combustion products can be used to calculate the composition of the unknown 

sample by referring each element of carbon, hydrogen and nitrogen in the 

combustion products to an empirical value. The analysis is carried out 

quantitatively, which was discussed in determining metal loadings or by 

gravimetric techniques. Gravimetric analysis involves dissolving and precipitating 

the sample and its mass measured or by the element being volatilised and the 

mass loss measured. 

 

2.4 Scanning Electron Microscopy (SEM) 

 

Scanning electron microscopy (SEM) provides images by scanning the surface 

of a specimen with a high-energy electron beam in a raster scan. A detailed study 

of the catalyst surface, such as topography and composition can be achieved 

through the high energy electrons interacting with the material’s surface to 

produce a signal (figure 2.4.1). These results can then be related to the catalytic 

performance of the solids.  
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Figure 2.4.1 Schematic of a scanning electron microscope showing the formation 

of back scattered, secondary and Auger electrons. 

 

High energy electrons (1keV-30keV) bombard the surface and any 

measurable radiation from the sample can be used to provide a signal to modulate 

a cathode ray tube (CRT), which provides a contrast over the sample thus 

producing an image. Each signal detected is a result of a particular interaction 

between the electron beam and the specimen (Figure 2.4.2) with the type of 

interaction providing different information about the composition of the sample.  
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Figure 2.4.2 Interaction volume and the regions from which secondary electrons, 

backscattered electrons and X-rays may be detected. 

 

The most widely used signal in SEM is the detection of secondary electrons, 

which have the smallest sampling volume and are therefore capable of giving 

better spatial resolution than other signals. In this case the electrons are 

inelastically produced by the ejection of high energy electrons from the sample 

through ionisation as a result of interaction with the electron beam. The electrons 

are attracted towards the positively charged detector and this process is 

systematically repeated across the sample to produce a high resolution map of the 

materials surface. Another form of detection is that of backscattered electrons 

which involves the high energy electron beam passing further into the sample 

where it interacts with the nucleus before being deflected out. The electrons 

produced in this case are higher in energy because of the elastic collision with the 

surface of the bulk material and are observed by scintillator or solid-state 

detectors which are situated close to the solid surface to detect electrons 

randomly. Other types of radiation that can be induced from interaction with the 

high energy electron beam are X-rays, cathodoluminescence and Auger electrons. 

These signals have important but more specialised applications.  

This technique provides detailed understanding of particle size, shape and 

morphology, all of which play a vital role in catalysis. Therefore one can correlate 

the structure and composition of the heterogeneous system with catalytic results. 
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2.5 Energy Dispersive X-ray Spectroscopy (EDX) 

 

Energy Dispersive X-ray spectroscopy (EDX) is a quantitative spectroscopic 

technique that measures the elemental composition, empirical formula, chemical 

state and electronic state of the elements that exist within a material. EDX was 

carried out in tandem with SEM and obtained by irradiating a material with a beam 

of X-rays under ultra-high vacuum. The incident beam ejects a core electron from 

the elements of the material and a higher energy electron falls in energy to fill the 

electron ‘hole’ that is produced. On quenching the excited state through electron 

relaxation, energy is released in the form of X-rays, which is measured in terms of 

number and energy (wavelength). This allows for a quantitative and qualitative 

study. The energy of the radiation emitted is characteristic of the difference in 

energy between the two shells and therefore finite for the atomic structure of each 

particular element. The technique is surface sensitive so only measures the top 1 

to 10 nm of the material. In this case EDX was used to calculate the empirical 

formula of the materials surface and therefore an indication of the elemental 

composition of the bulk. The technique was used to ensure that the specific metals 

added in the gel synthesis were incorporated into the framework. 

 

 

Figure 2.5.1 Quantitative EDX spectroscopy. 
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2.6 Mass Spectrometry (ESI-MS) 

 

Mass spectrometry (MS) is an analytical technique that measures the mass-to-

charge ratio of ions of an analyte. In this study MS is used as a characterisation 

tool for determining the chemical composition and structure of an isolated organic 

product from catalysis or in the synthesis of organocatalysts. MS consists of 

ionising chemical compounds to generate charged molecules and measuring their 

mass-to-charge ratios (Figure 2.6.1). Through the molecular ion peak and 

fragmentation patterns and by ratios of peaks e.g. molecular ion to molecular ion 

+1, a molecular mass and composition can be deduced. In a typical MS procedure 

the sample is dissolved in a volatile organic solvent and vaporised. The 

components of the sample are ionised by one of a variety of methods (usually by 

converting gas phase molecules into ions by using an ion beam but in this case, 

electrospray ionisation disperses ions that exist in solution into a fine aerosol), 

which results in the formation of charged particles. The ions are separated 

according to their mass-to-charge ratio by using a mass analyser that deflects the 

ions across an applied electromagnetic field. These are detected quantitatively and 

the ion signal is processed into mass spectra showing abundance of compounds 

and fragments over different molecular weights.  
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Figure 2.6.1 Schematic a mass spectrometer with an electrospray ionisation 

technique as method for analyte ions. 
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2.7 Nuclear Magnetic Spectroscopy (NMR) 

 

NMR was used for multiple reasons, for detection of a range of elements and 

studied on different phases. Primarily 
1

H NMR was employed as a tool to measure 

conversion of a reaction mixture by catalysis. NMR was also used to characterise 

organic products from catalysis and organic moieties in the synthesis of 

organocatalysts. For these reasons 
13

C isotope was also observed in the magnetic 

field to confirm molecular structure. Upon heterogenisation of organocatalysts 

solid state NMR was employed to confirm presence of catalyst and covalent 

attachment could be confirmed by observing 
29

Si isotopes in the tether and the 

chemical shift upon immobilisation. 

 Without an external applied magnetic field all magnetic states in a nucleus 

are degenerate. When placed in a magnetic field a number of orientations of the 

nucleus are adopted. There is a defined number of possible orientations (2I +1, 

where I is the spin quantum number of the nuclei) which must obey a specific 

selection rule of “Δm = ±1”, where m is the spin state of the nucleus (Figure 2.7.1). 

The difference in energy between the two states is given by: 

 





2

0hB
E       (Eq 2.7.1)

 

 Where E = energy, h = Plancks constant, γ = gyromagnetic ratio for the 

nucleus under study and B
0

 = the strength of the applied magnetic field. 

 

 Even though a magnetic field is applied to a sample, the effective magnetic 

field (B
eff

) experienced by the nucleus will not necessarily be the same. This is due 

to the motion of electrons around the nucleus that will result in induced magnetic 

fields. In this case the nucleus is said to be shielded from the external field by its 

surrounding electrons. As the local environment changes around the nucleus, the 

energy needed to be applied to cause a transition will alter, therefore the observed 

resonance frequency is characteristic of that environment. The frequency will also 

vary depending on the strength of the magnetic field so the quantity is compared 

to that of a reference compound and is measured in a scale called chemical shift. 

This is extremely useful because the structure of a compound can be characterised 

by observing peaks in the NMR that correspond to specific environments of the 

nuclei. Thus the number of distinct peaks and their position in an NMR spectrum 

describes the number and type of chemical environments that exist for a nucleus 
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under study in a compound or mixture. Also the relative intensity of each peak 

shows how many nuclei there are in each of these environments. Integration of 

each peak corresponds to the total number of nuclei in each environment but only 

if the nucleus under study has fast relaxation times from the excited nuclear spin 

states. Another piece of information to assist spectral assignment is the coupling 

of non-equivalent magnetically active nuclei. This is the small magnetic field 

arising from one nucleus influencing the magnetic field by the other, non-

equivalent, nuclei that are nearby in the molecule. Coupling splits the observed 

peak into multiplets of the same peak. The degree to which the peak is split 

depends on how many non-equivalent nuclei are coupling to the nucleus of study 

and also what value of nuclear spin (I) of the coupling element. 
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Figure 2.7.1 Energy levels for a spin ½ nucleus in an externally applied magnetic 

field. 

  

There are a very large number of special NMR experiments available usually 

based on a number of different excitation pulses. An example is distortionless 

enhancement by polarisation transfer (DEPT), which is used to determine different 

carbon environments throughout the molecule. DEPT 
13

C NMR is used to 

distinguish between carbon nuclei of CH or CH
3

 groups because these give rise to 

negative peaks in the spectrum while positive peaks result from CH
2

 groups. 

Quaternary carbons are omitted altogether. 

In solids the atoms are locked into specific configurations. So when the 

nuclear transition occurs through excitation the spin-lattice relaxation times are 

very long and combined with a large number of different couplings for anisotropic 

systems results in broad peaks. However, the term giving rise to this broadening 

has an angular dependence, so by spinning the probe at a magic angle of 54.7° in 
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a polymethylmethacrylate or zirconia rotor cancels out the effect of peak 

broadening and produces higher resolution information about the local 

environment of the nucleus studied by giving narrow lines in the spectrum. This is 

MAS NMR named after the magic angle spinning. 

Furthermore to this solid phase measurement, CP-MAS NMR is a technique 

used in most pulse sequences in solid-state NMR spectroscopy. It can be used to 

enhance the signal of nuclei with a low gyromagnetic ratio (e.g. 
29

Si) by 

magnetisation transfer from nuclei with a high gyromagnetic ratio (e.g. 
1

H). In this 

case a pulse sequence employing direct excitation of 
1

H spin polarisation, followed 

by cross polarisation (CP) transfer to 
29

Si makes those nuclei with near neighbours 

to protons more observable by increasing their detection signal.   

 

2.8 Infra-red Spectroscopy (IR) 

 

Infrared spectroscopy (IR) was used to characterise a product or precursor, 

confirm ligand-metal coordination, elucidate complexation sphere and verify 

presence of organocatalysts on solid phase. IR was carried out as solid and 

solution so no additional spectroscopic structure was observed such as rotational 

excitation bands that can be observed in recording gases. More specifically, FT-IR 

(Fourier transform – IR) was carried out which allows data for the complete 

spectrum to be recorded very rapidly. In this case frequency is converted into the 

reciprocal domain.  

IR radiation interacts with molecules by changing their vibrational state. This 

is because the energy of the difference between vibrational states equals that of 

the energy of IR electromagnetic radiation (Figure 2.8.1). The change in vibrational 

states of a molecule can be measured using a spectrometer and the functional 

groups and symmetry of that compound can be deduced through observed bands 

at characteristic energies in the IR spectrum. The bands for functional groups are 

at specific frequencies because the energy of the vibrational transition is related to 

the strength of the bond between atoms (equation below), which is dependant on 

the distribution of electron density in a molecule, the elements of the bond in 

question and the number of bonds between them. 

 

)2/1(  hE      (Eq. 2.8.1) 

 

 Where E = energy, h = Plank’s constant, ω = frequency, υ = vibrational 

quantum number.  
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Moreover the vibrational frequency is dependant upon the mass of the two 

atoms at either end of the bond. This is due to estimating the frequency to 

produce a vibrational transition in terms of a classical oscillating system that 

depends on the reduced mass and the force constant, i.e. the strength of the 

bond. 

 

 

 

Figure 2.8.1 Modified potential well for a diatomic molecule. 

 

 In order to observe an IR transition, the bond in the molecule requires a 

dipole around which it can oscillate. The bonds can vibrate in several ways, 

symmetrical stretching, asymmetrical stretching, scissoring, rocking, wagging and 

twisting. All these vibrations involve a change in dipole and are therefore 

individually detectable in IR spectra as long as some of the vibration modes are not 

degenerate due to symmetry. The number of vibrations is based upon distorting 

the bonds or angles of bonds within the molecule. Distorting the molecule by 

moving an atom in one of the three Cartesian directions describes a molecule of N 

atoms having 3N degrees of freedom. Although neither translation nor rotation in 

the axes of x, y and z results in a change in the shape of the molecule, therefore of 

the 3N degrees of freedom, there are 3N – 6 vibrations.   
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2.9 Ultraviolet-Visible Spectroscopy (UV-Vis) 

 

 UV-visible spectroscopy was used to study the local environment of metal 

complexes on supports as well as measuring the catalytic loading of amino acids 

on silica by calculating the concentration of deprotected protecting groups in 

solution that had been cleaved from the solid phase. 

 In an organic respect, UV-visible light is absorbed by organic molecules if 

there is a chromophore present. A chromophore is achieved through high levels of 

unsaturation in the molecule and through double bond conjugation. The π bonds 

or double bonds in the molecule have electronic transitions between the bonding 

and antibonding orbitals of each bond that are of a specific energy gap that relates 

to the frequency of UV-visible radiation. Upon changing the degree of conjugation, 

the organic molecule will absorb different wavelengths of light and therefore be 

characterised. An important parameter in UV spectroscopy is the intensity of the 

band because the concentration can be calculated by the Beer-Lambert law: 

 

clIIA  )/(log 010      (Eq. 2.9.1) 

 

Where A = absorbance, c = molar concentration, l = path length (cm) and ε = 

extinction coefficient. 

 

 Electronic transitions are extremely rapid and according to the Franck-

Condon principle the atoms in the molecule do not have time to change position 

during the transition. Since molecules are constantly vibrating, when an electronic 

transition is induced, the molecules will be in several vibrational states and 

therefore a range of energies of radiation are absorbed (Figure 2.9.1). This gives 

rise to broad absorbance bands in the UV-visble spectrum.  
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Figure 2.9.1 Source of vibrational fine structure on electronic bands by numerous 

electronic transitions at different energies. 

 

UV-visible spectroscopy for inorganic materials such as complexes is far 

more informative. Oxidation states, metal-metal bonds, geometry and ligand 

coordination can be inferred from absorbance bands in the UV spectrum. In 

absence of any ligands around the metal all the energies of the 5 d-orbitals are 

degenerate. When ligands coordinate to the metal centre the distribution of 

electron density is disturbed and degeneracy is removed. The exact form of the 

interaction and hence the relative energies of the d-orbitals depend on the type, 

number and spatial arrangement of the ligands. The splitting of the orbital energy 

levels is referred to as the crystal field splitting and the magnitude depends on 

numerous factors that include the size and charge of the metal ion and ligands 

involved. The transitions therefore arise by the redistribution of the electrons in 

partially filled d-orbitals. These are referred to as metal-metal or d-d transitions 

(Figure 2.9.2). The energy differences, therefore the excitation energy between 
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occupied and unoccupied orbitals depends upon the geometry and what spin state 

(high or low) the complex is in. For UV transitions to occur selection rules must 

obeyed. The first selection rule is that transitions involve a change in quantum 

number l (where l =0 is an s-orbital, =2 a p-orbital, =3 a d-orbital etc) of ±1. This 

means that d-d transitions are formally forbidden. The second selection rule is that 

transitions are allowed if spin states are conserved. The third criterion is called the 

Laporte selection rule and is based on the symmetry of the complex. This rule 

forbids transitions between energy levels with the same symmetry with respect to 

the centre of inversion. Therefore transitions must be between a gerade orbital 

and an ungerade orbital. The intensity of the absorbance band is dependant on 

how many of these rules are followed. 

 

 

d
xy

d
xz

d
yz

tetrahedral octahedral
Free ion

d
z
2,d

x
2
-y

2

d
xy

d
xz

d
yz

d
z
2,d

x
2
-y

2

d
xy

d
xz

d
yz

tetrahedral octahedral
Free ion

d
z
2,d

x
2
-y

2

d
xy

d
xz

d
yz

d
z
2,d

x
2
-y

2

 

 

Figure 2.9.2 Energy level diagram for d-d transitions for different geometries. 

 

Electronic transition can also occur between metal and ligand (Figure 2.9.3) 

and absorptions arising from this process are called ligand-to-metal charge 

transfers (LMCT). The reverse may also occur (MLCT) if the ligand possesses low 

lying empty orbitals. These transitions can cause an intense colour in the complex 

and some weaker d-d transitions can be swamped by the charge-transfer bands.  
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Figure 2.9.3 Simplified MO diagram showing ligand to metal charge transfer 

transitions. 

 

In the case of DR-UV experiments the results underwent a baseline line 

adjustment and correction for easier comparison. Absorbances were converted to 

the Kubelka-Munk function in order to obtain a correlation between the samples, 

producing a linear relationship of concentration against observed intensity or 

absorbance bands. 

 

2.10 Gas chromatography (GC) 

 

Gas chromatography (GC) is used for separating and analyzing compounds 

that can be vaporised without decomposing. In this case GC was used to identify 

the products of a reaction mixture from catalysis and the percentage of each 

compound in the mixture can be worked out through the relative areas underneath 

the corresponding peaks in the chromatogram. Products were identified through 

retention time and cross-referenced with the retention times of the related 

substrates purchased in pure form. The identity of unknown products was 

established by GC-MS, which separates each individual compound via GC and 

proceeded by running a mass spectrum per compound. Based on the molecular ion 

peak and the comparison of fragmentation patterns, the compound can be 

accurately determined with high % likelihood. Matching every peak on the 
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chromatogram with a specific product allows the selectivity of the catalyst in the 

reaction to be calculated, as well as the product distribution.  

GC analysis involves a small sample of reaction mixture being injected, 

vaporised and carried through a long narrow heated column by an inert carrier gas 

eventually being detected and analysed (figure 2.10.1). In gas chromatography, the 

mobile phase is an inert carrier gas such as helium, and the stationary phase is a 

microscopic layer of liquid or polymer on an inert solid support, inside a piece of 

glass or metal tubing called a column. The gaseous compounds being analysed 

interact with the walls of the column to varying degrees, which causes each 

compound to elute at a different time. The process of separating the compounds 

in a mixture is carried out between a liquid stationary phase and a gas mobile 

phase. This type of chromatography is beneficial because the column through 

which the gas phase passes is located in an oven where the temperature of the gas 

can be controlled. Individual chemical species can be separated through the 

column and identified using a suitable column type and detector. The type of 

column also plays an important role in determining retention time because of the 

different properties of the stationary phase. Two different columns were used in 

order to separate the products of a reaction mixture; either a wax based column 

separating compounds on relative polarity or a polymer based column that 

separates substances by their boiling point. 

There are several detector types available and each has advantages and 

disadvantages associated with it. Flame ionisation detector (FID) is used in the GC 

setup because it is the most effective system for distinguishing organic 

compounds. Detector responses vary for different chemical species and 

consequently GC calibration is essential using an internal standard (IS) during 

catalytic testing.  For each species, the detector response can be measured and 

compared with a known quantity of an unreactive standard which can be used to 

determine the relative amounts of each species in the reaction mixture. 
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Figure 2.10.1 Gas Chromatograph layout with detailed diagrams of injector port 

and FID detector. 

 

By carrying out a calibration of starting materials and known products 

conversions and selectivities can be accurately measured by relating to the internal 

standard peak area in the chromatogram. Each organic compound has a different 

response factor so by just measuring the corresponding peak areas and not using 

an internal standard can give false data. Directly measuring the peak ratio of the 

compound to the internal standard in the GC directly provides a quantity in moles 

of analysed substrate. Furthermore a mass balance can also be carried out by 

accounting for the difference in moles from time zero to the end of the reaction. 
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This information helps to calculate selectivity by quantifying lost material through 

the formation of compounds that are not observable by GC methods and mass that 

is lost through other physical effects, like evaporation and degradation. 

 

Figure 2.10.2 Example of a calibration plot of a substrate for a catalytic reaction. 

Internal standard (IS) and phenylhydrazine (Phenylh).  

 

2.11 High Performance Liquid Chromatography (HPLC) 

 

High-performance liquid chromatography (HPLC) is a chromatographic 

technique that can separate a mixture of organic compounds in a similar way to 

that of gas chromatography. HPLC is used to measure stereoselectivities in the 

reaction products of catalysis. In this case the stationary phase is a chiral column 

in which the stationary phase contains a single enantiomer of a chiral compound. 

The two enantiomers and diastereoisomers of the same analyte differ in affinity to 

the single-enantiomer stationary phase and therefore they exit the column at 

different times due to varying interactions with the column. Analyte retention time 

varies depending on the strength of its interactions with the stationary phase, the 

polarity of the eluent, flow rate and sample loading. 

Typically HPLC utilizes a stationary phase (column), a pump that moves the 

mobile phase (eluent) and mixture through the column, and a detector to provide a 

retention time for the individual compounds (Figure 2.11.1). The sample to be 

analyzed is introduced in a very small volume and must be soluble in the mobile 

phase. The solution is moved through the column and the specific compounds and 

isomers are slowed by chemical or physical interactions with the stationary phase 

present within the column. The detector observes an absorbance of UV radiation at 
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a particular wavelength when compounds exit the column, which is proportional to 

the concentration of the sample. Therefore the analyte must have a chromophore 

present in its chemical make-up in order to absorb UV radiation and be detected. 
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Pressure 
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Detector Waste

Processing unit

Solvent reservoir Sample injection

Pressure 
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Detector Waste

 

 

Figure 2.11.1 High performance liquid chromatography schematic. 

 

2.12 Chemicals and Apparatus 

 

2.12.1 Chemicals 

 

Chemicals and solvents were supplied by Fisher, Sigma Aldrich, Fluka and 

Merck Novabiochem. Fumed silica purchased from Aldrich with a surface area of 

380 m
2

 g
-1

, 150 Å, 60 Å and 30 Å Grace-Davison silica of particle sizes 75-150 μm 

for all non-ordered porous supports employed without the need for calcination. 

Anhydrous DMSO and DMF were purchased and used with any drying technique. 

Anhydrous DCM was dried calcium hydride and freshly distilled before every use. 

Any degradable chemicals were kept under N
2

 atmosphere and at 4 ºC.  

 

2.12.2 Apparatus Information 

 

Experiments conducted under an inert atmosphere were carried out using 

oven dried glassware and purged of air using standard vacuum manifold 

techniques. For thin-layer chromatography (TLC) pre-coated plastic silica gel sheets 

Macherey-Nagel polygram sil G/UV
254

 were used and compounds were visualised by 

irradiation with UV light (254 nm and 365 nm) and/or by treatment with a solution 

of phosphomolybdic acid followed by heating or by treatment with a solution of p-
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anisaldehyde (4.6 mL), conc H
2

SO
4

 (6.25 mL), glacial acetic acid (1.9 mL) and 

ethanol (169 mL) followed by heating. Column chromatography was carried out 

using silica gel Davisil 60 A (particle size 35-70 micron).  

1

H NMR and 
13

C NMR spectra were recorded on Bruker Advance AV-300 at 
1

H 

frequencies of 300.130 and 
13

C of 75.476 MHz. Chemical shifts are given in δ 

relative to tetramethylsilane (TMS), the coupling constants J are given in Hz. 

Spectra were recorded in CDCl
3

, DMSO and D
2

O at room temperature with TMS 

serving as internal standard (δ = 0).  

Electrospray ionisation (ESI) low resolution mass spectrometry was conducted 

on a single quadrupole Walters ZMD. 

 IR spectra were recorded using smart orbit nicolet 380 FT-IR and on a Perkin 

Elmer FT-IR 1600 machine.  

Powder X-ray diffraction was carried out on a Siemens D5000 diffractometer 

using CuKα
1

 radiation, λ = 1.54056 Å.  

HPLC (Agilent Technologies 1120 LC) run on a CHIRALCEL OJ and AD-H 

columns using UV detection. 

N
2

 adsorption measurements were performed at liquid nitrogen temperature. 

Samples were first dehydrated and outgased in vacuum at 70 °C overnight.  

Surface area and micropore volume were determined by nitrogen adsorption-

desorption isotherms using Micromeritics ASAP 2020. The surface area was 

calculated using the Brunauer-Emmett-Teller (BET) method and the pore size was 

calculated using the Barrett-Joyner-Helenda (BJH) method. 

The reaction products of oxidations were analysed by GC (PerkinElmer, 

Clarus 400) employing Elite Wax capillary column (column length 30 m), carrier 

gas: He, flow rate 0.9 ml/ min, injection temperature 220 °C, Flame Ionisation 

Detector (FID). The identity and the quantification of the products were established 

by using mesitylene as an internal standard using the calibration method (see 

section 2.10). The overall yields were normalised with respect to the (GC) response 

factors obtained.  

The Diffuse reflectance UV-Vis (DRS) spectra were measured on Perkin-Elmer 

Lambda 900 DR UV-Vis spectrometer equipped with cylindrical solid sample 

(powder) holder with WinLab 900 software. BaSO
4

 was used as reference. Solution 

phase UV-Vis was carried out on a Varian Cary 300 Bio spectrophotometer. 

 Thermo-gravimetric analysis (TGA) was performed using a Polymer 

Laboratories STA 1500 simultaneous thermal analysis system. In a typical 

experiment, a 10-15 mg sample was heated to 500-800 °C at 2 °C min
-1

, with a 

data point collected every two seconds.  
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Conversions and selectivities using GC methods were determined by the following 

equations:  

 

Conv. % = [(moles of initial substrate – moles of residual substrate) / (moles of 

initial substrate)] x 100 

Sel. % = [(moles of individual product) / (moles of total products)] x 100 

For the internal standard GC method, the response factor (RF) of individual 

products was calculated using the following equations: 

RF = (mol Product/mol Standard)  (Area Standard/Area Product) 

 

Conversions and selectivities are measured in the same way with the use of 
1

H 

NMR: 

Conv. % = [(integration of products) / (integration of products + integration of 

residual starting material)] x 100 

Sel. % = [(integration of individual product) / (integration of total products)] x 100 

 

Turnover number calculated by: moles of substrate converted/moles of catalyst 

Turnover frequency calculated by: TON/unit time 

 

Stereoselectivity measured from HPLC: 

Enantioselectivity measured in enantiomeric excess: 

(R - S)/(R + S) × 100 

Where and R and S are the relative amounts of enantiomers. 

Diastereomeric ratio given as a portion of 100 % (i.e. 70:30) 

For purposes of plotting diastereoselectivity, diastereomeric excess (de) were 

calculated by : 

(X - Y)/(X + Y) × 100  

Where X and Y are relative amounts of diastereomers. 

 

2.13 References 

 

[1] R. E. Russo, X. Mao, H. Liu, J. Gonzalez, S. S. Mao Talanta 57 (2002) 425. 
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3.1 Introduction – Enamine Catalysis 

 

It is evident that the area of asymmetric enamine catalysis has become the 

flagship for the field of organocatalysis due to the wide-range of transformations 

that can be accomplished via this mode and because of the very efficient nature of 

the atom economic process.
1

 Enamine catalysis follows the generation of a stable 

enamine intermediate from a catalytic amount of an amine and carbonyl 

compound (Figure 3.1.1) with formation favoured through lowering of the LUMO 

and increasing the acidity of the carbonyl compound upon creating an initial 

iminium ion. The resulting activation path facilitates a nucleophilic addition 

reaction of the enamine intermediate. 

 

Figure 3.1.1: Formation of an enamine. 

 

The concept of enamine catalysis is based on three origins: from the 

stoichiometric chemistry of enamines as nucleophiles in organic synthesis,
2, 3

 

biological approaches to carbon-carbon bond formation
4-6

 and the first example of 

an organocatalysed intramolecular aldol reaction.
7-9

 These breakthroughs have 

ignited interest in asymmetric amine catalysis in recent years and provided the 

platform for the development of new catalysts and new reactions to be designed 

and discovered. As enamine catalysis progresses the mechanistic view becomes 

progressively clearer, which reaffirms this mode of catalysis as a powerful strategy 

for asymmetric synthesis.  

Out of all the transformations that can proceed via enamine organocatalysis 

the aldol reaction is the most documented and best understood. Therefore it is 

practical to select this reaction for the current study. Although before any catalysis 

is carried out it is imperative to judiciously choose an organocatalyst that can be 

anchored and manipulated to establish an understanding of how immobilisation 

onto specific supports affects the selectivity and activity in the reaction. It is also 

vital to highlight the importance of the aldol reaction and to rationalise current 

state-of-the-art catalysts which are available. 

 

 

enamine 
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3.1.1 The Aldol Reaction 

 

The aldol reaction is one of the most fundamental C-C bond forming 

reactions
10

 and is utilised regularly in its utility in the synthesis of complex non-

natural drug molecules and natural products. The aldol reaction consists of a 

nucleophilic addition and an enolization, which is catalysed by both acids and 

bases.
11

 Existing approaches use preformed enolate equivalents in combination 

with a metal chiral catalyst
4, 12-14

 or through a Lewis base-type Mukaiyama aldoltype 

mechanism.
14

 Therefore the direct aldol reaction between two unmodified carbonyl 

compounds via organocatalysis eradicates the dependence on expensive metal 

catalysts and avoids the formation and isolation of an enolate equivalent.
15, 16

 In 

nature the combination of acids and bases in an enzyme’s active site allows the 

direct asymmetric aldolization of unmodified carbonyl compounds (e.g. aldolases) 

(Figure 3.1.2). This function can be mimicked through using amino acids as the 

active centres for the aldolizations and provides attractive alternatives to the use 

of antibodies,
11, 17

 multifunctional bimetallic complexes
18-21

 and multinuclear Zn 

complexes
22-24

 for direct asymmetric aldol reactions. 

 

 

 

Figure 3.1.2: Enzymatic aldol reaction via amines (E - enzyme). 

 

 

 



David Xuereb  Immobilisation Strategies and Catalytic Potential 

of Heterogenised L-lysine in the Aldol Reaction 

 134  

3.1.2 Catalyst Structures 

 

The majority of organocatalysts designed for the asymmetric aldol reaction 

of unmodified aldehydes and ketones are based on the backbone of proline.
25-27

 

Most other catalysts are centred on derivatives of other α-amino acids or have 

skeletons of cinchona alkaloids, binapthyls or pyrrolidine rings. In fact there is 

such a wide range of structures but in this short overview, priority is given to the 

compounds that exhibit the greatest selectivity and activity.  

Naturally occurring amino acids are readily accessible and inexpensive so are 

viable options as organocatalysts. Apart from proline numerous unmodified α-

amino acids with primary amino groups have been shown to efficiently catalyse the 

aldol reaction under varying conditions,
28-35

 although the amino acids suffer from a 

number of disadvantages especially in terms of rate and selectivity, with large 

molar ratios needed and reactions are often carried out in excess of ketone donor. 

To increase the activity and selectivity of the amino acids the structure has been 

modified in a number of different ways to induce better chirality in the product 

and to increase the rate of forming the enamine intermediate through designing a 

better ketone binding pocket. 

 Evidently proline derivatives have received the majority of attention since 

proline itself offers the best selectivity and activity of the unmodified amino acids. 

Surprisingly with little modification at the amide nitrogen atom and with no 

additional chirality these derivatives offer better alternatives to proline in the aldol 

reaction (Figure 3.1.3). This can probably be attributed to the increase in steric 

bulk due to the aromatic rings.
36-40

 It was also found that there is no relationship 

between the quantity of proline fragments in a catalyst and the catalytic efficiency.  

 

 

 

Figure 3.1.3: Proline derivatives. 

 

However, increasing the number of chiral centres in the prolinamide molecule 

increases the selectivity, such as those based on alkylbenzylamines,
41

 chiral 

alcohols,
42, 43

 binaphthyls,
44, 45

 steroids
46

 and heterocycles
47

 (Figure 3.1.4). 
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Figure 3.1.4: Selection of prolinamides with increased chirality. 

 

Impressive catalytic activities and enantioselectivities in the asymmetric aldol 

reaction have also been established with diamine based prolinamides
48-51 

(Figure 

3.1.5). Other proline derived catalysts are based on small peptides
52-54

 in an 

attempt to resemble the structural design of aldolases and a large amount of 

active prolinamides contain varying sulphur substituents at the carboxylate 

position.
55

 These offer an increased H-donating capability due to the 

electronegativity difference. Organocatalytic activities in the aldol reaction were 

also established for proline derivatives with multiple substituted positions on the 

pyrrolidine ring. The idea being that more steric bulk around the active site may 

boost enantioselectivity through directing a particular face of or trajectory of 

attack. In some cases this was found to be true but in others the extra substituents 

played little role in the chirality of the final product.
56, 57 

Derivatives of α-amino acids with primary amino groups have also been 

proven to successfully catalyse the aldol reaction and similar to proline, 

modifications are made at the hydroxyl
58, 59

 (in the case of hydroxy acids) or 

carboxyl group.
60, 61 

 

 

 

Figure 3.1.5: Diamine prolinamides. 

 

As the research into this reaction progressed catalysts other than α-amino 

acid derivatives were designed. The same methodology was extended to β-amino 
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acids and their derivatives in an attempt to improve the selectivity of the reaction 

and also increase the scope of substrates.
62

 Inspiration was taken from the proline 

structure in the form of the 5 membered ring that gives a rigidity to the backbone 

which affords impressive stereoselectivities. Consequently attention has been 

devoted to producing catalysts containing a pyrrolidine unit in the hope to match 

or better the enantioselectivity delivered by using proline. These catalysts do not 

contain the carboxyl group,
63, 64

 instead have phosphoric acids or amines in their 

place but encouragingly still give good activities and selectivities. 

 Varying catalysts have since been produced that fall into a more 

miscellaneous-type category because of the wide variety of structures that have 

been developed (Figure 1.3.6). A select few in this class are exceptionally effective 

catalysts such as axially chiral γ-amino acids based on binapthyls fragments,
65

 

tetrazole analogues
66

 and cinchona alkaloid derivatives.
67 

 

 

 

Figure 3.1.6: Binapthyl and tetrazole based catalysts. 

 

 All these catalysts and many more have been utilised in the direct 

asymmetric aldol reaction for a vast quantity of substrates. Many reviews have 

been conducted highlighting the catalytic potential of the organocatalysed aldol 

reaction by means of demonstrating the variety of different substrates. 

 

3.1.3 Substrate Scope 

 

As discussed earlier the first example of an amino-catalytic asymmetric aldol 

reaction was the Hajos-Parrish-Eder-Sauer-Wiechert cyclization,
7-9

 a proline-

catalysed intramolecular enolendo aldolization (Figure 1.3.1). Although discovered 

in the early 1970s, the mechanism was vague and therefore the substrate potential 

was not realised. The intramolecular aldol reaction affords aldols from triketones 

in good yields and can be dehydrated in the presence of an acid to give the 

condensation products. Attempts have been made to expand the scope of this ring 
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closing step. A prime example of this is the intramolecular aldolization of acyclic 

diketones
68

 (Figure 3.1.7). Although the enantiomeric excess (ee) struggles to 

reach 50 in these examples
69

 which is mediocre in comparison to those of the 

original cycloaldolization. 

 

 

 

Figure 3.1.7: Aldol cyclodehydrations of diketones. 

 

The principal catalytic asymmetric enolexo aldolizations were developed 

subsequently after the publication of these examples. A variety of achiral 

heptanedials affords anti-aldols with excellent enantioselectivity
70

 (Figure 3.1.8). 

The reaction is not just restricted to dialdehydes as ketoaldehydes can be cyclised. 

 

 

 

Figure 3.1.8: Intramolecular aldolization of dialdehydes. 

 

Asymmetric intermolecular aldol reactions were found to give good yields 

and enantioselectivities with aromatic and R-branched aldehydes
71, 72

 (Figure 3.1.9 

A). At the time of this breakthrough several other cyclic and acyclic amino acid 

derivatives were screened as catalysts
25

 but still proline turned out to be the most 

efficient catalyst for this reaction.
73

 Enantioselectivities improve with R-branched 

and R-trisubstituted aldehydes over aromatic aldehydes, although condensation 

products are typical side products. R-Unbranched aldehydes were more 

challenging substrates; condensation and elimination products appeared to be the 

main side reactions. Encouragingly through altering the reaction conditions by 

changing solvents and catalyst ratios, the cross-aldol product could be isolated in 

acceptable yields and enantioselectivities.
72

 Proline-catalysed aldol reactions have 

been extended to ketones other than acetone but again the ketone is usually 

present in large excess
71, 72

 (Figure 3.1.9 B). 
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Figure 3.1.9: Direct asymmetric intermolecular aldol reactions. 

 

Rare examples of ketone-ketone aldolizations can be achieved, and this was 

first documented with cylohexanone as a donor unit in combination with an 

activated ketone acceptor
74

 (Figure 3.1.10 A). This approach was later extended to 

prolinamide-catalysed direct asymmetric aldol reactions of acetone with α-keto 

acids.
75

 This is an example of catalyst design where the keto acid was anticipated 

to be activated through hydrogen bonding from the catalyst (Figure 3.1.10 B). 

 

 

 

Figure 3.1.10: Intermolecular aldol reaction with two ketones. 

 

Aldol reactions can also form diols depending on the substrates used. 

Excellent regio-, diastereo- and enantioselectivities can be achieved in the cross-

aldol reaction using hydroxyacetone (Table 3.1.1).
71, 76

 This process provides a 

feasible alternative to the commonly employed Sharpless-AD (asymmetric 

dihydroxylation) approach for the synthesis of anti-diols (Fig 3.1.11 A). The 

formation of disubstituted products was contemporarily applied to alkyl and aryl 

groups thereby generating quaternary carbon-containing β-hydroxycarbonyl 

compounds
77, 78

 (Fig 3.1.11 B). 

 

 

 

A 

B 

A 

B 



David Xuereb  Immobilisation Strategies and Catalytic Potential 

of Heterogenised L-lysine in the Aldol Reaction 

 139  

 

 

Figure 3.1.11: Multiple stereocentres produced through alodlizations. 

 

Product Diastereomeric 

ratio 

ee 

 

>20:1 99 % 

 

>20:1 99 % 

 

>20:1 95 % 

 

Table 3.1.1: Impressive stereoselectivities of anti-diols. 

 

Over time the scope of the proline-catalysed aldol reaction was applied to 

donor carbonyl compounds such as aldehydes.
79

 The biggest task in using 

aldehyde donors is the lower reactivity of the derived enamines as compared to 

those formed from ketones and the aldol products are more likely to undergo 

further aldol reactions. Nevertheless there have been many successful attempts of 

cross-aldol reactions using aldehydes as donor components
80

 (Figure 3.1.12). 

 

 

 

Figure 3.1.12: Cross-aldol reactions of multiple aldehydes. 

 

From this brief review it is clear that the organocatalysed aldol reaction is 

very versatile in regards to the number of substrates that can be activated and can 

be successfully carried out with exceptional stereoselectivity for a wide range of 

A 

B 
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products. The aldol reaction is fundamental in terms of asymmetrically creating 

carbon-carbon bonds and is often relied upon in crucial steps in the formation of 

fine chemicals and pharmaceuticals. These reasons reiterate the motivation for 

concentrating on the aldol reaction in this study and why the transformation 

should be further investigated with heterogeneous analogues. 
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3.2 Experimental  

 

3.2.1  Synthesis of Catalysts 

 

Zeolite encapsulation of L-proline
84

: 

 

Fumed silica (0.35 g, 5.82 mmol) and L-proline (8.29 mg, 0.072 mmol) was added 

to a solution of NaOH (0.30 g, 7.5 mmol) in H
2

O (2 mL) and left to stir for 30 min. 

In a separate glass beaker aluminium isopropoxide (0.78 g, 3.82 mmol) and NaOH 

(0.33 g, 8.25 mmol) was added to H
2

O (2 mL) and left to stir for 30 min. When the 

time had elapsed the solutions were mixed in a PTFE beaker with addition of H
2

O 

(4 mL) and stirred at rt for 24 h and followed by a further 15 h of stirring at 90 °C. 

The solid was filtered and dried at 80 °C for 24 h to afford zeolite A (Linde Type A 

(LTA)) as a white solid (0.61 g) as characterised by x-ray powder diffraction. 

