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ABSTRACT 

There is an increasing demand for enzymes that can transform synthetic compounds 

with high regio-, chemo-, and enantioselectivity. Single enantiomer compounds are in 

high demand from the agrochemical and pharmaceutical industries for the improvement 

of the compound’s efficacy and reduction in side-effects. Synthesis of optically pure 

aromatic β-amino acids has recently attracted attention for their application in many 

pharmacologically active compounds. However, to date there are still no efficient 

synthetic methods for their preparation. Omega-transaminases (ω-TAs) are 

stereospecific enzymes that can either be applied for the asymmetric synthesis of β-

amino acids from their corresponding ketones or kinetic resolution of racemic β-amino 

acids. The asymmetric synthesis is more advantageous because it leads to 100% of β-

amino acid product, and is therefore a major focus of this dissertation. 

In previous studies, ω-transaminases could not be applied efficiently on asymmetric 

synthesis of enantiopure aromatic β-amino acids due to the decarboxylation of β-keto 

acids. In this study, we report an asymmetric synthesis strategy to circumvent the 

decarboxylation problem via reductive amination hydrolysis (RAH) of stable aromatic β-

ketonitrile substrates. 

 

In this work, aromatic carboxylic acids were initially converted to carboxylic esters using 

thionyl chloride, and then subsequent nucleophilic substitution by lithiated acetonitrile 

resulted into aromatic β-ketonitriles. The thermodynamically stable aromatic β-

ketonitriles were converted to aromatic β-aminonitriles using ω-TA in using the LDH 

pyruvate removal mixture as well as in the presence of the diamine donor o-

xylylenediamine dihydrochloride. However low yields were obtained due to side-
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reactions and low enzyme activity, and therefore the subsequent steps in the project 

were demonstrated using commercial material. 

Hydrolysis of racemic aromatic β-aminonitriles into β-aminoamides as a first step 

towards conversion to carboxylic acids, was achieved using isolated nitrile hydratase 

from Rhodococcus rhodochrous ATCC BAA-870 (NHase). For determination of substrate 

specificity, NHase was also tested on β-ketonitrile substrates.   

Enantiopure aromatic β-amino acids were incorporated into wound healing peptides. The 

synthesis of these peptides was performed using solid phase peptide synthesis (SPPS). 

Successful synthesis of the wound healing peptides has been achieved, as well as their 

modification by attaching palmitic acid and adamantane for improving their membrane 

permeability. The biological activity of these peptides will be evaluated in future work. 
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1. INTRODUCTION 

The human body relies on the biological functions of proteins such as structural proteins, 

hormones, enzymes, receptors, and antibodies.1 Proteins are a chain of peptides formed 

by a linkage of amino acids through the peptide bond.1  Peptides play an important role 

as cytokines, growth factors, enzyme inhibitors, hormones, neurotransmitters, 

neuromodulators, and in various other biological functions such as wound healing.2 

However, when an individual suffers from diseases such as diabetes these natural 

peptides may take a longer time to regenerate to aid wound healing. Therefore there is a 

need for supporting synthetic peptides that would mimic natural wound healing peptides. 

Hence it is crucial for us to be able to synthesise peptides that mimic the functions or 

structural properties of the peptides or proteins.1 These are considered as 

peptidomimetics or protein mimics.1  

Amino acids are important components of peptidomimetics. The peptide linkages in 

synthetic and natural biopolymers adopt ordered conformations which are crucial to their 

functions in biological systems.3 Therefore, there is an increasing interest in researching 

synthetic peptides which mimic the functions of the backbones of these natural 

biopolymers.3b The peptidomimetics can also be synthesised in the laboratory with 

various modifications to avoid hydrolysis by proteases, thereby extending their active 

duration. The β-amino acids 1 (Figure 1) when linked together form stable β-peptides. 

These β-peptides have received a great deal of attention due to the additional carbon 

atom at position 3 in the β-amino acids (Figure 1), which renders β-amino acids more 

flexible3a than the corresponding α-amino acids 2 (Figure 1).4,5  The aim of this study is 

to design and synthesise novel wound healing peptides and the β-amino acid 

components of these peptides. 

 

Figure 1. Illustration of β-amino acid (1) and α-amino acid (2) 
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1.1. Collagen mimetic peptides for wound healing 

1.1.1. Chronic wounds challenges 

The skin has the essential role of protecting our bodies from different infections.4,6 

Damage to the skin’s integrity leads to infections.6 Chronic wounds mainly affect the 

adult population who suffer from diabetes and obesity6,7 and are an emerging therapeutic 

and economic issues in health care.8,9 Chronic wounds are described as the wounds that 

take an inappropriate length of time to heal and as a result of damage to the skin’s 

integrity are often associated with systemic diseases.8,9 The management of chronic 

wounds is very challenging and difficult, which poses an economic and health burden, 

which results in emotional stress as most of the people can’t access medical care due to 

the very high cost of hospitalization.8,10 

1.1.2. Wound healing phases 

Following harm to the skin's integrity, the tissue recovery for fixing the injury begins.11 

Wound mending includes a progression of steps in particular; hemostasis, inflammation, 

cellular migration and proliferation, wound contraction and remodeling as show in Figure 

2.9 

This process is defined as three major phases: Inflammation, Proliferation and 

Remodeling.6,11 The process of wound healing is very complex as it includes dissolvable 

mediators, extracellular matrix (ECM) development, and cell migration.6 The 

Inflammation stage is the underlying advance following the damage and it is intervened 

by physiological factors, such as cytokines, chemokines and fibronectin.9,11 The 

proinflammatory cells are required for eliminating microorganisms and expulsion of 

debris in the wound, and are also in charge of the penetration of neutrophils and 

macrophages.9,11 Macrophages animate the angiogenesis, fibroplasia and the creation of 

ECM, thereby initiate proliferation phase.8 The Proliferation stage includes angiogenesis, 

fibroplasia, and re-epithelialization, where angiogenesis and fibroplasia happens in the 

meantime to generate ECM and granulation tissue.9,11 The Remodeling stage, is the last 

stage where the ECM redesigns the collagens into collagenous structure, fibroblast into 

myofibroblast and wound contraction, which is the place the injury development happens 

with arrangement of scar tissue because of the decline in cellularity.12  
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Figure 2. Wound healing phases (https://www.pilonidal.org/surgery-aftercare/wound-

healing-in-depth/). 

1.1.3. Importance of peptides as components of wound dressings  

Currently, there is ongoing research into the properties of biological agents that mimic 

the structural properties and functions of the ECM that can be incorporated into physical 

(dressings) or chemicals pharmaceuticals for wound care treatments.13 In spite of the 

fact that there are some unmistakable advantages seen in clinical examinations, there is 

a need for further research in this area. The most common type of wound mending 

support is wound dressings which are made utilizing polymers, for example, chitosan, 

hyaluronic acid,14 polyurethane,15 silk fibroin, hydrocolloids, silicon and collagen.6,16,17 

However, this work will concentrate on the examination of the collagen mimetic peptides 

(CMP’s). Collagens are the most abundant proteins in the ECM and are characterised by 

a triple helical structure (Figure 3).18,19  
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Figure 3. A diagram of collagen peptides triple helix in complex 

(http://www.ebi.ac.uk/interpro/potm/2009_1/Protein_focus_2009_01-Collagen.html). 

They have fundamental functions in the human body including tissue framework, cell 

grip, cancer, cell relocation, angiogenesis, tissue morphogenesis and tissue repair.20 The 

triple helix comprises of three individual polypeptide chains (green, red and blue in 

Figure 3) with repeating glycine-X–Y units, where X and Y are occupied by proline (P) 

and hydroxyproline (O).14,16  The cross-linking between these three alpha chains is 

facilitated by hydrogen bonding, shown as dotted lines (Figure 4).19,20  
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Figure 4. A schematic of the detailed collagen-integrin interface, reproduced from Ref 

19.19 

Collagen turnover is a basic process for ECM remodeling, which requires the matrix-

metalloproteinases (MMP’s). The MMPs make the collagens accessible for the cell 

receptors (integrins).21 Integrins are transmembrane receptors intervening the migration, 

attachment to the ECM,20 and differentiation during the healing process.  

Integrins are made out of heterodimeric alpha and beta subunits.22,23 These subunits 

comprise of an extensive extracellular space (N-terminus), a short cytoplasmic area (C-

terminus) and a transmembrane space, and furthermore contains the metal binding site 

that is depicted as the metal ion-dependent adhesion site (MIDAS); represented as a 

blue sphere in Figure 5.23,24  
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Figure 5. A stereo molecular diagram representing MIDAS. Reproduced from Ref 19.19 

The MIDAS is vital for the communication between the collagens and integrins in the 

ECM interceded by the I-domains, which are in charge of the ligand recognition. The 

binding of I-domains to the collagens relies on a divalent cation magnesium (Mg2+) which 

is coordinated an octahedral geometry that includes the glutamate side chain (E – in 

yellow) in the center strand of the triple helical peptide.21,25,26  

1.1.4. Importance of Integrins and collagen sequences 

The αI domain is part of the I-domain and it is the central collagen binding site in the 

integrins.22 The main integrin receptors for collagens are the α1β1 and α2β1 integrins, 

both of which recognise collagen type I containing the peptide sequence Gly-Phe-Hyp-

Gly-Glu-Arg (G-F-O-G-E-R) which is a high affinity binding site (Figure 6).19,26The 

collagen-binding to the integrins includes coordination of a collagen carboxyl group 

(glutamate, E) with the divalent cation at the highest point of the I-domain.23 The 

glycine(G) is imperative for the collapsing of the triple helix and does not interface with 

the I-domain.19,20  Hydroxyproline (O) is in charge of hydrogen bonding to N154 and the 

stereoelectronic impact when binding with the integrin. The hydrophobic interface is 

made by phenylalanine (F) interacting with N154.19,20 The existence of a hydrophobic 

effect impacts the development of fibres and aggregation platelets.20 The arginine (R) 

makes a salt bridge with the negatively charged part of the integrin.20 
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Figure 6. Diagram depicting the integrin binding site.19  

1.1.5. Sequence of interest  

The arginine-glycine-aspartic acid (RGD) has been reported as the principal sequence 

with strong affinity for the integrin in the ECM.27 Thus designing peptides with this 

sequence will improve cell adhesion of the peptidomimetic. The sequence GFO is 

responsible for the hydrophobic interaction of the peptide when binding to the integrin27, 

therefore the conjugation of this sequence with the RGD sequence will result in a 

peptidomimetic of the sequence GFOGRGD. The Phenylalanine (F) will be replaced by 

the enantiopure beta-amino acids to enhance the selectivity of the β-peptides. The 

incorporation of these beta-amino acids will improve the peptides’ resistance to 

peptidases, physicochemical properties and conformational secondary structures due to 

the extra methylene carbon as compared to alpha-amino acids.28,29 The different 

substituents on the aromatic ring of the β-amino acid will also improves the binding of 

these peptides to the integrins. These peptides will be further modified by the attachment 

of methyl, palmitic acid or adamantane at the N-terminal. These modifications will 

enhance the peptide’s affinity for the membrane, which subsequently improves the 

permeability of the CPM’s amid the application on the injury dressing,30 and are less 

easily degraded than typical peptides since they improve the conformational rigidity 

nature of the peptide.31 Such modifications will potentially provide an improved wound 

healing peptide. 