 

This procedure was repeated in the absence of L-proline and an impure 2 phase 

zeolite system of zeolite A (LTA) and faujasite (FAU) was synthesised and 

characterised by x-ray powder diffraction. 

 

This general synthesis was also applied to zeolite synthesis in the presence of 

other amino acids such as L-tyrosine, L-phenylalanine, L-glutamic acid and L-valine. 

 

Zeolite A (LTA) synthesis: 

 

NaOH (25.00 g, 0.62 mol) was dissolved in H
2

O (300 mL) and cooled in an ice bath. 

Sodium aluminate (13.50 g, 0.16 mol) was added to the solution and was heated 

to boiling point. A solution of sodium metasilicate (14.20 g, 0.12 mol) in H
2

O (200 

mL) was heated to 90 °C and the sodium aluminate solution was added slowly with 

rapid stirring. The mixture was left to stir at 90 °C for 4 h, then filtered under 

suction while hot, washed with H
2

O (4 x 100 mL) and consequently dried at 110 °C 

for 24 h to afford zeolite A as a white solid (19.90 g) characterised by x-ray 

powder diffraction. 

 

 Kaiser solution (ninhydrin test) makeup: 

 

Reagent A: Solution 1: Phenol (40 mL 0.45 mol) was dissolved in hot EtOH (10 mL). 

Solution 2: Potassium cyanide (65 mg, 1.00 mmol) was dissolved in H
2

O (100 mL). 



David Xuereb  Immobilisation Strategies and Catalytic Potential 

of Heterogenised L-lysine in the Aldol Reaction 

 142  

An aliquot (2 mL) of this solution was diluited with pyridine (100 mL, 1.24 mol). 

Solutions 1 and 2 were mixed together. Reagent B: Ninhydrin (25.00 g, 0.14 mol) 

was dissolved in EtOH (50 mL) and stored in the dark. 

 

Kaiser (ninhydrin) test: To a known quantity of sample (2 mg – 5 mg) was added 

reagent a (7 drops) and reagent b (3 drops). A control was prepared using the 

stains without the resin present. Both samples were heated at 100 °C for 5 min. 

The sample with primary amine present turned a deep blue colour, while the 

control did not change in colour. 

 

 Propyl-3-(propyl-3-triethoxysilyl)urea: 

 

 

 

3-(Triethoxysilyl)propyl isocyanate (1.00 mL, 4.04 mmol) was added to a solution 

of propylamine (0.24 g, 4.04 mmol) dissolved in anhydrous CH
2

Cl
2

 (10 mL). The 

solution was stirred under inert atmosphere at rt for 18 h. The solvent was then 

evaporated to give the title compound as a colourless oil (1.03 g, 3.35 mmol, 83 %) 

1

H NMR (300 MHz, CDCl
3

) δ ppm 0.46 - 0.74 (m, 2H) 0.91 (t, J = 7.32 Hz, 3H) 1.09 - 

1.35 (m, 8H) 1.43 - 1.66 (m, 4H) 3.03 - 3.21 (m, 4H) 3.81 (q, J = 6.95 Hz, 5H) 4.54 

- 4.70 (m, 1H) 4.76 (br. s., 1H) 
13

C NMR (75 MHz, CDCl
3

) δ ppm 7.5, 11.3, 18.2, 

23.4, 23.6, 42.3, 42.9, 58.4, 158.5; ESI-MS
+

: 329.3; [M+Na]
+

. 

 

 Butanoic acid-3-(propyl-3-triethoxysilyl)urea: 

 

 

 

3-(Triethoxysilyl)propyl isocyanate (1.00 mL, 4.04 mmol) was added to a solution 

of γ-aminobutyric acid (0.42 g, 4.04 mmol) dissolved in anhydrous CH
2

Cl
2

 (10 mL). 

The solution was stirred under inert atmosphere at rt for 18 h. The majority of the 

solvent was then evaporated to give the title compound as a yellow oil (1.19 g, 

3.40 mmol, 84 %) in DMF. 
1

H NMR (300 MHz, CDCl
3

) δ ppm 0.53 - 0.65 (m, 2H); 

1.10 - 1.25 (m, 9H); 1.56 (dt, J = 15.5, 7.5 Hz, 2H); 1.77 (quin, J = 6.7 Hz, 2H); 

2.34 (t, J = 7.0 Hz, 2H); 3.05 - 3.25 (m, 4H); 3.67 (q, J = 7.0 Hz, 1H); 3.78 (q, J = 
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7.3 Hz, 6H); 5.34 (br. s, 1H); 5.44 (br. s, 1H); 
13

C NMR (75 MHz, CDCl
3

) δ ppm 7.4, 

18.2, 23.4, 25.6, 31.4, 39.4, 58.1, 58.4, 159.3, 176.2; ESI-MS
+

: 373.5; [M+Na]
+

. 

 

 1-(Fmoc-Lys-OH)-3-(propyl-3-triethoxysilyl)urea: 

 

 

 

3-(Triethoxysilyl)propyl isocyanate (0.07 mL, 0.28 mmol) was added to a solution 

of Fmoc-Lys-OH (0.10 g, 0.28 mmol) dissolved in DMF (2.50 mL). The solution was 

stirred under inert atmosphere at rt for 18 h. The majority of the solvent was then 

evaporated to give the title compound as a colourless oil (0.15 g, 0.24 mmol, 88 %) 

in DMF. 
1

H NMR (300 MHz, DMSO) δ ppm 0.38 - 0.56 (m, 2H) 1.00 - 1.22 (m, 9H) 

1.26 - 1.46 (m, 5H) 1.49 - 1.81 (m, 2H) 2.90 - 3.04 (m, 4H) 3.61 - 3.81 (m, 6H) 

3.84 - 4.01 (m, 1H) 4.14 - 4.37 (m, 3H) 5.71 - 5.91 (m, 2H) 7.22 - 7.53 (m, 4H) 

7.64 - 7.74 (m, 2H) 7.89 (d, J = 7.3 Hz, 2H); 
13

C NMR (75 MHz, DMSO) δ ppm 7.2, 

18.1, 23.1, 23.6, 29.7, 30.5, 39.0, 42.0, 46.6, 53.8, 57.6, 65.6, 120.1, 125.3, 

127.0, 128.0, 140.3, 143.8, 156.1, 158.1, 174.0; ESI-MS
-

 : 614.5; [M]
-

; anal found 

C 53.39%, H 6.95 %, N 6.48 %. Cal: 60.45%, H 7.38%, N 6.82%. Discrepancy due to 

DMF as mother liquor.  

 

 Typical procedure for covalent anchoring of protected L-lysine to silica: 

 

 

 

Mesoporous silica (0.50 g) was degassed at 200 °C for 2 h under vacuum and once 

cooled transferred to DMF (15 mL). 1-(Fmoc-Lys-OH)-3-(propyl-3-triethoxysilyl)urea 

(0.38 g, 0.70 mmol) was added to the suspension and consequently heated at 75 

°C for 24 h. The solid was washed with DMF (4 x 5 mL) and EtOH (2 x3 mL) filtered 

under suction and purified via soxhlet extraction with EtOH for 18 h. The product 

was dried under vacuum at rt to give the protected amino acid immobilised on 

silica as an off-white powder. 
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This procedure was carried out for covalent immobilisation on all mesoporous and 

non-porous silica. 

 

 Typical Fmoc deprotection: 

 

 

 

Derivatised silica (0.25 g) was suspended in piperidine/DMF solution (20:80, 5 mL) 

and shaken for 1 h. The solvent was removed by filtration and the solid washed 

with DMF (3 x 3 mL), DCM (3 x 3 mL), MeOH (3 x 3 mL), Et
2

O (3 x 3 mL) and then 

dried under vacuum to give a free immobilised amino acid on silica as an off-white 

powder (0.23 g). UV-Vis absorbance of Fmoc-adduct λ
max

 = 302 nm: calculation of 

amino acid loading shown in results chapter (page 164).  

 

 Preparation of isocyanate derivatised mesoporous silica: 

 

 

 

Mesoporous silica (1.00 g) was heated at 200 °C for 4 h under vacuum to dry and 

degas the sample. 3-(Triethoxysilyl)propyl isocyanate (0.50 mL, 2.02 mmol) was 

added in anhydrous toluene (25 mL) and heated at reflux under inert atmosphere 

for 24 h. The solid was filtered under suction, washed with toluene (3 x 20 mL) 

and purified by soxhlet extraction with toluene for 12 h. The sample was 

consequently dried at rt under vacuum to give the title compound as a white solid 

(0.73 g). Isocyanate loading by % C from elemental analysis 0.9 mmol g
-1

. 

 

 Lysine covalent anchoring to isocayante functionalised silica via urea 

formation: 
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Isocyanate functionalised silica (0.10 g) was added to a stirred solution of Fmoc-

Lys-OH (0.055g, 0.15 mmol) in DMF (2 mL). The reaction mixture was left to stir 

for 24 h at rt and then the solid filtered and washed with DMF (20 mL) and EtOH (2 

x 10 mL). To de-protect the solid was suspended in piperidine/DMF solution 

(20:80, 5 mL) and shaken for 1 h. The solvent was removed by filtration and the 

solid washed with DMF (3 x 3 mL), DCM (3 x 3 mL), MeOH (3 x 3 mL), Et
2

O (3 x 3 

mL) and then dried under vacuum to give a free immobilised amino acid on silica 

as an off-white powder.  

 

 Typical MCM-41 synthesis: 

 

NaOH (0.15 g, 3.75 mmol) was dissolved in H
2

O (20 mL). This basic solution was 

stirred with addition of hexadecyltrimethylammonium bromide (0.63 g, 1.72 

mmol) followed by dropwise addition of tetraethylorthosilicate (0.335 g, 1.61 

mmol). The solution was stirred for 2 h and the pH reduced to 12 by addition of 

conc. hydrochloric acid. Following another 4 h the pH reduced to 11 by addition of 

conc. hydrochloric acid and left to stir for 15 h. The solid was filtered and washed 

with H
2

O (50 mL). To remove all structure directing agent the sample was calcined 

at 550 °C for 18 h under a flow of air. The structure of MCM-41 was confirmed 

through pXRD. 

 

 Typical procedure for lysine immobilisation to hydrophobic mesoporous 

silica: 

 

 

 

Mesoporous silica (1.00 g) was degassed at 200 °C for 2 h under vacuum and once 

cooled transferred to DMF (15 mL). 1-(Fmoc-Lys-OH)-3-(propyl-3-triethoxysilyl)urea 

(0.09 g, 0.14 mmol) and methyltriethoxysilane (0.04 mL, 0.28 mmol) was added to 

the suspension and consequently heated at 75 °C for 24 h. The solid was washed 

with DMF (3 x 10 mL) and EtOH (3 x 10 mL) filtered under suction and purified via 

soxhlet extraction with EtOH for 18 h. The product was dried under vacuum at rt 

to give the protected amino acid immobilised on silica as an off-white powder. 
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 External surface capping:

104 

 

 

 

Mesoporous silica (1.00 g) was degassed at 200 °C under vacuum for 2 h. The 

dried silica was suspended in THF (30 mL) at 0 °C and stirred with the addition of 

dichlorodiphenyl silane (0.02 mL, 0.09 mmol) for 1 h. The solid was filtered under 

suction and washed with THF (2 x 5 mL) and EtOH (2 x 5 mL) to give capped 

porous silica as a white powder (0.91 g). 

 

 General strategy for the formation of urea functionalised mesoporous silica: 

 

 

 

Mesoporous silica (1.00 g) was degassed and dried at 200 °C for 2 h. After cooling 

the sample was dispersed in toluene (15 mL) and propyl-3-(propyl-3-

triethoxysilyl)urea (0.24 g, 0.8 mmol) was added dropwise. The solution was 

heated at reflux for 18 h. The solid filtered and washed with toluene (2 x 10 mL), 

dichloromethane (2 x 10 mL), methanol (2 x 10 mL) and ethanol (2 x 10 mL) and 

then dried at ambient temperature. The resultant solid was an off white powder. 

 

 Amino functionalised 60 Å porous silica: 

 

 

 

60 Å Porous silica (9.00 g) was degassed at 200 °C for 2 h. On cooling the solid 

was transferred to toluene (100 mL) and refluxed for 24 h with addition of 3-

aminopropyltriethoxysilane (1.207 g, 6.7 mmol). The solid filtered and washed 

with EtOH (4 x 25 mL) to give a white powder (8.70 g). Kaiser test shows numerous 

free amine groups by turning a deep blue colour. 



David Xuereb  Immobilisation Strategies and Catalytic Potential 

of Heterogenised L-lysine in the Aldol Reaction 

 147  

 

 Peptide coupling of protected Fmoc-lys-(Boc)-OH to propylamine to form (S)-

(9H-fluoren-9-yl)methyl tert-butyl (6-oxo-6-(propylamino)hexane-1,5-

diyl)dicarbamate: 

 

 

 

Fmoc-Lys-(Boc)-OH (0.30 g, 0.65 mmol) was added to a mixture of O-Benzotriazole-

N,N,N',N'-tetramethyl-uronium-hexafluorophosphate (0.247 g, 0.05 mmol) and 1-

hydroxybenzotriazole (0.088 g, 0.65 mmol) in anhydrous dichloromethane (5 mL) 

and placed in an ultrasonic bath to ensure dissolution. N,N-diisopropylethylamine 

(0.108 g, 1.3 mmol) and propylamine (0.038 g, 0.65 mmol) were added to the 

reaction mixture and stirred at rt for 2 h. The reaction was followed by TLC and 

after completion the mixture was washed with H
2

O (2 x 10 mL), fully saturated 

NaCl solution (10 mL) and dried over MgSO
4

. The product was purified over column 

chromatography (EtOAc: Hexane, 7:3) to afford the title compound as a yellow 

solid (0.026 g, 8 % yield). 
1

H NMR: (300 MHz, CDCl
3

) δ ppm 0.82 (t, J = 7.36 Hz, 3H) 

1.19 (s, 1H) 1.24 - 1.46 (m, 14H) 1.59 (d, J = 9.97 Hz, 1H) 1.77 (br. s., 1H) 2.92 - 

3.21 (m, 4H) 4.03 (d, J = 5.49 Hz, 1H) 4.07 - 4.19 (m, 1H) 4.32 (d, J = 6.59 Hz, 2H) 

4.54 (br. s., 1H) 5.46 (br. s., 1H) 6.10 (br. s., 1H) 7.12 - 7.41 (m, 4H) 7.51 (d, J = 

7.41 Hz, 2H) 7.69 (d, J = 7.41 Hz, 2H); 
13

C NMR: (75 MHz CDCl
3

) δ ppm 11.3, 22.5, 

22.8, 28.4, 29.7, 32.2, 39.9, 41.3, 47.2, 54.9, 67.0, 79.2, 120.0, 125.1, 127.1, 

127.7, 141.31, 143.8, 156.2, 171.5; ESI-MS
+

: 532.3; [M+Na]
+

. 

 

 Solid phase peptide synthesis (SPPS) of coupling protected lysine (Fmoc-Lys-

(Boc)-OH) to amino functionalised mesoporous silica: 
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Fmoc-Lys-(Boc)-OH (0.094 g, 0.2 mmol) was added to a mixture of O-Benzotriazole-

N,N,N',N'-tetramethyl-uronium-hexafluorophosphate (0.076 g, 0.2 mmol) and 1-

hydroxybenzotriazole (0.027 g, 0.2 mmol) in anhydrous dichloromethane (10 mL) 

and placed in an ultrasonic bath to ensure dissolution. N,N-diisopropylethylamine 

(0.052 g, 0.4 mmol) and amine functionalised silica (0.50 g) were added to the 

reaction mixture and stirred at rt for 1 h. The solid was filtered and the reaction 

repeated with anhydrous DMF (10 mL) to ensure peptide coupling. The solid was 

filtered and washed with DMF (2 x 5 mL) and DCM (2 x 10 mL) to leave a white 

powder (0.59 g). Kaiser analysis showed in comparison to the amine functionalised 

silica that the majority of the amine groups had been coupled to the amino acid. 

 

 Lysine adsorption (non-covalent attachment) onto mesoporous silica: 

 

60 Å Porous silica (1.00 g) was degassed at 200 °C for 2 h. lysine (0.04 g, 0.27 

mmol) was dissolved in H
2

O (20 mL) and added to the dried silica. The solution 

was heated at 75 °C and stirred for 18 h. The solid filtered and washed with hot 

H
2

O (2 x 20 mL) and underwent a soxhlet extraction with H
2

O for a further 18 h. 

The sample was dried at 50 °C to give an off-white powder (0.865 g). 
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3.2.2 Catalysis 

 

 Homogeneous aldol reaction in the catalytic production of (R)-3-Hydroxy-3-(4-

nitrophenyl)propanal
25

: 

 

 

 

Acetone (0.80 mL, 10.9 mmol) was added to a solution of L-proline (18.4 mg, 0.16 

mmol, 30 mol %) in DMSO (3.20 ml) and left to stir for 15 min under N
2

. 4-

Nitrobenzaldehyde (60 mg, 0.4 mmol) was added to the reaction mixture and was 

left to stir under an inert atmosphere for a further 2 h. Half saturated NH
4

Cl 

solution (4 mL) and EtOAc (4 mL) were added with vigorous stirring, the layers 

were separated and the aqueous phase was extracted thoroughly with EtOAc (2 x 3 

mL). The combined organic layers were dried (MgSO
4

), concentrated and purified 

by column chromatography (EtOAc: Hexane, 4:1) to afford the title compound as a 

pale orange/cream solid. (50 mg, 68 %, ee 71 %) HPLC analysis on a Chiralpak OJ 

column: 90/10 hexane/i-PrOH, flow rate 1.00 mL min
-1

, λ=254 nm t
R

 (major) = 32.1 

min, t
R

 (major) = 36.7 min.  
1

H NMR: (300 MHz, CDCl
3

) δ ppm 2.2 (s, 3H), 2.7 - 3.0 

(m, 2H), 5.3 (dd, 1H J = 7.7, 4.4 Hz), 7.5 (m, 2H J = 8.4 Hz,), 8.1 - 8.3 (m, 2H) 
13

C 

NMR: (75 MHz CDCl
3

) δ ppm 30.7, 51.5, 68.9, 123.8, 126.4, 149.9, 208.5; ESI-MS
-

: 

208; [M]
-

. 

 

 Homogeneous aldol reaction catalysed by lysine carried out in the same way: 

 

 

 

Typical heterogeneous aldol reaction: 

 

Acetone (0.40 mL, 5.45 mmol) was added to a suspended solution of an amino 

acid derivatised silica catalyst (0.20 g, 0.01 mmol, 5 mol %) in dry DCM (3.20 mL) 

and left to stir for 1 h under N
2

. 4-Nitrobenzaldehyde (30 mg, 0.2 mmol) was 

added to the reaction mixture and was left to stir under an inert atmosphere for a 

further 60 h. The solid was filtered and washed with DCM (2 x 10 ml). The filtrate 
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concentrated and the conversion and chemoselectivity measured by NMR. HPLC 

used to measure enantioselectivity and is carried out under the same method as in 

homogeneous catalysis. 

 

 Recycle tests: 

 

After heterogeneous catalysis had been completed, the solid catalyst was 

recovered via filtration and washed with DCM (2 x 10 ml) and EtOH (2 x 10 mL) 

under suction and dried at 80 °C for 15 h. The catalyst was recycled by the same 

procedure as detailed in the ‘typical heterogeneous aldol reaction’.  

 

 Errors: 

 

Errors associated with measuring conversion are dependent on the accuracy of the 

NMR spectroscopy technique and the integration related with each proton signal. 

In this case because the hydrogen atoms are neither acidic nor readily 

exchangeable so the measured conversion is within ± 3 % error.  Chemoselectivity 

is determined in the exact same way (via NMR) so an identical error is associated 

with this measurement. Repeat experiments show that the error associated with 

actual conversion is slightly higher as ± 10 %. With repeat experiments and 

studying the range of ee’s associated with homogeneous catalysis (Fig 3.3.42) the 

error in enantioselectivity is primarily based on the error with the HPLC technique 

which is ± 2 %. 
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3.3 Results and Discussion 

 

3.3.1 Homogeneous Proline-catalysed Aldol Reaction 

 

Before any efforts of immobilisation were attempted a standard reaction 

catalysed by L-proline was carried out (Figure 3.3.1). The aldol reaction between 

acetone and 4-nitrobenzaldehyde was selected because there are numerous 

published examples of this type of reaction so direct comparisons can be made 

with literature
25

. Target materials containing phenyl group were chosen so 

stereoselectivity measurements can be evaluated by HPLC due to the chromophore 

present. 

 

 

Figure 3.3.1: Proline catalysed aldol reaction of acetone and 4-nitrobenzaldehyde. 

 

The reaction was successful between acetone and the 4-nitrobenzaldehyde 

to produce the corresponding β-hydroxy ketone as confirmed by NMR and MS data 

(Page 147). Indeed yield and enantioselectivity closely matched published results 

of 68 % yield with 76 % ee, which provides confidence that organocatalysis can be 

carried out in a reproducible and comparative manner. Leading on from this, 

comparisons can be subsequently made with the homogeneous organocatalysts 

and the heterogeneous analogues to evaluate differences (if any) on yield and 

selectivity due to immobilisation.  

Reactions were only successful when carried out under an inert atmosphere 

with anhydrous solvents. It seems that if there is any moisture present the product 

fully dehydrates to the α, β-unsaturated carbonyl (Figure 3.3.2) with little of the 

hydroxy-ketone left.
81 

 

 

Figure 3.3.2: Dehydration of the desired product to the α, β-unsaturated carbonyl. 

-H
2

O 

rt, DMSO, 60 h 

L proline (30 mol %) 
yield 68 % 
ee 70 % 
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The overlaid 
1

H NMR spectra of the purified products and substrates from 

the aldol reaction show that peaks from each compound can be resolved and 

identified clearly (Figure 3.3.3). This is important because from a crude reaction 

mixture conversion can be calculated through integrating signature peaks due to 

each component. The error in using this method of working out conversion is ± 5 % 

because the signal strength due to each integrated proton environment is similar 

and the sensitivity of the proton nuclei is high. Moreover the byproduct can be 

clearly identified using NMR and therefore a chemoselectivity can also be 

established. To measure the enantioselectivity of the reaction the crude reaction 

mixture is analysed via HPLC (Figure 3.3.4) with a chiral column and the relative 

amounts of each enantiomer are detected at known retention times with a specific 

eluent composition and flow rate (see experimental). 

 

 

 

Figure 3.3.3: Conversion and stereoselectivity can be calculated by integrating the 

peaks due to starting material and products. 
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Figure 3.3.4: HPLC chromatogram of the enol product shows the two enantiomers 

as isolated from the proline catalysed aldol reaction. 

 

3.3.2 Zeolite Encapsulated Proline 

 

 Encapsulating L-proline inside a porous aluminosilicate following the zeolite 

synthesis method
82-84

 seemed unlikely but not unfeasible. Building the zeolite (host) 

around a pre-formed structure-directing agent (SDA) is well known.
85

 Often the SDA 

for zeolites is an organic amine that is post-synthetically washed or calcined out of 

the structure to create the porous architecture. SDA’s are used to guide the 

formation of a particular structure type through space-filling, Van der Waals 

interactions and electrostatic forces between ions in the hydrothermal treatment. 

Using this basis, L-proline was conceivably used as a SDA by adding the amino acid 

during the hydrothermal synthesis of the aluminosilicate. It was hoped that if 

proline could dictate the structure of the zeolite it could be entrapped within the 

cages and therefore serve as heterogeneous catalyst. 

The method employed for encapsulation dictates that the framework type 

of the porous aluminosilicate on crystallisation will be of a Faujasite (FAU) 

architecture but powder XRD analysis determined the framework had assembled to 

a very crystalline Linde type A (LTA) structure with no defects or phase-impurities 

(zeolite pro/LTA pro) (For comparisons of zeolite typologies see figure 3.3.5). This 

was verified by comparison of the intensity and positions of the peaks in the x-ray 

diffraction pattern (Figure 3.3.6) with a synthesised sample of the LTA zeolite.  
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Figure 3.3.5: The framework architectures of a) FAU and b) LTA. (Image 

reproduced from www.iza-structure.org) 

 

 

Figure 3.3.6: Comparison with a LTA x-ray powder diffraction pattern. 

 

With L-proline present in the synthesis procedure for FAU construction, the 

framework of the aluminosilicate favoured the smaller LTA structure. It can be 

conceived that if L -proline, which at its smallest dimension is 3.9 Å, acts as an 

SDA then it is possible that the smaller structure of LTA would preferably form 

because the pore diameters are 4.1 Å when compared to that of FAU which are 7.2 

Å. The SDA (proline) directs the smaller porous zeolite because it is 

thermodynamically favourable to do so. Proline is most likely too small to form the 

super cages of FAU and therefore the structure does not form. It is proven by high-

resolutions solid-state 
13

C NMR studies
86

 that when the organic 

tetramethylammonium cation (TMA
+

) is employed as a SDA it is trapped in the 

a) b) 
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sodalite cages as well as the α-cavities and supercages of LTA and FAU 

respectively.
87

 Since L-proline is not too dissimilar in size it is a fair assumption to 

believe that the environments of the amino acid are the same.  

When the Faujasite synthesis procedure was repeated with no L -proline in 

the reaction mixture it resulted in a combination of structures (Figure 3.3.7 

yellow), as the peaks correspond to a known sample of zeolite X with the FAU 

framework type as well as the LTA peaks. This is the kinetic formation of a mixture 

of phases because there is no SDA to dictate the structure and control the 

crystallinity through a thermodynamic control. 

zeolite framework comparisons

5 10 15 20 25 30 35 40

2 Theta

no proline

proline present

zeolite x

Figure 3.3.7: Peaks in x-ray diffraction pattern of definite framework types of FAU 

(zeolite x) and LTA. 

 

 It was found that carrying out a preparation for zeolite A (LTA) with presence 

of L-proline (LTApro) increased the unit cell volume from 14546 Å
3 

to 14797 Å
3

. 

This implies that encapsulation had occurred because of the increase in unit cell 

size due to accommodation of the amino acid. There is a clear shift to a smaller 2 

theta angle showing the increase in unit cell size (Figure 3.3.8). One interesting 

result in this XRD pattern is that a peak in LTA with proline occurring at a 2 theta 

value of 18.74 is shifted in the opposite direction to every other peak by a 

significant amount of 1 degree. This peak corresponds to the (hkl) 422 lattice 

plane. It was suggested that it is due to an Al impurity or aggregates of L-proline 

adsorbed on the outer surface of the zeolite but these explanations have been 

proven incorrect by measuring Al reflections and carrying out an XRD of crystalline 

L-proline (Figure 3.3.9). 
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Figure 3.3.8: Diffraction data for encapsulation of L-Proline in Zeolite A. 

XRD comparison of LTApro and proline

0

500

1000

1500

2000

2500

3000

5 10 15 20 25 30 35

2 theta

c
o

u
n

ts

Proline

LTA pro

 

Figure 3.3.9: XRD of pure L-proline. 

 

 Aldol reactions were carried out with LTApro as a potential catalyst but no 

conversion was observed. This may be because the scale of the reaction is so small 

and since a high mol % of catalyst is needed in the homogeneous reaction and with 

only 8.29 mg of L-proline used to synthesise the zeolite, even if all L-proline is 

encapsulated in the zeolite a resultant 98 % drop in the literature yield would be 

expected if the activity stays the same. Other reasons why catalytic reactions were 

not successful may be due to the constriction of space inside the small LTA zeolite 

or even that L-proline is not present or not active in this environment. The amino 

acid may not be entrapped in the cages of the zeolite structure so is free to diffuse 
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through the pores, leach, aggregate and become an inactive catalyst. Unfortunately 

13

C solid state NMR showed no detection of any amino acid inside the 

aluminosilicate, this disappointingly points towards unsuccessful encapsulation. 

The same method for zeolite synthesis was carried out with a range of 

catalytically active amino acids in order to provide an understanding of the phase 

selection. The x-ray diffraction patterns of L-tyrosine, L-phenylalanine, L-glutamic 

acid and L-valine showed quite amorphous structures, showing that these amino 

acids do not provide a thermodynamic control on the phase selection. The biggest 

difference between proline and these amino acids is the 5 membered ring and the 

secondary amine, which must play a crucial role in directing the structure, 

although it must be taken into consideration that more overriding factors that 

determine a specific zeolitic architecture such as dependence on temperature or 

crystallisation time can have a great effect on the architecture of the framework. 

Even though the reactions were carried out under identical conditions with the 

same quantities, minute discrepancies could have occurred between synthesis runs 

which can have a large effect on the outcome. 

The unsuccessful catalysis prompted other routes to be investigated for 

amino acid immobilisation on different supports. 

 

3.3.3 Amino Acid Covalent Immobilisation to Mesoporous Silica 

 

Metal-based catalysts can be covalently anchored into the pores of 

mesoporous materials most effectively by the post-grafting method through 

anchoring of the organic ligands present. Using this rationale, similar to that 

described earlier for the immobilisation of transition-metal complexes (Section 

1.5.3.2); amino acids with functional side chains such as lysine, arginine, glutamic 

acid, cysteine or amino acid derived organocatalysts that can react with tethering 

silanes can be covalently anchored to the inner walls of mesoporous silica. This 

covalent route to immobilisation of organocatalysts is believed to be the most 

suitable, since adsorption and ionic methods of immobilisation on other supports 

could lead to a decrease in catalyst stability. The covalent approach creates a 

chemical bond from the organocatalyst to the surface therefore restricting leaching 

and controlling catalytic site integrity to a greater extent than non-covalent 

methods. This approach also has the potential to improve recoverability and 

recyclability, use far less mol % of catalyst and potentially give rise to significant 

improvements in activity and selectivity. Organocatalysts can be covalently 

anchored to mesoporous silica (Figure 3.3.11) by building on current 
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methodologies that are reported in the literature.
88

 Tethering is carried out 

through the side-chain or a functionalised side-chain of a derivatised amino acid 

and not through a SPPS technique (Figure 1.5.16), because the mechanism of 

catalysis for the aldol reaction relies on the amino and carboxylate groups to be 

free for substrate binding (Figure 3.3.10).
25

 In the transition-state for C-C bond 

formation in the aldol reaction, protonation of the acceptor carbonyl group occurs 

by the carboxylic acid, which is anti with respect to the (E)-enamine double bond. 

Therefore amino acids are immobilised by reacting the functionalities present on 

the side chain with a linker that can be covalently attached to the silica surface. 

This was achieved by Calderon et al whereby the characteristic amino acid side 

chain is converted into an amine functionality, which undergoes nucleophilic attack 

of an isocyanate derivatised silane that can then covalently anchor to a silanol 

group in the channel of porous silica.
88 

 

 

 

Figure 3.3.10: (A) Transition state of proline catalysed aldol reaction and (B) 

organocatalyst binding sites. 

 

Lysine has been astutely chosen as a catalyst to be covalently anchored in 

this investigation because of functional side chain available and the 

enantioselectivity is fairly poor (as discovered through homogeneous catalysis later 

in the chapter). The reasons for this mediocrity and hesitance in using lysine as an 

organocatalyst is presumably the extra amino functionality present on the side 

chain that could act as a nucleophile towards carbonyl compounds therefore 

providing alternative reaction mechanisms that reduce selectivity and activity. This 

system was appealing in this study because it was hoped that upon 

heterogenisation the changes in activity and selectivity can be easily measured and 

compared to the homogeneous analogue to conclude the benefits of 

immobilisation. It is far easier to appreciate the effects of immobilisation in 

efficiency and selectivity on an inferior catalyst in comparison to an extremely 



David Xuereb  Immobilisation Strategies and Catalytic Potential 

of Heterogenised L-lysine in the Aldol Reaction 

 159  

impressive one. Moreover, it was hoped that spatial restrictions in the channels of 

the support may boost stereoselectivity as observed in the grafting of metal-

complexes in porous silica. Firstly, an accurate and reliable immobilisation 

methodology had to be developed to achieve maximum site-isolation. 

Three different methodologies can be followed to covalently anchor amino 

acids on a silica surface, each approach having advantages and disadvantages. 

Two routes are very similar (Figure 3.3.11) comprising of the same first step of 

producing an amino acid coupled to an oxy-silane through a urea linkage. The 

other strategy connects the amino acid to the support after the silica has already 

been derivatised with the linker. Route ii) has been documented for proline only 

but other routes whereby deprotecting after attachment and firstly derivatising the 

silica support with tether to react through the amino acid side chain are newer 

concepts. These methods are very similar to that seen in solid phase peptide 

synthesis (SPPS) but because amino and carboxylate groups are not linked to the 

surface in any way makes these strategies different and more appealing for 

maintaining an active, selective catalyst with high integrity of the active site. 

 

i) The first route reacts the protected amino acid with a linker; in this case 

an isocyanate silane. The isolated product is attached to the silica 

surface under reflux and purified via soxhlet extraction and numerous 

washings. The amino acid undergoes Fmoc cleavage to leave an 

accessible amino acid derivatised silica framework ready for catalysis. 

ii) The second route was identical to the first step in method one by 

reacting the protected amino acid with the linker. After this step the 

amino acid is deprotected in solution before immobilisation. The 

product from this stage is anchored to give the heterogeneous catalyst. 

iii) The third method of heterogenisation begins with the attachment of the 

linker to the framework to construct a functionalised silica surface. The 

protected amino acid couples with the fixed linker and transfers from 

being dissolved in solution to being connected to the solid phase. Lastly 

the immobilised amino acid is deprotected by Fmoc cleavage to leave 

available amino and carboxylate groups for catalysis. 
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Figure 3.3.11:  Route i) (left) and ii) (right) for the immobilisation of the amino acid 

L-lysine on porous silica from the starting material Fmoc-Lys-OH. 

The third route was thought more appropriate than the prior two methods 

because all products from each step can be isolated by filtration instead of the 

need for work-ups. Work-ups can be problematic when dealing with the oxy-silane 

groups because of the reactivity towards water and the affinity to react with one 

another to form Si-O-Si bonds. 

The tether was grafted on 60 Å porous silica (Figure 3.3.12). A range of 

solvents and molar ratios of silica to tether (mass:mass) were used to find the best 

conditions to produce the highest amount of loading (Table 3.3.1). Elemental 

analysis shows that all solvents with a ratio of 1:2 gave a good agreement of C, H 

and N % weights for what would be expected for the attached tether. An empirical 

value of carbon between 4 and 6 would mean that desired immobilisation has 

occurred because there would be a mixture in the number of binding sites per 

tether. Some would bind through two Si-O-Si bonds while others would bind 

through all three. Toluene was found to be the most suitable solvent over DCM 

and ethanol because it facilitated a higher loading of linker as characterised by 

elemental analysis. This is probably due to the higher temperatures achieved in 

reflux due to the greater boiling point of toluene.  
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Figure 3.3.12: Covalent attachment of an isocyanate tether to 60 Å porous silica 

through three binding sites. 

 

There is a concern whether the linker reacts preferentially through the 

ethoxysilylane or isocyanate functionality with the surface silanol groups of porous 

silica. This is very difficult to observe since the only tool for available 

characterisation is the detection of weak absorbances of a carbonyl through solid-

state IR. Elemental analysis substantiates that this is probably not the case because 

of the empirical number of carbon atoms that agrees with desired immobilisation. 

 

Solvent Ratio 

tether:silica 

(g:g) 

% weight 

carbon in 

sample 
a 

Mean empirical 

number of carbon 

atoms 
b

 

Loading 
c

 

(mmol g
-1

)
 

DCM 1:2 2.96 5 0.48 

Toluene 1:2 6.30 5.5 0.91 

Ethanol 1:2 3.28 5.8 0.46 

 

Table 3.3.1: Results from the immobilisation of tether bound to silica. 
a

 determined 

by elemental analysis. 
b

 calculated from CHN % weights. 
c

 based on % weight of N 

present. 

 

 The next step in this route was to immobilise protected lysine on the 

derivatised porous silica. The biggest drawback from this method is the lack of 

control of isocyanate and which leads to the indistinctness of the anchored lysine 

sites. Based on probability; with a high degree of surface saturation the 

organocatalyst will reside in a less single-site and less well-defined nature which 

has drawbacks on catalysis (see later). Consequently other routes were 

preferentially undertaken to ensure a greater accuracy of the immobilised active 

site.  

The first route, i), is more reliable than the second, ii), because of the need 

for less separation and work up steps. Anchoring the product formed in the first 
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step before deprotection means that only one product has to be isolated from the 

homogeneous mixture. The compounds in other steps can be isolated by simple 

filtration because of the solid-phase products. For these reasons strategy i) was 

focused on, again with the immobilisation of the basic amino acid L-lysine. 

The first step required the reaction of the protected lysine with an 

isocyanate linker (Figure 3.3.13). Fmoc-Lys-OH would not dissolve in DMF at room 

temperature but an indication the reaction had occurred was after addition of the 

silyl compound and over the course of several hours, the protected amino acid 

slowly went in to solution. This was because the product became more soluble due 

to the polar substituents which had now been attached. The target material was 

characterised spectroscopically and the reaction occurred almost quantitatively. 

 

 

 

Figure 3.3.13: First step of L-lysine attachment by reacting the deprotected amino 

acid with the isocyanate tether to form a urea linkage.  

 

 To help characterise the reaction between Fmoc-Lys-OH (protected amino 

acid) and 3-(triethoxysilyl)propyl isocyanate (linker) numerous reactions were 

carried out with varying primary amines such as propylamine to give a handle on 

the shifting of the CH
2

 environment neighbouring the urea linkage. Peaks in 
1

H and 

13

C NMR spectra of the simple amine were compared to that of the protected amino 

acid upon C-N bond formation to prove a successful coupling (see appendix). For 

example the peak at 158 ppm in the 
13

C NMR corresponds to that of the carbonyl C 

in the urea link that can be observed in all products. To dismiss the possibility of 

the carboxylic acid creating a carbamate with the isocyanate, a reaction the linker 

and γ-aminobutyric acid under the same conditions displayed only one product 

formation – that of the urea link creation, proven by the detection of only two 

inequivalent carbonyl 
13

C environments in the NMR spectrum (the urea and the free 

acid). 
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The final steps of this procedure required the addition of the tethered 

amino acid to the support, followed by deprotection. Our approach carries out 

amino acid deprotection on the solid phase so a catalytic loading can be deduced 

from the cleaved Fmoc-adducts using UV-spectroscopy (Figure 3.3.14). The 

intensity of the absorbance measured at λ
max

 302 nm depends on the concentration 

of Fmoc adduct in solution.  

 

 

 

Figure 3.3.14: UV-Vis spectra of Fmoc-adduct at varying concentrations that can be 

directly attributed to the number of de-protected amino acids and therefore the 

range of catalytic loading on differing supports (key). These different supports will 

be discussed later. 

 

Working out the concentration of Fmoc-adducts using the Beer-Lambert law 

indirectly measures the amino acid concentration in the sample, since for every 

cleaved Fmoc there must be one deprotected amino acid. The concentration of 

active sites on a material is determined as the ‘loading’ and can be measured 

directly (Fig 3.3.15) in mmol g
-1

 by using a simplified equation (Equation 3.3.1).  
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“Loading = (A x V x 10
3

) / (ε x m)”   (Eq. 3.1.1) 

 

Equation 3.3.1: Loading calculation by measuring the absorbance of Fmoc-adduct. 

Absorbance (A), volume (V), extinction coefficient (ε) and mass (m). 

 

This measurement is important because it gives the necessary quantities for 

turnover number (TON) and turnover frequency (TOF) to be derived when catalysis 

is carried out. These values can then be compared to the homogeneous analogue 

of the catalyst so evaluations can be made on how the activity changes with 

heterogenisation. This method for calculating catalytic loading is more accurate 

than through HCN determination because elemental analysis also provides values 

for the protected amino acid and adsorbed solvent, thereby leading to more error 

in calculating the quantity catalytically active sites.  

 

 

 

Figure 3.3.15: catalyst loading vs absorbance of Fmoc-adduct as calculated by 

Beer-Lambert law. 

 

Deprotecting the anchored amine on the solid phase also assists the relative 

spacing and increased site isolation of active sites
89

 due to minimising the silane 

clustering in solution before grafting by eliminating H-bonding through primary 

amines (Figure 3.3.16). The steric bulk of the Fmoc protecting group physically 

seperating sites apart
90

 which also improves the single-site nature of the anchored 

catalysts (Figure 3.3.16). More site isolation leads to a more efficient catalyst as 
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more catalytic centres are accessible and well defined, therefore more likely to 

facilitate the desired transformation through the preferred transition states. 

Furthermore, the fact that absorbance is detected at around 300 nm is an initial 

piece of evidence that confirms the existence of de-protected amino acid on the 

solid support. The absorbance due to the Fmoc-adduct provides indirect 

information on the integrity of the catalytic site but more characterisation is 

needed to help identify the immobilised catalyst directly and to prove covalent 

attachment. 

 

 

Figure 3.3.16: Grafting protected amino groups stops H-bonding before 

immobilisation which leads to anchored sites in close proximity (left) and steric 

bulk helps to separate out sites (right B-C) rather than conventional anchoring (A). 

 

Considering that the bulk of the material is the silica support, it is 

understandable that characterising the active catalyst is quite difficult. A further 

complexity for characterisation is that the catalyst is immobilised in the channels 

of the silica structure. Several techniques are surface sensitive so the fact that the 

catalyst is encapsulated and not on the outer surface renders these methods 

unhelpful. Furthermore there is no metal present which reduces the number of 

techniques that can be used. Direct structural information cannot be deduced from 

EPR and UV-Vis spectroscopy that can give a high-quality insight into the active site 

but reveal very little useful information in this case. 
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A basic experiment to give more evidence that there is deprotected amino 

acid present in the support is to perform the Kaiser test.
91

 This is a simple colour 

change observation on addition of the two Kaiser reagents with heating at 120 °C. 

All lysine derivatised silica frameworks turned deep blue in colour so this 

confirmed the presence of the free primary amines of lysine.  

Further evidence for amino acid immobilisation can be sought by means of 

solid state NMR spectroscopy. 
13

C MAS NMR is a principal technique that confirms 

the presence of the specific amino acid by matching the corresponding peaks to 

that of the pure amino acid (Figure 3.3.17). NMR is a valuable asset in 

characterisation methods, but in this case because the sample has only around 3 % 

carbon content and then 1.1 % of that is the spin active 
13

C isotope, means that the 

amino acid is quite difficult to detect. From the spectra it is just possible to 

distinguish the peaks due to inequivalent carbon environments over the 

background noise to confirm the presence of lysine in the framework. Due to the 

extremely small organic loadings the carbon NMR is unidentifiable to any 

reasonable precision. 

 

Figure 3.3.17: 
13

C MAS CP NMR of pure lysine (left) and immobilised lysine on 

porous silica (right).  

 

Alternative elemental NMR can however provide some very revealing 

information on the covalent nature of the heterogeneous organocatalyst. Solid 
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state 
29

Si NMR techniques confirm the covalent attachment of the catalyst to the 

solid support by detecting a broad peak at around -60 ppm which corresponds to 

the silicon environment in the tether (Figure 3.3.18). The peak is broad due to the 

quantity of Si-O-Si bonds to the support and therefore the number ethoxy groups 

have been lost from the linker upon grafting; (RSi(OEt)
2

O-), (RSi(O-)
2

OEt) and (RSi(O-

)
3

). The larger two peaks at around -100 ppm are due to the Si environments of the 

bulk material. The Si at -101 ppm are in close proximity to many protons due to 

the intensity of the signal, while the peak at -111 ppm is much further away from 

protons and need longer cross-polarisation (CP) times to achieve a decent signal. 

These Si environments are due to surface Si and bulk Si of the support respectively 

(Figure 3.3.19). This is re-iterated by direct acquisition that shows that the Si 

atoms at -111 ppm are more abundant by quite a margin. The NMR spectra also 

show that Si-OH environments still exist on heterogenisation of the organocatalyst 

even though a large quantity of the grafting species is added to the reaction when 

anchoring. The support doesn't become fully saturated with catalyst probably 

because of diffusion limitations due to the bulkiness of organic compound and 

that some Si-OH sites may be blocked and are inaccessible when grafting occurs. 

 

 

Figure 3.3.18: 
29

Si NMR showing covalent tethering by identifying the varying Si 

environments of the Si in the linker. 
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Figure 3.3.19: 
29

Si NMR depicting the bulk Si environments of the framework. CP 

NMR (left) and direct acquisition (right).  

 

Powder infrared (IR) spectroscopy is another powerful tool to characterise the 

immobilised catalyst. The absorbances identified are extremely weak due to the 

catalyst residing inside the channels but nevertheless absorbances are noticed 

however feint. Information on the molecular structure and form of the amino acid 

anchored on mesoporous silica was obtained by FTIR (Figure 3.3.20). 
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Figure 3.3.20: Top (i) low and (ii) high IR energy ranges with a) lysine and b) lysine 

derivatised on mesoporous silica. Spectra were vertically shifted and arbitrarily 

normalised for easier comparison.  

  

The spectra of lysine is reported for comparison (curve a). In the solid state 

lysine is present in the zwitterionic form, showing bands related to the protonated 

NH
3

+

 group (asymmetric and symmetric stretching 
as

 and 
s

 at 3360 and 3072 cm
-

1

, 
as

 and 
s

 bending modes at 1580 and 1518 cm
-1

) and to the carboxylic COO
-

 

group (
as

 at 1638/1608 and 
s

 at 1410 cm
-1

).
92, 93

 Other typical modes of lysine are 

at 2938 and 2862 cm
-1

 (CH
2

 
as

 and 
s

), 2756 cm
-1

 (overtone/combination mode) 

and at 1446 cm
-1

 ( CH
2

). After immobilization and successive deprotection steps 

the lysine molecule has become modified, in that the terminal amino group is 

neutral (NH
2

 
as

 and 
s

 modes at 3530 and 3437 cm
-1

, corresponding  in the broad 

adsorption centred at 1555 cm
-1

), while the carboxylic group is deprotonated (
as

 

and 
s

 at 1638 and 1410 cm
-1

), most likely as a consequence of an acid-base 

equilibrium with the silica surface. In the high energy region the bands of lysine 

are superimposed to a broad adsorption due to hydrogen bonding with surface Si-

OH groups, which are also present on the surface as isolated free units ( OH at 
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3745 cm
-1

). In addition to the typical CH
2

 modes of lysine, bands at 2958, 2871 cm
-

1

 (
as

 and 
s

) and at 1475, 1458 (
as

 and 
s

) are clearly due to ethoxy Si-OCH
2

CH
3

 

groups. In this instance IR spectroscopy gives an insight as to whether the amino 

acid is covalently bound to the silica support or not. This is achieved by 

interpreting the absorbances
 

in the fingerprint region where Si-O bonds absorb. 

Noticing these extra peaks in this region suggests different Si-O environments 

other than the bulk which are all in a tetrahedral environment with four Si-O 

bonds. These extra peaks can be accounted for the presence of Si in the tether 

that is bonded to different substituents e.g. RCH
2

Si(OSi)
2

(OEt) or RCH
2

Si(OSi)
3

, that 

have varying Si-O bond strengths therefore absorbing at differing frequencies. New 

bands at 3258 ( NH), 1656 and 1555 cm
-1

 (amide I and II) testify of the linkage 

between the amine of the lysine side chain and the tether through the urea 

linkage.
94

 These spectroscopic details provides effective proof of the catalyst 

integrity on immobilisation to the solid support. 

 To prove that attachment had occurred in the pores of the support, 

Brunauer-Emmett-Teller (BET) nitrogen adsorption isotherms were carried out. 

Measuring the concentration of adsorbed probe molecules on a non-derivatised 

porous silica framework provides a specific surface area for the support before 

catalyst impregnation. Covalent attachment of the catalyst gives a smaller surface 

area because now the surface available for the adsorption of small gaseous 

molecules has decreased due to the immobilised amino acid. A decrease in pore 

volume for the derivatised silica is also observed due to lysine occupying 

significant space in the pores and this (Table 3.3.2). The decreases in N
2

 

adsorption signifies that the organocatalyst resides within the channels of the 

support. 

 

 BET surface area (cm g
-1

) Pore volume (cc g
-1

) 

Blank support 1170 0.6546 

Lysine-support 813 0.4258 

  

Table 3.3.2: Comparisons of N
2

 adsorption values for non-functionalised (blank) 

and functionalised support (lysine-support). 

 

 All these characterisation methods have helped confirm the presence of 

lysine on the functionalised mesoporous silica, the covalent anchoring within the 

channels of the support and the integrity of the catalytic active site. More 
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importantly these techniques have shown that the design methodology for 

covalent immobilisation is a successful, precise and reliable approach. All the 

characterisation data on the solid catalyst were carried out on one system (except 

for 
13

C NMR). This system was the highest loading MCM-41 silica anchored lysine 

because the high concentration of organocatalyst achieved through the large 

surface areas of the ordered porous support gave the best chances of being able 

to establish the environment and the consistency of the catalytic active site. The 

highest loading permits spectroscopic detection to be accomplished in an easier 

and more reliable manner. All other heterogeneous amino acid samples were 

prepared via the same procedure as that of lysine functionalised MCM-41unless 

otherwise stated. 

 

3.3.4  Heterogeneous Lysine-catalysed Aldol Reaction  

 

L-Lysine functionalised 30 Å porous silica (Lys-30 Å), constructed by route i) 

of the three strategies, was proven to be an active catalyst in the asymmetric aldol 

reaction between acetone and 4-nitrobenzaldehyde (Figure 3.3.1). Upon 

heterogenisation the yield was increased dramatically and afforded nearly 100 % 

conversion almost solely to the desired hydroxyketone (Figure 3.3.21). Numerous 

homogeneous reactions were completed over the same time period and under the 

same conditions but conversions were limited to maximum of 47 %. In fact, 

conversions of several of the homogeneous catalytic reactions fell below the 

number of moles of lysine added. In these cases the turnover number (TON) never 

reached over 1 so lysine in the homogeneous state is barely even catalytic.  
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Figure 3.3.21: Comparison of catalytic results of the aldol reaction between 

homogeneous and heterogeneous lysine. Conversion calculated by consumption of 

starting material, chemoselectivity measured in favour of hydroxyketone and 

enantioselectivity measured in terms of enantiomeric excess giving the R 

enantiomer. 

 

 More significantly calculating the TONs of the homogeneous and 

heterogeneous catalytic reactions establishes that the immobilised amino acid is 

far more active than when it is in the same phase as the reactants. The loading of 

lysine on the mesoporous silica is around 3 μmol g
-1

, which is incredibly low, but 

facilitates total conversion of starting material over the same time frame. 

Therefore the TON is high in the heterogeneous case because only 0.15 mol % of 

calayst to substrate ratio is added to the reaction mixture in comparison to 30 mol 

% of lysine in the homogenous case. The activity increase on the solid support can 

simplistically be attributed to the more single site nature of the catalytic entities 

through the immobilisation procedure. Each catalytic site is covalently attached via 

strong urea links to the surface of the support, which restricts the catalyst from 

leaching away from the support and deactivating. In the homogeneous state the 

catalyst can form aggregates and clusters which prevent substrates being able to 

interact with the active site and follow the reaction pathway. This is clearly 

observed in the homogeneous reaction because the amino acid has solubility 

issues and this is why such a high mol % is added and persistently used 

TON 
1 

TON 
667 

% 

Lys-30 Å 
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throughout the literature in many organocatalytic transformations. The 

heterogenised analogue helps to solve these problems by hindering aggregation 

and stopping deactivation. To show that it is not just a case of ‘amount’ of catalyst 

that provides such good activity and conversions, the same mol % employed in the 

heterogeneous catalysis was applied to a homogeneous example. Over 60 h no 

conversion was identified proving that is the single site nature of the active sites 

on the support that facilitates such good activity. 

 The activity difference on heterogenising the catalyst is typified by 

illustrating the change in conversion over time (Figure 3.3.22). The reaction 

proceeds at a faster rate when the solid catalyst is employed, which can be 

attributed to the increased isolated nature of lysine on the support. The more well-

defined immobilised active sites facilitate a greater catalytic turnover. The 

heterogeneous reaction seems to follow a pseudo-first order kinetic profile while 

the homogeneous catalyst may suffer from some inhibition effects in the solution 

phase as the conversion does not reach the same molar ratios of catalyst added. 

Unfortunately the pseudo-rate constants could not be directly compared in this 

study because the orders of reaction are vastly different (see appendix). Although 

clearly from the plot below the rate is greatly enhanced upon heterogenisation. 

 

 

 

Figure 3.3.22: Increase in the rate of conversion on heterogenisation. 

 

 Mechanistically, supporting the catalyst on mesoporous silica accelerates the 

reaction rate due to adaptation the environment and accessibility of the amino and 
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carboxylate head-group. The reaction pathway of ketone activation and enamine 

formation is enhanced through the nature of the bifunctional site which has been 

modified through the properties of the support and the tethering procedure. This 

methodology helps to achieve the full catalytic potential of the amino acid leading 

to extremely high activity, which far exceeds that of the homogeneous catalyst.  

The catalytic cycle of the aldol reaction resembles that of the type I aldolases 

where it uses the Lewis base catalysis of an amino group (Figure 3.1.2). The 

driving force behind this reaction is the decrease in pKa of the carbonyl donor (i.e. 

ketone) by converting it to an iminium ion in neutral conditions. Its own weak 

Brønsted base co-catalyst, which replaces several acid/base functional groups 

involved in the aldolase mechanism, generates an enamine by deprotonation. 

Addition to the carbonyl acceptor leads to another iminium ion and upon 

hydrolysis re-generates the amine catalyst and affords the aldol product. This 

proposed mechanism for heterogenised lysine is believed to be essentially 

identical to that of type I aldolases (Figure 3.3.23). This is reaffirmed as 

intermediate interception and isolation, coupled with theoretical studies, have 

been carried out on similar systems and arrived at the same conclusion.
1, 25, 95, 96

 In 

this context, lysine is regarded as a bifunctional catalyst because it acts as an 

enamine catalyst and also contains its own Brønsted acid co-catalyst. Clearly 

covalently immobilising lysine through the side chain of the amino acid to 

mesoporous silica expedites the catalytic reaction pathway through the 

modification of the active bifunctional site. 
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Figure 3.3.23: Aldol mechanism catalysed by heterogeneous lysine 

 

 To demonstrate the benefits of a heterogeneous catalyst recycle experiments 

were carried out by filtering the catalyst, drying and reusing in a separate flask 

with added substrates and solvent as detailed in heterogeneous catalysis 

experimental. This exemplifies the ease of recovery and re-usability of a solid 

phase catalyst and over two additional runs the recovered catalyst showed little 

decrease in TON and conserved chemo- and enantioselectivity (Figure 3.3.24). 
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Figure 3.3.24: Chemoselectivity and TON over recycles. 

 

 Another advantage of the heterogeneous catalyst is the increase in 

chemoselectivity achieved. Often in the homogeneous state a significant amount of 

the ene-one is formed through a condensation reaction (in this case 16 % of the 

total composition of products). The heterogeneous analogue alleviates this 

problem because of the increased control of the active centre within the reaction 

due to its well-defined nature and probably because of the small extent of catalyst 

used in heterogeneous catalysis. The large molar ratios of amino acid used in 

homogeneous catalysis most likely assists the loss of water through an acid-

catalysed aldol condensation. On the solid support this only occurs to a very small 

extent (around 2 %). 

 The biggest disappointment with Lys-30 Å (heterogeneous catalyst) was the 

lack of enhancement of the homogeneous catalyst resulting in a low 

enantioselectivity achieved (Figure 3.3.21). Homogeneous lysine gives a poor ee 

(～ 20 %) and it was hoped that immobilising the amino acid in the pores of the 

support would increase the ee due to the confinement effects on maximising the 

preferred facial addition of the aldehyde. Lysine is such a poor catalyst for the 

intermolecular aldol reaction mostly because it is a primary amino acid. Studies 

have shown
25, 35

 that cyclic secondary amino acids are better suited to these types 

of reactions because of the propensity to form enamines. Proline is the best 

catalyst while six- and four- membered piperidines and pipecolic acid are found to 

be inactive. This can be attributed to the fact that pyrrolidines readily form 

enamines with carbonyl compounds when compared to smaller or larger 

heterocycles and also the corresponding enamines are more nucleophilic.
97

 In 
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terms of stereoselectivity, the acyclic lysine containing a primary amine, does not 

provide the robustness to significantly form a specific transition state for a 

favoured orientation of attack. In the transition state of the carbon-carbon bond 

formation, protonation of the acceptor carbonyl group occurs by the carboxylic 

acid, which is anti with respect to the (E)-enamine double bond. Lysine only gives a 

low ee in this reaction and the heterogeneous analogue on 30 Å porous silica 

actually worsens the enantioselectivity. The production of a racemate and the 

negative effect on ee in the supported catalyst (Lys-30 Å) is because there is no 

preference of facial addition of the aldehyde from the enamine intermediate. The 

transition-state occurs but in equal quantities to that of formation of the opposite 

enantiomer. The reasons for the decrease in ee could be a number of things but is 

most certainly because of the change in environment of the amino and carboxylate 

groups upon immobilisation. 

 The porous silica employed has an average of 30 Å pore diameter. On 

modelling the grafting species it is clear that the protected catalyst can only just fit 

into the pores of the support (Figure 3.3.25) due its 29 Å size along it longest 

dimension. Firstly this means that penetration into the channels of the support is 

slightly hindered due its bulkiness so the active sites are mostly likely situated 

near the ends of the pores rather than placed uniformly throughout.  

 

 

 

Figure 3.3.25: Longest dimension of the protected catalyst before immobilisation. 

Structure optimised. 

 

The catalyst does reside within the pores as confirmed through the decrease 

in pore volume measurements but there is a possibility that active sites are 

anchored closely together whereby intermolecular interactions of neighbouring 

catalytic sites interfere with the transition state therefore decreasing the ee. This is 

not perceived to be the case because even though the anchored sites would be 

more single-site in nature compared to the homogenous system the TON achieved 

is extremely high owing to well-isolated sites. The postulated reason for the drop 
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in ee on the solid phase is due to the confinement in space within the 30 Å pores 

that intensifies the interactions between the support and the catalytically active 

head group. The amino and carboxylate head group is very polar and most likely 

interacts with surface of the pore wall through H-bonding through the pendent 

silanol groups (Figure 3.3.26– highlighted green). The restriction in space forces 

the polar head group to be positioned closely to the surface which affects the 

desired transition state (Figure 3.3.26 – highlighted red) through altering the 

environment of the carboxylate group. Moreover, the polar surface also interacts 

with the substrates, which through H-bonding can orientate the aldehyde in such a 

way that addition has no facial preference (Figure 3.3.26 – highlighted blue). All 

these interactions can lead to a racemate being produced and this is exactly what 

is observed. 

 

 

Figure 3.3.26: Polar surface effect on the transition state that dictates 

enantioselectivity in the intermolecular aldol reaction. 

 

The results of immobilised lysine on 30 Å silica showed high conversions but 

no enantioselectivity, leading to fears that the properties of the silica may be 

facilitating the reaction through the slightly acidic silanol groups on the surface of 

the support, which can promote the aldol reaction. Therefore a control was 

performed with no addition of catalyst into the reaction mixture to ascertain that 

the conversion is purely due to the presence of the amino acid. Reassuringly this 

result gave negligible conversion, proving that the amino acid is present and 

needed for catalysis to occur. 

In the hope to create more space around the active site to not hinder the 

enantioselectivity as hypothesised from functionalised 30 Å silica, L-lysine was 
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covalently anchored in the exact same fashion to silica frameworks with larger 

pore apertures. The absorbance due to the de-protection is shown previously 

(Figure 3.3.14) depicting the range of loadings that can be achieved due to pore 

size and surface area changes. As before, these heterogeneous catalysts with a 

range of pore apertures showed excellent improvements in terms of activity and 

chemoselectivity in comparison to the homogeneous system (Figure 3.3.27). The 

reasons for these outcomes are again due to the beneficial environment imposed 

on the more well-defined catalytic single-sites. These examples show high activity, 

but not as high as witnessed with 30 Å silica supported amino acid due to the 

incredibly low loadings previously attained coupled with high conversions. MCM-

41, which is an ordered porous silicate, has a higher surface area in comparison to 

the un-ordered mesoporous silicas. The surface area permits more surface silanol 

groups and therefore more sites for catalyst immobilisation. This increases the 

catalyst loading per gram of support but in turn has a negative effect on the TON 

because conversion is not improved by the same percentage of increase in active 

sites. MCM-41 is also different to all the other porous silicas used as supports in 

this investigation because of its ordered channels with an internal hexagonal 

shape (like a honeycomb) which may play a role in creating a unique environment 

for the entrapped amino acid. 

 

 

Figure 3.3.27: Results of the aldol reaction with supported lysine on a range of 

mesoporous and non-porous hosts (see errors page 150). 
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 More importantly if the pore size of the host is increased above 30 Å the 

enantioselectivity obtained in the homogeneous state is maintained and replicated 

on the solid support (Figure 3.3.28). Firstly, this is indicative of the catalyst being 

immobilised within the pores of the support because the only difference between 

the silica frameworks is the dimensions of the channels and enantioselectivity is 

altered on using the smaller aperture supports. Secondly, this reiterates the earlier 

hypothesis that sufficient space around the active site is crucial in accessing the 

catalysts stereoselective potential. The range of porous supports over 30 Å all give 

the enantioselectivity that is achieved in the homogeneous state and non-porous 

silica, where the catalyst is immobilised without any spatial restrictions, also gives 

an ee of around 20. It is presumed that the increase in space inside the pores 

minimises the direct influence of the polar surface on configuration of the catalytic 

head group and also plays a minimal substrate-directing role owing to the longer 

distance between the pore wall and amino group (see figure 3.3.26). 

 

 

Figure 3.3.28: Enantioselectivity changes with pore diameter (see errors page 

150). 

 

Change in conversion and the relative activity of the anchored catalyst may 

also be due to the varying physical nature of the supports rather than the local 

environment of the active site. Activity can be altered through not only modifying 

the properties of the active sites to encourage a higher turnover but studies have 

shown
98-100

 

that diffusion properties of the support can also play an influence in the 

% 
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activity. A combination of smaller particle sizes, more ordered pores, larger pore 

apertures and lower amounts of grafting groups all determine the rate of diffusion 

of the substrates to the active sites. Balances of these properties then control the 

rate of the aldol reaction with the heterogeneous catalysts as dictated through 

diffusion regulations.  

These results indicate the benefits of the design approach to the covalent 

heterogenisation of amino acids that act as organocatalysts onto mesoporous 

silica. Through the judicious choice of pore aperture of the support, 

enantioselectivity can be preserved in addition to dramatic improvements in 

activity and chemoselectivity. MCM-41 has an average pore diameter of 35 Å which 

is calculated to be around 5 Å larger than that of the 30 Å silica used as a support 

(Figure 3.3.29). So it seems even a slight increase in pore aperture, facilitates the 

reaction to occur in a stereoselective manner. Although the pore apertures are very 

close in size and therefore may fall within the errors of the measurement and 

consequent calculation, so there may be less obvious reasons as to why Lys-30 Å 

produces a racemate. 

 

 

 

Figure 3.3.29: Pore size distribution of MCM-41 and 30 Å silica. 

 

Adsorption studies show typical type IV isotherms for mesoporous 

structures, before and after immobilisation (Figures 3.3.30 and 3.3.31). The 

decrease in the volume of N
2

 adsorbed illustrates the immobilisation of lysine but 
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more importantly the calculated decrease in pore volume (see appendix) provides 

evidence for attachment within the channels of the silica. 

 

Figure 3.3.30: Adsorption isotherms for 60 Å silica before organocatalyst 

immobilisation. 

 

 

 

Figure 3.3.31: Adsorption isotherms for 150 Å silica before organocatalyst 

immobilisation. 
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 Covalent attachment can also occur on the outer surface of the support in 

addition to inside the channels. In this case the reservation is not so much a 

concern because results show that spatial restrictions inhibit the stereoselectivity 

so anchoring to the outer surface should not have a detrimental effect on ee. The 

pores of the material serve as a high surface area for catalyst immobilisation. The 

majority of the catalyst would reside within the pores because a high proportion of 

available surface is contained within the channels. This was verified through the 

capping of the external surface with a bulky grafting agent. When added in small 

quantities, at low temperatures, the capping agent would preferentially bind to the 

outer surface therefore directing all covalently bound amino acid within the 

channels. This was carried out with 30 and 60 Å silica and results from the aldol 

reaction indicated that there was no change in ee from the uncapped 

heterogeneous catalysts (Figure 3.3.32). This determines that the majority of 

organocatalyst attaches within the channels of untreated mesoporous silica 

materials. 

 

 

 

Figure 3.3.32: Similarities on ee of untreated and capped silicas. 

 

 Urea and thiourea containing organic molecules have been developed in 

recent years and shown to activate a number of substrates in varying reactions 

through H-bonding.
101

 Moreover, urea and thiourea linkers have been grafted to 

mesoporous silicas to enhance the rate of catalytic reactions through electrophile 

activation.
102, 103

 In the aldol reaction this type of activation may play a competing 

role in catalysis and may actually be dominant in the case of Lys-30 Å as it would 

% 
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explain the occurrence of no enantioselectivity (Figure 3.3.33). To eradicate the 

possibility of this occurring in the lysine systems urea groups synthesised from 

propylamine were anchored in the same fashion as the lysine catalyst onto 30, 60 

and 150 Å silica and aldol reactions were carried out in under the exact same 

fashion as employed in organocatalysis. 

 

 

Figure 3.3.33: Substrate activation through H-bonding. Propylamine-based urea 

used to imitate that of the anchored amino acid. 

 

Results indicate that little conversion is observed even with such high 

loadings of urea functionalities as calculated by HCN analysis (Table 3.3.3). 

Therefore this mode of activation that could compete with enamine 

organocatalysis in the aldol reaction is adjudged not to occur in any significance. 

 

 Average % N  Loading (mmol g
-1

) conversion 

30 Å urea 1.68 0.6 5 % 

60 Å urea 3.41 1.2 2 % 

150 Å urea 2.44 0.9 3 % 

 

Table 3.3.3: Aldol results with urea functionalised silicas. 

 

The benefits of the immobilisation strategy employed are highlighted by 

comparing the results from the aldol reaction to that achieved from alternative 

methods of heterogenisation on the same support (Figure 3.3.34). Originally it was 

thought that firstly functionalising a silica host with isocyanate groups would lead 

to difficulties with controlling the integrity of the catalytic sites and also lead to a 

less single-site nature. Results confirmed this as a low TON is observed due to the 

higher loadings that are reached through the anchoring method.  The high surface 

saturation impedes the catalytic potential of each site through reducing the 
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isolated nature of the active entities. Enantioselectivity is slightly reduced but more 

significantly a decrease in the chemoselectivity is witnessed. The high content of 

catalytic sites, as a result of the high loading, leads to increased condensation 

products. This mimics the same outcome observed in the homogenous catalysis 

and is a consequence of the same effect due to high molar ratios of acid present.  

 

 

 

Figure 3.3.34: Aldol reaction results with lysine adsorbed on 60 Å silica (adsorbed-

lysine), lysine immobilised on pre-functionalised isocayanate 60 Å silica (Lys-iso-

silica) and lysine immobilised on 60 Å silica from designed methodology as 

described in detail earlier (Lys-60 Å). 

 

Adsorbing lysine (Adsorbed lysine) on silica provides ambiguous sites due to 

the immobilisation procedure only affording weak bonds with the catalyst and the 

support. This will permit an increased chance of lysine leaching and aggregating, 

which reduces the activity and recyclability of the heterogeneous catalyst. The lack 

of stability and control over the active sites is represented in the catalytic results, 

which afford low conversion with no enantioselectivity (Figure 3.3.34). The lack of 

ee may be explained in the same way as understanding why a racemate is 

produced when 30 Å silica is used as a solid host (as described earlier). On 

adsorption, the amino and carboxylate groups most likely adopt a conformation 

that is in close contact with the silanol surface through dipole interactions based 

on the amino acid head group and the polar surface of the support (Figure 3.3.35). 

This interaction is amplified without the covalent tether, allowing lysine free to 



David Xuereb  Immobilisation Strategies and Catalytic Potential 

of Heterogenised L-lysine in the Aldol Reaction 

 186  

transport and adopt a lower energy conformation directly on the surface in the 

channel. The close vicinity of the surface in relation to the active functional groups 

of the amino acid alters the transition state (Figure 3.3.23) that dictates 

stereoselectivity through increased substrate-surface interactions and developing 

non-preferential orientation of addition to the enamine. 

 

 

 

Figure 3.3.35: Adsorbed lysine (B) adopts a closer proximity to the surface than 

that of covalently anchored lysine (A). 

 

Lysine was also immobilised through the amino acid head group to show that 

it is vital to have the amino and carboxylate functionalities free for successful 

organocatalysis to occur. Lysine was covalently linked to mesoporous silica via a 

peptide bridge formed through the carboxylic acid and amino-functionalised silica 

through the solid phase peptide synthesis (SPPS) technique (Figure 3.3.36). The 

coupling method was carried out homogeneously to confirm amide formation is 

possible on the solid phase. Successful peptide coupling was achieved and 

characterised via NMR and MS, therefore anchoring lysine was accomplished by 

carrying out the same method with amine functionalised 60 Å silica. 

 

 

 

Figure 3.3.36: SPPS method for immobilisation of lysine. 

 

Results in the aldol reaction show that this heterogeneous catalyst provides 

excellent conversion, but the activity of each catalytic site is quite low as observed 

A 

B 

Fmoc-

lys(BOH)-OH, 
HBTU, HOBT, 

DIPEA 
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by the low TON (Figure 3.3.37). This may also be a consequence from the high 

catalytic loading, which in theory if lowered could increase the catalytic turnover of 

each site. Chemoselectivity and enantioselectivity is also negatively affected due to 

the alteration of the active site so that it differs from the homogeneous analogue. 

Providing a direct comparison of the same mol % used in the heterogeneous 

catalysis with lysine functionalised 30 Å silica (Lys-30 Å) only gives 2 % conversion. 

This can be attributed to the less single-site nature of the catalytic species on the 

solid support when solid phase peptide synthesis is used as an immobilisation 

technique. 

 

 

 

Figure 3.3.37: Aldol results from SPPS immobilised lysine. 

 

 All these catalytic results from various other immobilisation procedures 

reiterate that the covalent approach of de-protection post-functionalisation gives 

the greatest catalytic activity and preserves the enantioselectivity of the 

homogeneous catalyst when the pore aperture is tuned so that enough space 

around the amino acid head group is achieved for the desired transition state with 

minimal interference from neighbouring sites and the support surface. 

 With a view to investigating the intrinsic nature of the support, further 

evaluations were carried out in order to quantify the degree of hydrophilicity and 

hydrophobicity of the mesoporous silica and its influence on the catalytic outcome 

in the aldol reaction. Concurrently grafting hydrophobic moieties, such as 

methyltrimethoxysilane, on the surface with the active amino acid organocatalyst 
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(Figure 3.3.38) changes the local environment of the catalyst through capping the 

polar silanol groups in the local vicinity and can actually improve the overall 

stability of the framework.
104 

 

 

 

Figure 3.3.38: Hydrophobic silica capped with methyl groups. 

 

This procedure was carried out on MCM-41, 60 and 150 Å silica. Pore 

adsorption isotherms show that the pore volume has decreased in comparison to 

the non-functionalised framework and dropped by a similar amount to that of 

lysine derivatised silica with no hydrophobic capping groups (Figure 3.3.39). The 

MCM-41 silica shows a large percentage decrease in pore volume from the non-

functionalised support because not only is the surface area far greater so more 

derivatisation can occur, but the smaller pore apertures means a greater change of 

spatial volume in the channels is measured (Figure 3.3.39 C). 
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Figure 3.3.39: Adsorption isotherms of hydrophobic 150 Å (A), 60 Å (B) and 

MCMC-41 (C) silicas. 

 

The measure of hydrophobicity is difficult to quantify but in this instance the 

frameworks composed of simultaneous grafting of lysine and methyl groups are 

considered to be ‘more’ hydrophobic and ‘less’ hydrophilic than lysine-derived 

mesoporous silicas without any methyl co-functionalisation. Also functionalising 

the surface with methyl groups reduces the hydrophilicity but doesn't eliminate 

every hydroxy group so caution must be taken when considering the structure-

property effects. Duplicate batches of lysine-derived hydrophobic 60 and 150 Å 



David Xuereb  Immobilisation Strategies and Catalytic Potential 

of Heterogenised L-lysine in the Aldol Reaction 

 190  

silica (Lys-phobic-60 Å and Lys-phobic-150 Å) were prepared and tested in the 

direct asymmetric aldol reaction (Fig 3.3.40). Results show that chemoselectivity 

still remains higher than the homogeneous catalyst and the activity of the catalyst 

is largely comparable to that of the hydrophilic analogues.  

 

 

 

Figure 3.3.40: Catalytic aldol results with ‘hydrophobic’ silica frameworks. 

 

The most significant observation is altering the nature of the surface has a 

detrimental effect only on the ee. The hydrophobic co-grafting groups alters the 

environment around the active site in such a way that reduced preferential 

orientation of attack occurs. This also occurs for hydrophobic MCM-41 which sees 

a drop in ee to 11 %. The reasons for this are debateable but are most likely 

believed to be due to inter-catalytic site interactions (Figure 3.3.41). The 

simultaneous immobilisation of hydrophobic groups and lysine may result in less 

dispersion and an increase in the local density of active sites therefore giving rise 

to two discrete sites cooperating in one catalytic turnover.
105

 Furthermore, due to 

the hydrophobicity of the methylated surface and the high polarity of the amino 

acid head groups, attractive H-bonding interactions between neighbouring amino 

and carboxylate groups are intensified. In the absence of the polar, acidic surface 

the active sites may have an exaggerated attraction and therefore play a 

cooperative role in catalysis. After enamine formation a neighbouring catalytic site 

may orientate the substrate in such a way that there is no facial preference of 

addition resulting in a drop in enantioselectivity (Figure 3.3.41). This mechanistic 



David Xuereb  Immobilisation Strategies and Catalytic Potential 

of Heterogenised L-lysine in the Aldol Reaction 

 191  

pathway is competitive with the bifunctional single-site mechanism and that's why 

an ee is observed to a smaller extent than in the homogeneous phase or when the 

surface has not been hydrophobically modified. These synergistic interactions have 

been observed for similarly immobilised systems whereby the close proximity of 

active sites has an effect on the catalytic outcome.
106 

 

 

 

Figure 3.3.41: Multi-site involvement in catalytic aldolization. 

 

Comparing the enantioselectivity dependence on different pore apertures 

with varying degrees of hydrophilicity illustrates 2 key factors. Firstly, the larger 

pores facilitate chiral induction through the spatial enhancement around the active 

site that leads to the stereoselective transition state being more easily attainable. 

Secondly, the importance of the hydrophilic pendant silanol groups on the surface 

of the support plays a crucial role in preserving and retaining the specific 

environment of the catalytically active centre that is responsible for the observed 

stereoselectivity in the aldol reaction upon heterogenisation (Figure 3.3.42).  
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Figure 3.3.42: Enantioselectivity changes in pore aperture and degree of 

hydrophilicity. For completion solid phase peptide synthesis (SPPS) and adsorption 

approaches are detailed to show the poor stereoselectivity through these 

immobilisation techniques. 

 

The competitive grafting can potentially provide more single-site nature by 

increasing the dispersion of the amino acid, which can assist in improving the 

overall catalytic activity. This hydrophobic surface also moderates the interactions 

of the substrates with the pore walls so that mass transfer to the active site occurs 

at a faster rate therefore providing a higher turnover with time. This is observed in 

some cases but only to a small extent. Therefore co-grafting is not an accurate 

method for site-isolation as hypothesised by inter-catalytic interactions (above) and 

especially because it has a negative on the stereoselectivity on the range of porous 

silicas whatever the true reason. 

The method employed for covalent attachment helps to maximise site-

isolation because of the bulkiness of the precursor and the mitigation of 

intermolecular H-bonding between organocatalysts in the anchoring procedure 

that causes clustering. Moreover the role of site-isolation and its influence on the 

catalytic turnover can be exploited based on the catalytic loading. It is noteworthy 

that the lower molar loadings of the organocatalyst on 30 and 60 Å supports result 

in catalytic turnovers that are higher. This can be directly attributed to the 

improved isolated single-site nature of the active centres that are uniformly 

distributed over the high-area mesoporous architecture, that are highly efficient 

for catalysing the aldol reaction with high chemoselectivity. Reducing the molar 

ratio of organocatalyst by reducing the quantities in the anchoring procedure 
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increases the catalytic efficiency of each catalytic site (Fig 3.3.43). The site-

isolation is improved based on the probability that with less organocatalyst on the 

support produces a less ambiguous and more consistent well-defined active site 

that can carry out a specific transformation with high selectivity. This is achieved 

across modified and non-modified 30 and 60 Å supports in catalysing the aldol 

reaction. Anchoring a catalytic entity with more control and in a single-site nature 

helps to realise the full catalytic potential of the catalyst. In general, with less 

catalyst on the support, each site has a higher catalytic turnover, superseding that 

of the homogeneous catalyst in all cases. 

 

 

Figure 3.3.43: Change in TON with catalyst loading on 30 and 60 Å mesoporous 

silica supports. 
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3.4 Conclusion 

 

Amino acid-derived inorganic materials are created by covalent attachment of 

L-lysine through a urea linkage to a tether that in turn is bound to mesoporous 

silica frameworks. The drawbacks that organocatalysts suffer in the homogeneous 

state are overcome through employing this suitable immobilisation technique in 

order to construct heterogeneous analogues that have complimentary yields and 

selectivities. The materials have been established to be active catalysts in the 

asymmetric aldol reaction of 4-nitrobenzaldehyde with acetone and shown to be 

easily recovered and recycled, therefore highlighting the stability of the 

immobilisation technique and the benefits of a heterogeneous organocatalyst. 

Moreover, all heterogeneous organocatalysts constructed by side chain tethering 

and solid phase de-protection, provide more impressive activity and 

chemoselectivity than that of the homogeneous system. The developed 

immobilisation method enables these properties by controlling the single-site 

nature of the covalently attached catalyst and by creating well-defined, unequivocal 

active sites. The single-site nature of anchored lysine accelerates the rate of 

reaction with a far higher turnover number than that of the homogeneous amino 

acid and in some noteworthy cases, higher conversions are observed using the 

heterogeneous system, even though far less molar ratios of catalyst are used. 