1.2. Beta-amino acids 

In the 1960’s, β-amino acids were discovered in nature in the form of poly-β-aspartic 

acid, poly-β-alanine and the β-lactam rings of penicillin.32 These poly-β-amino acids 

show ordered secondary conformational structures such as helices,33,34,35 turns36,37 and 

β-sheets33c,38,39 as observed in the natural peptides (poly-αββ-amino acids) and 

proteins.3a,5 The secondary structures are due to the intramolecular forces (hydrogen 

bonding) between the amide proton (NH) and the carbonyl oxygen of the C-terminus as 

well as the torsion angles (Figure 7).36,40  
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Figure 7. Intramolecular hydrogen bonding possibilities in helices of alpha and beta-

amino acid containing peptides. The alpha amino acid residues are highlighted yellow 

while the beta-amino acid residues are highlighted blue. The hydrogen bonding is 

indicated by the arrows in different helices from A to D.36 Reproduced from reference 

36.36 

The α-amino acids have been utilised for the synthesis of chiral biologically active 

compounds and are the building blocks of natural peptides, enzymes and proteins.41,42 

However, short-chain α-peptides containing α-amino acids do not fold into secondary 

conformations because their backbone have three torsion angles compared to the β-

peptides which have more torsion variables (Figure 8).3a  
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Ψ ϕ Ψ ω ϕ θ ω 

 

Figure 8. A diagram depicting torsion angles for alpha and beta-peptide.3a  

In the case of β-peptides, short-chains of β-amino acids fold into secondary 

conformations resulting in resistance to cleavage by peptidases. The susceotibility of α-

peptides to enzyme degradation led to the investigation of homologues of α-amino acids, 

such as β-amino acids.43 Hence the asymmetric synthesis of β-amino acids and their 

incorporation into peptides.41  

In contrast with the poly-α-peptides, poly-β-peptides have demonstrated stable 

conformations in aqueous media and fold into the required secondary structures that 

display resistance to degradation by proteases.44,45 The additional carbon atom in the β-

amino acids builds  the open door for R,R’-substitutions by various functional groups and 

expands the amide linkage space which improves solubility, brings down the melting 

point and increases stability to heat when compared to α-amino acids (Figure 8).3a,4  

 

1.2.1. The importance of beta-amino acids in pharmaceuticals 

β-Amino acids are important for the biological activity of the drugs such as the antitumour 

drug Taxol,46,47 the antidiabetic drug Sitagliptin (Figure 9, with the β-moiety circled by a 

dotted line),47,48 the antifungal antibiotic Cispentacin49 and protease inhibitors against 

HIV.50 
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Figure 9. Structural representation of Sitagliptin.  

This makes them good building blocks51 for the synthesis of various 

pharmaceutical52,53,54 and agrochemical ingredients.55,56 The pharmaceutical industry has 

an expanding interest in the asymmetric synthesis of β-amino acids as they have novel 

pharmacological properties and β-peptides show selectivity for bacterial cells with low 

hemolytic activity for mammalian red blood cells.40,41,43  

About 80% of pharmaceutical items are optically active.57 Enantiomerically pure chiral β-

amino acids,58 alcohols and amines are utilised progressively for the improvement of the 

physiological impacts of pharmaceutical and agrochemical compounds.59,60 Enantiopurity 

of β-amino acids is required to decrease the dose of the medication and for the 

improvement of the drug’s efficacy.57,60 
 

1.2.2. Methods for the production of beta-amino acids  

So far we have discussed the importance of β-amino acids in pharmaceuticals, but how 

are they made? The methods for readily and efficiently producing enantiopure β-amino 

acids are still under investigation.48 There are two general synthetic methods available 

for the production of optically active β-amino acids: chemical and biocatalytic methods. 

There are several chemical methods available, including, for example, Wolff 

rearrangement (Scheme 1)61, addition of enantiopure amines to Michael adduct 

(Scheme 2)41 and the Curtius rearrangement (Scheme 3).62 
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Scheme 1. Synthesis of β-amino acids from α-amino acids via Wolff rearrangement.61 

The most import step in the reaction scheme above is the Wolff rearrangement of 

compound 4 in the presence of silver oxide.61 The elimination of N2 generates the 

intermediate ketene (Figure 10) which, on addition of water, is converted into the 

corresponding β-amino acid 5 (Scheme 1).61 

 

 

Figure 10. Ketene intermediate resultant from Wolff rearrangement  

However this method gives moderate yields, uses poisonous and expensive reagents, 

and reaction conditions are explosive.63  

The second method which involves the Michael adduct is shown in Scheme 2. 

 

 

Scheme 2. Michael addition of the enantiopure amine.41  
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The enantiopure amine added in step one acts as a nucleophile when reacting with the 

tert-butyl acrylate 6 in toluene followed by the addition of THF to dilute the reaction 

mixture. Upon completion, 2,6 di-tert-butylphenol, a hindered acid is added to quench the 

reaction.41 Upon reduction of the amine with carbon supported palladium and ester 

hydrolysis with aqueous hydrochloric acid, β-amino acid 8 is obtained. The drawback of 

this method is that the yields are very low. 

The pig liver esterase (PLE) was used to first catalyse the desymmetrisation of 9 to 10 

(Scheme 3).62 

 

 

Scheme 3. A stepwise Curtius rearrangement of di-esters 9.64,65,66  

The acyl azide 11 was prepared by treating 10 with ethyl chloroformate/ triethylamine 

followed by sodium azide.64 The Curtius rearrangement of acyl azide 11 generates the 

acyl nitrene 13, followed by the formation of aziridene 14.65 The ring opening of aziridene 

14 was performed under heat in the presence of benzyl alcohol, followed by hydrolysis 

resulting into carbamic acid 15.64,66 The decarboxylation of carbamic acid generates 

amino ester 16.66 The resulting amino ester 16 was hydrolysed by potassium carbonate 



13 
 

in the presence of methanol/water to generate the β-amino acid 17.62,64 However there is 

still no efficient chemical method for the production of optically pure amino acids due to 

the use of expensive metal catalysts, additional purification steps and generation of by-

products which reduces the percentage yield.57,59b  

Increasing understanding of biological systems that use chirally selective catalytic 

enzymes for many biological reactions has led to the increase in research focusing on 

biocatalysis to synthesise bioactive compounds in the pharmaceutical industries.60 The 

use of biocatalytic methods is advantageous due to their regioselectivity,67 

chemoselectivity68,69 and stereoselectivity70,71 properties in the biotransformation of 

substrates into optically active products.68,72 This strategy has several advantages over 

chemical synthetic routes because reactions are carried out under ambient conditions, 

consequently preventing the use of harsh conditions which cause problems with 

isomerization and racemization.69 Immobilization of the enzyme can be done for reuse, 

thus reducing the creation of waste and cost.68,69 Most of the reactions are carried out in 

aqueous medium which diminishes the utilization of organic solvent, hence promoting 

environmental friendliness and safety.68,73 These properties make biocatalysis one of the 

greener synthetic routes for enantiopure bioactive intermediates.70 

1.3. Transaminases 

Transaminases74,75 catalyze the reversible deamination76 of the amino group from the 

donor to the amino acceptor using a cofactor pyridoxal 5’-phosphate (PLP) as an 

electron shuttle (Scheme 4).77,78 

 

 

Scheme 4. Deamination of amino group involving transaminases.78  

Transaminases can be classified as alpha-transaminase (α-TA) or omega-transaminase 

(ω-TA) based on the position of the amino group to be deaminated relative to the 

carboxyl group in the starting material.78 The α-TA accepts only α-keto acids and α-
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amino acids as the substrates.78,79 In contrast to α-TAs, ω-TAs exhibit enantioselectivity 

for a wide range of substrates that have more than one methyl group between the 

carboxyl group and the substituents including aryl-substituents.80,81 

There are two types of ω-TA’s: R-selective ω-Transaminases (R-ω-TA) 82 and S-

selective Transaminases (S-ω-TA). The R-ω-TA’s belong to fold class type IV whereas 

the S -ω-TA’s belong to fold class type I.82 A larger number of S-ω-TA’s are found in 

many different micro-organisms: Alcaligenes denitrificans Y2k-2, Arthrobacter citreus, 

Bacillus megaterium SC6394, Bacillus thuringiensis JS64, Chromobacterium violaceum, 

Klebsiella pneumoniae JS2F, Mesorhizobium and Vibrio fluvialis JS17.83 Only a few R-ω-

TA’s have been discovered: in Aspergillus fumigatus,82 Nectria,84 Arthobacter sp. 

KNK16883 and ATA117.83  

These two types of ω-TA’s both consist of two binding active site pockets between the 

homodimers: large and small pockets as illustrated in Figure 11.82,85,86 

 

 
 

Figure 11. ω-Transaminase substrate binding depicting the large (L) and small (S) 

pockets of the PLP form of the enzyme occupied by methylbenzylamine (13) and 2-

oxobutyrate (14).87 
 

The large pocket shows acceptance of both hydrophobic and carboxylate groups, while 

the small pocket shows recognition for groups not larger than ethyl and resistance to 

carboxylate groups due to strong repulsion.88 The newly discovered ω-TA’s that 

overcome the above problem are found in Paracoccus denitrificans (PDTA) and 

Arthrobacter sp, which are a S-ω-TA and a R-ω-TA respectively.88  

1.3.1. Reaction mechanism for omega-transaminases  

The cofactor PLP 15 is covalently bound to the lysine in the active site of the enzyme 

through a Schiff base to form an internal aldimine 16 and lies at the bottom of the active 

site between the small and large pockets (Scheme 5).74,84,89 There are two half-reactions 

in the proposed mechanism of TA’s .84 In the first half-reaction the cofactor forms the 

Schiff base with the amino donor to produce the aldimine 17 and after proton abstraction 

it forms the quinonoid intermediate 18.74,84 The rearrangement of the proton and 

hydrolysis reaction leads to the formation of PMP 20.74,84 In the second half-reaction the 
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2-oxobutyrate on the pyridoxamine 5’-phosphate active site (PMP) transfers the amino 

group to the amino acceptor (ketone) yielding PLP 15 and the amine product as a single 

enantiomer (Scheme 5).84  

 

 

Scheme 5. The schematic representation of transaminases mechanism involving the 

PLP cofactor.84 

The quinonoid 18 plays an important role in determining the stereoselectivity of the 

enzyme where-in if the Si-side of the quinonoid intermediate is exposed to solvent, it is 

an R-selective-TA and if the Re-side is exposed to the solvent, it is an S-selective-

TA.82,83,84 

 

1.3.2. Biotransformation methods 

The biotransformation of relevant substrates into chiral amines and amino acids has 

been carried out using lipases, hydantoinases and acylases.52 These are the hydrolytic 

enzymes used originally, however there are now more recently discovered enzymes for 

the production of chiral amines and amino acids including omega-transaminases52,47,77, 

nitrile hydratase,90,91 amidases90,91 and nitrilases.91 Omega-transaminases (ω-TA) have 

received increasing interest as biocatalysts for the reductive amination of prochiral 

ketones or aldehydes and oxidative deamination of primary amines.83,76 Transaminases 

are a new class of biocatalyst that are not well established as compared to other 

enzymes e.g. lipases.68 Therefore, screening studies need to be conducted to explore 

transaminase enzymes as they have attracted great attention for the production of β-
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amino acids. Naturally occurring ω-TAs are used in the three different biotransformation 

methods described in Scheme 6.92,88  

 

 

Scheme 6. Different methods for the biotransformation of substrates into pure 

enantiomers.74 

There are two major methodologies for chiral biotransformation: asymmetric93 synthesis 

(iii) and kinetic resolution of enantiomers (i).94 The kinetic resolution relies on the 

stereoselective transformation of the one enantiomer using a chiral enzyme catalyst, 

while asymmetric synthesis is based on the stereogenic formation of one enantiomer 

from given substrates and theoretically gives a 100% yield.94 The main disadvantage of 

kinetic resolution is that it only converts one enantiomer to the desired chiral product, 

thus has a maximum yield of 50%. This disadvantage led to the development of  

deracemization, a new method which improves the theoretical yield to 100% (Scheme 6, 

ii).95,96,90  

The deracemization reaction is carried out by using two enantiocomplementary omega-

transaminases, a complex method that requires two steps in a one-pot process redox 

reaction (Scheme 6).74 In the first step, the omega-transaminases displaying 

stereopreference and an amine acceptor (ketone) are used to kinetically resolve the 

racemic mixtures into chiral amine and intermediate ketone; in the second step, an 

omega-transaminase displaying opposite stereopreference to the first omega-
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transaminase is used to convert the intermediate ketone into chiral amine in the 

presence of an amine donor.74  

Therefore, asymmetric synthesis would be the preferred method to carry out this 

research as theoretically it has 100% yield, one step reaction process and fewer 

limitations as compared to other methods.  

1.3.3. Equilibrium problem for omega-transaminases 

The stereochemistry of the amine product can either be R or S depending on the type of 

ω-TA used for biotransformation. However, good conversion of the prochiral-ketone to 

the chiral amine product depends highly on the removal of the co-product which is 

formed during the deamination of the amine donor to shift the equilibrium to the chiral 

amine product.83,86,97 The unfavourable equilibrium reaction for chiral product in the 

asymmetric synthesis is due to the fact that the transaminases favour the formation of 

ketone starting material.98,99 This major problem can be overcome by removing the co-

product using lactate dehydrogenase (LDH), nicotinamide adenine dinucleotide (NAD+) 

and glucose dehydrogenase (GDH) coupled with the ω-TA. The co-product is converted 

to a lactone (Scheme 7) and undergoes decarboxylation to yield acetaldehyde and 

carbon dioxide.77,88,99  

 

 

Scheme 7. Example of the removal of coproduct using LDH coupled with omega-

transaminase.77 

The coupling of LDH, NAD+ and GDH with ω-TA also requires a large excess of the 

amino donor and this method is favoured for small to medium reaction scales.99 The 

types of amino donor also influence the thermodynamic equilibrium of the 

biotransformation. Isopropylamine has been used as an amino donor in larger scale 

reaction processes, however it is used in large excess and the removal of the acetone 

coproduct is needed to drive the reaction to completion (Scheme 8).76,99 
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Scheme 8. Selected example for larger scale reaction using isopropylamine.99 

1.3.4. Overcoming thermodynamic equilibrium difficulties 

 

An alternative method was recently discovered in which the ketone co-product is 

spontaneously converted into a phenol tautomer which is more stable, however their 

high cost poses difficulties for the use of this approach.99  This problem led to the new 

alternative approach whereby the low cost and achiral diamine donor was used to drive 

the unfavourable thermodynamic equilibrium towards the product.99 The diamine donor 

xylylenediamine dihydrochloride (23) is commercially available at low cost and was used 

for the conversion of the 4-fluorophenyl acetone (24) (>99%,>99% ee) at one equivalent 

of amine donor (Scheme 9).99 

 

 

Scheme 9. Conversion of 24 into (S)-25 using diamine donor (23) at 1.1 equivalent. 

HEPES = 4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid.99 
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The reaction equilibrium towards the product was favoured by the spontaneous 

tautomerization or 1,5-hydride shift of coproduct 26 into the more stable compound 27 

(isoindole) which is the more effective method for the removal of this by-product from the 

system.99 The spontaneous polymerization of by-product 27 gives coloured moieties.99 

This diamine donor can also be used in a large scale-reaction process.99 The 

temperature, solvent, pH of the buffer, types of buffer and substrate concentration also 

affect the stability and activity of the enzyme, hence optimum conditions and a suitable 

solvent along with the minimal required substrate concentration must be used.89,98  

1.3.5. Conversion of various substrates using omega-TA 

ω-TA’s have previously been used for the conversion of the aromatic β-keto acids using 

methylbenzylamine (MBA) as amino donor. However the major drawback of this reaction 

is the spontaneous decarboxylation of the β-keto acid starting material (Figure 12).53 

Hence ω-TA’s have been demonstrated in very few studies for the synthesis of β-amino 

acids with the beta-keto acids used as the substrates.53 Starting with the more stable 

beta-keto ester which was then hydrolysed by a lipase enzyme was found useful for the 

synthesis of beta-keto acids in a one pot biocatalytic cascade reaction with the 

combination of ω-TA’s in the asymmetric synthesis of enantiopure β-amino acids 

(Scheme 10).53 

 

 

Figure 12. Decarboxylation mechanism through a cyclic transition state mechanism.53 
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Scheme 10. Combination of lipase and transaminases for asymmetric synthesis of beta-

amino acids using hydrolysis-reductive amination (HRA).53 

Mathew et al53 prevented the decarboxylation of β-keto acids by the optimization of the 

lipase concentration during the conversion of β-keto esters to β-keto acids and then 

subsequent reductive amination using transaminases.53 However, this approach requires 

a great amount of lipase enzyme to efficiently hydrolyse esters. Therefore, we decided 

our approach would adopt the use of nitrile containing substrates instead of esters and 

nitrile hydrolyzing enzymes instead of lipases to investigate the broad activity of ω-TA 

with the diamine donor and other amine donors in which the biotransformation would be 

carried out under reductive amination-hydrolysis (RAH) with β-ketonitriles preventing the 

decarboxylation problem. This change in reaction order from HRA to RAH would prevent 

the decarboxylation transition state as the β-ketonitriles are more stable and do not have 

the acid moiety which is involved in the hydrogen bonding during the decarboxylation 

process. These β-ketonitriles would be aminated by ω-TA in the presence of the amino 

donor followed by nitrile hydrolysis using nitrile hydrolysis enzymes into β-amino acids. 

1.4. Nitrile hydrolyzing enzymes 

Nitrilases,100,101 nitrile hydratases102,103 and amidases104 are able to hydrolyse nitrile 

substrates into amides and amino acids.105 These enzymes display regioselectivity and 

enantioselectivity, therefore these enzymes have received a great deal of attention in the 

biotransformation of nitriles.44,100,101 These naturally occurring enzymes are used as 

bioremediation enzymes in the environment, examples of which include toxic effluents, 

cyanide remediation and herbicide degradation.101 Nitrile hydrolyzing enzymes are 

derived from several microbes and plants which convert arylacetonitrile, aromatic and 

aliphatic nitriles into the corresponding amides and acids.101,103  

1.4.1 Nitrilases 

Nitrilases require two molecules of water to catalyze the biotransformation of nitriles into 

acids and ammonia in a two-step mechanism.101,103 They belong to the nitrilase enzyme 

superfamily and they do not have a metal ion in the active site.100,101 Nitrilase active sites 

contain three different amino acids: cysteine, glutamate and lysine in a catalytic 

triad.101,105 Glutamate serves as a general base at the active site and lysine stabilizes the 

tetrahedral intermediate through a hydrogen bond with the nitrile nitrogen.101 The role of 
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cysteine at the active site is to act as a nucleophile as it attacks the cyano group through 

its thiol group (Scheme 11).101,103,105  

 

 

Scheme 11. Nitrilase hydrolysis mechanism for nitrile substrates.101 

The complete mechanism (Scheme 11) of nitrilases involves the nucleophilic attack by 

the cysteine’s SH-group 28 on the substrates nitrile carbon atom producing compound 

29. The addition of the first water molecule hydrolyzes the covalent thioimidate 29 into 

tetrahedral intermediate 30.100 It has been reported that the scissile bond in 30 is not well 

defined and with the delay in addition of the second water molecule can lead to the 

cleavage of the sulfur-carbon bond as illustrated in 31 to produce amides 32.101  In 

contrast, when the amine is the leaving group after the protonation of nitrogen in 33 this 

leads to the release of thioester 34 and ammonia.101,105 The cleavage of the carbon-

nitrogen bond in 33 and addition of the second water molecule are key to formation of 

the carboxylic acid moiety 35 (Scheme 11).101   

1.4.2 Nitrile hydratases 

Nitrile hydratases (NHase) are enzymes discovered from bacteria, plants and fungi,105 

and have been used for the biotransformation of aromatic and aliphatic nitriles into the 

corresponding amides.101,103  They have a conserved low-spin metal ion cofactor at the 

active site namely Fe(III) or Co(III).105,106 The two cysteines at the active site exist as the 

cysteine sulfenic and cysteine sulfinic acid.105,106 The other residues present at the active 

site include tyrosine, serine and arginine (Scheme 12).106 The mechanism of NHase is 
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proposed to be similar regardless of which metal ion cofactor is contained at the active 

site.105 The first step of the mechanism involves the attack of a metal bound hydroxyl 

group on the nitrile substrate (Scheme 12).105,106 

 

Scheme 12. The NHase mechanism for conversion of nitrile to amide.106 

The nucleophilic attack by Cys-SO- 37 on the nitrile substrate facilitates the formation of 

the cyclic intermediate 38.106 The oxygen from the cysteine is transferred to the nitrile as 

seen at 39 and is then incorporated in the amide product.106 The abstraction of a proton 

from arginine produces 40 and subsequent addition of water leads to the release of 

amide product 41 and the formation of a metal-hydroxyl complex 36.105,106  

1.4.3 Amidases 

The amidases further hydrolyze the amide product into the corresponding acid and 

ammonia.107 Amidases are regioselective and have broad substrate specificity.107 These 

enzymes have conserved serine and lysine residues at the active site where the serine 

residue plays a very important role initiating nucleophilic attack on the amide carbonyl 

carbon atom (Scheme 13).107  
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Scheme 13. Amidase mechanism for the biotransformation of amide into acid.107 

The nucleophilic attack by the Ser226 oxygen is key to formation of tetrahedral 

intermediate 43.107 The deprotonation of Ser226 by Ser202 increases the nucleophilicity 

of the oxygen.107 The protonation of the amino group by Ser202 increases the 

electrophilic properties of the substrate carbon atom in the intermediate 43. 