Through spatial constraints, nature of the active site and a precise balance of 

substrate-catalyst-pore wall interactions, the stereoselectivity of the catalytic 

reaction can be influenced. Judiciously controlling the orientation of the channels 

and the pore-diameter of the mesoporous support provides the desired 

stereochemical outcome. With small pore diameters of 30 Å the ee is compromised 

by the spatial constraints. Increasing the pore aperture diminishes the restrictions 

in space around the amino acid head group so that preferential facial addition can 

be controlled by the bifunctional active site. Furthermore, changing the properties 

of the surface of the silica support through hydrophobic regulation alters the 

enantioselectivity of the reaction. Increasing non-polar, hydrophobic character has 

a negative effect the ee. Information can be gained from these observations by 

how the local environment of the active-site for maintaining stereoselectivity of the 

homogeneous catalyst is dependent on the nature of the surface of the support, 

which allows structure-property relationships to be established. 

The activity of lysine on the solid phase can be enhanced by creating more 

isolated active sites. This is achieved through controlling the tethering procedure 

and maximising site-isolation through governing the degree of catalytic loading on 
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the mesoporous support. It has been established that generally with lower moles 

of organocatalyst per gram of support increases the catalytic turnover number per 

site in the aldol reaction because with a smaller loading, the active sites are more 

easily accessible and exist in a more well-defined single site nature. 

 

 

 

Figure 3.4.1: General trends observed in the modification of the environment 

around the active site. 

 

These conclusions and correlations provide insights into how the altering the 

properties of the support affects the local environment of the active site, which 

ultimately plays a significant role in the catalytic outcome. These results offer an 

understanding of how to specifically tune the nature of the organo-functionalised 

support for desired catalytic outcomes in enamine catalysis. 

The potential for expanding the scope and industrial applicability of 

heterogenised organocatalysts demands a greater understanding of the synergistic 

effects, between the support and the amino acid at a molecular level, which could 

provide valuable insights on structure-property relationships and its mechanistic 

significance. A hurdle associated with acquiring this knowledge-base is the lack of 

spectroscopic handles an organic moiety has when attached on to an inorganic 

support. Since there is no metal present and the bulk of material is the support, 

this reduces the number of spectroscopic techniques that are available at one’s 

disposal for in-depth characterisation with a view to elucidating the nature of the 
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active site. In addition, several techniques are surface sensitive and are therefore 

ineffective if the organocatalyst is encapsulated within the host. Nevertheless, 

solid-state methods of characterisation such as MAS NMR and FT-IR are able to 

provide some meaningful insights into the nature of the active-site. 

There are many different reactions that follow the enamine catalysis 

mechanism and generally if an organocatalyst can catalyse the aldol reaction then 

it is possible that it could catalyse other reactions that go through the enamine 

intermediate. Therefore the scope in reactions for a proven highly active enamine 

catalyst is extensive. Amino acids have been shown to occupy this versatility as a 

catalyst. Intermolecular and intramolecular Michael reactions have been 

successfully catalysed by amino acids through enamine steps and reactions that 

include the α-amination, α-oxygenation and α-halogenation of carbonyl compounds 

have also been catalysed by amino acid.
1 

All amino acids follow this mode of 

catalysis because of the free amine group, with the additional benefit of the close 

proximity carboxylate group. The carboxylate functionality influences the 

configuration of the transition state and therefore gives rise to stereoselectivity in 

the final product.  

 

 

 

Figure 3.4.2: Examples of applications with immobilised amino acid such as lysine 

that act as enamine catalysts.  

 

The range of substrates and scope of reactions that can be catalysed by 

heterogenised amino acids and their derivatives (Figure 3.4.2) is ever expanding 

and immobilisation of these organic moieties could result in the design and 
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development of more stable, highly active, selective single-site heterogeneous 

catalysts. Ultimately these heterogeneous organocatalysts offer advantages such 

as enhanced recovery and stability of the homogeneous composites, which offer a 

route to enantioselective synthesis that can be exploited further in fine chemical 

applications.  

 



David Xuereb  Immobilisation Strategies and Catalytic Potential 

of Heterogenised L-lysine in the Aldol Reaction 

 198  

3.5 References  

 

[1] S. Mukherjee, J. W. Yang, S. Hoffman, B. List, Chem. Rev. 107, 2007, 5471-5569 

[2] G. Stork, N. A. Saccomano, Tetrahedron Lett. 28, 1987, 2087 

[3] Z. Rappoport, The Chemistry of Enamines Wiley, 1994 

[4] T. D. Machajewski, C. H. Wong, Angew. Chem. Int. Ed. 39, 2000, 1352 

[5] C. F. Barbas III, A. Heine, G. Zhong, T. Hoffmann, S. Gramatikova, R. 

Bjoernstedt, B List, J. Anderson, E. A. Stura, I. Wilson, R. A. Lerner, Science 278, 

1997, 2085 

[6] J. Turner, T. Bui, R. A. Lerner, C. F. Barbas III, B. List, Chem. Eur. J. 6, 2000, 

2772 

[7] Z. G. Hajos, D. R. Parish, German Patent DE2014757, 1971 

[8] U. Eder, G. R. Sauer, R. Wiechert, German patent DE2014757, 1971 

[9] Z. G. Hajos, D. R. Parish, J. Org. Chem. 39, 1974, 1615 

[10] B. M. Trost, I. Fleming, C. H. Heathcock, ComprehensiVe Organic Synthesis 

Pergamon, 1991 

[11] R. Mahrwald, Modern Aldol Reactions Wiley-VCH, 2004 

[12] J. S. Johnson, D. A. Evans, Acc. Chem. Res. 33, 2000, 325 

[13] C. Palomo, M. Oiarbide, J. M. Garcia, Chem. Soc. Rev. 33, 2004, 65 

[14] S. E. Denmark, R. A. Stavenger, Acc. Chem. Res. 33, 2000, 432 

[15] B. Alcaide, P. Almendros, Eur. J. Org. Chem. 2002, 1595 

[16] B. Alcaide, P. Almendros, Angew. Chem. Int. Ed. 42, 2003, 858 

[17] J. L. Reymond, Y. J. Chen, Org. Chem. 60, 1995, 6970 

[18] Y. M. A. Yamada, N. Yoshikawa, H. Sasai, M. Shibasaki, Angew. Chem. Int. Ed. 

36, 1997, 1871 

[19] N. Yoshikawa, Y. M. A. Yamada, J. Das, H. Sasai, M. Shibasaki, J. Am. Chem. 

Soc. 121, 1999, 4168 

[20] N. Kumagai, S. Matsunaga, N. Yoshikawa, T. Ohshima, M. Shibasaki, Org. Lett. 

3, 2001, 1539 

[21] N. Yoshikawa, N. Kumagai, S. Matsunaga, G. Moll, T. Ohshima, T. Suzuki, M. 

Shibasaki, J. Am. Chem. Soc. 123, 2001, 2466 

[22] B. M. Trost, H. Ito, J. Am. Chem. Soc. 122, 2000, 12003 

[23] B. M. Trost, E. R. Silcoff, H. Ito, Org. Lett. 3, 2001, 2497 

[24] N. Kumagai, S. Matsunaga, T. Kinoshita, S. Harada, S. Okada, S. Sakamoto, K. 

Yamaguchi, M. Shibasaki, J. Am. Chem. Soc. 125, 2003, 2169 

[25] B. List, R. A. Lerner, C. F. Barbas III, J. Am. Chem. Soc. 122, 2000, 2395 

[26] B. List Acc. Chem. Res. 37, 2004, 548 



David Xuereb  Immobilisation Strategies and Catalytic Potential 

of Heterogenised L-lysine in the Aldol Reaction 

 199  

[27] R. M. Kelogg Angew. Chem. Int. Ed. 46, 2007, 494 

[28] A. Córdova, W. Zou, I. Ibrahem, E. Reyes, M. Engqvist, W. W. Liao, Chem. 

Commun. 2005, 3586  

[29] S. J. Danishefsky, P. Cain, J. Am. Chem. Soc. 98, 1976, 4975  

[30] M. Amedjkouh, Tetrahedron: Asymmetry 16, 2005, 1411 

[31] T. Nagamine, K. Inomata, Y. Endo, L. A. Paquette, J. Org. Chem. 72, 2007, 123 

[32] Z. Jiang, Z. Liang, X. Wu, Y. Lu, Chem. Commun. 2006, 2801  

[33] M. Amedjkouh, Tetrahedron: Asymmetry 18, 2007, 390 

[34] M. Lombardo, S. Easwar, F. Pasi, C. Trombini, D. D. Dhavale, Tetrahedron 64, 

2008, 9203 

[35] S. S. V. Ramasastry, H. Zhang, F. Tanaka, C. F. Barbas III, J. Am. Chem. Soc 

129, 2007, 288 

[36] K. Sakthivel, W. Notz, T. Bui, C. F. Barbas III, J. Am. Chem. Soc. 123, 2001, 

5260 

[37] R. Dodda, C. G. Zhao, Org. Lett. 8, 2006, 4911 

[38] S. Tanimori, T. Naka, M. Kirihata, Synth. Commun. 34, 2004, 4043 

[39] Y. Q. Fu, Z. C. Li, L. N. Ding, J. C. Tao, S. H. Zhang, M. S. Tang, Tetrahedron: 

Asymmetry 17, 2006, 3351 

[40]. Z. Tang, F. Jiang, X. Cui, L. Z. Gong, A. Q. Mi, Y. Z. Jiang, Y. D. Wu, Proc. Natl. 

Acad. Sci. 101, 2004, 5755 

[41] S. S. Chimni, D. Mahajan, V. V. S. Babu, Tetrahedron Lett. 46, 2005, 5617 

[42] Z. Tang, Z. H. Yang, X. H. Chen, L. F. Cun, A. Q. Mi, Y. Z. Jiang, L. Z. Gong, J. 

Am. Chem. Soc. 127, 2005, 9285 

[43] M. R. Vishnumaya, S. K. Ginotra, V. K. Singh, Org. Lett. 8, 2006, 4097 

[44] A. Russo, G. Botta, A. Lattanzi, Tetrahedron 63, 2007, 11886 

[45] C. Wang, Y. Jiang, X .X. Zhang, Y. Huang, B. G. Li, G. L. Zhang, Tetrahedron 

Lett. 48, 2007, 4281 

[46] G. L. Puleo, M. Masi, A Iuliano, Tetrahedron: Asymmetry 18, 2007, 1364 

[47] J. F. Zheng, Y. X. Li, S. Q. Zhang, S. T. Yang, X. M. Wang, Y. Z. Wang, J. Bai, F. 

A. Liu, Tetrahedron Lett. 47, 2006, 7793 

[48] J. R. Chen, H. H. Lu, X. Y. Li, L. Cheng, J. Wan, W. J. Xiao, Org. Lett. 7, 2005, 

4543 

[49] S. Samanta, J. Liu, R. Dodda, C. G. Zhao, Org. Lett. 7, 2005, 5321 

[50] F. Wang, Y. Xiong, X. Liu, X. Feng, Adv. Synth. Catal. 349, 2007, 2665 

[51] S. Gandhi, V. K. Singh J. Org. Chem. 73, 2008, 9411 

[52] Z. Tang, Z. H. Yang, L. F. Cun, L. Z. Gong, A. Q. Mi, Y. Z. Jiang, Org. Lett. 6, 

2004, 2285 



David Xuereb  Immobilisation Strategies and Catalytic Potential 

of Heterogenised L-lysine in the Aldol Reaction 

 200  

[53] P. Krattiger, R. Kovasy, J. D. Revell, S. Ivan, H. Wennemers, Org. Lett. 7, 2005, 

1101 

[54] G. Luppi, P. G. Cozzi, M. Monari, B. Kaptein, Q. B. Broxterman, C. Tomasini, J. 

Org. Chem. 70, 2005, 7418 

[55] S. Nakamura, N. Hara, H. Nakashima, K. Kubo, N. Shibata, T. Toru, Chem. Eur. 

J. 14, 2008, 8079 

[56] X. Tang, B. Liegault, J. L. Renaud, C. Bruneau, Tetrahedron: Asymmetry 17, 

2006, 2187 

[57] Y. Yoshitomi, K. Makino, Y. Hamada, Org. Lett. 9, 2007, 2457 

[58] S. S. V. Ramasastry, K. Albertshofer, N. Utsumi, F. Tanaka, C. F. Barbas III, 

Angew. Chem. Int. Ed. 46, 2007, 5572 

[59] N. Utsumi, M. Imai, F. Tanaka, S. S. V. Ramasastry, C. F. Barbas III, Org. Lett. 9, 

2007, 3445 

[60] X. Y. Xu, Y. Z. Wang, L. Z. Gong, Org. Lett. 9, 2007, 4247 

[61] S. S. V. Ramasastry, K. Albertshofer, N. Utsumi, C. F. Barbas III, Org. Lett. 10, 

2008, 1621 

[62] S. G. Davies, R. L. Sheppard, A. D. Smith, J. E. Thomson, Chem. Commun. 

2005, 3802 

[63] G. Zhong, J. Fan, C. F. Barbas III, Tetrahedron Lett. 45, 2004, 5681 

[64] J. Franzen, M. Marigo, D. Fielenbach, T. C. Wabnitz, A. Kjaersgaard, K. A. 

JØrgensen, J. Am. Chem. Soc. 127, 2005, 18296 

[65] T. Kano, J. Takai, O. Tokuda, K. Maruoka, Angew. Chem. Int. Ed. 44, 2005, 

3055 

[66] A. Córdova, W. Zou, P. Dziedzic, I. Ibrahem, E. Reyes, Y. Xu, Chem. Eur. J. 12, 

2006, 5383 

[67] L. Jiang, Y. C. Chen, Catal. Sci. Technol. 1, 2011, 354 

[68] B. List, R. A. Lerner, C. F. Barbas, IIII, Org. Lett. 1, 1999, 59 

[69] C. Agami, H. Sevestre, J. Chem. Soc. Chem. Commun. 1984, 1385 

[70] C. Pidathala, L. Hoang, N. Vignola, B. List, Angew. Chem. Int. Ed. 42, 2003, 

2785 

[71] W. Notz, B. List, J. Am. Chem. Soc. 122, 2000, 7386 

[72] B. List, P. Pojarliev, C. Castello, Org. Lett. 3, 2001, 573 

[73] M. Movassaghi, E. N. Jacobsen, Science 298, 2002, 1904 

[74] O. Tokuda, T. Kano, W. G. Gao, T. Ikemoto, K. Maruoka, Org. Lett. 7, 2005, 

5103 

[75] Z. Tang, L. F. Cun, X. Cui, A. Q. Mi, Y. Z. Jiang, L. Z. Gong, Org. Lett. 8, 2006, 

1263 



David Xuereb  Immobilisation Strategies and Catalytic Potential 

of Heterogenised L-lysine in the Aldol Reaction 

 201  

[76] S. Chandrasekhar, N. R. Reddy, S. S. Sultana, C. Narsihmulu, K. V. Reddy, 

Tetrahedron 62, 2006, 338 

[77] N. Mase, F. Tanaka, C. F. Barbas III, Angew. Chem. Int. Ed. 43, 2004, 2420 

[78] W. Wang, H. Li, J. Wang, Tetrahedron Lett. 46, 2005, 5077 

[79] F. Orsini, F. Pelizzoni, M. Forte, Heterocycl. Chem. 26, 1989, 837 

[80] A. Bøgevig, N. Kumaragurubaran, K. A. Jørgensen, Chem. Commun. 2002, 620 

[81] B. Liu, S. Wu, X. Yu, J. Guan, Q. Kan, J. Colloid. Interf. Sci. 362, 2011, 625 

[82] R. Raja, P. Ratnasamy, Catal. Lett. 48, 1997, 1 

[83] J. Dzierzak,  E. Bottinelli,  G. Berlier,  E. Gianotti,  E. Stulz,  R. M. Kowalczyk, R. 

Raja, Chem. Commun. 46, 2010, 2805 

[84] J. Dzierzak, M. Lefenfeld, R. Raja, Top. Catal. 52, 2009, 1669 

[85] M. E. Davis, R. F. Lobo, Chem. Mater. 4, 1992, 756 

[86] S. Hayashi, K. Suzuki, K. Hayamizu, J. Chem. Soc. 85, 1989, 2973 

[87] W. Fan, S. Shirato, F. Gao, M. Ogura and T. Okubo, Micropor. Mesopor. Mater. 

89, 2006, 227 

[88] F. Calderon, R. Fernandez, F. Sanchez, A. Fernandez-Mayoralas, Ad. Syn. Catal 

347, 2005, 1395 

[89] M. W. McKittrick, C. W. Jones, Chem. Mater. 15, 2003, 1132 

[90] J. C. Hicks, R. Dabestani, A. C. Buchanan III, C. W. Jones, Chem. Mater. 18, 

2006, 5022 

[91] K. Kaiser, R. L. Colescott C. D. Bossinger P. I. Cook, Anal. Biochem. 34, 1970, 

595 

[92] A. M. Petrosy, V. V. Ghazaryan, J. Mol. Struct. 917, 2009, 56 

[93] G. Socrates, Infrared and Raman Characteristic Groups Frequencies Wiley, 

2001 

[94] C. E. Jordan, B. L. Frey, S. Kornguth, R. M. Corn, Langmuir. 10, 1994, 3642 

[95] C. Puchot, O. Samuel, E. Dunach, S. Zhao, C. Agami, H. B. Kagan, J. Am. Chem. 

Soc. 108, 1980, 2353 

[96] C. Marquez, J. O. Metzger, Chem. Commun. 2006, 1539 

[97] G. Stork, A. Brizzolara, H. Landesman, J. Szmuszkovicz, R. Terrell,  J. Am. 

Chem. Soc. 85, 1963, 207 

[98] A. Walcarius and C. Delacote, Chem. Mater. 15, 2003, 4181 

[99] A. Walcarius, M. Etienne and J. Bessiere, Chem. Mater. 14, 2002, 2757 

[100] A. Walcarius, M. Etienne and B. Lebeau, Chem. Mater. 14, 2003, 2161 

[101] M. S. Taylor, E. N. Jacobsen, Angew. Chem. Int. Ed. 45, 2006, 1520 

[102] S. Huh, H. T. Chen, J. W. Wiench, M. Pruski, V. S. Y. Lin,  Angew. Chem. Int. 

Ed. 44, 2005, 1826 



David Xuereb  Immobilisation Strategies and Catalytic Potential 

of Heterogenised L-lysine in the Aldol Reaction 

 202  

[103] H. T. Chen, B. G. Trewyn, J. W. Wiench, M. Pruski, V. S. Y. Lin, Top. Catal. 53, 

2010, 187 

[104] G. Smeulders, V. Meynen, A. Silvestre-Alberto, K. Houthoofd, M. Mertens, J. 

Silvestre-Alberto, J. A. Martens, P. Cool, Mater. Chem. Phys.  132, 2012, 1077 

[105] Y. Hengquan, L. Zhang, L. Zhong, Q. Yang, C. Li,  Angew. Chem. Int. Ed. 46, 

2007, 6861 

[106] C. Yu, J. He, Chem. Commun. 2012, 4933 

[104] M. D. Jones, R. Raja, J. M. Thomas, B. F. G. Johnson, Top. Catal. 25, 2003, 71 

 

3.6 Appendix  

 

Zeolite pro XRD peak indexing: 

 

Initial values    : (Refinement keys on 2nd line) 

--------------    : 

  Zero     Lambda       a            b               c       alpha   beta   gamma   volume 

   0.000 1.54180  24.5513  24.5513  24.5513  90.00  90.00  90.00 14798.697 

   0      0         1        0        0        0      0      0 

 

    H    K    L    2Th(obs) 2Th_obs-shift 2Th(Calc)    diff. 

 

    0    0    2     7.2800       7.2800     7.2010     0.0790 

    0    2    2    10.2600      10.2600    10.1905     0.0695 

    2    2    2    12.5400      12.5400    12.4890     0.0510 

    0    2    4    16.1800      16.1800    16.1447     0.0353 

    4    0    4    20.4800      20.4800    20.4626     0.0174 

    3    1    5    21.4000      21.4000    21.4112    -0.0112 

    2    4    4    21.7200      21.7200    21.7185     0.0015 

    2    0    6    22.9000      22.9000    22.9088    -0.0088 

    2    2    6    24.0600      24.0600    24.0433     0.0167 

    4    0    6    26.1600      26.1600    26.1734    -0.0134 

    2    4    6    27.2000      27.2000    27.1800     0.0200 

    2    0    8    30.0000      30.0000    30.0129    -0.0129 

    2    2    8    30.8600      30.8600    30.9044    -0.0444 

    0    4    8    32.6200      32.6200    32.6214    -0.0014 

    4    6    6    34.2400      34.2400    34.2616    -0.0216 

 

Sqrt(Sum(2Th O-C)**2)/(Nref-Npar)) : 0.0367 
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Sqrt(Sum(2Th O-C)**2)/Nref       ) : 0.0355 

 

Final values      : (Standard errors on 2nd line) 

------------ 

    Zero     Lambda       a            b               c       alpha   beta   gamma   volume 

   0.000 1.54180  24.5501  24.5501  24.5501  90.00  90.00  90.00 14796.560 

  0.0000 0.00000   0.0529   0.0000   0.0000   0.000  0.000  0.000    0.000 

 

    H    K    L    2Th(obs) 2Th_obs-shift 2Th(Calc)    diff. 

 

    0    0    2     7.2800       7.2800     7.2013     0.0787 

    0    2    2    10.2600      10.2600    10.1910     0.0690 

    2    2    2    12.5400      12.5400    12.4896     0.0504 

    0    2    4    16.1800      16.1800    16.1454     0.0346 

    4    0    4    20.4800      20.4800    20.4636     0.0164 

    3    1    5    21.4000      21.4000    21.4122    -0.0122 

    2    4    4    21.7200      21.7200    21.7196     0.0004 

    2    0    6    22.9000      22.9000    22.9099    -0.0099 

    2    2    6    24.0600      24.0600    24.0445     0.0155 

    4    0    6    26.1600      26.1600    26.1747    -0.0147 

    2    4    6    27.2000      27.2000    27.1814     0.0186 

    2    0    8    30.0000      30.0000    30.0143    -0.0143 

    2    2    8    30.8600      30.8600    30.9059    -0.0459 

    0    4    8    32.6200      32.6200    32.6230    -0.0030 

    4    6    6    34.2400      34.2400    34.2633    -0.0233 

 

Sqrt(Sum(2Th O-C)**2)/(Nref-Npar)) : 0.0367 

Sqrt(Sum(2Th O-C)**2)/Nref       ) : 0.0355 

 

LTA XRD peak indexing: 

 

Initial values    : (Refinement keys on 2nd line) 

--------------    : 

    Zero     Lambda       a            b               c       alpha   beta   gamma   volume 

   0.000 1.54180  24.4270  24.4270  24.4270  90.00  90.00  90.00 14575.062 

   0      0         1        0        0        0      0      0 

 

    H    K    L    2Th(obs) 2Th_obs-shift 2Th(Calc)    diff. 
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    0    0    2     7.4200       7.4200     7.2377     0.1823 

    0    2    2    10.4000      10.4000    10.2425     0.1575 

    2    2    2    12.7000      12.7000    12.5528     0.1472 

    4    0    2    16.3600      16.3600    16.2274     0.1326 

    4    2    2    17.8000      17.8000    17.7882     0.0118 

    4    0    4    20.6600      20.6600    20.5679     0.0921 

    1    3    5    21.5600      21.5600    21.5214     0.0386 

    2    4    4    21.9000      21.9000    21.8304     0.0696 

    6    0    2    22.9000      22.9000    23.0270    -0.1270 

    2    2    6    24.2000      24.2000    24.1675     0.0325 

    6    0    4    26.3400      26.3400    26.3090     0.0310 

    2    4    6    27.3600      27.3600    27.3210     0.0390 

    6    4    4    30.1800      30.1800    30.1692     0.0108 

    2    2    8    31.0400      31.0400    31.0656    -0.0256 

    8    0    4    32.8000      32.8000    32.7921     0.0079 

    5    3    7    33.4000      33.4000    33.4190    -0.0190 

    4    6    6    34.4000      34.4000    34.4414    -0.0414 

 

Sqrt(Sum(2Th O-C)**2)/(Nref-Npar)) : 0.0918 

Sqrt(Sum(2Th O-C)**2)/Nref       ) : 0.0891 

 

Final values      : (Standard errors on 2nd line) 

------------ 

    Zero     Lambda       a            b               c       alpha   beta   gamma   volume 

   0.000 1.54180  24.4108  24.4108  24.4108  90.00  90.00  90.00 14546.103 

  0.0000 0.00000   0.0446   0.0000   0.0000   0.000  0.000  0.000    0.000 

 

    H    K    L    2Th(obs) 2Th_obs-shift 2Th(Calc)    diff. 

 

    0    0    2     7.4200       7.4200     7.2425     0.1775 

    0    2    2    10.4000      10.4000    10.2493     0.1507 

    2    2    2    12.7000      12.7000    12.5611     0.1389 

    4    0    2    16.3600      16.3600    16.2382     0.1218 

    4    2    2    17.8000      17.8000    17.8001    -0.0001 

    4    0    4    20.6600      20.6600    20.5817     0.0783 

    1    3    5    21.5600      21.5600    21.5358     0.0242 

    2    4    4    21.9000      21.9000    21.8451     0.0549 

    6    0    2    22.9000      22.9000    23.0425    -0.1425 

    2    2    6    24.2000      24.2000    24.1837     0.0163 
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    6    0    4    26.3400      26.3400    26.3268     0.0132 

    2    4    6    27.3600      27.3600    27.3395     0.0205 

    6    4    4    30.1800      30.1800    30.1897    -0.0097 

    2    2    8    31.0400      31.0400    31.0867    -0.0467 

    8    0    4    32.8000      32.8000    32.8145    -0.0145 

    5    3    7    33.4000      33.4000    33.4418    -0.0418 

    4    6    6    34.4000      34.4000    34.4649    -0.0649 

 

Sqrt(Sum(2Th O-C)**2)/(Nref-Npar)) : 0.0893 

Sqrt(Sum(2Th O-C)**2)/Nref       ) : 0.0867 
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Pseudo rate constant of heterogeneous lysine in the aldol reaction. 

 

Pseudo rate constant of homogeneous lysine in the aldol reaction. 

 

 

XRD of MCM-41 
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N
2

 adsorption measurements of MCM-41 

 

 

 

N
2

 adsorption measurements of MCM-41-Lys 
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N
2

 adsorption measurements of 30 Å 

 

 

 

N
2

 adsorption measurements of 60 Å 
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N
2

 adsorption measurements of 150 Å 

 

 

 

N
2

 adsorption measurements of Lys-60 Å 

 

 

 

N
2

 adsorption measurements of Lys-150 Å 
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N
2

 adsorption measurements of Lys-phobic-60 Å 

 

 

 

N
2

 adsorption measurements of Lys-phobic-150 Å 

 

 

 

N
2

 adsorption measurements of MCM-41 blank 

 

 

N
2

 adsorption measurements of Lys-phobic-MCM-41 
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catalyst Conversion 
(%) 

hydroxy 
ketone 
(%) 

ee loading 
(mmol 
g-1) 

Mol % 
of cat 

moles of 
substrate 
(mmol) 

moles of 
cat 
(mmol) 

TON 

Homogeneous 
lysine 

47 68 19 n/a 30 0.4 0.12 1.6 

Lys-30 Å 100 96 2 0.003 0.15 0.4 0.0006 667 

Lys-MCM-41 60 90 20 0.09 4.5 0.4 0.018 13 

Lys-60 Å  41 94 19 0.015 0.73 0.4 0.0029 57 

Lys-150 Å  14 88 20 0.003 0.15 0.4 0.0006 93 

Lys-
nonporous 

36 88 21 0.045 2.25 0.4 0.009 16 

Capped Lys-30 
Å  

54 97 1 0.004 0.2 0.4 0.0008 270 

Capped Lys-60 
Å 

39 94 23 0.024 1.2 0.4 0.0048 33 

Lys-iso-silica 26 82 1 0.146 3.103 0.4 0.01241 8 

Adsorbed 
lysine 

5 99 0   0.4   

SPPS-Lys-60 Å 98 82 5 0.12 6 0.4 0.024 16 

Lys-phobic-60 
Å 

96 89 6 0.0160 0.008 0.4 0.0032 120 

Lys-phobic-60 
Å 

64 94 3 0.0220 0.011 0.4 0.0044 58 

Lys-phobic-
150 Å 

82 92 11 0.0185 0.0093 0.4 0.0037 89 

Lys-phobic-
150 Å 

67 92 13 0.0174 0.0087 0.4 0.00348 77 

Lys-phobic-
MCM-41  

99 89 11 0.118 0.059 0.4 0.0236 17 

Lys-30 Å 
recycle 1 

94 91 1 0.003 0.15 0.2 0.0003 627 

Lys-30 Å 
recycle 2 

80 99.5 2 0.003 0.129 0.2 0.00026 616 

blank  0 - - - - 0.4 0 0 

         

ee 
experiments 

        

Lys-30 Å 99 88 2 0.00133 0.067 0.4 0.000266 1489 

Lys-60 Å - - 14 0.0035 0.35 0.2 0.0007 - 

Lys-60 Å - - 16 0.064 6.4 0.2 0.0128 - 

Lys-150 Å 10 91 20 0.0030 0.15 0.4 0.0006 67 

Lys-250 Å 5 98 25   0.4   

Homogeneous 
lysine 

- - 17 n/a 40 0.4 0.16 - 

 

Table of catalytic results contained within this chapter. 
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4.1 Introduction 

 

Heterogenisation of lysine onto mesoporous silica via a methodical modified 

procedure offers improvements in terms of activity and catalytic efficiency over the 

homogenous analogue (Chapter 3). These results were observed on immobilising a 

‘poor’ system that gives a small TON and low enantioselectivity in the solution 

phase. The method of covalent attachment and use of mesoporous silica as a solid 

support was evaluated on a far superior organocatalyst that is incredibly active and 

gives very high stereoselectivities. A group of organocatalysts that have these 

properties in a wide range of reactions are cinchona alkaloids. 

 

4.1.1 Properties and Structures of Cinchona Alkaloids 

 

Cinchona alkaloids belong to a group of chemical compounds that are among 

the most well-known natural products. Cinchona refers to the genus of the trees 

from which these compounds are isolated. These extracts from the bark were 

originally used in the treatment of malaria and over the years have found further 

applications in medicinal chemistry such as applications in anticancer, analgesic, 

germicide, fungicide, insecticide and antibacterial agents, along with digestion 

stimulants and bitter flavouring agents in some drinks.
1

 Over the past 30 years 

cinchona alkaloids have been utilised as chiral reagents, chiral auxiliaries, surface 

modifiers, chromatographic separators and building blocks for supramolecular 

structures.
2

  

Quinine, quinidine, cinchonidine and cinchonine are the major constituents 

of the bark extract and are quite complex molecules even though are relatively 

small (Figure 4.1.1). Cinchona alkaloids contain five stereogenic centres over 

quinuclidine, quinolone, secondary alcohol and terminal olefin units. The chiral 

centres (labelled ‘*’ Figure 4.1.1) have opposite absolute configurations in 

quinidine to quinine and cinchonidine to cinchonine and since these stereocentres 

are responsible for chiral induction in catalysis, the corresponding pairs of 

alkaloids are described as pseudoenantiomers. This property allows for opposite 

product enantiomers to be easily accessed by employing the specific cinchona 

alkaloid pseudoenantiomer. Moreover, both pseudoenantiomeric pairs of alkaloids 

are commercially available in large amounts at low prices.  
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Figure 4.1.1: Cinchona alkaloids used as backbones for highly stereoselective 

organocatalysts. 

 

Cinchona alkaloids have been established as powerful organocatalysts in a 

wide range of transformations.
3

 This is due to the strong stereocontrol that is 

accomplished by employing such structures with high number of stereocentres 

and multitude of steric bulk. Cinchona alkaloids were originally applied as chiral 

promoters some 50 decades ago
4, 5

 and now, since the resurgence of 

organocatalysis, are considered as revered structures with potential uses in fine 

chemical applications. The number of handles and possible functionalisation 

points on cinchona alkaloids allows routes for organocatalysts to be designed for 

desired catalytic outcomes. Modifying the alkaloid controls the multifunctionality 

of the intramolecular sites which provides conceptual strategies for being able to 

catalyse novel transformations or react substrates that are difficult to activate. This 

has been achieved by the construction of a diverse range of alkaloid derived 

organocatalysts (Figure 4.1.2), capable of facilitating a host of chemical 

interconversions. 

 

cinchonine quinidine quinine cinchonidine 

* 
* 
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Figure 4.1.2: Different sites where functionalising can be achieved to transform 

cinchona alkaloids into more active, selective organocatalysts for selected 

reactions. 

 

4.1.2 Cinchona Alkaloids in Asymmetric Catalysis 

 

An appraisal to display the range of reactions that have been carried out 

using cinchona alkaloid-based catalysts follows. The evaluation refers to key 

publications that served as either breakthroughs for a particular reaction or 

examples where stereoselectivies are exceptionally high. 

Addition to carbonyls is most commonly carried out via the aldol reaction but 

many other nucleophilic additions can be promoted using cinchona alkaloids 

(Table 4.1.1). This group of reactions are vital in the synthesis of natural products 

and fine chemicals because they give access to compounds with adjacent 

functionalities, such as the Morita-Baylis-Hillman (MBH) reaction that produces an 

alcohol, an olefin and an electron withdrawing group in close proximity with high 

stereocontrol
6

. This methodology of addition to carbonyls offers chiral centres that 

are versatile building blocks for the synthesis of pharmaceuticals but moreover can 

provide adjacent functionalities, such as nitro groups and cyanohydrins that can be 

manipulated in various ways owing to their unique properties. Approaches to these 

reactions have been dominated by the use of transition-metal catalysts,
7

 enzymes
8

 

and metal-based Lewis acids
9

 but in recent years cinchona alkaloids have been 
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discovered to offer a more complimentary way of achieving such compounds. A 

prime example of addition to carbonyls is in the catalysed addition of electron 

poor aldehydes to cyclic ketones to afford aldols in very high enantioselectivies 

(Figure 4.1.3).
10

  

 

 

Figure 4.1.3: Aldol reaction catalysed by alkaloid derivatives.
10 

 

Carbonyl Addition Examples (References)  

Aldol reaction 11, 12, 13, 14 

Morita-Baylis-Hillman (MBH) reaction 15, 16, 17 

Henry reaction 18, 19, 20 

Cyanocarbonylation 21, 22 

Friedel-Crafts reaction 23, 24 

Fluoroalkylation 25 

Feist-Benary reaction 26 

 

Table 4.1.1: Examples of alkaloid catalysed addition to carbonyls. 

 

The addition of carbonyl compounds to imines provides a vital strategic tool 

for the synthesis of chiral amines
28

 (Figure 4.1.4). Cinchona alkaloid derivatives 

have been exploited in this area for a variety of transformations that afford amine 

containing compounds (Table 4.1.2).  

 Organocatalyst 

TfOH (15 mol %) 
Catalyst (10 mol %) 

Neat, r.t. 

99 % ee 
9:1 dr 
99 % yield 
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Figure 4.1.4: Mannich reaction catalysed by cinchona alkaloid derived catalyst 

affording chiral amines with multiple stereocentres in high enantioselectivity.
29 

 

The use of alkaloids has mitigated the use of stoichiometric amounts of 

promoting agents allowing for this addition to be carried out in a more sustainable 

manner. This is typified in the Friedel-Crafts reaction where most approaches use 

BrØnsted acids such as phosphoric acids.
5

 This reaction can now be achieved using 

bifunctional cinchona organocatalysts.  

 

Imine Addition Examples (References)  

Mannich reaction 28, 29, 30, 31, 32 

Aza-Morita-Baylis-Hillman reaction 33, 34 

Aza-Henry reaction 35 

Strecker reaction 36 

Friedel-Crafts reaction 37 

Hydrophosphonylation 38 

Fluoralkylation 39 

 

Table 4.1.2: Examples of alkaloid catalysed addition to imines. 

 

 Cinchona alkaloids can activate electrophiles via numerous pathways using 

non-covalent and covalent pathways. Organocatalysts based on the alkaloid 

backbone have been designed to catalyse the asymmetric formation of carbon-

carbon or carbon-heteroatom bonds (Table 4.1.3). The most abundant of 

 
Organocatalyst 

Catalyst (5 mol %) 

CH
2
Cl

2
, - 78 ºC, 1 h 

97 % ee 
9:1 dr 
98 % yield 
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conjugate additions are to α-β –unsaturated carbonyl compounds by the Michael 

reaction (Figure 4.1.5).
40

 This process provides C-C bonds that form highly enantio-

enriched building blocks for fine chemical syntheses. 

 

 

 

Figure 4.1.5: Michael reaction catalysed by thiourea bifunctional quinine.
40 

 

 The versatility of this type of addition catalysed by alkaloid-based systems is 

illustrated by the different ways of olefin activation. Successful addition has been 

applied to a vast range of substrates that are based on nitroalkenes,
41

 

acrylonitriles
42

 and even diazadicarboxylates.
43 

 

Conjugate Addition Examples (References)  

Michael addition (C-C bond formation) 40, 44, 45 

Oxy-Michael additions (C-O bond formation) 46 

Sulfide synthesis (C-S bond formation) 47 

Aza-Michael additions (C-N bond formation) 48 

 

Table 4.1.3: Examples of alkaloid catalysed conjugate additions. 

 

 Recent developments focus on the allylic, vinylic and aromatic catalysed 

substitutions because these synthetic strategies offer new methods for the 

production of densely functionalised chiral molecules (Table 4.1.4). 

 
Organocatalyst 

Catalyst (10 mol %) 

r.t. 12 h 

98 % ee 
90 % yield 
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Organocatalysed alkylation has been studied the most comprehensively and has 

been improved and optimised to such an extent that it has even been applied in 

industrial production of fine chemicals.
49

 Excellent asymmetric inductions can be 

achieved via alkylation reactions and have significant advantages over traditional 

methodologies that employ metal-based catalyst or use radical formation (Figure 

4.1.6).
50 

 

 

Figure 4.1.6: Nucleophilic substitution by cinchona alkaloid catalysed alkylation.
51 

 

Nucleophilic Substitutions Examples 

(References)  

Alkylation 51 

Allylic substitution 52 

Vinylic substitution  53 

Aromatic substitution 54 

 

Table 4.1.4: Examples of alkaloid catalysed nucleophilic substitutions. 

 

 Cinchona alkaloids have been proven to catalyse cycloadditions between two 

or more unsaturated components to form a cyclic adduct (Table 4.1.5). Although in 

many cases a dual system is generated to successfully catalyse cyclisation with a 

high stereoselectivity and in good yields.
4

 The multi component system is based 

on cinchona derivatives with metal-based Lewis acids. The benefits of using 

 
Organocatalyst 

50 % KOH 
Catalyst (1 mol %) 

Toluene, 0 ºC, 6 h 

97 % ee 
95 % yield 
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cinchona alkaloids in this transformation are emphasised by the ease of obtaining 

the desired stereoisomer by employing the relative pseudoenantiomer (Figure 

4.1.7). To acquire the opposite enantiomer, the corresponding alkaloid 

pseudoenantiomer was employed. 

 

 

Figure 4.1.7: [4+2] Cycloaddition catalysed by a bifunctional cinchona alkaloid-

based compound.
56 

 

Cycloaddition  Examples (References)  

[2+2] 55 

[4+2] 56 

[3+2] 57 

 

Table 4.1.5: Examples of alkaloid catalysed cycloadditions. 