Deprotonation of the hydroxyl group by Ser202 leads to the dissociation of ammonia and 

formation of a carbonyl group in 44 (Scheme 13).107 The addition of water leads to the 

hydrolysis from Ser226 and protonation, leading to formation of the acid product 45.107  

1.5 Proposed reaction sequence 

The RAH sequence would involve the reductive amination of β-ketonitriles into β-

aminonitriles using omega-transaminase followed by nitrile hydrolysis using either 

nitrilase or nitrile hydratase\amidase to produce β-amino acids (Scheme 14). 
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Scheme 14. RAH reaction cascade 

1.6. Overall project aim 

The overall aim is to produce a wound healing peptide that is not rapidly degraded by 

cellular proteases. To achieve this we intend to incorporate enantiopure beta-amino 

acids into the peptide chain. These beta-amino acids can be generated using omega-

transaminases, but as beta-keto carboxylic acids spontaneously decarboxylate, we are 

going to use beta-keto-nitriles as the substrates and use a sequential biocatalysis 

reaction (ω-TA – NHase/amidases) to achieve this.  

1.6.1 Aims and objectives 

 

 The aim is to synthesise enantiopure beta-amino acids using transaminases and 

nitrile hydratases/amidases for incorporation into wound healing peptides 

 Synthesise the beta-aminonitrile standards from beta-ketonitriles 

 Synthesise the β-ketonitrile substrates from aromatic carboxylic acids  

 Evaluate the β-ketonitriles as starting materials using omega-transaminases 

 Identify the optimal reaction conditions for maximising the transaminases activity 

 Identify one or more good amine donors that significantly drive reaction 

equilibrium towards the product 

 Screen different transaminases for conversion of ketone substrates   

 Use nitrile hydrolyzing enzymes for hydrolysis of the resultant beta-aminonitriles 

 Synthesise peptidomimetics by incorporating the beta-amino acids into wound 

healing peptide sequences 
 Analyse the components using HPLC-MS 
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1.6.2 Hypothesis and questions 

1.6.2.1 Hypothesis 

 The nitrile hydrolyzing enzymes will convert the optically pure β-aminonitriles into 

the corresponding β-amino acids 

 

1.6.2.2 Research questions 

 It is possible to synthesise β-amino acids from nitrile substrates using omega-

transaminases?   

 Can a multi-enzymes one pot reaction process drive the unfavourable equilibrium 

towards the product? 
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2. EXPERIMENTAL PROCEDURE 

2.1 Chemicals and reagents 

Hexane, ethyl acetate, methanol and acetone were purchased from Sigma Aldrich. 

Acetone was used to clean apparatus. Acetonitrile and tetrahydrofuran (THF) were 

purchased from Mallinckrodt. Sodium was purchased from Sigma Aldrich and used for 

preparation of dry THF under nitrogen gas. Distillations were done under nitrogen gas 

(purchased from TriGas) using calcium hydride for drying dichloromethane (DCM). Beta-

amino acids were purchased from Bepharm. 2-Chlorotrityl resins were purchased from 

Sigma Aldrich.  

Triisopropylsilane (TIS), hexafluorophosphate azabenzotriazole tetramethyl uronium 

(HATU), hydroxybenzotriazole (HOBt) and Fmoc protected L-amino acids were 

purchased at DLD Scientific. Bromoacetic acid, 2-chlorotrityl chloride resin, diethyl ether, 

trifluoroacetic acid (TFA), N,N’-diisopropylcarbodiimide (DIC), thionyl chloride (SOCl2), 

piperidine, chloroform (CHCl3), 1,2-Ethanedithiol (EDT), dimethyl sulfoxide (DMSO), 

acetic acid (AcOH), aluminium trichloride (AlCl3), sodium hydrogen carbonate (NaHCO3), 

magnesium sulphate (MgSO4 ), diisopropylethylamine (DIPEA), triethylsilane, formic 

acid, hexane, ethyl acetate, paraformaldehyde, p-toluenesulfonic acid, toluene, iodine, n-

butyllithium (n-BuLi), acetone, methanol (MeOH), sodium hydroxide (NaOH) and 

ascorbic acid were purchased at Sigma Aldrich. N,N’−dimethylformamide (DMF) and 

acetonitrile (ACN) were purchased from DLD Scientific. 

Enzymes: transaminases (Enzymicals TA001-TA008) from Enzymicals AG (Germany) 

(ECS), omega-Transaminase Aspergillus fumigatus purchased from Sigma Aldrich, 

transaminases (Prozomix-TA001-TA050) purchased from Prozomix Limited in 

Northumberland, lactate dehydrogenases (LDH) and glucose dehydrogenase (GDH) 

both purchased from Sigma Aldrich, were used without further purification. Nitrile 

hydratase Rhodococcus rhodochrous ATCC BAA-870 was supplied by ZABiotech and 

CSIR Biosciences (South Africa). Nicotinamide adenine dinucleotide (NAD+) and 

pyridoxal 5’-phosphate (PLP) were purchased from Sigma Aldrich. The diamine donor o-

xylylenediamine dihydrochloride and 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 

(HEPES) were purchased from Sigma Aldrich. 

2.2 Instrumentation  

Thin layer chromatographic (TLC) analysis was done on Merck Aluminium foil backed 

plates coated with silica gel 60, F254 and a UV lamp (245 nm) was used to monitor the 

reaction progress. Macherey-Nagel silica gel 60 (particle size 0.063 nm to 0.200 nm) 

was used as the solid phase column packaging.  
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The 1H and 13C Nuclear Magnetic Resonance spectra were acquired on a Bruker 500 or 

300 MHz spectrometer at room temperature. The deuterated solvent was used as 

specified for each compound.  The internal standard tetramethylsilane (TMS, 0.05% v/v) 

was contained in deuterated chloroform (CDCl3). MestreNova Software under license 

from Mestrelab Research, CA, USA was used for data processing.  

The abbreviations for multiplicities were labelled as follows: singlet = s, doublet = d, 

triplet = t, doublet of doublet = dd, quartet = q, multiplet = m.  

Mass spectra were recorded on a Thermo Scientific Dionex Ultimate 3000 Ultra-High 

Performance Liquid Chromatography (UHPLC) instrument coupled to a Bruker Compact 

Q-TOF high mass spectrometer. An electrospray ionisation source (ESI) in the positive 

ion mode was used for the analysis. A Phenomenex C18 column (5 μm, 100 Å, 250 mm 

× 21.2 mm) was utilized for HPLC separation. 

The purity of compounds was determined using an Agilent 1260 Infinity semi-preparative 

HPLC system equipped with a Phenomenex C18 column (5 μm, 100 Å, 250 mm × 21.2 

mm) coupled to a UV-Vis detector (operating at 215 nm and 254 nm) and an automated 

fraction collector. Acetonitrile-water (both containing 0.1 % formic acid) was used as the 

mobile phase (Gradient: 5 – 95 % acetonitrile in 25 minutes + 5 minutes at 95%, flow 

15.0 mL/min).  

Infra-red (IR) spectra were recorded on a Bruker Tensor-27 Fourier Transform infrared 

spectrometer.  

Chiral analysis were performed on a Dionex Ultimate 3000 chiral HPLC instrument 

furnished with a photodiode array detector. The mobile phase utilized on Lux 3 µm 

cellulose-2 (250 × 4.6 mm) comprised of hexane and isopropyl alcohol (IPA) (90:10); 

flow rate = 1 mL/min). 

2.3 Initial test for biocatalysis using transaminases 

2.3.1 Analytical scale deamination of amine substrates using pyruvate amine 

acceptor 

All biocatalysis reactions were performed at 30°C for 12 h in HEPES buffer (100 mM, 

850 µL, pH 7.5) containing PLP (2 mM) in a 2 mL-Eppendorf tube. The corresponding 

amine substrate (5 mM) was dissolved in 15% v/v DMSO and added to the buffer 

solution (850 µL) containing transaminase (2 mg) with the amine acceptor pyruvate (0.5 

equiv). The reaction mixture was agitated at 30°C. TLC and HRMS were used to monitor 

the generation of the ketone product. The reaction was quenched by the addition of 

sodium hydroxide (150 µL, 5 N) followed by extraction using ethyl acetate (3 × 500 µL). 
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The organic layers were combined and dried over MgSO4. The reactions were analysed 

by HRMS.   

2.3.2 Analytical scale reductive amination of ketone substrates using diamine 

donor 

All biocatalysis reactions were performed at 30°C for 12 h in HEPES buffer (100 mM, 

850 µL, pH 7.5) containing PLP (2 mM) in a 2 mL-Eppendorf tube. The corresponding 

ketone substrate (5 mM) was dissolved in 15% v/v DMSO and added to the buffer 

solution (850 µL) containing transaminase (2 mg) with diamine donor (1.1 equiv). The 

reaction mixture was agitated at 30°C. TLC was used to monitor the generation of the 

amine product. The reaction was quenched by the addition of sodium hydroxide (150 µL, 

5 N) followed by extraction using ethyl acetate (3 × 500 µL). The organic layers were 

combined and dried over MgSO4. The reactions were analysed by HRMS.  

2.3.3 Analytical scale reductive amination of ketone substrates using LDH/GDH 

pyruvate removal system 

The biotransformation reactions were performed at 30°C in a 2 mL Eppendorf tube. 

Transaminase (2 mg) and PLP (2 mM) were rehydrated in HEPES buffer (100 mM, 850 

µL, pH 7.5). The amine donor L-alanine (75 mM) was added to the solution and allowed 

to equilibrate for 2h. Corresponding ketone substrate (15 mM) was dissolved in DMSO 

(150 µL), pyruvate reductase mix (=LDH/GDH mix) (40 mg, mixture of lactate 

dehydrogenase, glucose dehydrogenase, glucose, NAD+), were added to the solution 

and the reaction mixture was allowed to stir at 30°C for 24 h. The progress of the 

reaction was monitored by TLC. The reaction was quenched by the addition of aqueous 

NaOH (200 µL, 5 N) solution, followed by extraction with ethyl acetate (3 × 500 µL). The 

combined organic layers were dried over MgSO4 and concentrated under reduced 

pressure. The reactions were monitored by HRMS.  

2.4 Initial test for the hydrolysis of beta-ketonitriles into beta-ketoamides 

The hydrolysis test was conducted at 30°C for 8 h in Tris-buffer (100 mM, pH 9) in a 2 

mL-Eppendorf tube. The substrate 3-oxo-3-(p-tolyl)propanenitrile (20 mM) was dissolved 

in methanol 10% v/v and added to the buffer (850 µL) containing nitrile hydratase 

enzyme (5 mg). After 8 h the reaction was quenched by the addition of HCl (200 µL, 2 N) 

followed by the extraction with ethyl acetate (3 × 500 µL). The organic layers were 

combined and dried over MgSO4. The reactions were monitored by TLC and HRMS. 

2.5 General synthetic procedures 

2.5.1 Attempted preparation of β-ketonitriles 49 exemplified by compound 49a 

(Method 1) 
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2-Phenylacetic acid 46a (1.01 g, 7.351 mmol) was dissolved in dry DCM (1.1 mL) and 

thionyl chloride (7.0 mL) was added. The reaction was stirred at room temperature for 2 

h. The excess SOCl2, and the by-products HCl and SO2 were removed under reduced 

pressure to give 2-phenylacetyl chloride 47a (100% yield). Acetonitrile (1.2 mL, 22.970 

mmol) was added drop-wise to the solution containing n-BuLi (4.0 mL, 42.462 mmol) in 

dry THF (8 mL) stirring at -78°C for 1 h. The crude product 2-phenylacetyl chloride 47a 

was dissolved in dry THF (3 mL) and added to the reaction mixture. The reaction was 

stirred at -78°C for 4 h and then quenched by the addition of HCl (5 mL, 2 M).  Water (5 

mL) was added followed by the extraction using ethyl acetate (5 × 5 mL). The organic 

layers were combined, dried over MgSO4 and instead of the anticipated product, the 

original starting material 2-phenylacetic acid 46a108 (0.87 g, 87%) was recovered as an 

oil product. Rf (30% EtOAc/Hexane) 0.60. M.p. 74-76°C (lit. m.p. 76-78°C).108  1H NMR 

(300 MHz, CDCl3): δ 7.36 – 7.21 (5H, m, H1, H2, H2’, H3 and H3’), 3.64 (2H, s, H5). 13C 

NMR (75 MHz, CDCl3): δ 177.8 (C-6), 133.3 (C-4), 129.4 (C-3 and C-3’), 128.6 (C-2 and 

C-2’), 127.3 (C-1), 41.1 (C-5) (lit. Sigma Aldrich).108  

 

 

2.5.2 Procedure for the synthesis of esters (48a-d) from carboxylic acids (46a-d) 

(Method 2) 

 

2.5.2.1 Synthesis of ethyl 2-phenylacetate 48a109 
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2-Phenylacetic acid (1.00 g, 7.351 mmol) was dissolved in ethanol (6 mL). Thionyl 

chloride (0.026 mL) was added to the clear solution. TLC was used to monitor the 

consumption of the starting material. The reaction was concentrated under reduced 

pressure. Water (8 mL) was added followed by extraction with ethyl acetate (3 × 5 mL). 

The organic layers were combined, washed with brine solution and dried over MgSO4. 

The crude product was purified by silica gel column chromatography yielding ethyl 2-

phenylacetate 48a (1.03 g, 85%) and was isolated as a clear oil. Rf (30% EtOAc/hexane) 

0.85. 1H NMR (300 MHz, CDCl3): δ 7.37 – 7.19 (5H, m, H1, H2, H2’, H3 and H3’), 4.13 

(2H, q, J = 7.1 Hz, H8), 3.59 (2H, s, H5), 1.23 (3H, t, J = 7.1 Hz, H8). 13C NMR (75 MHz, 

CDCl3): δ 171.5 (C-6), 134.2 (C-4), 129.2 (C-3 and C-3’), 128.5 (C-2 and C-2’), 127.0 (C-

1), 60.8 (C-7), 41.4 (C-5), 14.2 (C-8) (lit. Liu et al109). 

2.5.2.2 Synthesis of ethyl 2-(p-fluorophenyl)acetate 48b110 

 

 

2-(p-Fluorophenyl)acetic acid (1.00 g, 6.490 mmol) was dissolved in ethanol (6 mL). 

Thionyl chloride (0.026 mL) was added to a clear solution. TLC was used to monitor the 

consumption of the starting material. The reaction was concentrated under reduced 

pressure. Water (8 mL) was added followed by extraction with ethyl acetate (3 × 5 mL). 

The organic layers were combined, washed with brine solution and dried over MgSO4.  

The crude product was purified by a silica gel column chromatography yielding ethyl 2-

(p-fluorophenyl)acetate 48b (1.09 g, 89%) and was isolated as a clear oil. Rf (30% 

EtOAc/hexane) 0.82. 1H NMR (300 MHz, CDCl3): δ 7.25 (2H, dd, J = 8.7, 5.4 Hz H3 and 

H3’), 7.01 (2H, t, J = 8.7 Hz H2 and H2’), 4.16 (2H, q, J = 7.1 Hz, H7), 3.58 (2H, s, H5), 

1.25 (3H, t, J = 7.1 Hz, H8). 13C NMR (75 MHz, CDCl3): δ 171.8 (C-6), 162.4 (C-1, d, 1JC-

F = 245.1 Hz), 131.2 (C-3 and C-3’, d, 3JC-F = 8.0 Hz), 130.3 (C-4, d, 4JC-F = 3.3 Hz), 

115.7 (C-2 and C-2’, d, 2JC-F = 21.4 Hz), 61.3 (C-7), 40.8 (C-5), 14.5 (C-8) (lit. Busto et 

al110). 

2.5.2.3 Synthesis of ethyl 2-(p-tolyl)acetate 48c111 
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2-(p-Tolyl)acetic acid (1.02 g, 6.671 mmol) was dissolved in ethanol (6 mL). Thionyl 

chloride (0.026 mL) was added to a clear solution. TLC was used to monitor the 

consumption of the starting material. The reaction was concentrated under reduced 

pressure. Water (8 mL) was added followed by extraction with ethyl acetate (3 × 5 mL). 

The organic layers were combined, washed with brine solution and dried over MgSO4. 

The crude product was purified by a silica gel column chromatography yielding ethyl 2-

(p-tolyl)acetate 48c (1.00 g, 85%) and was isolated as a clear oil. Rf (30% 

EtOAc/hexane) 084. 1H NMR (300 MHz, CDCl3): δ 7.13 (2H, d, J = 6.6 Hz, H4 and H4’), 

7.06 (2H, d, J = 7.1 Hz, H3 and H3’), 4.08 (2H, q, J = 7.1 Hz, H8), 3.51 (2H, s, H6), 2.27 

(3H, s, H1), 1.18 (3H, t, J = 7.2 Hz, H9). 13C NMR (75 MHz, CDCl3): δ 171.8 (C-7), 136.7 

(C-2), 131.4 (C-5), 129.4 (C-3 and C-3’), 129.3 (C-4 and C-4’), 60.8 (C-8), 41.1 (C-6), 

21.2 (C-1), 14.3 (C-9) (lit. Song et al).111 

2.5.2.4 Synthesis of ethyl 2-(p-methoxyphenyl)acetate 48d110 

 

 

2-(p-Methoxyphenyl)acetic acid (1.00 g, 6.021 mmol) was dissolved in ethanol (6 mL). 

Thionyl chloride (0.026 mL) was added to a clear solution. TLC was used to monitor the 

consumption of the starting material. The reaction was concentrated under reduced 

pressure. Water (8 mL) was added followed by extraction with ethyl acetate (3 × 5 mL). 

The organic layers were combined, washed with brine solution and dried over MgSO4.  

The crude product was purified by a silica gel column chromatography yielding ethyl 2-

(p-methoxyphenyl)acetate 48d (0.93 g, 80%) and was isolated as clear oil. Rf (30% 

EtOAc/hexane) 0.84. 1H NMR (300 MHz, CDCl3): δ 7.18 (2H, d, J = 8.7 Hz, H4 and H4’), 

6.84 (2H, d, J = 8.7 Hz, H3 and H3’), 4.12 (2H, q, J = 7.1 Hz, H8), 3.75 (3H, s, H1), 3.53 

(2H, s, H6), 1.23 (3H, t, J = 7.1 Hz, H9). 13C NMR (75 MHz, CDCl3): δ 171.1 (C-7), 158.0 

(C-2), 129.5 (C-5), 125.6 (C-4 and C-4’), 113.2 (C-3 and C-3’), 59.9 (C-8), 54.3 (C-1), 

39.7 (C-6), 13.4 (C-9) (lit. Busto et al).110 
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2.5.3 Procedure for the synthesis of β-ketonitriles (49a-d) from esters (48a-d)  

 

2.5.3.1 Synthesis of 3-oxo-4-phenylbutanenitrile 49a112 

 

 

To a solution containing n-BuLi/hexane (11.220 mmol, 2.3 equiv) in dry THF was added 

dry acetonitrile (9.760 mmol, 2.0 equiv) drop wise. After stirring the reaction at -78°C for 

1 h, ethyl 2-phenylacetate (0.80 g, 4.881 mmol) dissolved in dry THF was added to a 

reaction mixture. The reaction was stirred at -78°C for 4 h and then quenched by the 

addition of HCl (5 mL). Water (5 mL) was added followed by the extraction using ethyl 

acetate (5 × 8 mL). The organic layers were combined and dried over MgSO4. The crude 

product was purified by a silica gel column chromatography yieldings 3-oxo-4-

phenylbutanenitrile 49a (0.61 g, 78%) and was isolated as red-brown crystalline solid. Rf 

(30% EtOAc/hexane) 0.60. M.p. 90-95°C. 1H NMR (300 MHz, CDCl3): δ 7.35 – 7.25 (3H, 

m, H1, H2 and H2’), 7.15 (2H, d, J = 6.3 Hz, H3 and H3’), 3.77 (2H, s, H7), 3.46 (2H, s, 

H5). 13C NMR (75 MHz, CDCl3): δ 196.2 (C-6), 132.6 (C-4), 129.9 (C-3 and C-3’), 129.4 

(C-2 and C-2’), 128.1 (C-1), 114.4 (C-8), 49.3 (C-5), 31.7 (C-7) (lit. Foehlisch et al).112 IR 

(vmax /cm-1): 2225 (C≡N), 1590 (C=C). 