 

 Clearly the collection of examples illustrated here demonstrates the 

importance of cinchona alkaloids as a tool for the stereo-controlled synthesis of 

chiral molecules. As the field of organocatalysis grows, novel cinchona scaffolds 

are constructed by modifying the functionalities to maximise substrate-catalyst 

interactions. The innovative structures are designed in such a way to activate 

challenging substrates and to facilitate new reaction pathways.  

 

4.1.3 Case Study: The Michael Reaction 

 

Michael additions are one of the most focused on cinchona catalysed 

reactions due to the high quantity of substrates and chemical importance of the 

reaction. Moreover, the catalytic asymmetric Michael addition is considered to be 

an optimal choice for bond formation due to the great diversity of nucleophiles 

 
Organocatalyst 

Catalyst (5 mol %) 

THF, r.t. 

89% ee 
86 % de 
91 % yield 
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available consequently providing a large variety of versatile arrangements.
3

 

Classically, the Michael reaction is the nucleophilic addition to α-β –unsaturated 

carbonyl compounds to form C-C bonds. Mechanistically the course of the reaction 

is controlled by orbital interactions. The frontier orbitals, i.e. the HOMO of the 

enolate and the LUMO of the Michael acceptor, are of similar energy and therefore 

react readily to form a new bond. Typically the mechanism (Figure 4.1.8) firstly 

forms a stabilised anionic nucleophile by deprotonation by a base. The nucleophile 

reacts with an electrophilic alkene via a conjugate addition reaction and forms the 

final product by proton abstraction from the base that promoted the reaction. 

 

 

 

Figure 4.1.8: Mechanism of the Michael addition between an activated alkene and 

a dicarbonyl.  

 

 The asymmetric version of this reaction is promoted by natural cinchona 

alkaloids with no additional functionalisation.
58

 Stereo-controlled construction of 

quaternary carbon centres poses a great synthetic challenge due to the high steric 

factors. The enantioselective catalytic conjugate addition of prochiral substituted 

nucleophiles to Michael acceptors using cinchona alkaloids to induce chirality has 

been found to be an effective method for the synthesis of highly functionalised 

compounds with adjacent tertiary and quaternary carbon atoms. The routes to 

these products were dominated by the use of nitroalkanes,
59

 imides
60

 and enones
61

 

to produce reactive olefins. This has now progressed to natural cinchona alkaloids 

offering successful approaches using 1,3-dicarbonyl compounds in the direct 

conjugate addition to maleimides to produce two adjacent stereogenic centres 

with very high enantio- and diastereoselectivity (Figure 4.1.9). The asymmetric 

addition of carbon-centred nucleophiles to maleimides is a significant process 

because it offers practical routes to biologically important chiral α-substituted 

succinimides.
62 
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Figure 4.1.9: Conjugate addition of 1,3-dicarbonyl compounds to maleimides. 

 

In this study cinchona alkaloids are used as catalysts to promote the Michael 

reactions because of the established properties and recognised mechanistic details 

of these systems in the homogenous state. Furthermore, the significance of this 

reaction in being able to form chiral quaternary centres in tandem with creating C-

C bonds is a vital tool in the synthetic strategies for creating versatile precursors 

for industrially significant products.
63 
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4.2 Experimental 

 

4.2.1 Synthesis of Catalysts 

  

 Sulphur functionalisation of mesoporous silica
64

: 

 

 60 Å Porous silica (5.00 g) was degassed at 200 °C for 2 h under vacuum and 

once cooled was suspended in toluene (50 mL). 3-Mercaptotriethoxysilane (2.02 

mL, 8.4 mmol) was added dropwise to the solution and subsequently heated at 

reflux for 24 h. The solid was filtered and washed with hot EtOH (2 x 20 mL) and 

DCM (2 x 20 mL) before drying at 50 °C in air to give the thiol functionalised silica 

as a white powder (4.98 g). 

 

 Typical alkaloid coupling to thiol functionalised mesoporous silica
65

: 

 

Thiol functionalised silica (1.00 g) was added to a solution of cinchonine (0.22 g, 

0.75 mmol) and 2,2’-azoisobutyronitrile (AIBN) (0.125 g, 0.75 mmol) in chloroform 

(20 mL). The solution was heated at reflux for 18 h. After this time, the solid 

filtered, washed with DCM (2 x 20 mL) and soxhlet for 18 h with DCM. The product 

was dried under vacuum at room temperature to give an off white powder (0.95 g). 

 

 Thiol functionalisation of hydrophobic mesoporous silica: 
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60 Å Porous silica (1.00 g) was degassed at 200 °C for 2 h under vacuum and once 

cooled was suspended in toluene (30 mL). 3-Mercaptotriethoxysilane (0.048 mL, 

0.2 mmol) was added dropwise to the solution simultaneously with 

methyltrimethoxysilane (0.14 mL, 1 mmol) and subsequently heated at reflux for 

24 h. The solid was filtered and washed with hot EtOH (2 x 20 mL) and DCM (2 x 

20 mL) before drying at 50 °C in air to give the thiol functionalised silica as a white 

powder (0.87 g). 

 

4.2.2 Catalysis 

 

 Typical homogeneous catalytic Michael addition and isolation of (1R)-ethyl 1-

(1-benzyl-2,5-dioxopyrrolidin-3-yl)-2-oxocyclopentanecarboxylate
58

: 

 

 

 

Cinchonine (1.8 mg, 0.006 mmol) was added to a solution of N-benzylmaleimide 

(111 mg, 0.6 mmol) in ethyl-2-oxocyclopentanecarboxylate (0.095 mL, 0.64 mmol) 

in CH
2

Cl
2

 (1.5 mL) and stirred for 5 h at rt. The product was purified via column 

chromatography (EtOAc: Hexane, 1:4) to afford the title compound as clear oil in 

quantitative yield (dr: 68:32, 76 % ee) based on HPLC and crude NMR analysis. 

HPLC analysis on a Chiralpak AD-H column: 85/15 hexane/i-PrOH, flow rate 0.75 

mL min
-1

, λ=214 nm (R, S)-major diastereomer (76 % ee) τ
minor

 = 16.9 min, τ
major

 = 

20.0 min; (R, R)-minor diastereomer (54 % ee) τ
minor

 = 21.6 min, τ
major

 = 23.9 min. 
1

H 

NMR: (300 MHz, CDCl
3

) δ ppm 1.18 (t, J=7.1 Hz, 3 H) 1.87 - 1.98 (m, 2 H) 2.02 - 

2.18 (m, 1 H) 2.21 - 2.51 (m, 3 H) 2.59 (dd, J=18.11, 6.04 Hz, 1 H) 2.78 (dd, 

J=18.1, 9.3 Hz, 1 H) 3.42 (dd, J=9.3, 6.0 Hz, 1 H) 4.14 (q, J=7.01 Hz, 2 H) 4.41 - 

4.64 (m, 2 H) 7.08 - 7.33 (m, 5 H); 
13

C NMR: (75 MHz CDCl
3

) δ ppm 13.9, 19.1, 

31.6, 32.6, 37.8, 42.0, 42.2, 60.6, 62.0, 127.7, 128.3, 128.4, 135.4, 169.5, 174.9, 

177.0, 213.5. ESI-MS
+

: 366.2; [M+Na]
+

.  

 

 Typical heterogeneous catalytic Michael addition: 
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Cinchonine derivatised mesoporous silica (0.05 g) was added to a solution of N-

benzylmaleimide (111 mg, 0.6 mmol) and ethyl-2-oxocyclopentanecarboxylate 

(0.095 mL, 0.64 mmol in CH
2

Cl
2

 (1.5 mL) and stirred for 5 h at rt. The solid catalyst 

was removed by filtration, washed with CH
2

Cl
2

 (5 mL) and concentrated to provide 

a conversion based NMR analysis and stereoselectivity calculated by HPLC. 

 

 Typical solvent-free catalytic Michael addition: 

 

Cinchonine derivatised mesoporous silica (0.05 g) was added to a solution of N-

benzylmaleimide (111 mg, 0.6 mmol) in ethyl-2-oxocyclopentanecarboxylate (0.3 

mL, 2 mmol) and stirred in a capped vial for 2 h at 30 °C.  Conversion was based 

NMR analysis and stereoselectivity calculated by HPLC. 

 

 Recycle tests:  

 

The solid catalyst from a Michael addition reaction was recovered by centrifugation 

and filtration. The solid was washed with CH
2

Cl
2

 (2 x 10 mL) and dried for 15 h at 

80 °C. The solid catalyst was reused in the exact same fashion as the previous 

experiment (see above for solvent-free Michael addition). 

 

Errors associated with measuring conversion are dependent on the accuracy of the 

NMR spectroscopy technique and the integration related with each proton signal. 

In this case because the hydrogen atoms are neither acidic nor readily 

exchangeable, the measured conversion is within ± 3 % error.  Repeat experiments 

show that the error associated with actual conversion is slightly higher as ± 5 %. 

Error in enantioselectivity and diastereoselectivity is primarily based on the error 

with the HPLC technique which is ± 2 % as a multitude of repeats gave near 

constant stereoselectivities. Measuring the diastereomeric ratio from NMR and 

comparing to that determined from HPLC gave a ± 2 % correlation. 
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4.3 Results and Discussion 

 

4.3.1 Heterogenisation of Alkaloids to Mesoporous Silica 

 

Mesoporous silicas offer stable hosts for the heterogenisation of cinchona 

alkaloids because the surface silanol groups are easily functionalised and the high 

surface areas permit high catalytic loadings. Furthermore, mesoporous silicas are 

inexpensive and readily available. The physical properties of mesoporous silica 

offer a complimentary environment for an anchored active site as established with 

anchoring lysine as an organocatalyst. Porous silica frameworks can also be tuned 

in terms of physical properties, such as pore aperture, degree of hydrophilicity and 

channel structure, which has profound effects on the catalytic outcome. 

 In order to successfully develop a method for immobilisation the mechanism 

of catalysis must be understood. In the case of cinchona alkaloids two functional 

groups are crucial for active and selective catalysis in all transformations; the 

quinuclidine moiety through general base catalysis and the hydroxyl group by H-

bonding interactions. The bifunctional nature of the organocatalyst simultaneously 

activates the reagents and preferentially orientates them in a particular way to give 

high stereocontrol. Therefore to maintain the stereoselectivity of the catalyst upon 

heterogenisation it is necessary to anchor through a functional group that does 

not play a pivotal role in catalysis (Figure 4.3.1).  

 

 

Figure 4.3.1: Functionality roles of cinchonine. 

 

 Heterogenisation is consequently carried out through the terminal alkene. 

This seems to be the most reliable method of attachment because earlier studies
66

 

have shown that immobilising quinine to polymer materials through the other 
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functionalities present on the alkaloid result in decreases in activity and selectivity 

in the Michael addition when compared to the homogeneous catalyst. 

A reliable method for linking the cinchona alkaloid through the alkene is via 

a radical reaction with a thiol to produce a C-S bond (Figure 4.3.2). Thiol based 

tethers with ethoxysilanes present are readily available and are easily anchored to 

the surface of silica by the construction of Si-O-Si bonds. This methodology has 

been carried out with other organocatalysts such as fluorotropinones,
65

 and has 

shown comparable activity to the homogeneous catalyst and good stability on 

recycling. 

 

 

Figure 4.3.2: Radical reaction between a thiol and an olefin to produce a C-S bond 

(R = alkaloid). 

 

 Other immobilisation methods of alkaloid derivatives on silica that have been 

carried out through the olefin group is by Williamson etherification
67

 and 

hydrosilylation
68

 (Figure 4.3.3). After these coupling reactions the tether is grafted 

to the support by the standard anchoring through the silanol moieties. However 

these methods require additional steps and further complexity e.g. in 

hydrosilylation a platinum catalyst is required to add the Si-H bond across the 

unsaturated functionality.  

 

 

Figure 4.3.3: Etherification (A) and hydrosilylation (B) methods of alkaloid 

tethering (R = alkaloid).. 

 

  Using radical imitated thiol-ene coupling, immobilisation can be completed 

by two methods: 1) Anchoring the alkaloid to preformed thiol-functionalised 

mesoporous silica or 2) coupling the alkaloid to the thiol tether and then grafting 

AIBN, CHCl
3
, reflux, 18 h 

Xylene, reflux 

OsO
4
, NMO, rt,  

acetone-H
2
O (1:1) 

H
2
PtCl

6
,
 
rt 

A 

B 
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to non-functionalised silica in a second step. The first route to immobilisation was 

thought best because a more accurate control of loading could be achieved 

through varying the degree of thiol grafting and also with the majority of the steps 

being conducted on the solid phase makes the purification and work ups easier by 

employing filtration and extractions. The first step of this procedure covalently 

binds the thiol throughout the channels of the porous architecture
64

 (Figure 4.3.4). 

The small nature of the thiol tether allows for a high degree of grafting. 60 Å 

Porous silica was employed as the support because smaller channel sizes would 

hinder immobilisation and substrate diffusion due to the bulkiness of the reactants 

and active sites. 

 

 

 

Figure 4.3.4: Thiol functionalisation of 60 Å porous silica. 

 

 Elemental analysis confirmed the presence of the organic linker (Table 4.3.1) 

and reassuringly no nitrogen was observed in the CHN analysis. % H in the sample 

does not comply to all of the linker because hydroxy groups exist on the surface of 

the material (even after derivatisation) and these contribute to the overall % H 

detected. 

 

% C % H % N 

2.70 0.86 0.00 

 

Table 4.3.1: Average % CHN in thiol functionalised porous silica. 

 

 Thermogravimetric analysis (TGA) confirmed a similar loading of thiol 

present with a decrease in mass 2.88 % which can be attributed to the loss of the 

tether around 200 – 300 ºC (Figure 4.3.5). The initial loss of around 5 % mass is 

due to adsorbed gases and H
2

O on the silica that are only physisorped to the 

surface. The tether is covalently bound to the framework and is only lost when the 

temperature reaches over 200 ºC, which breaks down the C-C bonds of the 

chemically bound thiol. The loss in mass is comparable to that detected by CHN 

Toluene, reflux, 24 h 
silica 
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analysis. The only discrepancy is probably due to the silanol groups that contribute 

to the overall % H. 

 

Figure 4.3.5: TGA analysis of thiol functionalised silica. 

 

 Further evidence for the presence of thiol immobilised on silica is attained 

through FT-IR spectroscopy (Figure 4.3.6). Stretching frequencies (υCH) and 

bending frequencies (δCH) of the alkane C-H bonds in the tether are observed at 

2898, 2936, 2982 cm
-1

 and 1395, 1450 cm
-1

 respectively. Furthermore the 

presence of the thiol functionality is detected by observing the stretching υSH peak 

at 2582 cm
-1

. This peak is hardly noticeable but weak absorbances are common for 

S-H bonds.
69

 Upon silica functionalisation the peak due to the υOH of Si-OH groups 

on the surface diminishes. This is strong indication that covalent anchoring is 

achieved to the support because the pendant silanol groups are coupled to the 

grafting agent, losing Si-OH bonds by producing Si-O-Si linkages, therefore 

decreasing the absorbance.  
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Figure 4.3.6: FT-IR of thiol functionalised silica. 

  

 BET adsorption isotherm measurements were undertaken to confirm the 

immobilisation of the thiol tether (Figure 4.3.7). Decreases in values of surface 

area and pore volume measurements (Table 4.3.4) compared to the non-

functionalised silica support show that anchoring has been successful and the 

organic tethers reside within the channels of the framework. 

 

 

 

Figure 4.3.7: BET adsorption isotherm of thiol functionalised 60 Å porous silica. 

 

 MAS NMR was carried out in order to further confirm the presence of the 

tether on the silica support. Due to the high loadings this was easily achieved by 

detecting the carbon environments of the propane thiol linker (10.6, 27.3 and ~59 

Absorbance 
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ppm) in the 
13

C NMR spectrum. Additional peaks (16.0 and 58.1 ppm) due to the 

OEt functionality are also detected which implies that not all linkers are grafted in 

three positions but have a range of grafting points i.e RSi(OSi)
3

, RSi(OSi)
2

OEt and 

RSi(OSi)OEt
2

.  

 

 

Figure 4.3.8: 
13

C MAS NMR of thiol functionalised silica. 

 

 A radical coupling step is carried out in order to attach the alkaloid to the 

sulphur containing tether, which ultimately binds the organocatalyst to the 

support
65

 (Figure 4.3.9). The thiol-ene reaction is initiated by AIBN that under 

thermal decomposition eliminates diatomic nitrogen while forming two 2-

cyanopropyl-2-yl radicals. These radicals promote the coupling step of the thiol to 

the alkene.  

 

 

Figure 4.3.9: Cinchonine anchoring to mesoporous silica. 

 

CHN analysis shows an increase in % C and H but more importantly detects a 

% N in the sample (Table 4.3.2). The ratio of % C/N is similar to that of calculated 

AIBN, CHCl
3
, reflux, 18 h 
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ratio and differs due to the number of grafting points each tether (the highest 

being three the lowest being one) has to the surface. 

 

% C % H % N Calculated 

C:N ratio 

Observed 

C:N ratio 

Loading 

(mmol g
-1

) 

8.59 0.70 0.74 10.29 11.60 0.264097 

 

Table 4.3.2: Elemental analysis of heterogeneous cinchonine. 

 

The loading of the organocatalyst on the support is calculated through the % 

N (Equation 4.3.1). The value is halved because of the two N atoms in each 

catalytic molecule and factored to give a value in mmol. 

 

Loading (mmol g
-1

) = ( ( ( (1 / 100) x ‘% N’)/2)/14.01) x 1000   (Eq. 4.3.1) 

 

Equation 4.3.1: Calculation of alkaloid loading. 

 

 IR spectroscopy on the solid sample provides clear evidence for the presence 

of cinchonine but more importantly that the alkaloid is chemically bound to the 

surface. Simply this is achieved by matching the absorbances of the supported 

alkaloid to the non-derivatised molecule (Figure 4.3.10). It is clear to observe that 

the broad absorbance around 3400 cm
-1

 alters slightly which is probably due to the 

H-bonding between the secondary alcohol present in cinchonine. New peaks 

appear in comparison to the thiol functionalised silica, especially between 2800 

and 3000 cm
-1

 due to stretching bands of the additional CH
2

 chains on the alkaloid. 

These correspond to peaks observed in the IR spectrum of the non-supported 

cinchonine. Additional bands appear just above 3000 cm
-1

 due to υCH of C=CH and 

many absorbances arise between 1500 – 1700 cm
-1

 relating to C=C and C=N bonds 

from the aromatic region of the alkaloid. Importantly the S-H stretch disappears 

which is an indication that the thiol-ene reaction has been successful due to the 

absence of the S-H bond in the anchored catalyst and therefore it being not visible 

in the IR spectrum. Crucially the peak corresponding to the stretching frequency of 

υOH due to the Si-OH groups is still very small confirming that the catalyst is 

covalently bound to the support and the tethering groups have not leached.
70 
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Figure 4.3.10: FT-IR spectrum of immobilised cinchonine and comparisons. 

 

 MAS NMR further confirms the immobilisation of cinchonine on thiol 

derivatised silica (Figure 4.3.11). Clearly by observing the additional peaks in the 

13

C spectrum in comparison to that of the thiol functionalised silica gives an 

indication of successful covalent attachment. Moreover comparing the carbon 

environments from pure cinchonine allows for a more accurate determination of 

the structure present on silica. The peaks in heterogenised cinchonine are broader 

in comparison to that of the pure cinchonine because of the less ordered nature of 

the alkaloid, which is typical of a species immobilised to a surface as numerous 

molecular orientations can be adopted. Nevertheless the peaks observed in the 

pure cinchonine fall within the envelope of the heterogenised alkaloid thus 

confirming successful immobilisation. The peaks observed > 200 ppm are due to 

spinning side bands. 
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Figure 4.3.11: 
13

C MAS NMR of cinchonine and immobilised cinchonine. 

 

 Si NMR confirms the covalent linkage between the alkaloid and the support 

by detecting the Si environment in the tether at around -60 ppm (Figure 4.3.12). 

The peak is broad due to the multiple grafting points that occur; RSi(OSi)
3

, 

RSi(OSi)
2

OEt and RSi(OSi)OEt
2

. The largest peaks are due to Si environments of the 

support (Q
3

 and Q
4

 Si environments). The peak due to the Si in the tether is 

observed far easier than that of the lysine immobilised organocatalyst (Figure 

3.3.18) and is detected in a larger magnitude which correlates with the higher 

loadings achieved with cinchona alkaloids.  

 

 

 

13
C 

13
C 
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Figure 4.3.12: 
29

Si CP MAS NMR of immobilised cinchonine. 

 

 BET adsorption isotherms also confirm the immobilisation of the alkaloid by 

illustrating the consequent decrease in surface area (Figure 4.3.13). The surface 

area is decreased to a further extent than the thiol functionalised silica because 

the alkaloid is larger and will therefore consume more space in the pores.  
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Figure 4.3.13: BET adsorption isotherm of cinchonine immobilised in on thiol 

functionalised silica (alkaloid het). 

 

 This procedure was carried out in an identical fashion to immobilise the 

other alkaloids used in this study. CHN analysis provides the required information 

for the loading of each heterogeneous catalyst to be calculated (Table 4.3.3). 

 

Catalyst % C % H % N Calculated 

C:N ratio 

Observed 

C:N ratio 

Loading 

(mmol g
-1

) 

Cinchonidine het 7.54 0.72 0.59 10.29 12.78 0.210564 

Quinine het 9.00 0.68 0.66 9.29 13.74 0.233762 

Quinidine het 7.52 0.76 0.54 9.29 13.92 0.192719 

 

Table 4.3.3: Catalytic loading of cinchona alkaloids. 

 

 Surface area and pore volume measurements were carried out for the 

functionalised silicas (Table 4.3.4). Results for samples illustrate the drop in 

surface area due to the alkaloid residing on the surface of the porous framework 

but also the decrease in pore volume determines that the cinchona alkaloids reside 

within the channels of the architecture, thereby utilising the entire surface area of 

the support. 
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Sample  BET surface area 

(m
2

 g
-1

) 

Pore volume 

(cc g
-1

) 

Blank 60 Å porous silica 379 0.79 

Thiol functionalised silica 344 0.68 

Alkaloid het 298 0.55 

 

Table 4.3.4: Surface area and pore volume measurements for alkaloid derivatised 

mesoporous silicas. (Het = heterogenised) 

 

4.3.2 Homogeneous vs. Heterogeneous Catalysis 

 

Quinine, quinidine, cinchonidine and cinchonine were subject to 

homogeneous catalytic testing of the conjugate addition of ethyl-2-

oxocyclopentanecarboxylate and N-benzylmaleimide
58

 (Figure 4.3.14). The Michael 

addition is a fundamental procedure for the stereoselective construction of C-C 

bonds and it is commonly used in the synthesis of natural products and fine 

chemicals. Furthermore, the addition of 1,3 dicarbonyl compounds to maleimides 

affords adjacent quaternary and tertiary stereocentres, which offers practical 

routes to the synthesis of chiral succinimides.
62 

 

 

 

Figure 4.3.14: The Michael addition of ethyl-2-oxocyclopentanecarboxylate to N-

benzylmaleimide. 

 

 The stereoselectivity of the product formed in catalytic C-C bond formation 

vary depending on which alkaloid is employed. Results show (Figure 4.3.15) that 

all the cinchona alkaloids preferentially form the same diastereomer but quinine 

and cinchonidine favours one enantiomer (S, R) while quinidine and cinchonine 

affords the opposite enantiomer (R, S) (Figure 4.3.16). This is not surprising that 

these pairs of cinchona alkaloids have the same stereochemistry so should favour 

the same enantiomer. Results also show that the homogeneous alkaloids are very 

active because 100 % conversion is achieved over 5 hours with 10 mol % of 

catalyst. 
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Figure 4.3.15: Results of the homogeneous catalytic Michael addition. Reaction 

completed over 5 hours at rt. 

 

 

Figure 4.3.16: Favoured enantiomers formed by the corresponding cinchona 

alkaloids. 

 

 Absolute configuration was determined in accordance with the original 

publication of Bartoli et al
58

 (NB other publications differ from that of the original 

finding that describe the opposite enantiomers are formed, i.e. configuration of SR 

with cinchonidine and quinine). The product from the conjugate addition was 
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isolated by column chromatography, characterised by NMR and MS and cross-

referenced with literature.
58

 Conversion was calculated by 
1

H NMR through 

measuring the integration of the well-separate peaks due to protons in the starting 

material and the product (Figure 4.3.17). The enantioselectivity and 

diastereoselectivity were calculated using chiral HPLC following a known 

separation method (see experimental). The retention times of the peaks in the 

chromatogram were compared to literature
58

 in order to identify the relative 

configuration of each isomer (Figure 4.3.18). 

 

 

Figure 4.3.17: 
1

H NMR of reaction mixture over time depicting method of 

calculating conversion. 
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Figure 4.3.18: HPLC chromatogram of the reaction mixture showing the 4 peaks 

due to each enantiomer.  

 

 The peaks in the HPLC were also proven be corresponding to pairs of 

enantiomers because the diastereomers could be separated and isolated under 

normal phase column chromatography (Figure 4.3.19).  
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Figure 4.3.19: 
1

H NMR peaks and corresponding peaks in HPLC due to different 

diastereomers. 

 

Upon immobilisation all four cinchona alkaloids provided reasonable 

conversions over the same reaction time as the homogeneous examples, especially 

taking into account that less mol % of catalyst (between 3 and 5) was employed in 

the heterogeneous analogues (Figure 4.3.20). In this case TON cannot be directly 

as homogeneous reactions had gone to completion, whilst it was not the case with 

the corresponding heterogeneous analogues. In this case the homogenous 

catalysts could only have a maximum TON of 10 (which is exactly what occurred). 

The main aim of this study was to establish if high enantioselectivies in the 

homogeneous phase can be maintained when the catalyst is immobilised onto a 

solid support. The results show that using a covalent anchoring method to attach 

the alkaloids through the pendant olefin functionality to mesoporous silica 

provides active catalysts which do not hamper the stereoselective properties of the 

homogeneous catalyst. Heterogeneous cinchona alkaloids successfully catalyse the 

asymmetric Michael addition while conserving the impressive stereoselectivities 
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witnessed when the alkaloid is dissolved in solution (14 % ee decrease at the most 

in the case of quinidine). To further substantiate the presence of the catalyst and 

reassure that no background reactions were taking place, two controls were 

performed over 24 h; one with addition of substrates only and the other with the 

addition of non-functionalised mesoporous silica. In both cases no conversion was 

detected. 

 

 

Figure 4.3.20: Conversions and selectivities of heterogeneous alkaloids in the 

Michael addition. Reaction carried out at rt for 5 h. 

 

 These results illustrate the benefits of the immobilisation procedure and 

advantages of the silica support because when compared to the quinine 

immobilised onto a polymer via the same method the activity is far superior.
66

 

Polymeric immobilised cinchona alkaloids take up to 20 days to reach the same 

conversions as the silica supported analogues (with 4 times higher loading), which 

illustrates the favourable environment offered by the silica framework. This may be 

accredited to the hydrophilic nature and accessibility of the anchored alkaloid. 

Mechanistically the heterogeneous reaction is believed to go via the catalytic 

cycle observed in the homogeneous state
71

 (Figure 4.3.21). The main reason for 

this is that the stereoselectivity is unaltered upon heterogenisation so upon 

substrate interaction the reaction pathway proceeds to give very similar ee and de. 

Activation of the 1,3 dicarbonyl is achieved through deprotonation by the 

quinuclidine nitrogen and leads to the formation of a chiral anion pair. The 

hydroxyl group acts as a cooperative catalytic site by orientating the maleimide for 
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the nucleophilic attack from the keto-ester and also acts as an electrophilic 

activating group by withdrawing electron density on the carbonyl β-carbon. This is 

the rate-determining step but more importantly the hydroxyl group selects which 

carbon atom to be attacked by the keto-ester, therefore making it dependant on 

selectivity too. The enolate anion intermediate then undergoes fast protonation to 

afford the Michael adduct. 

 

 

Figure 4.3.21: Catalytic pathway of heterogenised cinchona alkaloid promoting the 

Michael reaction of 1,3 dicarbonyl compound with a maleimide. 

 

 In terms of reaction rate the homogeneous catalyst is superior to the 

heterogeneous version. This is represented by measuring the change in 

concentration of either ‘substrate consumed’ or ‘product formed’ over time 

(Figures 4.3.22 and 4.3.23). From comparing the changes in concentration with 

time it is clear that the heterogeneous catalyst takes a longer time to reach full 

conversion of the starting material. On the solid phase the rate determining step of 

the reaction is most likely still maleimide addition to the activated 1,3 dicarbonyl 

once the catalysis begins but from looking at the shape of the curve of the kinetic 

profile of the heterogeneous catalytic reaction it’s clear that the reaction starts 
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slow because of the ‘S’ shape of the trend-line. This hints that the biggest limiting 

factor in the rate of reaction in heterogeneous catalysis is the mass transfer of the 

substrates to the active sites. Diffusion limitations play a large role in the ‘activity’ 

of the catalyst because the time taken to reach high conversions is slower than the 

homogeneous catalyst. Clearly the overall order of the homogeneous reaction is of 

first-order kinetics. This is not translated to the heterogeneous analogue as 

observed by the shape of the kinetic plot of the rate of conversion. The slow rate 

of conversion at the beginning of the reaction could possibly be due to an 

inhibiting effect in which the pore wall is impeding the formation of intermediates 

with the catalytic active sites (Fig 4.3.21). After this initial lag period the kinetic 

profile resembles that of a first-order reaction so considering the catalyst loading 

(higher loading translates to higher diffusion barrier) the initial rate of reaction is 

mostly likely limited by a diffusion effect. 

The rate of change of concentration with time in the heterogeneous reaction 

(see appendix) highlights the initial problems caused by diffusion to the active 

sites and also illustrates how the reaction profile changes when the mass transfer 

is overcome as time proceeds through the course of the reaction. Nevertheless the 

heterogeneous still provides reasonable conversions over relatively short time 

scales. The diffusion limitations most likely arise from the H-bonding interactions 

of the substrates with the pore wall. These interactions impede quick access of the 

reactants to the active site, which is not a problem in the homogeneous state. 

 

 

Figure 4.3.22: Change in conversion with time in homogeneous catalysis. 
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Figure 4.3.23: Change in conversion with time in heterogeneous catalysis. 

 

4.3.3 Tuning Support Properties and Conditions  

 

To improve the rate of reaction of catalysis the temperature was increased up 

to 50 ºC. In homogeneous catalysis conversions was observed to increase at 

around 5 % per 10 degrees (Figure 4.3.24). The temperature could be increased 

further to improve the rate of reaction but at higher temperatures stereoselectivity 

is sacrificed because now the energy applied is sufficient enough to also promote 

the reaction pathway that produces the opposite enantiomer. Heterogeneous 

catalysis is consequently carried out at 50 ºC to attain a greater conversion over 

the same time frame. 
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Figure 4.3.24: Homogeneous cinchonine catalysed Michael addition at different 

temperatures. Conversion calculated at 1 hour. 

 

 Homogeneous catalysis shows full conversion after 5 hours with 10 mol % of 

catalyst compared to the heterogeneous analogues that do not achieve full 

conversion over the same time period. This is primarily due to the diffusion 

limitations as established via measuring reaction rates but it is also because less 

mol % of catalyst is used in the heterogeneous reactions. This allows a higher TON 

to be achieved in the heterogeneous systems because of the lower mol % of 

catalyst employed. To establish the limit of a reasonable rate of conversion with 

lowest mol % of catalyst and to measure how ‘active’ the catalysts are in each 

state, varying molar ratios of catalyst were added in order to make a direct 

comparison between the two systems. Lower than 2.5 mol % of catalyst in the 

homogeneous state does not facilitate 100 % conversion after 24 hours and by 

decreasing the amount again by a factor of 5 gives very little conversion (Figure 

4.3.25). This illustrates that for reasonable reaction rates using these very active 

alkaloids, a molar ratio of 2.5 % is required for efficient conversion. The same 

trend is observed in heterogeneous catalysis (Figure 4.3.26) where smaller mol % 

of active catalyst gives poor conversions over 24 hours. Comparing the 

conversions at the same molar ratios show that the supported catalyst has lower 

activity than the homogeneous version, which reiterates that the biggest drawback 

of using mesoporous silica as a host for these catalysts is the diffusion limitations 

and mass-transfer hindrances that thwart reaction rate. This means that the 

reduction in conversion of the heterogeneous catalysts compared to the 

homogeneous equivalents (Figures 4.3.15 and  4.3.20) is not only a factor of the 

decrease in mol % of catalytic sites but more importantly because of the pore- and 
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polar surface-effect on diffusion. Additionally this effect may be largely due to the 

heterogenised nature of the catalyst and heterogenisation on other supports may 

result in the same outcome. 

 

Figure 4.3.25: Homogeneous catalysed Michael addition with varying molar ratios 

of catalyst. 

 

Figure 4.3.26: Heterogeneous catalysed Michael addition with varying molar ratios 

of catalyst. Conversion calculated after 20 hours. 

 

 As perceived with silica immobilised lysine (Chapter 3); a lower mol % of 

catalyst on the support improves the catalytic activity because of the increased 

single site nature of each catalytic entity. Cinchonine was immobilised on 60 Å 

porous silica with varying loadings to see if the same correlation is observed in the 

Michael addition (Figure 4.3.27). In this case conversions and TON’s were 

improved with a higher mol % of catalyst on the support. This is in agreement with 

the results from varying the molar ratios of the catalyst to substrate (Fig 4.3.20 

and 4.3.21). Since the rate of reaction of the Michael addition is much faster than 
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the aldol reaction, small improvements in the single site nature play less of a role 

in the overall catalytic activity. Increasing the loading further and further it is 

possible to reach 100 % conversion over the same time frame but the loading 

would probably exceed the number of available grafting sites on this porous silica. 

 

 

 

Figure 4.3.27: Heterogeneous cinchonine catalysed Michael addition with varying 

loadings of catalyst on support over 24 h at 50 ºC. 

 

 Investigations were carried out by varying the amount of solvent to improve 

the rate of reaction (Figure 4.3.28). Understandably the rate of reaction improves 

the more concentrated the solution becomes, although the results show that 

conversion is greatly improved on going from 3 mL of solvent to 1 mL.  

 

Figure 4.3.28: Conversion of quinine catalysed Michael addition at varying 

concentrations. Reaction carried out over 1 h at rt. 
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These implications show that if the solvent varies as little as 0.1 mL in 

concentrated solutions (concentrated being solvent volume 0.5 -1.5 mL) the result 

on conversion can be effected greatly, especially if the reaction mixture is heated 

to 50 ºC. 

On removing the solvent completely the reaction goes to completion within 2 

hours (Figure 4.3.29) achieving almost identical stereoselectivities to that of the 

homogeneous catalyst in solvent as described earlier (Figure 4.3.15) 

 

 

Figure 4.3.29: Solvent-free catalysis comparing homogeneous and heterogeneous 

catalysts. Reaction time 2 h at 30 ºC see TON’s in appendix. 

 

 Encouragingly the heterogeneous alkaloids obtain analogous results as the 

non-supported alkaloid after reacting for only 2 hours. Conversions and 

selectivities are almost equivalent between the two different systems. This is a very 

notable result because this proves that diffusion limitations can be overcome 

without the use of a solvent. Achieving full conversion over small time frames with 

stereoselectivities that match that of the homogeneous catalyst is very appealing 

in terms of the chemical industry because the solvent-free conditions reduces 

waste, costs and makes the catalytic process more sustainable and more 

environmentally benign. Moreover, the catalyst can be recovered and recycled 

which is important in the chemical industry for economic reasons.  
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 The recyclability of the catalysts from the solvent-free runs was demonstrated 

by recovering through filtration and re-using the solid catalysts in a second 

reaction (Figure 4.3.30). The tethering process provides a highly stable active site 

that is chemically bound to the surface of the support, which is indicated by the 

catalytic results of the recycle that shows preservation of conversion and 

stereoselectivity. The decrease in conversion on recycling is due to the loss of 

some material between runs through filtration, washing and drying. Calculating 

the TON reiterates the activity of the catalyst is maintained on recycling. 

 

 

 

Figure 4.3.30: Recycle experiments of selected heterogeneous catalysts. Catalysis 

Carried out over 2 h at 30 ºC. 

 

 Furthermore, in solvated heterogeneous reactions the catalyst was removed 

midway through the reaction and the mixture was left to react for a further week. 

When the catalyst was removed little additional conversion was observed showing 

that minimal leaching of the catalyst occurs (Figure 4.3.31). The additional 

conversion is most likely due to the presence of cinchona alkaloids that had not 

been covalently attached to the support and were not washed off the material in 

the soxhlet extraction. Nevertheless the increase in conversion over the additional 

time is minimal and only can account for an extremely small proportion of 

leaching. The degree of leaching could not be measured through analysis of the 
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filtrate because of the extremely small amounts of alkaloid that is present in 

solution. 

 

Figure 4.3.31: Conversion after removal of catalyst to show minimal leaching. 

 

 Another method for reducing the diffusion limitations by minimising the 

interaction between the reactants and the pore wall was to carry out 

immobilisation of cinchonine in the presence of a hydrophobic grafting group 

(Figure 4.3.32) as seen in chapter 3. Results show (Figure 4.3.28) that producing a 

hydrophobic surface does not improve the activity of the immobilised alkaloids. 

Even though TON’s are comparable to the solvent free reactions (Figure 4.3.29), 

the time taken to achieve this is over 24 hours. Also the selectivity of the 

heterogeneous system is slightly reduced when compared to the non-supported 

analogue. This is probably due to the same reasons as described in chapter 3 

where the sites are in close proximity on the solid support so interact 

cooperatively in the mechanism through less-defined sites. The hydrophobic, non-

polar grafting species increases this close proximity relationship of multiple sites. 

 

Figure 4.3.32: Cinchonine active site on hydrophobic mesoporous silica. 
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Figure 4.3.33: Catalytic results using hydrophobic enhanced 60 Å mesoporous 

silica (ratios are alkaloid: hydrophobic grafting agent). Reaction carried out at rt for 

24 h. 

 

 Quinidine was also covalently attached to 30 Å mesoporous silica to see 

whether the spatial constraints would affect the stereoselectivity or activity (Figure 

4.3.34). Results show that a drop in enantioselectivity and diastereoselectivity is 

observed. The very small conversion (2 %) witnessed is most likely due to the small 

size of the pores, coupled with bulky catalyst and substrates that hinders 

diffusion. In this instance the smaller pores do not facilitate a positive effect on the 

stereoselectivity and hinder access to the active sites. So as hypothesised earlier 

(Section 3.4), a reasonable amount of space is required around the active site for 

high stereocontrol. This can be achieved by using larger porous materials such as 

60 Å porous silica. 

 

Figure 4.3.34: Catalytic results of quinidine immobilised on 30 Å porous silica. 

Heterogeneous catalysis carried out over 24 h at 50 ºC. 
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4.4 Conclusion 

 

 Cinchona alkaloids were effectively heterogenised to mesoporous silica 

supports through the formation of C-S bonds that covalently link the alkaloid to 

the surface of the support. Cinchonine, cinchonidine, quinine and quinidine were 

all successfully immobilised to 60 Å porous silica and were proven to be active 

heterogeneous catalysts in the Michael reaction of ethyl-2-

oxocyclopentanecarboxylate (1,3 dicarbonyl) with N-benzylmaleimide. The 

heterogeneous catalyst could be recycled without significant loss in selectivity or 

activity and leaching experiments demonstrated the stability of the tether which 

prevents the loss of the alkaloid during catalysis. Moreover, the properties of the 

silica support offer an ideal environment for catalysis, recognised through the high 

stereoselectivities of the homogeneous catalyst being maintained upon 

heterogenisation. The hydrophilic 60 Å porous silica is necessary for effective 

catalysis as established through reduction of activity and selectivity on 30 Å and 

more hydrophobically enhanced porous silica supports. 