2.5.3.2 Synthesis of 4-(p-fluorophenyl)-3-oxobutanenitrile 49b 

 

 

To a solution containing n-BuLi/hexane (10.223 mmol, 2.3 equiv) in dry THF was added 

dry acetonitrile (8.801 mmol, 2.0 equiv) drop wisely. After stirring the reaction at -78°C 

for 1 h, ethyl 2-(p-fluorophenyl)acetate (0.80 g, 4.401 mmol) dissolved in dry THF was 

added to a reaction mixture. The reaction was stirred at -78°C for 4 h and then quenched 

by the addition of HCl (5 mL). Water (5 mL) was added followed by the extraction using 

ethyl acetate (5 × 8 mL). The organic layers were combined and dried over MgSO4. The 

crude product was purified by a silica gel column chromatography yielding 4-(p-
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fluorophenyl)-3-oxobutanenitrile 49b (0.64 g, 82%) and was isolated as red-brown 

crystalline solid. Rf (30% EtOAc/hexane) 0.52. M.p. 101-104°C. 1H NMR (300 MHz, 

CDCl3): δ 7.21 – 7.13 (2H, m, H3 and H3’), 7.03 (2H, t, J = 8.7 Hz, H1 and H1’), 3.82 

(2H, s, H7), 3.53 (2H, s, H5). 13C NMR (75 MHz, CDCl3): δ 195.1 (C-6), 161.9 (C-1), d, 
1JC-F = 246.6 Hz), 130.8 (C-3 and C-3’, d, 3JC-F = 8.2 Hz), 127.4 (C-4, d, 4JC-F = 3.3 Hz), 

115.6 (C-2 and C-2’, d, 2JC-F = 21.6 Hz), 113.4 (C-8), 47.6 (C-5), 31.0 (C-7). IR (vmax /cm-

1): 2220 (C≡N), 1610 (C=C), 1355 (C-F). 

2.5.3.3 Synthesis of 3-oxo-4-(p-tolyl)butanenitrile 49c 

 

 

To a solution containing n-BuLi/hexane (10.223 mmol, 2.3 equiv) in dry THF was added 

dry acetonitrile (8.901 mmol, 2 equiv) drop wisely. After stirring the reaction at -78°C for 

1 h, ethyl 2-(p-tolyl)acetate (0.80 g, 4.491 mmol) dissolved in dry THF was added to a 

reaction mixture. The reaction was stirred at -78°C for 4 h and then quenched by the 

addition of HCl (5 mL). Water (5 mL) was added followed by the extraction using ethyl 

acetate (5 × 8 mL). The organic layers were combined and dried over MgSO4. The crude 

product was purified by a silica gel column chromatography yieldings 3-oxo-4-(p-

tolyl)butanenitrile 49c (0.57 g, 73%) and was isolated as red-brown crystalline solid. Rf 

(30% EtOAc/hexane) 0.55. M.p. 100-103°C. 1H NMR (300 MHz, CDCl3): δ 7.13 (2H, d, J 

= 8.0 Hz, H4 and H4’), 7.05 (2H, d, J = 8.1 Hz, H3 and H3’), 3.73 (2H, s, H8), 3.47 (2H, 

s, H6), 2.31 (3H, s, H1). 13C NMR (75 MHz, CDCl3): δ 196.5 (C-7), 137.7 (C-2), 130.0 

(C-5), 129.7 (C-4 and C-4’), 129.5 (C-3 and C-3’), 114.5 (C-9), 48.9 (C-6), 31.5 (C-8), 

21.3 (C-1). IR (vmax /cm-1): 2210 (C≡N), 1593 (C=C). 

2.5.3.4 Synthesis of 4-(p-methoxyphenyl)-3-oxobutanenitrile 49d113 

 

 

To a solution containing n-BuLi/hexane (10.211 mmol, 2.3 equiv) in dry THF was added 

dry acetonitrile (8.880 mmol, 2 equiv) drop wisely. After stirring the reaction at -78°C for 
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1 h, ethyl 2-(p-methoxyphenyl)acetate (0.80 g, 4.441 mmol) dissolved in dry THF was 

added to a reaction mixture. The reaction was stirred at -78°C for 4 h and then quenched 

by the addition of HCl (5 mL).  Water (5 mL) was added followed by the extraction using 

ethyl acetate (5 × 8 mL). The organic layers were combined and dried over MgSO4. The 

crude product was purified by a silica gel column chromatography yieldings 4-(p-

methoxyphenyl)-3-oxobutanenitrile 49d solid (0.66 g, 79%) and was isolated as brown 

crystalline. Rf (30% EtOAc/hexane) 0.51. M.p. 103-108°C. 1H NMR (300 MHz, CDCl3): δ 

7.10 (2H, d, J = 8.6 Hz, H4 and H4’), 6.87 (2H, d, J = 8.7 Hz, H3 and H3’), 3.77 (3H, s, 

H1), 3.74 (2H, s, H8), 3.49 (2H, s, H6). 13C NMR (75 MHz, CDCl3): δ 195.7 (C-7), 158.8 

(C-2), 130.1 (C-4 and C-4’), 123.6 (C-5), 114.1 (C-9), 113.6 (C-3 and C-3’), 54.8 (C-1), 

47.8 (C-6), 30.7 (C-8) (lit. Katritzky et al).113  IR (vmax /cm-1): 2222 (C≡N), 1595 (C=C).       

2.6 Conventional synthesis of β-aminonitrile standard product 

The synthesis of the standard β-aminonitriles were attempted using the following 

methods: 

2.6.1 Synthesis of tert-butyl (1-hydroxy-3-phenylpropan-2-yl)carbamate 52i114 

 

 

2-((tert-Butoxycarbonyl)amino)-3-phenylpropanoic acid 51 (2.02 g, 7.551 mmol) was 

dissolved in THF (10 mL) at 0°C and iodine (2.03 g, 8.501 mmol) was added to the 

solution. NaBH4 (0.31 g, 8.502 mmol) was added to the green solution and the reaction 

was allowed to stir at 0°C for 2 h, then refluxed for another 2 h. NaHCO3 (15 mL) was 

added to the reaction mixture, and the solution was extracted with ethyl acetate (3 × 10 

mL). The organic layers were combined, dried over MgSO4 and concentrated under 

reduced pressure. The crude product was purified by silica gel column chromatography 

yielding tert-butyl (1-hydroxy-3-phenylpropan-2-yl)carbamate 52i (0.15 g, 8%) as a 

colourless oil. Rf (50% EtOAc/hexane) 0.54.  1H NMR (300 MHz, CDCl3): δ 7.47 – 7.05 
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(5H, m, H1, H-2, H-2’, H3 and H3’), 5.58 (1H, s, H8), 5.54 – 5.34 (1H, m, H6), 4.50 – 

4.25 (1H, m, H7), 3.94 – 3.70 (1H, m, H7’), 3.27 – 2.56 (2H, m, H5), 1.31 (9H, s, H12). 
13C NMR (75 MHz, CDCl3): δ 156.1 (C-11), 136.9 (C-4), 130.1 (C-2 and C-2’), 129.0 (C-

3 and C-3’), 127.4 (C-1), 80.7 (C-11), 63.1 (C-7), 57.0 (C-6), 38.5 (C-5), 28.5 (C-12, C-

12’ and C-12’’) (lit. Nagendra et al).114 

2.6.2 Attempted approach towards synthesis of 3-amino-3-(p-tolyl)acrylonitrile 5544 

 

 

4-Methylbenzonitrile 53 (4.50 g, 8.551 mmol) was dissolved in THF (15 mL), and added 

to a solution of acetonitrile (2.1 mL, 38.290 mmol) with n-BuLi/Hexane (1 M, 45 ml, 

477.682 mmol). The reaction mixture was allowed to stir at -78°C for 8 h. HCl (20 mL, 2 

M) was added to the reaction mixture to quench the excess base and the resulting 

mixture was extracted with ethyl acetate (3 × 10 mL). The organic layers were combined, 

dried over MgSO4 and concentrated under reduced pressure. The crude product was 

purified by silica gel column chromatography yielding the unexpected β-ketonitrile 3-oxo-

3-(p-tolyl)propanenitrile 54 (1.03 g, 76%) as a white crystalline solid. Rf (30% 

EtOAc/hexane) 0.78. 1H NMR (300 MHz, CDCl3): δ 7.82 (2H, d, J = 8.3 Hz, H3 and H3’), 

7.32 (2H, d, J = 8.0 Hz, H4 and H4’), 4.05 (2H, s, H7), 2.44 (3H, s, H1). 13C NMR (75 

MHz, CDCl3): δ 186.3 (C-6), 145.7 (C-2), 131.6 (C-5), 129.5 (C-3 and C-3’), 128.3 (C-4 

and C-4’), 113.6 (C-8), 28.9 (C-7), 21.5 (C-1) (Katritzky et al).115  
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2.6.3 Synthesis of 3-amino-3-(p-tolyl)acrylonitrile 5544 

 

 

4-Methylbenzonitrile 53 (2.03 g, 17.10 mmol) was dissolved in dry toluene (15 mL), and 

added to a solution of acetonitrile (1.3 mL, 24.89 mmol) with potassium tert-butoxide 

(3.80 g, 34.20 mmol). The reaction mixture was allowed to stir at room temperature for 8 

h. HCl (20 mL, 2 M) was added to the reaction mixture to quench the excess base and 

the resulting mixture was extracted with ethyl acetate (3 × 10 mL). The organic layers 

were combined, dried over MgSO4 and concentrated under reduced pressure. The crude 

product was purified by silica gel column chromatography yielding 3-amino-3-(p-

tolyl)acrylonitrile 55 (1.83 g, 68%) as white crystalline solid. Rf (50% EtOAc/hexane) 

0.48. 1H NMR (300 MHz, CDCl3): δ 7.38 (2H, d, J=6.3 Hz, H3 and H3’), 7.20 (2H, d, 

J=7.8 Hz, H4 and H4’), 5.07 (2H, s, H7), 4.16 (1H, s, H8), 2.35 (3H, s, H1). 13C NMR (75 

MHz, CDCl3): δ 161.8 (C-6), 141.3 (C-2), 132.4 (C-5), 129.6 (C-3 and C-3’), 125.9 (C-4 

and C-4’), 119.9 (C-9), 62.4 (C-8), 21.3 (C-1) (lit. Chhiba et al).44 IR (vmax /cm-1): 2230 

(C≡N), 1670 (C=C), 3350 (N-H), 1100 (C-N).  

2.6.4 Synthesis of 3-amino-3-(p-tolyl)propanenitrile 56c44 

 

 

3-Amino-3-(p-tolyl)acrylonitrile 55 (0.20 g, 1.27 mmol) was dissolved in ethanol (5 ml). 