 The only drawback of using the heterogeneous catalyst over the homogenous 

analogue was the decrease in the rate of reaction. On immobilisation to a porous 

support the reaction suffers in terms of mass-transfer by the diffusion limitations 

that are imposed on the substrates. This is not observed in the homogeneous 

catalyst and all pseudoenantiomers are extremely active with low molar ratios (5 

mol %) used. However, the rate using the supported catalyst can be improved 

without sacrificing the high stereoselectivies by reducing the amount of solvent 

(increasing the overall concentration), altering the conditions to slightly higher 

temperatures (up to 50 ºC) and making sure to obtain a sufficient catalytic molar 

ratio (roughly 5 mol %). Removing the solvent altogether gave remarkably good 

activity as full conversions were achieved within 2 hours but more importantly the 

selectivity of the heterogeneous catalysts was almost identical to that achieved in 

the homogeneous phase. This result is very attractive in terms of lowering costs 

and reducing waste when carrying out the catalytic reaction because of the solvent 

free process. These characteristics are very appealing in similar reactions that are 

employed in the chemical industry because of economic purposes but more 

importantly by improving the sustainability of the process. 

 The impressive heterogeneous results illustrate the benefits of immobilising 

such active and selective organocatalysts by being able to recover and recycle the 

solid phase catalysts while matching the catalytic outcome from the homogeneous 

system. The immobilisation rationale helps to achieve this by anchoring through a 
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pendant functionality while preserving the binding pocket and integrity of the 

active groups for proficient and selective turnover. Moreover, the approach of 

firstly functionalising the support with thiol groups and then binding the cinchona 

alkaloids, permits a high catalyst loaded material (more alkaloid per gram of 

support) that is beneficial for enhancing the rate and providing quantitative 

conversions. This method provides potential for the majority of alkaloid derivatives 

to be immobilised in the same manner, which can be used in a wide range of 

industrially significant asymmetric transformations.
72 

  

 

Figure 4.4.1: Summary of general trends observed in heterogeneous catalysed 

Michael addition. 
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4.6 Appendix 

 

Results tables: 

Enantioselectivity (ee) 

Diastereoselectivity (de) 

Diastereomeric ratio (dr) 

Ee quoted as + or – because the different alkaloids give opposite enantiomers, + 

and – are relative. 

 

Homogeneous catalysis 

 

catalyst time temp solvent 

vol 

(mL) 

conv. 

(%) 

ee 

(major 

dia) 

ee 

(minor 

dia) 

de dr TON mol % 

cat 

quinine 5hr rt 1.5 100 89 -6 62.4 81:19 10 10 

quinidine 5hr rt 1.5 100 -89 -4 62.1 81:19 10 10 

cinchonine 5hr rt 1.5 100 -76 -54 35.9 68:32 10 10 

cinchonidine 5hr rt 1.5 100 80 43 44.0 72:28 10 10 

 

Heterogeneous catalysis 

 

catalyst time temp solvent 

vol 

(mL) 

conv. 

(%) 

ee 

(major 

dia) 

ee 

(minor 

dia) 

de dr TON mol % 

cat 

quinine het 5hr rt 1.5 31 83 -10 51.6 75.80 : 

24.21 

8 3.8 

quinidine 

het 

5hr rt 1.5 51 -76 -4 45.7 72.84 : 

27.16 

16 3.2 

cinchonine 

het 

5hr rt 1.5 100 -74 -51 34.2 67.09 : 

32.91 

23 4.3 

cinchonidine 

het 

5hr rt 1.5 74 68 22 30.3 65.17 : 

34.83 

21 3.5 
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Homogeneous temperature study 

 

catalyst time temp solvent 

vol 

(mL) 

conv. 

(%) 

TON mol % 

cat 

cinchonine 1hr 30 1.5 40 8 5 

cinchonine 1hr 40 1.5 44 9 5 

cinchonine 1hr 50 1.5 49 10 5 

 

Homogeneous molar ratio study 

 

catalyst time temp solvent 

vol 

(mL) 

conv. 

(%) 

TON mol % 

cat 

cinchonidine 1hr 50 3 30 12 2.5 

cinchonidine 1hr 50 3 7 7 1 

cinchonidine 1hr 50 3 0 0 0.5 

cinchonidine 20hr 50 3 92 37 2.5 

cinchonidine 20hr 50 3 50 50 1 

cinchonidine 20hr 50 3 6 12 0.5 

 

Heterogeneous molar ratio study 

 

catalyst time temp solvent 

vol 

(mL) 

conv. 

(%) 

TON mol % 

cat 

cinchonine 20hr 50 1.5 54 22 2.5 

cinchonine 20hr 50 1.5 7 7 1 
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Heterogeneous different loading study 

 

catalyst time temp solvent 

vol 

(mL) 

conv. 

(%) 

TON mol % 

cat 

cinchonine 24hr 50 1.5 26 10 2.50 

cinchonine 24hr 50 1.5 17 9 1.83 

cinchonine 24hr 50 1.5 40 15 2.67 

 

Homogeneous concentration study 

 

catalyst time temp solvent 

vol (mL) 

conv. 

(%) 

TON mol % 

cat 

quinine 1hr rt 5 14 3 5 

quinine 1hr rt 3 12 2 5 

quinine 1hr rt 1.5 32 6 5 

quinine 1hr rt 0.8 74 15 5 
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Solvent free catalysis 

 

catalyst state time temp conv. 

(%) 

ee 

(major 

dia) 

ee 

(minor 

dia) 

de dr  TON mol % 

cat 

cinchonine homogeneous 2hr rt 100 -74 -55 36.3 68:32 100 1 

cinchonine heterogeneous 2hr rt 100 -74 -53 35.1 68:32 45 2.2 

cinchonidine homogeneous 2hr 30 100 78 41 44.0 72:28 100 1 

cinchonidine heterogeneous 2hr 30 99 70 31 36.0 68:32 57 1.75 

quinidine homogeneous 2hr 30 100 -87 -12 64.0 82:18 100 1 

quinidine heterogeneous  2hr 30 100 -86 -14 58.0 79:21 62 1.6 

quinine homogeneous 2hr 30 100 86 0 60.0 80:20 100 1 

quinine heterogeneous 2hr 30 99 84 -2 60.0 80:20 52 1.9 

 

 

 

Heterogeneous recycle experiments 

  

catalyst time temp conv. 

(%) 

ee 

(major 

dia) 

ee 

(minor 

dia) 

de dr TON mol 

% cat 

cinchonidine 2hr 30 73 64 23 34.0 67:33 55 1.3 

quinidine 2hr 30 75 -83 -15 56.0 78:22 66 1.1 

quinine 2hr 30 85 78 -3 52.0 76:24 58 1.5 
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Hydrophobic enhanced heterogeneous catalysts 

 

catalyst time temp solvent 

vol 

(mL) 

conv. 

(%) 

ee 

(major 

dia) 

ee 

(minor 

dia) 

de dr TON mol 

% cat 

cinchonine 

phobic 

(1:5) 

24hr rt 1.5 64 -59 -40 18.0 59:41 49 1.6 

cinchonine 

phobic 

(1:10) 

24hr rt 1.5 64 -56 -35 20.0 60:40 60 1.01 

 

Heterogeneous 30 Å silica supported alkaloid 

 

catalyst time temp solvent 

vol 

(mL) 

conv. 

(%) 

ee 

(major 

dia) 

ee 

(minor 

dia) 

de dr TON mol % 

cat 

quinidine 

het 30 Å 

24hr 50 1 2 -73 -18 52.0 76:24 0.7 2.8 
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CHN analysis 

 

Catalyst % C % H % N Calculated 

C:N ratio 

Observed 

C:N ratio 

Loading 

(mmol g
-1

) 

Thiol 60 Å 2.70 0.86 0.00 - - 0 

Thiol 60 Å 3.645 0.79 0 - - 0 

Cinchonidine 

het 

7.54 0.715 0.59 10.29 12.78 0.210564 

Quinine het 9.00 0.68 0.66 9.29 13.74 0.233762 

Quinidine het 7.52 0.76 0.54 9.29 13.92 0.192719 

Cinchonine het 8.59 0.70 0.74 10.29 11.60 0.264097 

Thiol 30 Å 3.84 0.69 0.00 - - 0 

Thiol 60 Å 0.98 0.27 0.00 - - 0 

Thiol 60 Å 0.40 0.26 0.00 - - 0 

Thiol 60 Å 0.25 0.14 0.00 - - 0 

Cinchonine het 5.51 0.35 0.43 10.29 12.96 0.151677 

Cinchonine het 3.79 0.3 0.31 10.29 12.23 0.110635 

Cinchonine het 5.26 0.325 0.46 10.29 11.55 0.162384 

Cinchonine het 

phobic (1:5) 

4.01 0.14 0.22 10.29 18.20 0.078515 

Cinchonine het 

phobic (1:10) 

3.93 0.155 0.18 10.29 21.81 0.06424 

Quinidine het 

30 Å 

6.27 1.825 0.945 9.29 6.63 0.337259 
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Homogeneous order determination plot 
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Heterogeneous order determination plot 

 

Heterogeneous rate of conversion with time – varies due to the diffusion 

limitations. 
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5.1 Introduction 

 

 Bio-derived transition-metal complexes containing well-defined and well-

characterised active sites can be anchored, in a site-isolated fashion, on to the 

inner walls of porous inorganic supports, for generating highly active and selective 

single-site heterogeneous catalysts, which can serve as effective functional mimics 

of metalloenzymes. The nature of an active site in an enzyme and its ability to 

harness a particular catalytic function with remarkable selectivity, via its protein 

tertiary structure, was primarily transposed to zeolitic architectures with 

specifically-engineered active sites.
1, 2

 Through the evolution of engineering 

enzymatic activity and selectivity in synthetically designed catalysts, 

methodologies for immobilising bio-inspired catalytically active single-sites have 

been extended to other solid supports.
3, 4

 All supports have benefits in terms of 

their environmental impact by reduction of waste, mitigating the generation of 

greenhouse gases, boosting the enantioselectivity in heterogeneously-catalysed 

reactions and in the utilisation of ‘greener’ oxidants. Specific supports affect 

catalytic properties via modification of the local environment of the active site. 

 Leading on from the covalent immobilisation of amino acids to mesoporous 

silica (Chapter 3), transition-metals can coordinate to the anchored amino acids to 

form complexes that are attached to the support surface. These complexes, which 

mimic the active sites of an enzyme in the form of the bio-inspired metal element 

and amino acid coordination sphere, can act as oxidation catalysts for a range of 

substrates.   

Selective oxidation with benign oxidants has received much attention 

recently; but it is still difficult to activate molecular oxygen with commercially 

available catalysts. Reactions of O
2

 with organic substrates without a catalyst are 

thermodynamically favourable, but kinetically extremely slow, because they are 

spin-forbidden and the one-electron reduction potential of O
2

 is unfavourable. At 

the same time, natural metalloenzymes facilely execute these transformations in a 

single-step by simply adding one oxygen atom to the substrate molecule; there is 

an increasing number of bio-transformations that are currently being carried out 

on an industrial scale utilising biocatalytic processes.
5

 Further to the reactions 

being carried out in an environmentally benign fashion, one the biggest assets of 

utilising enzymes is their ability to facilitate excellent stereo-control. In many cases 

enzymes can achieve enantioselectivities of greater than 99 % enantiomeric excess 

(ee) and are highly active under mild pH conditions at low-temperatures and 

pressures and in aqueous media. Despite these attractive benefits, enzymes have 
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inherent drawbacks; notably a lack of substrate diversity and versatility but more 

importantly on issues relating to stability and durability.
6

 Enzymes also require co-

substrates and co-factors which lead to increasing costs and processing 

complexities. These drawbacks could, in principle, be suitably addressed by 

exploiting the robustness and myriad array of pore architectures prevalent in 

structural and functional enzyme mimics, through the incorporation of well-

defined transition-metal complexes containing designed organic ligands, natural 

amino acids or by the utilisation of de-novo designed artificial proteins.
7

 

Furthermore, the heterogenisation of a functional mimic of the active site in an 

enzyme not only improves stability but aids the recovery and reusability of the 

catalyst and offers avenues for use in flow chemistry that can be applied in 

continuous processing. In practice, however, this idea is difficult to realize and 

attempts to understand and reproduce this unique ability of oxygenase 

metalloenzymes have been hindered by challenges in creating artificial systems 

that are highly active for the activation of molecular oxygen.  It is therefore 

imperative to understand the nature of the active site at a molecular level and the 

mechanism by which substrates can be functionalised, in order to devise effective 

methodologies that could be implemented for designing effective functional 

mimics of the active sites of enzymes and further creating a rationale for 

subsequent immobilisation. Some notable examples will now be discussed in order 

to illustrate the capability and diversity of natural enzymes. 

 

5.1.1 Metalloenzymes 

 

Metalloenzymes are biocatalysts that rely on transition-metals for their 

catalytic activity. A metalloenzyme is usually a huge protein that contains a small, 

well-defined metal complex in the active site. The metal-ion is coordinated by a 

few amino acids from the protein scaffold that stabilises and isolates the active 

metal centre, as well as providing a specific binding pocket for a substrate 

molecule (See Figure 1.5.1). Metal active centres possess a well-defined 

coordination when surrounded by the proteins' amino acids that give a precise 

shape to the cavity in which it is situated. Metalloenzymes that activate molecular 

oxygen possess great potential as catalysts for specific oxidation reactions and 

serve as effective models for the development of other diverse efficient 

biocatalysts.
8

 Iron and copper ions are the most commonly occurring metal centres 

in biological oxidation systems and also play important roles in heterogeneous and 

homogeneous catalysis, mainly due to their inherent electronic properties and 

accessible redox potentials. 
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Dioxygen reduction (oxidase activity) and activation for incorporation into 

organic substrates (oxygenase activity) are catalysed by iron heme enzymes, non-

heme iron and copper enzymes.
9

 Oxidases catalyse one-, two- or four-electron 

oxidation of the substrate molecule to two- or four-electron reduction of dioxygen 

to hydroperoxide or water. Oxygenases can incorporate either one 

(monooxygenases) or two (dioxygenases) atoms of oxygen into organic substrates. 

In monooxygenase systems the oxygen atom that is not incorporated is reduced to 

water by additional two-electron reductants or by the substrate itself. Transition-

metal ions, particularly Fe and Cu, are ideal catalysts for oxidation reactions 

involving molecular oxygen, as they readily react with O
2

 to afford metal-

containing active oxidants, such as iron-superoxo (Fe
III

-O
2

–

), iron-peroxo (Fe
III

-O
2

2–

), 

iron-oxo (Fe
IV

=O and Fe
V

=O) and copper-superoxo (Cu
II

-O
2

) or copper-peroxo 

[(Cu
II

)
2

O
2

] species. Mechanistic pathways of O
2

 activation by metalloenzymes are 

determined by the electronic and geometric properties of the metal-ion and by the 

environment of the surrounding protein.
10 

The direct oxidation of organic substrates by O
2

 is challenging due to high 

energy barrier for electron transfer from the organic substrate to the oxidant. For 

molecular oxygen, this high energy barrier is nature’s way of protecting organic 

compounds from destructive oxidation. Dioxygen in its ground state is a spin-

polarised triplet and, as such, is inert toward substrate oxidation; whereas the 

singlet or doublet (radical) states are far more reactive. Metal catalysts promote 

spin-forbidden transitions from the triplet to singlet or doublet state. Dioxygen is 

activated from its abundant triplet ground state to reactive singlet or doublet 

(radical) species by oxidase and oxygenase metalloenzymes. In biological systems, 

O
2 

is reductively activated and the dioxygen moiety undergoes a partial reduction 

toward a superoxide or a peroxide (Figure 5.1.1). The source of the activating 

electrons can involve a transition-metal located within the active site of the 

metalloenzyme, organic cofactor (e.g. flavin, pterin), second redox-active metal or 

organic substrate itself. 

 

 

Figure 5.1.1: Reductive activation of O
2

 to superoxide and peroxide. 

 

The mechanism of O
2

 activation by iron-containing enzymes (Figure 5.1.2) 

involves the initial formation of Fe
II

–O
2

 species that can be converted to end-on 
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hydroperoxide Fe
III

–OOH, which can undergo heterolytic cleavage that results in 

high-valent Fe
V

=O species formation. The O–O bond could also be cleaved 

homolytically affording the lower oxidized Fe
IV

=O intermediate. These 

intermediates are key active species employed in iron-catalysed oxidation 

chemistry.
11, 12 

 

Figure 5.1.2: Proposed mechanistic pathways in oxidation reactions catalysed by 

iron-containing metalloenzymes. 

 

The reaction between the reduced form of Cu
I

 and O
2

 coupled with either the 

addition of an electron or protonation can result in active intermediates, such as 

copper
II

-peroxo and copper
II

-hydroperoxo species (Figure 5.1.3). A Cu
II

-

hydroperoxo species was suggested to be the key reactive intermediate in 

enzymatic copper-based oxidation reactions, although recent studies indicate that 

Cu
II

-superoxo species are more likely to be the reactive oxidant for the C–H bond 

activation of the organic substrates.
13

  

 

Figure 5.1.3: Dioxygen activation at mononuclear copper active centres in 

metalloenzymes. 
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In binuclear copper enzymes like tyrosinase, the oxygen intermediate is 

fundamentally different from the high-valent iron-oxo species (Figure 5.1.4). In 

oxy-tyrosinase, the active species is the side-on -2

:2

-peroxo complex which has 

an extremely weak O-O bond, this is cleaved and one oxygen atom is transferred 

to the substrate molecule and the second oxygen atom is used to produce water. 

 

 

 

Figure 5.1.4: Dioxygen activation at coupled binuclear copper active sites in the 

enzyme tyrosinase.  

 

5.1.1.1 Iron Centres 

 

Metalloenzymes containing iron active sites comprise a large group of 

dioxygen-activating enzymes that possess the capability for functionalising a wide- 

range of organic substrates with high efficiency and selectivity. Iron-containing 

enzymes can be classified depending on the structure of the active site as heme 

enzymes (Cytochrome P450), mononuclear non-heme enzymes (Rieske 

dioxygenase, Bleomycin, Intradiol dioxygenase and Lipoxygenase) and dinuclear 

non-heme enzymes (Methane monooxygenase).
14 
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Cytochromes P450 (heme enzyme) constitute a large family of cysteine 

thiolate-ligated heme monooxygenase enzymes that are present in all forms of life 

and play a key role in the transfer of an oxygen atom from dioxygen into a wide 

variety of biological substrates, with the second oxygen atom being reduced by 

two electrons to a water molecule. P450 are called monooxygenases as they insert 

only one of the two oxygen atoms present in O
2

 into the substrate
  

playing critical 

roles in the biological hydroxylation of saturated carbon-hydrogen bonds, 

epoxidation of double bonds, oxidation of heteroatoms (N-, O-, S-oxidation), 

aromatisation and dealkylation reactions. Heme forms the active site of many 

proteins that fulfil a diverse range of biological functions, including metabolic 

oxidation reactions and the transportation of gases, such as oxygen. The iron 

atom acts as a source or sink of electrons for redox reactions, and it is the binding 

site for dioxygen. In some enzymes, the porphyrin ring also acts as an electron 

source.
15 

Mononuclear non-heme iron enzymes are comprised of a large collection of 

dioxygen activating enzymes that are very different from their heme counterparts, 

due to electronic and geometric differences arising from the ligand environment. 

Non-heme metalloenzymes overcome the barriers involved in dioxygen reactions 

by substrate activation (oxidised metal centre induces radical character) or 

dioxygen activation (reduced metal site through two-electron reduction)
16

 (Figure 

5.1.5). Non-heme iron enzymes catalyse oxidative transformations either by 

involving high-spin ferrous (Fe
II

) ions or by the utilization of high-spin ferric (Fe
III

) 

active centres, both having different modes of activation (dioxygen and substrate 

activation respectively). The Fe
III

 site is usually utilised to activate substrates for 

reactions with dioxygen and include intradiol dioxygenases and lipoxygenases.
17

 

The Fe
II

 site activates oxygen by direct binding to O
2

, resulting in iron-oxygen 

intermediates that react with the substrate and include Rieske dioxygenases, 

pterin-dependent hydroxylases or extradiol dioxygenases.
18
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Figure 5.1.5: Non-heme iron-active centres for substrate activation: intradiol 

dioxygenases (A) and lipoxygenases (B). Non-heme iron active sites for O
2

 

activation: sextradiol dioxygenases (C) and cis-dihydroxylating dioxygenases (D). 

 

Binuclear iron enzymes involved in O
2

 activation primarily exist in two 

oxidation states: the fully reduced bi-ferrous [Fe
II

]
2

 and the oxidized bi-ferric [Fe
III

]
2

 

form. A particular example of a di-iron containing enzyme is soluble methane 

monooxygenase (sMMO) which consists of a carboxylate-bridged dinuclear iron 

centre that is capable of dioxygen activation, producing active species of much 

superior activity than other monooxygenases. In addition to hydroxylation of 

alkanes and aromatics, MMO exhibits an unique ability to convert even methane, 

which is known to be the most inert hydrocarbon (C-H bond energy, 104 kcal mol
-1

 

), into methanol using dioxygen as the oxidant. One oxygen atom is reduced to 

water, the second is incorporated into substrate molecule, yielding the alcohol.
19
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The sMMO system requires three proteins to complete its catalytic cycle: MMOH, 

MMOB and MMOR, all of which have specific functions in order to oxidise the 

substrate molecule efficiently with high selectivity (Figure 5.1.6).
20 

 

Figure 5.1.6: A proposed mechanistic pathway for the catalytic cycle involving Fe-

containing sMMO. 

 

5.1.1.2 Copper Centres  

 

Copper-containing enzymes include monooxygenases, dioxygenases and 

oxidases which play a major role in biological dioxygen activation systems.
21-24

 

Active sites of copper metalloenzymes contain one or more copper ions and some 

contain additional metal ions such as iron or zinc. Copper enzymes are involved in 

hydroxylation reactions (particulate methane monooxygenases (pMMO) 

tyrosinase), reversible dioxygen binding (hemocyanin), two-electron reduction of 

O
2

 to peroxide coupled with oxidation of organic molecules (galactose oxidase 

(GO), amine oxidase, catechol oxidase) and four-electron reduction to water 

coupled with substrate oxidation (ascorbate oxidase, laccase). Copper enzymes 
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can be classified depending on the structure of the active site as mononuclear 

copper centre (amine oxidase and GO), non-coupled dinuclear copper centre 

(dopamine β-hydroxylase), coupled dinuclear copper centre (tyrosinase, catechol 

oxidase and hemocyanin), trinuclear copper centre (laccase, ascorbate and 

oxidase) and polymetallic centre (superoxide dismutase (SOD) and cytochrome c 

oxidase). 

The majority of biological Cu sites serve as a one-electron shuttle, alternating 

between Cu
I

 and Cu
II

. The Cu
III

 oxidation state is generally considered to be 

inaccessible because of the highly positive Cu
III

/Cu
II

 redox potentials that result 

from ligation of amino acid side chains like imidazole and phenolate ions. An 

important example of a mononuclear copper enzyme is GO which efficiently 

catalyses the two-electron oxidation of a wide variety of primary alcohols and poly-

alcohols, in a highly regio and stereoselective way, to their corresponding 

aldehydes (Figure 5.1.7). This enzyme is capable of catalytic oxidations in water, 

making direct use of the molecular oxygen from air. The galactose oxidase active 

centre contains a copper ion coordinated by two nitrogen and two oxygen donor 

atoms originating from two histidine and two tyrosine residues, respectively. The 

mononuclear Cu centre is also bound by the water molecule to form a distorted 

five-coordinate metal complex.  
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Figure 5.1.7: Mechanistic insights into the oxidation of alcohols catalysed by 

glactose oxidase. 

 

A significant example of a copper-containing enzyme in this category is 

pMMO which is analogous in function to the diiron sMMO, for the conversion of 

methane to methanol. Whereas diiron sMMO is selective towards alkanes, alkenes, 

aromatics, and halogenated hydrocarbons, the pMMO is more selective toward 
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alkanes and alkene substrates that have five carbons or less. There are three metal 

sites in pMMO: mononuclear copper centre, dinuclear copper and a zinc centre. 

The dinuclear copper site is the most likely candidate for O
2

 binding and activation 

(Figure 5.1.8). A dinuclear copper centre is coordinated by three histidine residues 

through the imidazole nitrogen, together with the amino-terminal nitrogen of one 

histidine. It is likely that exogenous ligands are also present at this site. However, 

due to difficulties in isolation of membrane pMMO, the detailed structure, 

mechanism and actual reaction sites for methane hydroxylation still remain under 

investigation.
25 

 

 

 

Figure 5.1.8: Schematic representation for a di-copper active site of pMMO. 

 

All these examples show the prodigious ability and diversity of natural 

enzymes in being able to perform selective oxidations on the most difficult of 

substrates. Attempting to harness this aptitude in bio-mimetic systems has been 

widely investigated, in the realms of designing selective heterogeneous catalysts, 

for clean catalytic transformations. Different methods can be used to immobilise 

functional mimics of the enzymatic active site onto solid supports, thereby 

creating catalytically active single-sites, which facilitate demanding chemical 

transformations in a more industrially practical manner. 

 

5.1.2 Catalytic potential and Model Oxidations 

 

Catalytic oxidation reactions play a key role in many areas that benefit the 

chemical industry, ranging from the production of pharmaceuticals to large-scale 

commodity chemicals.
26

 Oxidation catalysis is one of the most dynamic, 

challenging and fruitful areas of catalytic chemistry with the design of catalytically-

active structures and the control of their reactivity being crucial in achieving high 

catalytic performance with good selectivity. Research in the last few decades
26-29

 

has demonstrated impressive progress in terms of catalyst design for oxidation 

processes, which can be accredited to the increasing need to facilitate these 

reactions in a cleaner, more efficient manner. Especially in the manufacture of 
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commodity chemicals, there are a large number of environmentally unacceptable 

features, which are magnified due to the scale of production and quantity of 

diverse target materials. Compounds of strategic industrial importance such as 

various alcohols, ketones, aldehydes, acids and phenols and a variety of epoxides 

and esters are synthesised in this way on the scale of many millions of tons per 

annum.
27, 28

 Other specific oxidation processes, such as the production of KA oil 

from cyclohexane, benzene to phenol (and its subsequent selective oxidation to 

catechol) and oxyfunctionalisation of alkanes (e.g. methane to methanol) are 

among the top ten challenges of modern chemistry.
29

 A significant spectrum of 

these compounds consume large amounts of energy in their manufacture, involve 

the use of aggressive, corrosive and explosive reagents and generate copious 

quantities of waste. Oxidation reactions that are highly prevalent within the 

pharmaceutical and fine-chemical industries invariably involve numerous individual 

steps, which also require stoichiometric amounts of oxidants, thereby consuming 

large amounts of reagents. It is now evident that the next generation of catalysts 

must be designed with a view to mitigate the consumption of energy and 

materials, minimise the liberation of waste and reduce the reliance on aggressive 

oxidants such as KMnO
4

, HNO
3

 and K
2

Cr
2

O
7

. These harsh reagents can be 

substituted with more sustainable and environmentally-benign oxidants such as 

molecular oxygen and can be used in conjunction with the emerging class of new 

bio-inspired catalysts that can function under more practical conditions. 

 Three different substrates were oxidised by heterogeneous iron and copper 

amino acid complexes in this investigation; cyclohexene, dimethyl sulfide and 

benzyl alcohol. These substrates are employed to illustrate the range of oxidations 

that are possible using one particular catalyst. The importance of the these 

oxidations are highlighted with brief examples of the current methods of 

commercial production.  

A key industrial reaction for the production of a wide variety of chemicals is 

taken from the catalytic oxidation of alkenes that are derived directly from crude 

oil fractions.
30

 Oxidation of alkenes to epoxides is a very useful transformation 

because the products are convenient building blocks for the synthesis of many 

commodities and fine chemicals (Figure 5.1.9). Common reagents without the use 

of a catalyst for epoxidation are peracids or dioxiranes, which are expensive, 

hazardous, non-stereoselective and form large amounts of waste.
31

 Metal-catalysed 

olefin oxidation permits an efficient, selective transformation with green oxidising 

agents like molecular oxygen
32

 therefore mitigating the use of peracids that often 

give α-hydroxyesters as major byproducts.
33

 Industrially, epoxidations are most 

commonly carried out either by the Acro process (TBHP and Mo catalyst), the Shell 
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process (EBHP and TiO
2

/SiO
2

 catalyst), the Sumitomo process (CHP and Ti-zeolite) 

or the BASF process (H
2

O
2

 and TS-1 catalyst).
34, 35

 The oxidation of alkenes can also 

result in allylic oxidation. Allylic C-H bond oxidation of olefins to form α,β-

unsaturated ketones play a crucial role in synthetic organic chemistry and provide 

useful intermediates in pharmaceuticals, pesticides and natural products 

synthesis.
36

 The selective oxidation of alkenes under mild conditions with green 

oxidants still poses a major challenge.
37 

 

 

 

Figure 5.1.9: Cyclohexene oxidation and potential products. 

 

 To selectively oxidise alcohols to the corresponding aldehydes without over 

oxidation to the carboxylic acid or oxidising other positions on the substrate is of 

a great asset in the fragrance industry typified by the oxidation of benzyl alcohol 

to benzaldehyde.
38, 39

 Benzaldehyde has a pleasant almond odour and is produced 

on a million Kg scale every year to be used as a sweet smelling additive in many 

commercial products. Understandably, being able to selectively produce 

benzaldehyde from the oxidation of benzyl alcohol is industrially attractive 

through minimising waste (Figure 5.1.10). Traditional methods for this process 

involve the stoichiometric use of chromate or permanganate oxygen donors.
40

 

Developing greener routes to this type of oxidation is crucial due to the amount of 

toxic waste associated with the conventional processes. Many heterogeneous 

catalysts that try to ‘answer the call’ for sustainable and more environmentally 

friendly technologies are based on supported gold and palladium nanoparticles.
41,42

 

These types of catalysts have shown high activities and selectivities in the 

oxidation of benzyl alcohol to benzaldehyde and results have indicated that the 

catalytic properties of the metal clusters are dependent on the nature of the 

support (i.e. TiO
2

, Fe
2

O
3

, Al
2

O
3

 etc).
43 

Bio-derived Cu
2+

 complexes replicate the function of the copper
2+

-

metalloprotein GO, which selectively oxidises primary alcohols to aldehydes with 

molecular oxygen. A large number of copper complexes have been widely studied 

in aerobic alcohol oxidation recent examples of “green” benzylic alcohol oxidations 

catalysed by copper complexes include CuCl(1,10-phenanthroline diethylhydrazino 

dicarbo-xylate),
44

 Cu
2+ 

salen derived compounds,
45

 Cu
2+

-triethanolamine
46

 and 

copper-amino acid systems such as Cu
2+

-histidine, Cu
2+

-arginine and Cu
2+

-lysine.
2 

[O] 
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Figure 5.1.10: Benzyl alcohol oxidation and potential products. 

 

To demonstrate catalyst versatility homogeneous and heterogeneous 

complexes were tested in the oxidation of dimethyl sulphide (Figure 5.1.11). 

Sulfide oxidation is a very important reaction in synthetic transformations as 

valuable synthetic reagents can be generated through this oxidation process. 

Selective sulfide oxidation to sulfoxides are worthy transformations because of 

their use as building blocks as chiral auxiliaries in organic synthesis
47

 and 

intermediates for the production of a wide range of biologically and chemically 

active molecules including antibacterial (sulfonamides), antifungal and cardiotonic 

agents, as well as antiatherosclerotic, antihypertensive and psychotonics drugs.
48, 49

 

Many insecticides also contain sulfoxide functionalities and are commercially 

manufactured by oxidising sulfides with H
2

O
2

. Over-oxidation to sulfones is a 

realistic occurrence and fortunately sulfones are also important intermediates in 

organic synthesis. Oxidation of sulfides to sulfoxides can be accomplished by 

stoichiometric amounts of HNO
3

, KMnO
4

, MnO
2

 although cleaner methods based on 

heterogeneous catalyst with clean oxidants are desired.
50

 Numerous metal based 

catalysts facilitate this reaction and some offer impressive conversions and 

selectivity with H
2

O
2

. Notable examples include mesoporous silica functionalised 

with transition metals such as tungsten, molybdenum and vanadium.
51, 52

 Zeolites 

have also been shown to give quantitative yields with excellent selectivities such as 

Ti doped zeolite beta.
53

  

 

 

 

Figure 5.1.11: Dimethyl sulfide oxidation and potential products (sulfoxide 

product left and sulfone product right). 

 

Copper and iron amino acid complexes have been anchored onto a range of 

supports and tested in the oxidation of various substrates (covered above). The 

heterogeneous analogues will be compared to the homogeneous catalysts but 

[O] 

[O] 
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more importantly this study attempts to provide a more fundamental 

understanding of how the support environment, and its interactions with the active 

site at a molecular level, can lead to development of structure-activity 

relationships. Catalysis provides information on how to increase the catalytic 

potential of the active sites by controlling the nature of the immobilised complexes 

through a methodical heterogenisation procedure and by judicious choice of 

support. Establishing catalyst-support interfaces can provide avenues for 

specifically tailoring catalytic outcomes through support tuning and modification 

of the immobilisation rationale. 
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5.2 Experimental 

 

5.2.1 Synthesis of Homogeneous Catalysts 

 

 Synthesis of Fe
3+

-proline complex
54

 

 

Proline (0.49 g, 4,34 mmol) was dissolved in MeOH (10 mL). To this solution 

triethylamine (Et
3

N) (0.6 mL) was added and stirred for 0.5 h at room temperature. 

Iron acetate (0.37 g, 2.17 mmol) was added to the reaction mixture and stirred for 

1h. The resulting precipitate was collected by filtration, washed with methanol (3 x 

5 mL) and dried in air to give a yellow/grey solid. % CHN calculated for 

C
10

H
16

N
2

O
4

Fe (Exact Mass: 284.05): C (42.28), H (5.68), N (9.86), O (22.53), found: 

C (42.32), H (5.71), N (9.96), O (23.45). ICP (wt. %): calculated Fe (19.66), found: Fe 

(16.90). IR: ν = 3209 (NH), 2975, 2960, 2869 (CH), 1660 (
as

COO
-

), 1417 (
s

COO
-

),  

1375 (NH) cm
-1

. 

 


 Synthesis of Cu

2+

-valine complex
55 

 

 

Valine (1.17 g, 10 mmol) was dissolved in 1M NaOH solution (10 mL) and slowly 

mixed with 25 mL aqueous solution of copper sulfate pentahydrate (1.245 g, 5 

mmol) and stirred for 1 h at room temperature. The blue crystalline precipitate was 

filtered, washed with water: acetone (1:1) mixture (3 x 5 mL) and dried in air. Thin 

blue plate crystals were obtained after one week of slow solvent evaporation 

(water: methanol, 5:1).  % CHN calculated for C
10

H
20

N
2

O
4

Cu (Exact Mass:295.07): C 

(40.60), H (6.81), N (9.47), O (21.63), found: C (40.57), H (6.79), N (9.37).  ICP (wt. 

%): calculated Cu (21.48), found: Cu (22.6). IR ν = 3269 (
as

NH
2

), 3158 (
s

NH
2

 ), 2963, 

2957, 2872 (CH), 1610 (
as

COO
-

), 1463 (CH), 1370 (
s

COO
-

), cm
-1

. 
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5.2.2  Synthesis of Heterogeneous Catalysts 

 

 Fe
3+

-proline-zeolite X (Zeolite encapsulated iron-proline complexes)
56

  

 

The silicate gel was prepared by stirring fumed silica (1.40 g, 23 mmol) and NaOH 

(1.06 g, 27 mmol) in water (3 mL). To this solution was added Fe
3+

-proline complex 

(0.10 g, 0.35 mmol) and stirred for a further 1 h. Aluminium isopropoxide (3.00 g, 

15 mmol) in 2 mL aq. NaOH (1.06 g, 27 mmol) was added dropwise and resulted in 

a pale-orange slurry. To this mixture additional water (12 mL) was added. The 

slurry was transferred to a polypropylene bottle with stirring for 24 h at room 

temperature and subsequently heated at 80 
o

C for 15 h. Complexes adsorbed on 

the exterior surface were removed by Soxhlet extraction in water. The resulting 

solid was dried at 80 
o

C for 24 h. 

 

 Azido functionalised silica
57

  

 

 

Chloropropyl functionalised MCM-41 (3.00 g) was dispersed in DMSO (30 mL) with 

addition of sodium azide (1.50 g, 98 mmol). The mixture was heated at 60 ºC and 

gently stirred for 20 h. After cooling, the suspension was filtered and the resin was 

sequentially washed with THF (2 x 10 mL), THF:EtOH (1:1) (2 x 10 mL) and EtOH (2 

x 10 mL). The modified solid was dried under vacuum at 40 ºC for 24 h.  

 


 Proline immobilisation

58 

 

 

Azido functionalised MCM-41 (1.00 g) was suspended in dry DMF:THF 1:1 (10 mL) 

and degassed with nitrogen for 40 min. tert-Butyl (2S,4R)-N-Boc-4-

propargyloxyprolinate (0.06 g, 0.3 mmol), N,Ndiisopropyl-ethyl amine (0.52 ml, 

2.95 mmol) and copper (I) iodide (0.004 g, 0.002 mmol) were added to this 
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suspension and the mixture was gently stirred at 35 ºC for 24 h under N
2

. The 

reaction was monitored with IR and once the signal of the azido group had 

completely disappeared, the solid was collected by filtration and sequentially 

washed with water (10 mL), DMF (10 mL), THF (10 mL), THF:EtOH (1:1) (10 mL) and 

EtOH (10 mL). The modified silica was dried under vacuum at 40 ºC for 24 h.  

 

 Proline deprotection  

 

Proline functionalised MCM-41 (1.00 g) was dispersed in CH
2

Cl
2

 (5 mL) and 

trifluoroacetic acid (10 mL) and shaken for 3 h. The reaction mixture was filtered 

and sequentially washed with THF (2 % of Et
3

N) (10 mL), water (10 mL), THF (10 

mL), THF-EtOH (1:1) (10 mL) and EtOH (10 mL). The functionalised solid was dried 

under vacuum at 40 ºC for 24 h. 

 

 Iron complexation to proline functionalised MCM-41: 

 

Triethylamine (Et
3

N) (0.5 ml) was added to a suspended solution of proline 

functionalised MCM-41 (1.00 g) in EtOH:MeOH (4:1) (10 mL) and shaken for 1 h. 

Iron acetate (0.037 g, 0.2 mmol) was added to the mixture and shaken for a 

further 1 h. The resulting modified solid was collected by filtration and washed 

with ethanol (2 x 10 mL). Proline (0.023 g, 0.2 mmol) was dissolved in EtOH:MeOH 

(4:1) (10 mL) and triethylamine (Et
3

N) (0.2 mL) and stirred for 0.5 h. This solution 

was added to modified solid and the suspension was shaken at room temperature 

for 2 h. After filtration, modified MCM-41 was washed with ethanol (2 x 10 mL). 

Drying in the air in the oven at 40 
o

C for 8 h gave the final metal complex 

functionalized silica.  
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 Valine immobilisation on MCM-41 support

59 

  

 

 

Chloropropyl functionalised MCM-41 (1.00 g) was dispersed in ethanol (5 mL) and 

mixed with an aqueous solution (15 mL) of valine (0.023 g, 0.2 mmol) and 

refluxed for 20 h in the presence of pyridine (0.017 g, 0.22 mmol). The resulting 

solid was collected by filtration and washed with water followed by ethanol and 

dried overnight in the air at 80 
o

C.  

 

 Copper complexation to valine functionalised MCM-41 

 

 

 

Valine functionalised MCM-41(1.00 g) was suspended in 1M NaOH solution (10 mL) 

and shaken at room temperature for 1 h. An aqueous solution (1 mL) of copper 

sulfate pentahydrate (0.049 g, 0.2 mmol) was added and the mixture was shaken 

for a further 1 h. The resulting solid was collected by filtration and washed with 

ethanol (10 mL). A 1M NaOH solution (10 mL) containing valine (0.023 g, 0.2 

mmol) was added and the suspension was shaken at room temperature for 2 h. 

After filtration, the solid was washed with water:acetone mixture (2:1) (10 mL) and 

ethanol (10 mL). Drying in air at 80 
o

C for 8 h gave the final metal complex 

functionalised MCM-41. 

 

 

 

 

 



David Xuereb  Heterogeneous Metalloenzyme Mimics 

 293  

 Valine immobilisation on polymer support 

 

 

 

Merrifield polymer beads (chloromethylated styrene–divinyl benzene co-polymer, 

chlorine loading (~0.8 mmol g
-1

 )) were pre-treated with aqueous dioxane solution 

(1:1) for 15 min, washed with methanol (10 mL) and dried overnight in the air at 

80 
o

C. The polymer beads (1.00 g) in methanol (5 mL) were mixed with aqueous 

solution (15 mL) of valine (0.012 g, 0.1 mmol) and refluxed for 20 h in the 

presence of pyridine (0.009 g, 0.12 mmol). The resulting solid was collected by 

filtration and washed with water followed by methanol and dried in air overnight at  

80 
o

C.  

 

 Copper complexation to valine functionalised polystyrene 

 

 

 

Valine functionalised polystyrene (1.00 g) was suspended in 1M NaOH solution (10 

mL) and shaken at room temperature for 1 h. An aqueous solution (1 mL) of 

copper sulfate pentahydrate (0.049 g, 0.2 mmol) was added and the mixture was 

shaken for a further 1 h. The resulting solid was collected by filtration and washed 

with methanol (10 mL). A 1M NaOH solution (10 mL) containing valine (0.012 g, 

0.1 mmol) was added and the suspension was shaken at room temperature for 2 h. 

After filtration, the solid was washed with water:acetone mixture (2:1) (10 mL) and 

methanol (10 mL). Drying in air at 80 
o

C for 8 h gave the final metal complex 

functionalised polystyrene. 
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5.2.3 Catalysis 

 


 Acetyl peroxyborate synthesis (APB)

60 

 

 

Anhydrous Borax (2.00 g, 9.93 mmol) was added to peracetic acid solution (40 % 

by wt, 4 mL, 52.69 mmol) and stirred at 35 
o

C for 2.5 h. The resulting paste was 

filtered under suction and washed with ethanol (2 x 15 mL) on the filter paper. The 

solid was dried at 50° C for 3 h to afford acetyl peroxyborate (APB) as a white solid. 

(1.98 g) ATR-FTIR (powder, cm
-1

) 1747, 1659, 1575 (C=O). 
1

H NMR (300 MHz, D
2

O) 

δ ppm 1.85 (s, 3 H, CH
3

 of acetic acid); 2.04 (s, 1 H, CH
3

 of peroxyacetic acid). 
13

C 

NMR (75 MHz, D
2

O) δ ppm 16.90 (CH
3

 of peroxyacetic acid); 22.70 (CH
3

 of acetic 

acid) 180.59 (C(O)O of acetic acid). 

 

 Typical aerobic oxidation of benzyl alcohol: 

 

 

 

Oxidation was performed in a high-pressure, stainless steel catalytic reactor (Parr 

4842) under pressure with air (3.0, MPa) in DMSO (35 g). Mesitylene was used as 

an internal standard. The contents were stirred at 1000 rpm and the reactor was 

heated to 98
 o

C for 6 h. The catalyst was removed by centrifugation. The products 

were analysed by GC (PerkinElmer, Clarus 400) employing Elite Wax capillary 

column (column length 30 m), carrier gas: He, flow rate 0.9 mL min
-1

, injection 

temperature 220 
o

C, Flame Ionisation Detector (FID). 

 

Catalyst Metal   

loading 

(wt. %) 

Cat. 

(g) 

mmol 

metal 

mmol 

substrate 

mmol 

oxidant 

Fe
3+

-proline 16.9 0.009 0.027 15.7 25.1 

Fe
3+

-proline-zeolite X 0.49 0.31 0.027 15.7 25.1 

Fe
3+

-proline-MCM-41 8.73 0.05 0.078 15.7 25.1 

Fe
3+

-proline-MCM-41 2.07 0.03 0.011 11.4 25.1 

Cu
2+

-valine 22.4 0.008 0.027 15.7 25.1 
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Cu
2+

-valine-MCM-41 9.22 0.05 0.072 15.7 25.1 

Cu
2+

-valine-MCM-41 0.42 0.06 0.004 7.40 25.1 

Cu
2+

-valine-Polystyrene 8.79 0.05 0.069 15.7 25.1 

Cu
2+

-valine-Polystyrene 0.018 0.1 0.0003 0.33 25.1 

 

 Typical aerobic oxidation of dimethyl sulfide: 

 

 

 

Oxidation was performed in a high-pressure, stainless steel catalytic reactor (Parr 

4842) under pressure with air (3.0, MPa) in acetonitrile (35 g). Mesitylene was used 

as an internal standard. The contents were stirred at 1000 rpm and the reactor was 

heated at 98
 o

C for 6 h. The catalyst was removed by centrifugation. The products 

were analysed by GC (PerkinElmer, Clarus 400) employing Elite Wax capillary 

column (column length 30 m), carrier gas: He, flow rate 0.9 mL min
-1

, injection 

temperature 220 
o

C, Flame Ionisation Detector (FID).  

 

Catalyst Metal   

loading 

(wt. %) 

Cat. 

(g) 

mmol 

metal 

mmol 

substrate 

mmol 

oxidant 

Fe
3+

-proline 16.9 0.009 0.027 15.7 25.1 

Fe
3+

-proline-zeolite X 0.49 0.31 0.027 15.7 25.1 

Fe
3+

-proline-MCM-41 8.73 0.05 0.078 15.7 25.1 

Fe
3+

-proline-MCM-41 2.07 0.03 0.011 11.4 25.1 

Cu
2+

-valine 22.4 0.008 0.027 15.7 25.1 

Cu
2+

-valine-MCM-41 9.22 0.05 0.072 15.7 25.1 

Cu
2+

-valine-MCM-41 0.42 0.06 0.004 7.40 25.1 

Cu
2+

-valine-Polystyrene 8.79 0.05 0.069 15.7 25.1 

Cu
2+

-valine-Polystyrene 0.018 0.1 0.0003 0.33 25.1 

 

 Typical oxidation of cyclohexene: 

 

 

Oxidations were carried out using APB as an oxidant (PAA content 1:1 with 

substrate) in a glass-lined reactor in acetonitrile. Mesitylene was used as an 
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internal standard. The contents were stirred at 1000 rpm and the reactor was 98
 o

C 

for 6 h. The catalyst was removed by centrifugation. The products were analysed 

by GC (PerkinElmer, Clarus 400) employing Elite Wax capillary column (column 

length 30 m), carrier gas: He, flow rate 0.9 mL min
-1

, injection temperature 220 
o

C, 

Flame Ionisation Detector (FID). 

 

Catalyst Metal   

loading 

(wt. %) 

Cat. 

(g) 

mmol 

metal 

mmol 

substrate 

mmol 

oxidant 

Fe
3+

-proline 16.9 0.009 0.027 15.7 15.7 

Fe
3+

-proline-zeolite X 0.49 0.31 0.027 15.7 15.7 

Fe
3+

-proline-MCM-41 8.73 0.05 0.078 15.7 15.7 

Fe
3+

-proline-MCM-41 2.07 0.03 0.011 11.2 11.2 

Cu
2+

-valine 22.4 0.008 0.027 15.7 15.7 

Cu
2+

-valine-MCM-41 9.22 0.05 0.072 15.7 15.7 

Cu
2+

-valine-MCM-41 0.42 0.03 0.002 3.16 3.16 

Cu
2+

-valine-Polystyrene 8.79 0.05 0.069 15.7 15.7 

Cu
2+

-valine-Polystyrene 0.018 0.1 0.0003 0.82 0.82 
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5.3 Results and Discussion 

 

 Iron-proline and copper-valine complexes were synthesised and anchored to 

various supports such as zeolites, mesoporous silicas and polymers. After full 

characterisation, the immobilised complexes were tested in a number of oxidation 

reactions and conclusions were made based on the local environment and single-

site nature of the active sites. 

 

5.3.1 Complex Heterogenisation and Characterisation 

 

Previously, aluminosilicates have been judiciously chosen as a support for the 

heterogenisation of amino acid-transition-metal complexes due to the large 

surface area and robust composition via a route of encapsulation within the 

cavities of the inorganic framework.
1, 2

 The zeolite acts as a substitute to the 

protein backbone of the enzyme and creates similar spatial constrictions to that of 

the environment of the active site. Ultimately the nature of the active catalyst can 

be altered depending upon which method is followed. In recent work, Fe
3+

-proline 

complexes have been immobilised throughout a zeolite framework and were 

proven to be marginally more active than the neat analogue in the oxidation of 

simple hydrocarbons to the corresponding alcohols and ketones.
61

 This was 

attributed to the heterogeneous analogue generating catalytically active single-

sites which are responsible for the increase in turnover numbers (TON).  

This evaluation helps to realise the benefits of having an alternative rationale 

for immobilisation by covalently attaching the catalyst. This technique maintains 

single-site nature and improves stability under more demanding conditions. 

Changing the support to mesoporous silica (MCM-41) offers much larger channel 

apertures in comparison to the microporous zeolite structure thereby mitigating 

diffusion limitations. There are numerous examples of covalently anchored 

complexes on mesoporous silica, which gives rise to highly active heterogeneous 

catalysts for stereoselective transformations.
62

 The strategies to immobilise 

copper-amino acid complexes follow stepwise organic coupling reactions in which 

the amino acids are covalently bound to the surface allowing the carboxylate and 

amino group free to coordinate to copper metal centres. Silica surfaces contain a 

large number of silanol (Si-OH) groups which enable silica functionalisation 

through the formation of siloxanes (Si-O-Si) by grafting oxysilane tethers via 

nucleophilic substitution. By using this approach the amino acid L-valine is 

anchored to mesoporous silica by reacting the amino acid with pre-functionalised 
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chloropropyl silica (Figure 5.3.1). The quantity of active sites is more controllable 

and the loading of catalyst is more accurate through covalent anchoring due to the 

stability of the tethering approach. The number of single sites can be varied by 

limiting the number of tethers through either decreasing the molar ratio in the 

surface functionalisation step or maximising separation by increasing the ratio of 

unreactive silanes (methyltriethoxysilane) to chloropropyl groups. This technique 

provides control over the degree of catalytic loading so the number of active sites 

can be optimised in order to give increased catalytic activity and turnover. 

 

 

Figure 5.3.1: Heterogenisation method for immobilisation of copper-valine 

complexes on MCM-41 and polystyrene.  

 

The immobilisation methodology can also be extended to other supports 

such as non-porous organic polymers (polystyrene). The route to heterogenisation 

is identical but the environment and nature of the catalyst can change due to 

interactions with the support framework. Understanding the support-catalyst 

interface through characterisation and effects on catalysis helps structure-property 

relationships to be established. Polymer matrices are very different to silica 

frameworks especially in terms of the scale of the hydrophilicity of the support and 

this property has been proven to play an important role in determining catalytic 

outcomes of other systems.
63-65

 Polystyrene is more hydrophobic than the silica, 

which is inherently hydrophilic, so by comparing the effect on catalysis from the 

same anchored transition-metal-amino acid complex, initiates conclusions to be 

drawn on the merits of the support type and strategy of immobilisation. 

Copper-valine complexes were immobilised on to silica (MCM-41) and 

polymer (polystyrene) supports with varying loadings. All heterogeneous 

complexes were characterised by IR and UV-Vis spectroscopy (Figure 5.3.2) in 

order to identify the nature of the active site and to determine the integrity of the 

complex. 

A single crystal of neat Cu
2+

-valine complex was characterised by IR and 

analysed in comparison to the spectra of the free ligand and crosschecked with 

literature data.
55, 66

 The IR spectrum of the Cu
2+

-valine complex had shifts in the 

CuSO
4
.5H

2
O, 1M NaOH 

L-Valine, 1M 

Pyridine, EtOH:H
2
O (1:3), reflux 
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positions and profiles of some bands, as compared to those of the free valine 

ligand confirming coordination. The NH
2

 stretching bands of free valine observed 

at 3050 cm
-1

 were shifted in the spectra of the Cu
2+

-valine complex, which suggests 

coordination through amino group. Peaks at 3267 and 3156 cm
-1

 can be assigned 

as 
as

 NH
2

 and 
s

 modes. The COO
-

 group is present in the complex and the C=O 

group stretches are not observed, which indicates the carboxylic group is not 

protonated in the complex. The carboxylate group absorbs strongly near 1600 cm
-

1

 and more weakly near 1400 cm
-1

 because of antisymmetric and symmetric 

stretching modes, respectively. In molecular valine ν
as

 COO
-

 and ν
s

 COO
-

 are 

observed at 1563 cm
-1

 and 1407 cm
-1

. In Cu
2+

-valine complex the peak at 1613 cm
-1

 

is assigned to COO
- 

antisymmetric stretching and the peak at 1370 cm
-1

 is assigned 

to COO
-

 symmetric stretching. The antisymmetric carboxylate COO
-

 stretching 

band usually overlaps due to the NH
2

 scissoring vibrations.  

 

 

 

Figure 5.3.2: FT-IR spectra of A. Cu
2+

-valine (blue), Cu
2+

-valine-MCM-41 (green), 

MCM-41 (orange) B. Cu
2+

-valine (blue), Cu
2+

-valine-polystyrene (brown), polystyrene 

(orange). C. DR UV-Vis spectra of Cu
2+

-valine (blue), Cu
2+

-valine-MCM-41 (green), 

and Cu
2+

-valine-polystyrene (brown). FT-IR spectra were arbitrarily normalised and 
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vertically shifted for easier comparison and DR-UV spectra were arbitrarily 

normalized to 1 for easier comparison. 

 

The  N-H and  C-H modes of valine in the FT-IR spectrum of Cu-valine-MCM-

41 complex are very weak due to being superimposed to a strong and broad 

adsorption of hydrogen bonded Si-OH species. However, in the low energy region 

carboxylate 
as

 and 
s

 bands at 1635 and 1375 cm
-1

 and amino groups  NH at 

1595 cm
-1

 are evident. The shift with respect to the neat complex suggests an 

influence of the support, most likely through strong interactions of surface Si-OH 

groups hydrogen bonding to the complex or via the formation of ion-pair 

complexes Si-O…NH
3

+

-R. The two broad N-H stretching bands above 3000 cm
-1

 and 

a very broad and intense feature between 3000 and 2000 cm
-1

 was caused by 

stretching vibrations of H-bonded NH
2

 and NH
3

+

 groups.  

The IR spectrum of the Cu
2+

-valine-polystyrene was made difficult to interpret 

by the intense vibrational modes of the polystyrene matrix due to the aromatic and 

aliphatic  C-H modes, corresponding  C-H overtones, the  aromatic ring and 

fingerprint modes in the low energy range. Additional bands were clearly seen at 

3572 and 3310 cm
-1

, which were  O-H and  N-H respectively, superimposed to a 

broad absorption due to hydrogen bonding. Absorbance observed at 1630 cm
-1

 is 

most likely 
as

 COO
- 

interacting with the copper metal ion. The  O-H modes could 

be assigned to the carboxylic group of a protonated unreacted valine molecule and 

the  N-H band at 3310 cm
-1

 could be related to a valine molecule covalently 

bonded to the matrix.  

DR UV-Vis spectroscopy was also used to elucidate the local structure of Cu 

species. In the spectrum of neat Cu
2+

-valine complex an intense absorption centred 

at 40000 cm
-1

 with a band at 16000 cm
-1

 were assigned to ligand to metal charge 

transfer (LMCT) and d-d transitions of Cu
2+

 ions, respectively. Similar spectra were 

reported for Cu
2+

-amino acid complexes, and explained by square planar 

coordination of the central ion.
67

 This was in agreement with the Cu
2+

-valine crystal 

structure involving a chelated Cu
2+

(N
2

O
2

) core. Two d-d bands were expected on the 

basis of the ligand field theory, corresponding to 
2

B
1g 

 
2

A
1g

 and 
2

B
1g

  
2

E
g

 

transitions. The presence of a single band could be explained as the result of a 

symmetry distortion, due to the presence of two distant oxygen atoms from 

neighbouring valine molecules along the z-axis.  

In Cu
2+

-valine-MCM-41 a new component of LMCT band was formed between 

27000 and 32000 cm
-1

, while the d-d transitions relatively increase in intensity and 

are red-shifted to 13500 cm
-1

. This indicates an octahedral coordination of Cu
2+
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ions, involving chemically heterogeneous ligands and suggests that the two 

coordinative vacancies of the Cu
2+

 (N
2

O
2

) core are occupied by ligands from the 

support such as oxygen atoms from surface silanol groups.
4, 68

 The intensity in the 

visible region (30000 – 10000 cm
-1

) of the Cu
2+

-valine-polystyrene UV-Vis spectrum 

dramatically increased with respect to the higher energy transition. In this case a 

major contribution to the bands above 30000 cm
-1

 was related to the π-π* 

transition of the polystyrene matrix, while the intense bands with maxima at 

21600 and 15500 cm
-1

 can be related to the cupric ions. The nature of these 

absorption bands was not clear: two d-d components in the same range could be 

explained as 
2

B
1g

  
2

A
1g

 and 
2

B
1g

  
2

E
g

 transitions for Cu
2+

 square planar complexes, 

but the high intensity is more compatible with LMCT transitions. It was tentatively 

proposed that these are related to Cu
2+

 ions interacting with valine molecules and 

aromatic moieties from the polystyrene matrix. The hypothesis that the band at 

21700 cm
-1

 could be related to a LMCT transition involving highly dispersed Cu-

oxo species but does not seem likely due to the hydrophobic character of the 

polystyrene matrix.
69

  

Iron-proline complexes were also covalently anchored to mesoporous silica 

(MCM-41). Covalently anchoring complexes on mesoporous silica gives rise to 

highly active heterogeneous catalysts for stereoselective transformations and has 

been achieved by numerous methods. The method employed for covalent 

attachment of amino acids was ‘click chemistry’ protocols that involve 1,3-dipolar 

cycloaddition of an azide functionalised support and an O-propargyl hydroxy 

amino acid (Figure 5.3.3).
58

 Huisgen 1,3-dipolar cycloaddition is the process that 

unite two unsaturated reactions and provide fast access to variety of five-

membered heterocycles. The cycloaddition of alkynes and azides gives triazoles 

that are the most crucial functional groups for click chemistry due to their unique 

stability toward H
2

O, O
2

 and the majority of organic synthetic conditions. Following 

this method of immobilisation also allows the number of single-sites to be varied 

by decreasing the molar ratio in surface azide functionalisation. This technique 

provides control over the degree of catalytic loading so the number of active sites 

can be optimised in order to give increased catalytic activity and turnover. 
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Figure 5.3.3: Heterogenisation method for immobilisation of iron-proline 

complexes on MCM-41. 1. (i) Benzyltriethylammonium chloride, tert-butyl bromide, 

K
2

CO
3

, dimethylamide, N, N-dimethylacetamide, 55 °C, 24 h, (ii) sodium hydride, 

propargyl bromide, DMF, -20 °C, 16 h. 2. (i) 3-Chloropropyltrimethoxysilane, 

methyltrimethoxysilane, toluene, reflux, 16 h, (ii) sodium azide, DMSO, 60 °C, 20 

h. 3. (i) Copper iodide, N, N-diisopropylethyl amine, DMF: THF 1:1, 35 °C, 24 h, (ii) 

trifluoroacetic acid, DCM, 3 h. 4. (i) Iron acetate, triethylamine, EtOH: MeOH 4:1, 2 

h, (ii) L-proline, triethylamine, EtOH: MeOH 4:1, 2 h. 

 

FT-IR spectroscopy studies the form and structural integrity of the Fe
3+

-

proline complex immobilised on MCM-41 (Figure 5.3.4). The high energy range of 

the Fe
3+

-proline spectrum is characterized by clear bands at 3210 and in the 3000-

2800 cm
-1

 interval, related to υCH stretching. At lower frequencies, the most 

peculiar band of Fe
3+

-proline is the carboxylic group (υ
as

 COO
-

) at 1662 cm
-1

, with 

minor features due to the NH and CH bending modes (NH, CH). These spectral 

features indicate that the amino acid in the complex is in its anionic form, 

coordinating with the Fe metal centre through COO
-

 and NH groups. 

In the high energy region the spectrum of Fe
3+

-proline-MCM-41 shows a 

broad adsorption due to hydrogen bonding with surface Si-OH, close to a weak 

band at 3745 cm
-1

 due to free Si-OH and to complex bands in the 3000 - 2800 cm
-

1

, related to υCH modes. The latter region is more complex, suggesting the 

superimposition of υCH modes of proline molecules and organic chains employed 

to functionalise the silica surface. 

1 

2 

3 4 
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Figure 5.3.4: FT-IR spectra (left) of Fe
3+

-proline complex (red), MCM-41 support 

(brown) and Fe
3+

-proline-MCM-41 (blue). DR-UV-Vis spectra (right) of Fe
3+

-proline 

complex (red) and Fe
3+

-proline-MCM-41 (blue).  FT-IR spectra were arbitrarily 

normalized and vertically shifted for easier comparison and DR-UV spectra were 

arbitrarily normalized to 1 for easier comparison. 

 

DR UV-Vis spectroscopy was employed to obtain information on the oxidation 

state and coordination of the metal centre of the Fe
3+

-proline-MCM-41 material 

(Figure 5.3.4). The UV-Vis spectrum of neat Fe
3+

-proline complex is presented for 

comparison, showing two strong absorptions at 45400 and 37600 cm
-1

, that can 

be explained in terms of ligand to metal charge transitions (LMCT) involving Fe 

sites in tetrahedral coordination. After immobilisation of Fe
3+

-proline complex 

within MCM-41 the absorption onset was shifted to lower frequency. This can be 

interpreted as a change in the coordination state of iron ions, as a consequence of 

the interaction with the matrix. The weak and broad band at around 20800 cm
-1

, in 

the d-d transition, confirms the presence of Fe
3+

 ions. 

The IR and UV spectra of Fe
3+

-proline complexes covalently anchored to MCM-

41 were compared to that of immobilised Fe
3+

-proline complexes in zeolite X and 

to the spectra of non-supported Fe
3+

-proline complexes
61

 in order to determine the 

presence of the metal-amino acid complexes but more importantly to ascertain the 

differences in local structure of the complexes upon heterogenisation. 

The most revealing signals in the FT-IR spectrum of Fe
3+

-proline encapsulated 

within zeolite X (Figure 5.3.5) are those related to the carboxyl and the amino 

groups. They distinctly change in the molecular, cationic, anionic and zwitterionic 

forms.
70

 The presence of a strong band at 1662 cm
-1

 for Fe
3+

-proline-zeolite X and 

neat Fe
3+

-proline coupled with the absence of signal around 1790 cm
-1

, confirm 

that the carboxyl group is deprotonated through the absence of the COOH specie. 

The carboxylate ions can be characterised by an antisymmetric (υ
as

 COO
-

) and a 
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symmetric stretching mode (υ
a

 COO
-

) around 1650 and 1400 cm
-1

, respectively. 

However, only the high frequency component is observed, strongly suggesting that 

the carboxylate group is involved in the binding to the metal ion. As for the amino 

group, the 
NH

 bands of neutral NH
2

 groups can be seen at 3285 cm
-1 

for Fe
3+

-

proline-zeolite X and at 3210 cm
-1

 for neat Fe
3+

-proline (weak bending NH vibration 

can be observed at 1375 and 1363 cm
1

 respectively). In Fe
3+

-proline-zeolite X, 

these bands can be readily superimposed to a broad signal in the 3700 – 2800 cm
-

1

 interval, which can be attributed to the hydrogen bonding between proline and 

zeolite. Some bands related to 
OH

 modes of unperturbed isolated Si-OH (3740 cm
-

1

) and slightly perturbed water molecules (3700 – 3500 cm
-1

 range) are also seen in 

the encapsulated system (corresponding 
OH 

expected around 1630 cm
-1

, 

superimposed to the υ
as

 COO
-

). The IR spectrum of zeolite X showed only weak IR 

modes in the 
OH

 region at 3686 and 3650 cm
-1

, assigned to a small amount of Al-

OH and Brønsted Si(OH)Al groups, respectively. In both samples, the absence of 

the δNH
3

+

 vibration at 1550 cm
-1

 confirms that the amino group is not protonated 

and can play a role in complexing the iron sites. The main differences between the 

spectra of neat and encapsulated Fe
3+

-proline involve N-H vibrations through the 

complex interacting with the zeolite surface as an acceptor in hydrogen bonding 

interactions. 

DR UV-Vis spectroscopy was used to elucidate the nature of Fe species of 

neat and encapsulated complex within zeolite X (Figure 5.3.5). The neat Fe
3+

-

proline complex shows two strong absorption bands at 45400 and 37600 cm
-1

 that 

can be assigned to ligand to metal charge transfer transitions (LMCT) involving Fe
3+

 

sites in tetrahedral or octahedral coordination sphere. In addition, the weak and 

broad band at 20800 cm
-1

, in the d-d transition range confirms the presence of Fe
III 

ions (d
5

 configuration).
72

 The encapsulated analogue in zeolite X showed bands in 

the same range as the neat complex, whilst the feature at 37600 cm
-1

 was less 

pronounced (due to the low loading of the Fe
3+

-proline complex). The component 

at higher wavenumber (45400 cm
-1

) can be assigned to well-dispersed and isolated 

Fe
3+

 sites.  
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Figure 5.3.5: IR spectra (A) of Fe
3+

-proline (red), Fe
3+

-proline-zeolite X (green) and 

zeolite X (brown). DR UV-Vis spectra (B) of Fe
3+

-proline (red) and Fe
3+

-proline-zeolite 

X (green), LMCT (left) and d-d (right). IR Spectra were arbitrarily normalised and 

vertically shifted for easier comparison and UV-Vis spectra were arbitrarily 

normalised for easier comparison. 

 

Characterisation of the active site and its involvement in the catalytic process 

provides valuable insights for portraying mechanistic pathways. These 

spectroscopic results show that the support type has a substantial effect on not 

only the environment of the catalyst but on the structural integrity of the complex. 

Understanding how the catalyst acts with varying substrates will allow judgements 

to be made on the advantages of support type and immobilisation rationale. 
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5.3.2 Catalysis: Evaluation of Covalent Approach 

 

Cu
2+

-valine and Fe
3+

-proline were proven to be active oxidation catalysts using 

the benign oxidant O
2

 (Table 5.3.1 and 5.3.2). Benzyl alcohol was successfully 

oxidised to benzaldehyde with exceptional selectivity in all cases. The use of 

molecular oxygen in air as the oxidant is extremely beneficial in terms of cost 

considerations, reducing the need for harsh and environmentally damaging 

reagents and eradication of unwanted by-products. The mechanism of oxidation 

most likely goes via a process of H-atom abstraction with an intermediate formed 

Cu
2+

-superoxo active species (Figure 5.3.6), produced by dioxygen binding to a Cu 

centre (See Figure 5.1.7). This proposal is based on similar copper complexes that 

oxidise alcohols via this route.
72, 73

 Iron based complexes most likely go through a 

high-valent iron-oxo mechanistic pathway (Figure 5.3.6).
74 

 

Catalyst Cu
2+

-valine- Conversion (%) Selectivity (%) 

Neat 19.4 99 

MCM-41 21.3 99 

Polystyrene 12.6 99 

 

Table 5.3.1: Results of benzyl alcohol oxidation catalysed by copper-valine 

complexes with O
2

. Data taken after 6 h and conversion and selectivity (to 

benzaldehyde) measured by GC. 

 

Catalyst Fe
3+

-proline Conversion (%) Selectivity (%) 

Neat 54.3 99 

Zeolite X 60.4 99 

MCM-41 43.9 99 

 

Table 5.3.2: Results of benzyl alcohol oxidation catalysed by iron-proline 

complexes with O
2

. Data taken after 6 h and conversion and selectivity (to 

benzaldehyde) measured by GC. 
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Figure 5.3.6: Catalytic active species and main radical intermediate in the 

oxidation of benzyl alcohol. 

 

Comparing the benefits of the different supports and immobilisation 

procedures can be made by measuring the catalytic turnover number (TON) of 

each catalyst. This provides a useful measurement of the catalytic activity of each 

site and provides a route to quantify catalytic potential (Figure 5.3.7). 

Upon heterogenisation, the complexes were hoped to reside as single-sites 

and benefit from site isolation by improving activity. Routes to increased site 

isolation can be implemented through various techniques most notably via the 

encapsulation methodology. However, catalytic turnovers cannot be boosted 

indefinitely due to the fundamental nature of the host material. Zeolites have very 

small pore windows, which aid the heterogenisation of the metal complexes but 

have an adverse effect on the diffusion of products and reagents. The diffusion 

limitations play a major role in substrate selection and restrict potential 

applications, as bulkier molecules cannot enter or be accommodated in the cavities 

of the aluminosilicate. Moreover, a further drawback of the immobilisation 

procedure is that the catalyst is only physically entrapped within the framework so 

has the prospect of leaching and aggregating that leads to de-activation. 
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Figure 5.3.7: TON’s of benzyl alcohol oxidation. 

 

All heterogeneous complexes showed an increase in activity in comparison to 

the homogeneous catalyst. This is due to the heterogenisation procedure 

providing a more stable active centre that is less prone to deactivation. Although 

encapsulation of Fe
3+

-proline complexes within an aluminosilicate increased the 

TON only slightly in comparison to the neat homogeneous complex. The result can 

be explained purely by the encapsulation strategy and its direct effect on diffusion 

limitations. Through characterisation the encapsulated amino acid-metal 

complexes primarily exists as active single-sites but due to the small pore aperture 

of the zeolite windows, substrate molecules are thwarted in being able to diffuse 

throughout the architecture by steric hindrances. Using the microporous inorganic 

framework as a host for the bio-inspired catalyst has inherent disadvantages. 

Counter to this result, immobilisation through a covalent rationale improves 

stability of the catalyst by maintaining an isolated site nature of the majority of 

complexes and is non-restrictive in respect to the diffusion of substrate molecules. 

Covalent strategies provide an expedient route to single site catalysts as 

exemplified by the increase in catalytic turnover of each Cu
2+

-valine and Fe
3+

-

proline centre in the oxidation of benzyl alcohol. This covalent approach affords 

better defined active sites which can facilitate specific transformations with 

increased frequency. For this particular substrate mesoporous silica seems the 

ideal choice of support out of the options tested due to the catalyst environment 

which is enhanced by the hydrophilic nature of the support. 



David Xuereb  Heterogeneous Metalloenzyme Mimics 

 309  

To demonstrate catalyst versatility the homogeneous and heterogeneous 

complexes were tested in the oxidation of dimethyl sulfide with O
2

 (Table 5.3.3 

and 5.3.4). All catalysts were active and in oxidising the sulfide selectively to the 

sulfoxide. 

 

Catalyst Cu
2+

-valine- Conversion (%) Selectivity (%) 

Neat 47.2 99 

MCM-41 24.8 99 

Polystyrene 82.5 99 

 

Table 5.3.3: Results of dimethyl sulfide oxidation catalysed by copper-valine 

complexes with O
2

. Data taken after 6 h and conversion and selectivity (to dimethyl 

sulfoxide) measured by GC. 

 

Catalyst Fe
3+

-proline Conversion (%) Selectivity (%) 

Neat 36.8 99 

Zeolite X 40.5 99 

MCM-41 25.9 99 

 

Table 5.3.4: Results dimethyl sulfide oxidation catalysed by iron-proline 

complexes with O
2

. Data taken after 6 h and conversion and selectivity (to dimethyl 

sulfoxide) measured by GC. 

 

Organic sulfide oxidation follows an electrophilic oxidation mechanism. The 

reaction proceeds through an electrophilic attack of the oxygen of the activated 

oxidant at the electron-rich sulfur centre of the substrate. Based on literature 

reports sulfoxidation reactions go via a route of Cu-oxo or Fe-oxo species, 

whereby the oxidative metal-oxo species attacks through an electrophilic path in 

their catalytic cycle (Figure 5.3.8).
75, 76

 In this process formation of sulfoxides is 

faster than sulfones, since sulfides are more electron-rich than sulfoxides, 

therefore more nucleophilic.
77, 78

 This can explain the high sulfoxide selectivities 

achieved. 
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Figure 5.3.8: Mechanism of sulfide oxidation where M = Fe or Cu. 

 

In the case of Fe
3+

-proline only a slight increase is observed in activity on 

immobilisation but catalytic turnovers of covalently Cu
2+

-valine complexes are 

greatly improved due to the isolated single-site nature of the catalyst, ameliorated 

by the heterogenisation approach to MCM-41 and polystyrene (Figure 5.3.9). 

Mesoporous silica acts as a suitable support for anchoring bio-inspired complexes 

as observed by the substantial increase in TON from 274 to 462 after 6 h reaction 

time. Using polystyrene support catalyst gives remarkable TON’s in excess of 

1500. This reiterates the merits of the covalent heterogenisation approach over 

other routes that achieve less defined active sites. The vast increase in TON is a 

factor of the low loading but also the polystyrene effect on the environment of the 

metal centre.  

 

Figure 5.3.9: TON’s of dimethyl sulfide oxidation. 

 

The subtle changes in the copper metal coordination sphere between the 

silica and polymer analogues play a huge role in determining the activity of the 

catalyst for specific substrates. This is observed in the relative differences of 

activity between mesoporous silica and polystyrene supported copper complexes 

when comparing activity between benzyl alcohol and dimethyl sulfide oxidation. 

Results from the oxidation of both substrates with different hosts indicate that 

each support has varying extents of promoting the desired intermediates for each 
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specific transformation. In one case, for example benzyl alcohol oxidation, the 

formation and/or stabilisation of the active species is assisted by the silica surface 

whereas the polymer support in this reaction does not aid the mechanistic route to 

the same degree; hence a lower TON is observed for polystyrene derivative. A 

reversal of effects from each support is observed when changing the substrate to 

dimethyl sulfide. In this instance the polystyrene support outperforms MCM-41 in 

respect of promoting the active intermediate for sulfide oxidation and gives 

incredibly high catalytic turnovers in comparison to the neat complex as well as 

the silica immobilised analogue.  

The catalyst versatility was further extended to the oxidation of cyclohexene 

(Table 5.3.5 and 5.3.6).  Among the commercial epoxidation methods there have 

many other heterogeneous examples in the literature that include biomimetic Cu
2+

 

complexes affording olefin oxidation with environmentally benign oxidants.
34, 35, 79

 

Cu
2+

-valine also has served as an active catalyst in the oxidation of cyclohexene 

along with Fe
3+

-proline analogous catalysts. 

 

Catalyst Cu
2+

-valine- Conversion (%) Selectivity (%) 

Neat 32.5 98 

MCM-41 45.7 74 

Polystyrene 75.4 32 

 

Table 5.3.5: Results of cyclohexene oxidation catalysed by copper-valine 

complexes with APB. Data taken after 6 h and conversion and selectivity (to 

epoxide) measured by GC. 

 

Catalyst Fe
3+

-proline Conversion (%) Selectivity (%) 

Neat 48.7 99 

Zeolite X 23.0 98 

MCM-41 48.2 84 

 

Table 5.3.6: Results of cyclohexene oxidation catalysed by iron-proline complexes 

with APB. Data taken after 6 h and conversion and selectivity (to epoxide) 

measured by GC. 

 



David Xuereb  Heterogeneous Metalloenzyme Mimics 

 312  

In this reaction the oxidant employed was acetyl peroxyborate (APB) (Figure 

5.3.10). APB is a solid source of active oxygen which is produced in situ as the 

reaction progresses in the form of peracetic acid.
80

 The benefit of using a solid 

oxidant is easy storage and use but more importantly the salts formed can be 

recovered and recycled to produce more solid oxidant. Previously
81

 APB is 

identified as an active oxidant for preferential epoxidation of alkenes in the 

presence of a catalyst.  

 

Figure 5.3.10: APB synthesis. R = H, CH
3

OO, CH
3

OOO. 

 

Several different procedures were implemented to synthesise acetyl 

peroxyborate (APB) with a high % per acetic acid (PAA) content. The most 

successful afforded a 26 % PAA content and took a mere 4 hours to prepare, 

compared with literature times which took as much 24 hours to complete.
60

 The 

PAA content was determined iodometrically by titration with sodium thiosulfate 

and the % active ingredient of PAA  was calculated (Equation 5.3.1). 

 

(V
(0.1N sodium thiosulfate)

 x meq
PAA

) / m
APB  

=    %PAA  (Eq. 5.3.1) 

 

Equation 5.3.1: Calculation of PAA content which is the source of active oxygen in 

APB. Where V
(0.1N sodium thiosulfate)

 = titre, meq
PAA 

 =  milliequivalent of PAA and this 

method = 0.38 g PAA/ milliequivalent. 

m
APB

 – mass of dissolved APB. 

 

Unfortunately varying chemoselectivity is achieved in the oxidation of 

cyclohexene with APB catalysed by Cu
2+

-valine catalysts. Two major products were 

detected almost unanimously corresponding to epoxide and α,β-unsaturated 

ketone, with no further oxidation products such as the diol formed. As conversion 

increases (Table 5.3.5) the ene-one formation becomes the more prominent 

product. Notably a higher % of ene-one is formed upon immobilisation on the 

supports, which indicates the changes of chemoselectivity and therefore change in 

catalyst environment due to heterogenisation. Allylic oxidation is a common facet 

of redox Cu metal centres and there are numerous cases of amino acid-copper 

complexes enabling enantioselective acyloxylation of olefins.
82

 Allylic oxidation 

most likely proceeds through allylic radicals formed and consequently assist in 
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activating molecular oxygen in the air. The intermediates formed by the 

competitive reaction mechanism either abstract a hydrogen atom from the allylic 

position of another hydrocarbon to form allylic hydroxide, or undergo direct 

conversion to the ketone. This direct conversion could explain the absence of 

alcohols in allylic oxidation. Reassuringly, in the presence of Fe
3+

-proline catalysts, 

selectivity to the epoxide is high throughout all heterogeneous catalysts. 