Sodium cyanoborohydride (86.18 mg, 1.39 mmol) was added, followed by bromocresol 

green (1 drop of 0.5% solution in ethanol). Concentrated HCl (32%) was added dropwise 

until the solution gave a permanent yellow colour. The reaction was allowed to stir at 
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room temperature for 3 h. Water (3 mL) was added, followed by concentrated aqueous 

ammonia (25%) to pH 11. The aqueous solution was extracted with diethyl ether (3 × 5 

mL). The combined organic layers were dried over MgSO4 and concentrated under 

reduced pressure. The crude product was purified by silica gel column chromatography 

yielding 3-amino-3-(p-tolyl)propanenitrile 56c (0.10 g, 50%) as a yellow oil. Rf (60% 

EtOAc/hexane) 0.43.  1H NMR (300 MHz, CDCl3): δ 7.25 (2H, d, J = 8.1 Hz, H3 and H3’), 

7.16 (2H, d, J = 8.0 Hz, H4 and H4’), 4.30 – 4.22 (1H, m, H6), 2.62 (2H, dd, J = 6.4, 4.1 

Hz, H8), 2.33 (3H, s, H1), 1.71 (2H, s, H7). 13C NMR (75 MHz, CDCl3): δ 139.1 (C-5), 

137.4 (C-2), 129.1 (C-3 and C-3’), 125.4 (C-4 and C-4’), 117.6 (C-7), 51.9 (C-5), 28.0 (C-

6), 20.6 (C-9) (lit. Chhiba et al44).  IR (vmax /cm-1): 3400 (N-H), 2220 (C≡N), 1594 (C=C), 

1250 (C-N). HRMS m/z: calculated for C8H13N: 161.1035 m/z, observed: [M+H]+ 

161.1067 m/z.  

2.7 General Synthetic procedure using transaminases 

2.7.1 Preparative scale biotransformation of methylbenzylamine using pyruvate 

amine acceptor 

 

 

All biocatalysis reactions were performed at 30°C for 12 h in HEPES buffer (100 mM, pH 

7.5) containing PLP (2 mM) in a round bottom flask (50 mL). Methylbenzylamine 57 

substrate at various concentrations (10 mM, 20 mM, 50 mM, 100 mM and 250 mM) was 

dissolved in 15% v/v DMSO and added to the buffer solution (8.50 mL) containing 

transaminase (5 mg) with amine acceptor pyruvate (10 mM). The reaction mixture was 

agitated at 30°C with the use of TLC and HRMS to monitor the generation of the ketone 

product. The reaction was quenched by the addition of sodium hydroxide (15 mL, 5 M) 

followed by the extraction using ethyl acetate (3 × 15 mL). The organic layers were 

combined, dried over MgSO4 and concentrated under reduced pressure yielding a trace 

amount of the product 58. HRMS m/z: calculated for C8H9O: 121.0609, observed: [M+H]+ 

121.0656.  

2.7.2 Reductive amination of ketone substrates using LDH/GDH pyruvate removal 

system  
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The biotransformation reactions were performed at 30°C in a 2 mL Eppendorf tube. 

Transaminase (2 mg) and PLP (2 mM) were rehydrated in HEPES buffer (850 µL) pH 

7.5. The amine donor L-alanine (250 mM) was added to the enzyme solution and 

allowed to equilibrate for 2 h. Corresponding ketone substrate (50 mM) was dissolved in 

15% v/v DMSO (150 µL), pyruvate reductase mix (=LDH/GDH mix) (40 mg, mixture of 

lactate dehydrogenase, glucose dehydrogenase, glucose, NAD+), were added to the 

solution and the reaction mixture was allowed to stir at 30°C for 24 h. The progress of 

the reaction was monitored by TLC. The reaction was quenched by the addition of 

aqueous NaOH solution (200 µL, 5 M), followed by extraction with ethyl acetate (3 × 500 

µL). The combined organic layers were dried over MgSO4 and concentrated under 

reduced pressure. The reactions were monitored by HRMS.  

2.7.2.1 Asymmetric synthesis of methylbenzylamine 57 using LDH/GDH mixture 

 

 

To a buffer solution containing PLP (2 mM), LDH/GDH mix, L-alanine (250 mM) and 

transaminase (2 mg) was added acetophenone (50 mM) 58 dissolved in DMSO. The 

reactions yielded trace amounts of products 57. HRMS m/z: calculated for C8H12N: 

122.0925 m/z, observed: [M+H]+ 122.0964 m/z. 

2.7.3 Preparative scale reductive amination of ketone substrates using diamine 

donor or amine donor  

All biocatalysis reactions were performed at 30°C for 24 h in HEPES buffer (100 mM, pH 

7.5) containing PLP (2 mM) in a round bottom flask (50 mL). The corresponding ketone 

substrate at various concentrations (10 mM, 20 mM, 50 mM, 100 mM) was dissolved in 

15% v/v DMSO and added to the buffer solution (8.50 mL) containing omega-

transaminase (5 mg) with diamine donor 7 (1.1 equiv). For comparison, L-alanine (50 

mM, 10 equiv, 100 mM, 20 equiv or 250 mM, 45 equiv) and isopropylamine (100 mM, 20 

equiv or 250 mM, 45 equiv) were also tested as amine donor under the same reaction 

conditions. The reaction mixture was agitated at 30°C for 24 h and with the use of TLC to 

monitor the generation of the amine product. The reaction was quenched by the addition 

of sodium hydroxide (15 mL, 5 M) followed by the extraction using ethyl acetate (3 × 15 

mL). The organic layers were combined, dried over MgSO4 and concentrated under 

reduced pressure.  
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2.7.3.1 Asymmetric synthesis of methylbenzylamine 57 using L-alanine as amine 

donor 

 

 

To a buffer solution containing PLP (2 mM), various concentrations of L-alanine (50 mM, 

10 equiv, 100 mM, 20 equiv or 250 mM, 45 equiv) and transaminase (5 mg) was added 

various concentrations of acetophenone 58 dissolved in DMSO. The reactions were 

monitored by HRMS and no product was detected. 

2.7.3.2 Asymmetric synthesis of methylbenzylamine 57 using Isopropylamine as 

amine donor  

To a buffer solution containing PLP (2 mM), various concentrations of Isopropylamine 

(100 mM, 250 mM) and transaminase (5 mg) was added various concentrations of 

acetophenone 58 dissolved in DMSO. The reactions were monitored by HRMS and no 

product was detected. 

2.7.3.3 Asymmetric synthesis of methylbenzylamine 57 using diamine donor  

To a buffer solution containing PLP (2 mM), various concentrations of diamine donor (1.1 

equiv) and transaminase (5 mg) was added various concentrations of acetophenone 57 

dissolved in DMSO. The reactions yielded trace amounts of products 58. HRMS m/z: 

calculated for C8H12N: 122.0925 m/z, observed: [M+H]+ 122.0966 m/z. 

2.7.3.4 Asymmetric synthesis of 3-amino-3-(p-tolyl)propanenitrile 56c using 

diamine donor  
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To a buffer solution containing PLP (2 mM), various concentrations of diamine donor and 

enzyme (5 mg) was added to various concentrations of 3-oxo-3-(p-tolyl)propanenitrile 

54c in DMSO. The reactions yielded trace amounts of products. HRMS m/z: calculated 

for C10H13N2: 161.1035 m/z, observed: [M+H]+ 161.1075 m/z. 

2.8 Procedure for hydrolysis of nitrile substrates using nitrile hydratase 

The hydrolysis test was conducted at 30°C for 24 h in Tris-buffer (100 mM, pH 9) in a 2 

mL-Eppendorf tubes. The corresponding nitrile substrate (20 mM) was dissolved in 

methanol 10% v/v and added to the buffer (850 µL) containing nitrile hydratase 

Rhodococcus rhodochrous ATCC BAA-870 (5 mg). After 24 h the reaction was stopped 

by centrifugation at 10 000 rpm × 15 min followed by extraction of the supernatant with 

ethyl acetate (3 × 500 µL). The organic layers were brine washed before combined and 

dried over MgSO4. The product was not isolated. 

2.8.1 Synthesis of 3-amino-3-(p-tolyl)propanamide 6544 

 

 

To a buffer solution containing nitrile hydratase (2 mg) was added 3-amino-3-(p-

tolyl)propanenitrile (20 mM) dissolved in methanol. The reaction mixture was incubated 

at 30°C. The reaction mixture was monitored by TLC and HRMS yielding trace amounts 

of the product as detected by HRMS. HRMS m/z: Calculated for C10H14N2O: 179.1140 

m/z, observed: [M+H]+ 179.1181 m/z. 

2.8.2 Synthesis of 3-oxo-3-(p-tolyl)propanamide 66c 
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To a buffer solution containing nitrilehydratase (2 mg) was added 3-oxo-3-(p-

tolyl)propanenitrile (20 mM) dissolved in methanol. The reaction mixture was incubated 

at 30°C. The reaction mixture was monitored by TLC and HRMS. The reaction mixture 

was not isolated. HRMS m/z: Calculated for C10H12NO2: 178.0823 m/z, observed: [M+H]+ 

178.0861 m/z. 

2.8.3 Synthesis of 3-(p-methoxyphenyl)-3-oxopropanamide 66d 

 

 

To a buffer solution containing nitrilehydratase (2 mg) was added 3-(p-methoxyphenyl)-

3-oxopropanenitrile (20 mM) dissolved in methanol. The reaction mixture was incubated 

at 30°C. The reaction mixture was monitored by TLC and HRMS. HRMS m/z: Calculated 

for C10H12NO3: 194.0772 m/z, observed: [M+H]+ 194.0809 m/z. 

2.9 Synthetic procedure for wound healing peptides  

Manual solid phase peptide synthesis (SPPS) was carried out in a reaction vessel under 

inert nitrogen gas atmosphere. 2-Chlorotrityl resin (500 mg) was weighed into two 

different tubes. The resins were first activated by reacting them with thionyl chloride (1 

mL) and dry DCM (10 mL). After filtering and washing the resins with dry DCM, the first 

amino acid Fmoc-Gly (0.70 g, 4 equiv) was attached to the resin through the carboxylic-

terminal. The amino acid was first dissolved in dry DCM (10 mL). This solution (5 mL) 

was added to the resin (500 mg) with DIPEA (1.74 mL) and the reaction was gently 

mixed by bubbling nitrogen for 45 min. The reaction was filtered and the resin was 

washed with DMF (3 × 5 mL) followed by DCM (3 × 5 mL) and DMF (3 × 5 mL) to 

remove excess reagents and byproducts. 

The Fmoc group is removed by the piperidine and that is how the loading capacity is 

measured. The loading capacity of the resin-Gly was determined by weighing duplicate 

samples of 10 mg loaded resin into Eppendorf tubes, 20 % piperidine/DMF (1 mL) was 

added and shaken for 20 min, then centrifuged for 5 min. The supernatant solution (100 

µL) was added to a vial containing DMF (10 mL). Pure DMF (2 mL) was pipetted into 

each of two cells (reference and sample cell) and the spectrophotometer was set to zero. 