Once more, the approach of covalently anchoring the catalyst to porous solid 

supports improves catalytic activity, which is illustrated by the increase in TON’s 

upon immobilisation (Figure 5.3.11). This result is accredited to the single site 

nature of the catalysts on the solid support.  In the case of Cu
2+

-valine, catalytic 

turnovers are superior on polystyrene in comparison to ordered porous MCM-41, 

which can be explained in terms of support effect on catalytic activity by providing 

a different environment around the active copper metal. 

 

 

 

Figure 5.3.11: TON’s of cyclohexene oxidation. 

 

Significantly, the TON in Fe
3+

-proline-zeolite-X is lower than that of the 

homogeneous complex. In this case the bulky oxidant cannot access the catalytic 

centres due to diffusion limitations associated with the small pore apertures of the 

zeolite. In this case the catalysis is negatively affected through heterogenisation 

and a lower activity is observed. 

 

5.3.3 Single-site Enhancement and Structure-Property Correlations 

 

In order to optimise catalytic turnovers, ultimately affording quantitative 

yields, attention was focused on maximising the degree of single site nature of the 
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active species. Each single site is an isolated well defined, well characterised, 

catalytic centre that facilitates a specific transformation. Simply by adding more 

active species to the support, therefore increasing the catalyst loading, confers a 

detrimental effect on the efficiency of each site and lowers overall activity. This is 

due to a limited number of isolated vaccinates where the complex can reside 

whereby each active site is not influenced by other sites. On increasing loading, 

loss of single site nature occurs through aggregation, which impedes atom 

efficiency but also more importantly can alter product selectivity and specificity. 

With every substrate and catalyst, trends were observed in TON increasing 

with a lower amount of catalyst loading on each specific support (Figure 5.3.12, 

5.3.13 and 5.3.14). The benefits of having well-isolated active sites through using 

lower molar ratios of Cu
2+

-valine and Fe
3+

-proline in the immobilisation procedure 

are clear in terms of boosting the activity of each active site. This can be explained 

in terms of the metal complex loading effect on the degree of isolated nature of 

each site. With an increased loading, the single site nature is lost through near 

neighbouring complexes impeding reaction progress due to increased substrate 

competition and mechanistic obstruction, but also being in close vicinity whereby 

the metal centres can interact, aggregate and therefore deactivate. This trend is 

consistent across the mesoporous silica and polymer analogues for all substrates. 

 

 

 

Figure 5.3.12: TON with time of benzyl alcohol oxidation. 
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Figure 5.3.13: TON with time of dimethyl sulfide oxidation. 

 

 

 

Figure 5.3.14: TON with time of cyclohexene oxidation. 

 

Furthermore, the supports with high loading of the metal complex act in a 

similar fashion to that of the homogeneous complex in solution as established by 

the similar gradients of the change in TON with reaction time. The neat complex in 

solution is not anchored therefore can diffuse and interact with other metal 

centres and can become catalytically inactive over time through dimerisation and 

through the formation of aggregates. The rate of conversion is high at the 

beginning of the reaction in comparison to the heterogeneous analogues because 

there are no diffusion limitations as the active sites are fully accessible in solution 

and there is a higher quantity of complexes (mol %). Over time the conversion does 

not increase at the same rate because of deactivation. The homogeneous complex 

does not primarily exist in well-defined single sites and so can be comparable in 

terms of catalyst stability and environment to that of the higher loaded hosts. 

Supports with lower loading of Cu
2+

-valine and Fe
3+

-proline complexes have an 
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increased isolated site nature which increases overall TON by maintaining a steady 

conversion and with the single sites remaining well-defined and chemically intact. 

Once the barrier of diffusion to the active site is overcome the reaction proceeds 

with a steady rate and turnover frequency, which leads to an increase in efficiency 

of each active site. 

These characteristics are valuable in terms of flow chemistry and can be 

utilised in continuous processing as well as the heterogeneous nature being 

attractive in the batch as the solid catalysts can be simply recovered through 

filtration and recycled effectively. 

 It is clear that the nature of the support has a profound effect on the activity 

of the immobilised catalytic sites. This is typified for the oxidation of dimethyl 

sulfide and benzyl alcohol by heterogenised Cu
2+

-valine complexes. Greater activity 

is achieved in benzyl alcohol oxidation with mesoporous silica in comparison to 

the polystyrene immobilised analogue but for dimethyl sulfide oxidation the trend 

is reversed. This is due to the different support facilitating the dissimilar 

mechanisms of each reaction to varying extents. The environments of the copper 

catalysts are greatly altered by differing interactions with the surface of the 

support. These interactions are based on the hydrophilicity, acidity and physical 

robustness of the support. Being able to quantify these properties whilst 

measuring the changes in catalysis can help to establish structure-property 

relationships, which ultimately will aid the prudent design of heterogeneous 

catalysts for specific selective outcomes in important transformations. 

Understanding how the support alters the nature of the active site and therefore 

influences the catalytic outcome can lead to support modifications to maximise the 

heterogenised catalysts potential. 
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5.4 Conclusion 

 

Covalently heterogenising bio-inspired complexes onto inorganic and organic 

supports provides powerful catalysts that can facilitate industrially significant 

oxidations with near perfect chemoselectivity. Cu
2+

-valine and Fe
3+

-proline 

heterogeneous catalysts display better thermal stability, are more adaptable to pH 

changes and show greater solvent and substrate versatility in comparison to 

biological metalloenzymes. Solid supported bio-derived copper and iron catalysts 

offer routes to environmentally benign and sustainable catalytic procedures in 

terms of enhancing efficiency, reducing waste and utilising O
2

 in air as an oxidant.  

Covalent strategies of immobilisation offer a more stable, well-defined 

isolated active site in comparison to encapsulation approaches, which is 

demonstrated through improved catalytic turnovers of the covalent analogues. The 

increase in pore diameter of the support (as in MCM-41 at around 30 Å) also 

improves the activity of the catalyst by reducing the diffusion limitations, like 

those observed in zeolite immobilised complexes.  

Moreover, boosting catalytic efficiency and turnover number can be achieved 

by creating more isolated single-site nature of the active complexes by accurately 

regulating catalyst loading. The covalent approach of immobilisation aids in 

creating and maintaining a well-defined catalytic site providing an accurate control 

over the unambiguity and local environment of the active sites. The covalent 

anchoring method provides more controlled immobilisation in terms of loading 

and environment to give specific catalytic outcomes. 

Heterogenising Cu
2+

-valine and Fe
3+

-proline complexes on various solid 

supports increases catalytic turnovers but more importantly with the astute choice 

of framework and immobilisation approach, gives enhanced benefits in terms of 

activity and selectivity for specific oxidation reactions. By understanding what 

effects the support enacts on the environment of the catalyst and therefore the 

influence it has on the catalytic outcome can serve to establish structure-property 

relationships for support optimisation and catalyst design. Ultimately, through 

quantifying how the characteristics of each support affect the catalytic results, 

leads to development of support tailoring, tuning and optimisation via established 

catalyst-interface correlations. 
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5.6 Appendix 

 

IR of Fe
3+

-proline 

 

 

IR of Cu
2+

-valine 
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XRD of Fe
3+

-proline-zeolite X 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



David Xuereb  Heterogeneous Metalloenzyme Mimics 

 324  

Fe
3+

-proline-zeolite X: 

Initial values    : (Refinement keys on 2nd line)     
  
Zero  Lambda    a    b    c  alpha  beta  gamma   Vol. 

0 1.5406 24.345 24.345 24.345 90 90 90 14428.8 

0 0 1 0 0 0 0 0  

Final values      : (Standard errors on 2nd line)     
  
Zero  Lambda    a    b    c  alpha  beta  gamma   Vol. 

0 1.5406 24.5266 24.5266 24.5266 90 90 90 14754.1 

0 0 0.0744 0 0 0 0 0  

   H    K    L   2T(Obs) 
  2T-
Zero 

  
2Th(Cal)    Dif   

1 1 1 6.26 6.26 6.2366 0.0234   

0 2 2 10.2 10.2 10.1928 0.0072   

1 1 3 11.96 11.96 11.958 0.002   

3 1 3 15.74 15.74 15.7368 0.0032   

3 3 3 18.78 18.78 18.7847 -0.0047   

0 4 4 20.42 20.42 20.4673 -0.0473   

2 0 6 22.86 22.86 22.9141 -0.0541   

5 3 3 23.72 23.72 23.7699 -0.0499   

4 4 4 25.06 25.06 25.1353 -0.0753   

5 1 5 25.88 25.88 25.9221 -0.0421   

6 2 4 27.14 27.14 27.1863 -0.0463   

3 5 5 27.92 27.92 27.9194 0.0006   

7 3 3 29.74 29.74 29.7931 -0.0531   

0 6 6 30.84 30.84 30.9115 -0.0715   

5 5 5 31.48 31.48 31.5654 -0.0854   

0 4 8 32.52 32.52 32.629 -0.109   

4 6 6 34.2 34.2 34.2696 -0.0696   

4 6 6 34.78 34.78 34.2696 0.5104   

7 3 7 37.98 37.98 37.9158 0.0642   
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Zeolite X: 

CELREF Version 3.  23/06/2011 15:03:36      

         

Initial values    : (Refinement keys on 2nd line)     
  
Zero  Lambda    a    b    c  alpha  beta  gamma   Vol. 

0 1.5406 24.345 24.345 24.345 90 90 90 14428.8 

0 0 1 0 0 0 0 0  

Final values      : (Standard errors on 2nd line)     
  
Zero  Lambda    a    b    c  alpha  beta  gamma   Vol. 

0 1.5406 24.5354 24.5354 24.5354 90 90 90 14770 

0 0 0.1278 0 0 0 0 0  

   H    K    L   2T(Obs) 
  2T-
Zero 

  
2Th(Cal)    Dif   

1 1 1 6.26 6.26 6.2344 0.0256   

0 2 2 10.22 10.22 10.1891 0.0309   

1 1 3 11.94 11.94 11.9537 -0.0137   

3 1 3 15.7 15.7 15.7312 -0.0312   

3 3 3 18.76 18.76 18.7779 -0.0179   

0 4 4 20.4 20.4 20.4599 -0.0599   

2 0 6 22.88 22.88 22.9058 -0.0258   

5 3 3 23.68 23.68 23.7613 -0.0813   

5 1 5 25.84 25.84 25.9126 -0.0726   

6 2 4 27.1 27.1 27.1764 -0.0764   

3 5 5 27.84 27.84 27.9092 -0.0692   

0 0 8 29.06 29.06 29.0927 -0.0327   

0 6 6 30.84 30.84 30.9002 -0.0602   

5 5 5 31.48 31.48 31.5538 -0.0738   

0 4 8 32.52 32.52 32.617 -0.097   

0 4 8 33.18 33.18 32.617 0.563   

4 6 6 34.2 34.2 34.2569 -0.0569   

4 6 6 34.78 34.78 34.2569 0.5231   

7 3 7 37.98 37.98 37.9017 0.0783   
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6.1 Overall Conclusions 

 

Organocatalysts such as cinchona alkaloids and amino acids can be 

successfully heterogenised through covalent bonds to mesoporous silicas by a 

methodology of tethering through a functionality that does not directly partake in 

the mechanism of catalysis. The tether covalently grafts to the surface silanol 

groups of the support creating an immobilised catalytically active site that is not 

prone to leaching or deactivation. The drawbacks that organocatalysts suffer due 

to their homogeneous nature are overcome by employing this suitable 

immobilisation technique and as a result heterogeneous analogues are constructed 

that have comparable yields and selectivities to the homogeneous catalyst. 

Heterogeneous organocatalysts offer advantages such as enhanced recovery and 

stability, typified by recycle experiments that show no significant loss in selectivity 

or activity and leaching studies that show measurable amount of catalyst from the 

support. These facets are accomplished due to the beneficial immobilisation 

rationale that preserves the binding pocket and integrity of the active groups for 

efficient and selective turnover. 

The covalent anchoring of lysine to a range of porous silicas illustrated the 

benefits of heterogenisation of a ‘poor’ homogeneous system that gave low 

enantioselectivity and marginal catalytic activity, as represented in the direct 

asymmetric aldol reaction between acetone and 4-nitrobenzaldehyde. Lysine 

functionalised silica offered improved activity and chemoselectivity over that of the 

homogeneous system due to the immobilisation method creating well-defined, 

single-sites. The single-site nature of anchored lysine accelerates the rate of 

reaction with a far higher turnover number than that of the homogeneous amino 

acid because of the more isolated nature of the catalytic sites. Therefore the 

activity of lysine on the solid phase can be enhanced by creating more isolated 

active sites. Maximising this isolated nature was achieved by increasing spatial 

resolution of sites through solid-phase deprotection and governing the degree of 

catalytic loading on the mesoporous support. The control of the anchoring 

procedure improves catalytic turnover number per active site in the aldol reaction 

because a lower loading provides better accessibility to the covalently attached 

amino acids which exist in a more well-defined single-site nature. 

A similar methodology of immobilisation was applied to naturally occurring 

cinchona alkaloids, which are the backbones for a vast range of organocatalysts. 

Four alkaloid isomers (cinchonidine, cinchonine, quinidine and quinine) were 

effectively heterogenised to mesoporous silica supports through the formation of 
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C-S bonds that covalently link the alkaloid to the surface of the support. All 

heterogeneous alkaloids were proven to be active catalysts in the Michael reaction 

of ethyl-2-oxocyclopentanecarboxylate (1,3 dicarbonyl) with N-benzylmaleimide.  

In this case the homogeneous catalyst is extremely active in solution and 

provides very high stereoselectivities. The properties of the silica support offer an 

ideal environment for catalysis, recognised through the high stereoselectivities of 

the homogeneous catalyst being maintained upon heterogenisation. The only 

downfall of this heterogeneous system was the decrease in the rate of reaction 

compared to the homogeneous catalyst. This was attributed to the porous support 

imposing diffusion limitations on the substrates and because of the heterogenised 

nature. Although after tuning reaction conditions it was established that these 

mass-transfer problems can be overcome by carrying out catalysis in solvent-free 

conditions. Removing the solvent altogether gave remarkably good activity as full 

conversions were achieved within 2 hours but more importantly the 

enantioselectivity and diastereoselectivity of the heterogeneous catalysts were 

almost identical to that achieved in the homogeneous phase. This result also 

illustrates the merits of the heterogeneous solvent-free process in terms of 

reducing waste and improving the sustainability of such asymmetric syntheses, 

which are of upmost importance in the chemical industry. 

 In both heterogeneous organocatalytic systems the physical properties of the 

support have a substantial influence on the environment of the anchored moieties 

and therefore an effect on the catalytic outcome. Through spatial constraints and a 

precise balance of substrate/catalyst/pore wall interactions, the stereoselectivity of 

the catalytic reaction can be influenced. Large pore apertures (> 30 Å) are needed 

for high stereoselective outcomes as the bigger channel diameters diminish the 

restrictions in space around the organocatalyst so that preferential facial addition 

can be controlled by the bifunctional active sites. Furthermore, changing the 

properties of the surface of the silica support through hydrophobic regulation 

negatively alters the enantioselectivity of the asymmetric reactions. These results 

show that the polar, hydrophilic character of the mesoporous silica offers an ideal 

environment for maintaining stereoselectivity by enabling a favourable catalyst-

support interface which boosts catalytic potential through the complimentary 

activity.  

 Correlating catalytic results with how the local environment of the active-site 

is induced from the variable properties of the support establishes structure-

property relationships, which in turn can provide information on the finer 

mechanistic details in the heterogeneous system. Critically assessing this 

information offers an understanding of how to specifically tune the nature of the 
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organo-functionalised support for desired catalytic outcomes in asymmetric 

catalysis. 

  The versatility of organo-functionalised mesoporous silicas can be extended 

to hosts for coordinating transition-metals that create amino-acid complexes, 

which can functionally mimic the active site in metalloenzymes. This was achieved 

by covalently heterogenising Cu
2+

-valine and Fe
3+

-proline complexes onto inorganic 

and organic supports which acted as highly selective catalysts in the oxidation of 

benzyl alcohol, dimethyl sulfide and cyclohexene using benign oxidants such as O
2

 

from air. Using bio-derived copper and iron heterogeneous catalysts offer routes to 

environmentally benign and sustainable catalytic procedures in terms of enhancing 

efficiency, reducing waste and utilising O
2

 in air as an oxidant. Furthermore the 

heterogeneous catalysts display better thermal stability, are more adaptable to pH 

changes and show greater solvent and substrate versatility in comparison to 

biological metalloenzymes. 

  As observed in the routes of immobilisation of organocatalysts, covalent 

strategies offer a more stable, well-defined active site in comparison to 

encapsulation approaches, which is demonstrated through improved catalytic 

turnovers of the covalent analogues in the various oxidation reactions. 

Mesoporous silica and polystyrene supports improve the activity of the catalysts by 

reducing the diffusion limitations, like those observed in zeolite immobilised 

complexes. 

Similar trends to that of heterogeneous lysine catalysts are witnessed with 

the creation of a more isolated single-site nature of the bio-derived complexes 

increasing catalytic efficiency so that a higher turnover number can be achieved. 

This is accomplished by accurately regulating catalyst loading, which coupled with 

the covalent method, creates and maintains well-defined catalytic single-sites with 

unequivocal environments and structures. 

Heterogenising Cu
2+

-valine and Fe
3+

-proline complexes on different supports 

(mesoporous silica/polystyrene) increases catalytic turnovers compared to the 

homogeneous catalyst but more importantly activity and selectivity alter to varying 

extents with different substrates. The various substrates react through alternative 

mechanistic pathways so the choice of support promotes catalysis by different 

amounts. Understanding what effects the support has on the environment of the 

catalyst and therefore the influence it has on the catalytic outcome helps to 

establish structure-property relationships for support optimisation. Quantifying 

how the characteristics of each support affect the catalytic results leads to 

development of support tailoring, tuning and optimisation via established catalyst-

interface correlations for catalyst design and improved catalytic efficiency. 
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For this to be achieved, in-depth, in situ characterisation techniques and a 

more detailed and fundamental understanding of the nature of the active centre 

and its mechanistic significance in the catalytic process need to be better 

understood. 

In general these heterogeneous bio-inspired catalysts have shown 

promising results in laboratory-based environments but only a small minority of 

known examples in the literature have been subject to the stringent tests that are 

required for development at an industrial scale. Numerous advantages of 

heterogenised organocatalysts and bio-derived complexes have been illustrated in 

this investigation but it must be noted that the immobilisation of a homogeneous 

catalyst on to a support often has a number of constraints. The reasons for 

inhibiting catalysis are unclear; but it would be sensible to assume that some of 

these factors are due to unfavourable effects of the support; which ironically are 

the very same factors that are responsible for boosting catalytic properties. 

Ultimately, an explicit understanding of why heterogenisation improves catalysis in 

some cases and not in others has still not fully been explored. The influence of 

support type, hydrophilicity/hydrophobicity, framework topology, diffusion and 

adsorption all play important roles, but currently the extent of each factor has not 

been quantified and, as long as this remains the case, the possibility of being able 

to design better catalysts with a view to predicting structure-property relationships 

may be a distant realisation. 

 However, preliminary investigations into structure-activity correlations have 

been acquired by recent advances in spectroscopy, space-resolved profiling and 

combining high-throughput experimentation with data modelling.
1

 Being able to 

recognise the relationship between the support and the active site can lead to 

optimisation strategies for catalytic processes. 
 

 Characterising the nature of the active site is imperative in being able to 

optimise catalysis as well as predict catalytic outcomes. By building on results 

obtained with IR, UV-Vis, EPR, SEM/TEM, BET, NMR and x-ray absorption 

spectroscopy (EXAFS and XANES), the nature of active-sites and the coordination 

geometry in their immediate vicinity, can be quantified to elucidate the catalytic 

significance of the results from a more fundamental perspective. Moreover, in situ 

measurements using appropriate probe molecules need to be suitably deployed for 

studying changes in oxidation states, conformational flexibility of the ligands, 

local coordination environment and emergence of transition-states, which provides 

valuable insights for a better understanding of the rate and energetic interactions 

associated with these catalytic processes. Through spatially-resolved methods of 

detection of the chemical structure and temperature
2

 and using a combination of 



David Xuereb  Conclusions and Future work 

 332  

complementary techniques such as UV-Vis/Raman and FT-IR/ED-EXAFS, under in 

situ conditions, in intricately designed reaction cells, further improves the quality 

of information obtained and affords a greater knowledge about the investigated 

system.
3

 Multiple technique operando set-ups render the measurement of spectra 

in a time-resolved, spatially resolved fashion,
4

 which provides detailed insights into 

the working principles of the heterogeneous catalytic system. Another technique 

currently being pioneered, which in the near future could elucidate reaction 

mechanisms on catalytic surfaces, is 4D electron microscopy.
5, 6

 The powerful 

focusing capabilities of electrons allow structures to be resolved down to the 

atomic scale and the technique has been used to directly determine the structure 

and dynamics of substrates on hydrophilic supports.
7, 8

 Being able to establish 

structures at interfaces with atomic scale resolution may one day be applied and 

advanced to more complex structures, such as to observe catalyst environments 

and conformations on analogous surfaces. Zewail
9

 has described 4D electron 

microscopy as having the potential to decipher the fundamental forces of complex 

structures, such as the catalytic properties of heterogeneous nanoparticles or in 

phase transitions.  

The activity of an anchored catalyst in a porous host often depends on 

diffusion of solvent and substrate molecules. There is a void in the field with 

respect to modelling kinetic and thermodynamic data for predicting diffusion 

limitations and reaction pathways, with a view to understanding the overall 

mechanism of the reaction. This can be achieved by performing a range of kinetic 

studies, with a view to identifying the rate-determining step and the overall 

limitations within a reaction. With a greater understanding of the thermodynamic 

parameters, kinetic modelling studies can be undertaken with a view to studying 

the effects of bifunctional and multifunctional active sites. Density Functional 

Theory (DFT) can elucidate the properties of a support and therefore postulate the 

potential implications it can have on a catalytic reaction. There is scope for 

quantifying the support characteristics such as acidity and reactivity,
10

 which 

further demonstrates the valuable role theoretical chemical tools offer in the 

studies of inorganic frameworks such as zeolites. DFT orientated approaches that 

are tailored to the design of new immobilised, encapsulated or bio-inspired 

catalysts, need to explicitly identify the individual steps in a catalytic process at a 

molecular level, by calculating energy barriers and the stability of the 

intermediates,
11, 12

 thereby presenting information that can be rationally applied to 

the development of new strategies for designing new catalysts or optimising 

existing ones.
13

  Theoretical ab initio calculations could also be performed to 

model the active site, providing further insights into the interactions between the 
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transition-metal and other substituents that make up the framework. This also 

facilitates the calculation of binding energies and transition states, for building a 

complete reaction profile, which could potentially reveal the key steps that may 

require improvement from a design perspective. By combining recent advances in 

spectroscopy and operando techniques along with theoretical calculations and 

computational modelling, the nature of the active site, its interactions with the 

support or framework and its ability to facilitate synergistic enhancements in 

catalytic potential can be more quantitatively rationalised.
14-19

 By using the above 

advances concurrently, it should be possible to develop structure-activity 

correlations relating to bio-inspired systems, in single-site heterogeneous 

catalysts, by establishing the exact nature of different types of active sites and in 

what ways the geometry of the metal or ligand affects the ensuing catalysis.
20

  

All of the techniques outlined above can provide valuable insights for 

correlating experimental observations with theoretical predictions. The key to 

understanding the influence of the support on catalysis, how it can be altered and 

what repercussions this would have if suitably modified, will play an important role 

from a spectroscopic and computational viewpoint, in elucidating the nature of the 

active-site and its direct influence on the catalytic outcome in terms of selectivity 

and activity. 

Nevertheless, this current investigation has shown that bio-derivatised 

frameworks such as amino acids immobilised within inorganic host matrices are 

versatile materials for applications in catalysis for the synthesis of commodity and 

fine-chemicals.
21-23

 Well-characterised and well-defined organocatalysts and 

transition-metal complexes which mimic the catalytic function of the active centres 

in metalloenzymes, can be anchored in a site-isolated fashion on to inorganic 

supports, giving rise to highly active and selective heterogeneous catalysts. 

Changing the properties of the support, i.e. support type, framework topology, 

pore aperture or hydrophilicity/hydrophobicity and understanding how this affects 

the catalytic outcome, facilitates the establishment of structure-property 

correlations. This provides further avenues for optimising reaction conditions and 

specifically tailoring the support for desired outcomes in activity and selectivity. 

The methodology of covalent immobilisation leads to a plethora of future 

applications associated with catalysis, separation techniques and sustainable 

chemistry. 
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6.2 Future Work and prospects 

 

The scope of catalysts that can be covalently immobilised to inorganic 

materials is enormous. The biggest limiting factor for immobilisation of other 

organocatalysts is based on there being a handle on the molecule which can be 

interconverted without affecting the arrangement or activity of the functionalities 

needed for catalysis. Many organocatalysts are based on amino acids and cinchona 

alkaloids which offer the potential of heterogenisation.
24

 Furthermore, the range of 

substrates and scope of reactions that can be catalysed by heterogenised amino 

acid and alkaloid derivatives is ever expanding
25

 and immobilisation of these 

organic moieties could result in the design and development of more stable, highly 

active, selective single-site heterogeneous catalysts. The diversity of reactions 

includes synthetically vital procedures such as the heteroatom α-functionalisation 

of carbonyl compounds, asymmetric cycloadditions and C-C bond forming 

reactions.
24-26 

 Immobilising organocatalysts onto other innovative novel supports may 

deliver original selectivities and activities due to the local nature and properties of 

the support. Zeolitic Imidazolate Frameworks (ZIFs) are such an example whereby 

transition metals (typically Co(II) and Zn(II)) replace the tetrahedral coordinated 

atoms (e.g. Si, Al or P) and the imidazolate (IM) linkers replace the bridging 

oxygen.
27

 So far over 90 ZIF structures have been made with structures unknown in 

zeolites or those mimicking zeolite topologies.
28

 The synthetic methods employed 

for ZIF formation are analogous to the MOFs. The structure is directed by linker-

linker interactions; therefore by exploiting the use of functionalised ligands it is 

possible to engineer the pore size and shape.
29

 The imidazolate coordinates with 

the metal ion to form a predictable coordination environment.
30

 Conversely in ZIF 

synthesis an organic amine is not required to direct the structure, instead the 

organic solvent with strong solvating effects acts in this role. By changing the 

organic solvent used whilst keeping the metal salt and imidazole constant, crystals 

with different structures can be formed.
31

 

 There is potential to utilise ZIFs as catalysts due to their flexible design, high 

density of transition metal sites, proven high porosity and chemical stability. In 

theory it would be possible to decorate the pores with specific organic functional 

groups to push for shape, size and electronic selectivity; the cavity is extremely 

tuneable. Yet research in this field is lacking with only a few examples of 

catalysis.
32, 33

 Zn-ZIF-90 (Zn(C
4

H
3

N
2

O)
2

) has been demonstrated to provide the 

medium for post modification reactions to take place in precise and well defined 
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spatial arrangements due to the high porosity and accessibility of the structure 

combined with its proven high chemical stability (Figure 6.2.1).
34

  

 

 

 

Figure 6.2.1: Post Modification of Zn-ZIF-90.
34

 

 

The introduction of particular functional groups in the pores of the ZIFs may 

facilitate the anchoring of organocatalysts or other species that could be beneficial 

for catalysis whilst enabling the size and shape selective catalysis which are 

characteristic of a heterogeneous catalysis. 

 

The design strategies adopted in this investigation helps to develop 

multifunctional solid phase catalysts based upon precisely placed different active-

sites in specific environments which can facilitate consecutive steps of a reaction 

in tandem. This can only be achieved by establishing structure-property 

relationships between support and the catalytic sites so that ultimately the 

properties of the frameworks can be suitably attuned for enhancing activity and 

selectivity. The versatility of the approach further affords a generalised strategy for 

addressing future energy challenges and in sustainable development, by providing 

a viable platform for the development of the next-generation hybrid catalysts that 

would embrace continuous-flow and cascade approaches, using benign oxidants 

(such as molecular oxygen) under solvent-free conditions. Engineering active sites 

in framework structures with larger pore apertures affords higher substrate 

versatility, particularly for bulky reactant molecules, and will prove beneficial for 

the synthesis of fine chemicals and pharmaceuticals. 

Advancements by engineering isolated active sites in the construction of 

bifunctional nanoporous aluminophosphates (AlPOs) can facilitate demanding 

industrial significant multi-step chemical reactions in a more selective, 

environmentally benign manner. A specific example of this is the production of ε-

caprolactam (the precursor for nylon-6) in one step from cyclohexanone by 

utilising an open structure catalyst containing well-separated Brönsted acidic sites 



David Xuereb  Conclusions and Future work 

 336  

and metal-redox sites that have been isomorphously substituted with framework 

ions.
35

 Each site carries out a specific function and this approach allows 

heterogeneous multifunctional catalysts to be adapted for other chemical 

conversions.  Moreover, simultaneous substitution into the framework gives rise to 

synergistic effects associated with the catalytic outcome, with most recent research 

concentrated on understanding how synergy occurs through multiple 

incorporation and how it can be harnessed to maximise catalytic potential.
36 

By capitalising on the above, and using the conclusions from the extensive 

research into covalently anchoring complexes onto mesoporous silica,
37

 novel 

innovative frameworks can be engineered comprising of bimodal hierarchical 

architectures, where catalytic active sites can be covalently anchored, 

isomorphously-substituted with framework ions or incorporated into defect sites 

within the diverse array of channels.  

Recently the topic of hierarchical structures has been of great interest in both 

the materials and the wider ranging scientific community. The possession of two 

distinctly different sized pores makes the materials attractive for a range of 

applications including sensing, gas separation and most notably catalytic 

transformations
38-40

 (Figure 6.2.2). To date hierarchical materials have been 

synthesised by a range of techniques including post synthesis modification, and 

hard, soft or dual templating.
38, 41

 Currently hierarchical aluminophosphates (AlPOs) 

are synthesised by using amphipillic organosilanes (such as [3-

(Trimethoxy)silylpropyl] octadecyl-dimethyl-ammonium chloride (TPOAC)) or large 

amines (such as cetyl trimethylammonium bromide CTAB) as mesopore-directing-

agents (Figure 6.2.3). This generates mesopores and micropores in parallel 

through the use of smaller micropore-directing amines in a dual templating 

method, conveniently allowing both structure-directing agents (SDA’s) to be 

removed in the same calcination process. The choice of template often dictates the 

nature of the mesopore. The larger amine templates have been shown to generate 

the expected mesopores, however the organosilane templates often embed the 

silane group into the framework forming an aluminosilicate surface of the pore 

instead. The use of different combinations of SDA’s can also aid in the precise 

placement and location of active sites. 
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Mesopore

25Å

 

 

Figure 6.2.2: Representation of a hierarchical AlPO material. 
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Figure 6.2.3: Schematic of the dual templating method. 

 

Firstly, these features of the larger pores and the creation of tethering sites 

will intrinsically offer the potential for organocatalysts to be anchored within the 

mesopores to facilitate asymmetric transformations, in the total syntheses of many 

natural products, which have implicit industrial applications. The new support 

properties could have an advantageous effect on the catalytic activity and 

selectivity. 

Organocatalysts can be immobilised in a number of ways using covalent 

methods but an understanding of the mechanism of how catalysis proceeds is vital 

in designing a strategy of immobilisation. Three approaches are postulated: 1) in 

situ immobilisation, 2) post synthetic anchoring and 3) desilication or 

dealumination. In situ immobilisation will be firstly reacting the organocatalyst 

with a tethering group containing an oxysilane functionality, followed by addition 

to the gel mixture for the synthesis of the framework. The silicon in the catalyst 

precursor can act as a framework ion precursor and graft into a defect site or into 

the framework forming bonds with adjacent aluminium via a bridging O atom 

leaving a well-defined organocatalyst at the surface within the pores. With bulky 
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organocatalysts such as cinchona alkaloids, tethering can preferentially occur 

within the mesopores of the hierarchical material. Post synthetic anchoring can be 

carried out by treating an already substituted framework functionalised silicon 

atom with sequential solid phase grafting such as those akin to the immobilisation 

of amino acids or peptides onto functionalized silica by a solid phase peptide 

synthesis (SPPS) methodology
42

 or by azide alkyne Huisgen cycloaddition.
43

 The 

final method uses post synthetic treatments such as desilication, which is a 

process routinely used within zeolites to increase pore size. To date no such 

modification has been achieved in a controlled manner for AlPOs. The generation 

of an aluminosilicate mesopore allows the use of routine desilication to expose the 

aluminophosphate framework beneath. This then provides a stable mesoporous 

metal-substituted AlPO cavity for a wider range of reactions to occur but more 

importantly offers sites that can graft organics in similar ways as alluded to above. 

The immobilisation rationale can be applied to amino acid and cinchona 

alkaloid derivatives. The aim would be to develop bimodal architectures as 

supports for these catalysts with varying physical and chemical properties by 

altering the acidity, hydrophilicity, pore size and degree of channel dimensions. 

The catalytic activity and stereoselectivity from the immobilised catalysts can be 

correlated with spectroscopic evidence for the nature of the active sites and 

conclusions can be drawn about the effects which hinder or benefit catalysis. A 

selection of reactions that could be preliminary focused on (Figure 6.2.4) are the 

addition between various aldehydes and ketones via intermolecular and 

intramolecular aldol reactions
26, 44, 45

, Baylis-Hillman reaction of aldehydes with 2-

cyclohexen-1-one
46

 and Diels-Alder reactions of 3-vinylindoles and 

methyleneindolinones to produce carbazolespirooxindole.
47

 All of these reactions 

have extremely high relevance in the pharmaceutical industry. 

 

Figure 6.2.4: Reactions to be carried out homogeneously and heterogeneously by 

varying organocatalysts. A and B: intermolecular and intramolecular aldol reactions 

respectively, C: Baylis-Hillman reaction and D: Diels-Alder reaction. (R: 

functionalised aryl groups to vary electrophilicity of aldehyde group) 
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It is recognised that both microporous zeolites and aluminophosphates 

(AlPO’s) offer scope for the creation of solid-acid sites by utilising framework-

substituted, transition-metal-ions (Ti
4+

, Si
4+

 etc) that can be located on the inner 

walls and external surfaces of the porous architecture (Figure 6.2.5).  

 

Figure 6.2.5: SAPO-37 showing the BrØnsted acid site. 

 

Extending the above analogy to the design of multifunctional catalysts,
48

 

through the synthesis of hierarchical framework architectures that possess single-

sites, which can be associated with the modified support; coupled with post-

synthetic grafting of organocatalysts (enamine and iminium activation modes such 

as cinchona alkaloids) can induce a genuine bifunctional capability for the nano-

material. Each catalytic site will have a particular function that can facilitate 

specific transformations, whereby multi-step pathways can occur in sequence via a 

‘one pot’ method and through cascade-type reactions. There are over 3000 

examples of indoles in natural products,
49

 so using a combination of acid-site 

design, generated by incorporating a divalent
 

or tetravalent metal cation into the 

hierarchical framework, and tethering a suitable amine organocatalyst (Figure 

6.2.6) should facilitate “multi-step reactions” to be catalysed in a “single-step”, 

thereby increasing the catalytic efficiency and providing considerable 

improvements in terms of energy consumption and processing costs. 
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Figure 6.2.6: Two step synthesis of substituted indoles containing an amine-

catalysed conjugate addition that can be achieved through a bifunctional 

heterogeneous catalyst. 

 

Employing bulky organosilyl materials as tethers allows the selective 

anchoring onto the surface of the mesopores. This is assured by the diffusion 

limitations of such a molecule entering a micropore, and by the wider availability 

of defect Si-OH bonds on the surface of the mesopore. Once attached the tether is 

then able to bind to a range of molecules through a urea-link, allowing a range of 

organocatalysts such as proline or chincona alkaloids to be selectively implanted in 

the mesopores. This will then confer enantio-selective properties to the materials, 

making them useful in a range of chiral-specific catalytic reactions.  

The strategy can accurately position the active sites in defined environments 

within the synthesis or by post-synthetic modification of the architecture which 

could lead to exploiting the fundamental principles of reactant and product shape-

selectivity in confined spaces within the porous framework, with the aim of 

creating pore-specific active sites. Although many techniques now exist for 

synthesising bimodal hierarchical frameworks, to-date none have been able to 

specifically control the “precise placement and location” of active sites within the 

framework. This can be achieved through post-synthetic modification techniques 

(akin to those used in the synthesis of Ti-MCM-41
50

) by employing bulky metal 

precursors, such as Ti(Cp)
2

Cl
2

, to selectively “place” metal-centers inside the 

mesopores, whilst, sterically excluding them from the micropores. This would 

generate novel bifunctional heterogeneous catalysts with “specifically designed 

and placed active sites” for targeted catalysis. These single-site catalysts should 

facilitate simultaneous reactions within the different-sized pores, enabling the 

execution of multiple reaction steps with a high-degree of substrate activation for 

each transformation within a particular framework. This approach would be 

particularly beneficial in the Au-catalyzed cyclizations and acid-catalyzed 

hydroalkoxylations for the production of tetrahydrofuranyl ethers, which are 

extensively used in many biological (inhibitory activity) and pharmaceutical 

applications
51, 52

. The acidic framework coupled with the activity and selectivity that 

the immobilised cinchona-alkaloid organocatalyst will impart, will further enhance 

Acidic 

framework 

7.3Å 
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the strong hydrogen-bonding potential required for catalysing the multi-step 

cyclisation reactions
53

 (Figure 6.2.7) with a “single” bifunctional catalyst in a 

domino-type fashion. Moreover, this approach eradicates the need for using 

expensive metals (such as Au) for catalysing the first step, leading to savings in 

cost and further opening up new avenues for the discovery  and understanding of 

the underlying chemistry. 

 

 

Figure 6.2.7: Organocatalysed cyclisation followed by acid-catalysed 

hydroalkoxylations. 

 

Developing the insight into the relationship between the surface and the 

active-site creates novel approaches towards the rational design and optimisation 

in heterogeneous catalysis through support tuning and modification. This can be 

achieved by employing a range of characterisation techniques to probe the active 

site, the support and the relationship between the two. Using UV-Vis to probe d-d 

transitions, EPR and solid state NMR techniques would be used to confirm 

framework incorporation of the dopants and provide information on the 

coordination and geometry of the active site. Further, it would confirm the isolated 

nature of the active site and also quantify the number of different sites present for 

NMR active nuclei. XRD, SEM/TEM and BET techniques would be used to observe 

the morphology of the particles, the porosity and nature of the support. This 

would also provide information on the crystalltinity of the sample and the particle 

size. Finally, x-ray absorption spectroscopy (EXAFS and XANES) complemented by 

computational calculations in terms of ab initio techniques, explores the nature of 

the active site. Its surrounding environment can be probed extensively so that an 

accurate synthetic control for positioning the tethered catalyst can be achieved. 

This will further serve to maximise the synergistic interaction between the active 

centres, so as to facilitate cooperative catalysis in an optimised fashion. In this 

case, both catalytic entities will interact with each other, through particular 

transition-states and intermediates, which have a profound catalytic outcome on 

unprecedented rates and selectivities that are otherwise not accessible through the 

use of either of the two “individual” catalytic entities. The active sites, tethered 

after construction of the hierarchical frameworks, can be suitably modified via 

Acidic 

framework 

7.3Å 
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covalent immobilisation, which should open up new avenues for the fabrication of 

nano-catalysts. 
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