The sample cell was emptied and the solution containing the sample (2 mL) was 
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transferred to the sample cell, and the absorbance observed three times at 301 mm. 

These absorbance were used to calculate the theoretical yields.  

The stock solution of 1M DIPEA in DMF was prepared. HBTU (7.58 g, 0.2 M) was added 

into 100 mL of DMF to prepare the stock solution. The other stock solution prepared was 

20% piperidine in DMF.  

The resin-Gly was filtered and washed with DMF (3 × 5 mL). The 20% piperidine solution 

(10 mL) was added to the resin to remove the Fmoc protecting group for 15 minutes and 

after which the resin was washed with DMF (3 × 5 mL) followed by DCM (3 × 5 mL) and 

DMF (3 × 5 mL) to remove excess reagents.  

The next amino acid coupled to the resin-bound glycine was Fmoc-Phe (0.78 g, 0.2 M). 

The amino acid (5 mL) was added to the resin along with the coupling reagent HBTU 

(5.00 mL) and DIPEA (5 mL) from their stock solutions and bubbled for 45 min. This was 

followed by another washing which leaves the resin-bound peptide ready for another 

coupling cycle. The amino acids used to complete the cycle were Fmoc-Hyp (0.82 g, 0.2 

M), Fmoc-Gly (0.60 g, 0.2 M), Fmoc-Arg (1.29 g, 0.2 M), Fmoc-Gly (0.60 g, 0.2 M) and 

Fmoc-Asp (0.83 g, 0.2 M), sequentially. The coupling and washing procedures were the 

same as the one described above. All the protecting groups were then deprotected and 

the resin-bound peptide cleaved from the resin (as described below) to afford 60a. The 

compounds obtained by replacing phenylalanine with β-aromatic amino acids were 61a, 

61d and 61g.  

The resin-bound peptides were modified by attaching adamantane and palmitic acid. The 

palmitic acid (0.512 g, 0.2 M) and adamantane (0.36 g, 0.2 M) were dissolved in DMF 

(10 mL). These solutions were added to the resin-bound peptides followed by HBTU (5 

mL) and DIPEA (5 mL) to afford 60b, 61b, 61e, 61h and 60c, 61c, 61f, 61i. The 

deprotection and washing procedures were similar to the one above.  

The cleavage of the peptide from the resin was performed by adding a solution 

containing 95% TFA, 2.5 % water and 2.5 % TIS, and left to shake overnight. The resin 

was first vacuum dried before being transferred to a tube containing a 10 mL TFA 

solution. The resin was filtered, and cold ether was poured into the filtered solution. The 

solution was centrifuged for five minutes at 5000 rpm and the liquid was transferred into 

waste leaving a precipitate. The precipitate was centrifuged with ether an additional three 

times leaving the cleaved peptide which was analysed using mass spectroscopy. The 

precipitated peptides were filtered and small amounts of each peptide were dissolved in 

acetonitrile and a few drops of formic acid for the mass spectral analysis by HRMS. The 

following peptides were synthesised:   

2.9.1 α-Peptides 60   
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The peptide was purified by HLPC yielding 60a (10%). HRMS m/z: calculated for 

C30H45N10O11: 721.3225, observed: [M+H]+ 721.2547 m/z. To a resin-bound peptide 60a 

was coupled palmitic acid (0.51 g, 0.2 M) resulting in 60b. HRMS m/z: calculated for 

C46H75N10O12: 959.5521, observed: [M+H]+ 959.5733 m/z. To a resin-bound peptide 60a 

was coupled adamantane (0.36 g, 0.2 M) resulting in 60c. HRMS m/z: calculated for 

C41H59N10O12: 883.4269, observed: [M+H]+ 883.4365 m/z. 

 

 

 

Table 1. The α-peptides derivatives along with their observed masses and yields  

Compound Sequence R Calculated 

mass  

Observed 

mass 

(m/z) 

Molecular 

ion 

Yield 

60a G-F-O-G-R-

G-D 

H 721.3225 

C30H45N10O11 

721.2547 [M+H]+ 10% 

60b G-F-O-G-R-

G-D-Pal 

Palmitic 959.5521 

C46H75N10O12 

959.5733 [M+H]+ - 

60c G-F-O-G-R-

G-D-Ada 

Adaman

tane 

883.4269 

C41H59N10O12 

883.4365 [M+H]+ - 

(-) = Yields not available because peptide was not purified 

2.9.2 β-Peptides 61 

The synthesis of the rest of the β-peptides and coupling of adamantane and palmitic 

followed similar procedure as in Section 2.9.1. 
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Table 2. The β-amino acid containing peptides derivatives along with their observed 

mass and yields 

Compound Sequence R1 R2 Calculated 

mass  

Observed  

mass 

(m/z) 

Molecu

lar ion 

Yield 

(%) 

61a G-βPhe-

O-G-R-G-

D 

H H 735.3381 

C31H47N10O11 

677.3221 [M-

Glycin

e]+ 

- 

61b G-βPhe-

O-G-R-G-

D-Pal 

H Palmitic 973.5678 

C47H77N10O12 

973.5709 

and 

973.5734 

[M+H]+  17 

61c G-βPhe-

O-G-R-G-

D-Ada 

H Adaman

tane 

897.4426 

C42H61N10O12 

897.4424 [M+H]+  13 

61d G-

β(Me)Phe

-O-G-R-

G-D 

Me H 749.3538 

C32H49N10O11 

749.3552 [M+H]+  20 
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61e G-

β(Me)Phe

-O-G-R-

G-D-Pal 

Me Palmitic 987.5834 

C48H79N10O12 

987.5906 [M+H]+  - 

61f G-

β(Me)Phe

-O-G-R-

G-D-Ada 

Me Adaman

tane 

911.4582 

C43H63N10O12 

911.4675 [M+H]+  - 

61g G-

β(Flu)Phe

-O-G-R-

G-D 

Flu H 753.3287 

C31H46FN10O11 

753.3288 

and 

753.3254 

[M+H]+  18 

61h G-

β(Flu)Phe

-O-G-R-

G-D-Pal 

Flu Palmitic 991.5584 

C47H76FN10O12 

991.5626 [M+H]+  - 

61i G-

β(Flu)Phe

-O-G-R-

G-D-Ada 

Flu Adaman

tane 

915.4332 

C42H60FN10O12 

961.4468 [M+for

mic 

acid+ 

H]+  

- 

(-) = Yields not available because peptide was not purified, βPhe = 3-amino-4-phenylbutanoic acid; 

β(Me)Phe = 3-amino-4-(p-tolyl)butanoic acid; β(Flu)Phe = 3-amino-4-(4-fluorophenyl)butanoic acid; Flu = 

Fluorine 

2.10 Synthesis of 2-((((9H-fluoren-9-yl)methoxy)carbonyl)(methyl)amino)-3-

phenylpropanoic acid (Fmoc-N-α-MePhe-OH) 62 
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Fmoc-α-Phe-OH (4.67 g, 12.04 mmol) was added to a solution of toluene (40 mL) with 

paraformaldehyde (2.40 g, 79.92 mmol) and PTSA (0.12 g, 0.69 mmol). The mixture was 

refluxed for 35 min using a dean stark apparatus. After cooling the solution, was washed 

with 1M NaHCO3 (3 × 15 mL) and dried using MgSO4. The dried solution (oxazolidinone) 

was concentrated on the rotary evaporator. The oxazolidinone was dissolved in dry DCM 

(18 mL), and TFA (18 mL) and TIS (3 mL) were added. The solution was stirred for 24 h 

under room temperature followed by concentration under reduced pressure to an oil. The 

TLC (1: 3/2 hexane: ethyl acetate) was used to confirm completion of reaction. The oil 

was dissolved in ether and concentrated three times. The crude product was purified by 

silica gel column chromatography yielding Fmoc-N-α-(Me)PHe-OH 62 (3.62 g, 75%) as a 

yellow oil. The resulting product Fmoc-N-α-(Me)Phe-OH was dissolved in acetonitrile for 

mass spectral analysis. 1H NMR (300 MHz, CDCl3): δ 11.19 (1H, s, H6), 7.83 – 7.72 (2H, 

m, H18 and H18’), 7.53 (2H, m, H14 and H14’), 7.41 (2H, m, H2 and H2’), 7.25 (6H, m, 

H3 , H3’, H16 and H16’, H18 and H18’), 6.99 (1H, m, H1), 5.01 (1H, dd, J = 711.50 Hz, 

H8), 4.62 (1H, d, J = 19.1 Hz, H11), 4.39 (2H, t, J = 6.72 Hz, H12), 3.46 - 3.13 (2H, m, 

H5), 2.85 (3H, s, H9). 13C NMR (75 MHz, CDCl3): δ 175.7 (C-7), 156.4 (C-10), 143.6 (C-

13 and C-13’), 140.9 (C-17 and C-17’), 136.5 (C-4), 128.4 (C-2 and C-2’), 127.3 (C-3 and 

C-3’), 126.7 (C-16 and C-16’), 126.7 (C-18 and C-18’), 126.5 (C-1), 124.7 (C-15 and C-

15’), 119.6 (C-14 and C-14’), 67.5 (C-8), 67.2 (C-11), 46.7 (C-12), 34.3 (C-5), 31.9 (C-9) 

(lit. Di Gioia et al).116 HRMS m/z: calculated for C25H24NO4: 402.1661, observed: [M+H]+ 

402.1670.  
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3. RESULTS AND DISCUSSION 

The aim of this project was to synthesise enantiopure β-amino acids for incorporation 

into peptides, thereby moderating their activity as well as their stability to cellular 

proteases. These peptides have potential for wound healing activity. The approach 

followed asymmetric biotransformation of the corresponding ketone substrates into 

enantiopure β-amino acids. The β-ketonitrile substrates were used instead of β-keto 

acids to eliminate the decarboxylation problem. 

3.1 Approach towards synthesis of β-aminonitriles 

There were three proposed approaches towards the synthesis of the β-amino-nitriles 

(Scheme 15).  
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Scheme 15. Planned approach towards the synthesis of β-aminonitriles 

These approaches involved conversion of a carboxylic acid starting material into the 

corresponding acyl chloride or ester, followed by reaction with acetonitrile in the 

presence of n-BuLi to give the β-ketonitriles. The β-keto-nitrile substrates could then be 

converted into the corresponding β-amino-nitriles through a reductive amination process 

using transaminases (Scheme 15). 

3.1.1 Attempted synthesis of β-ketonitriles via acyl chloride (Method 1)  
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Scheme 16.  Proposed synthesis of beta-ketonitriles via acyl chloride. 

The first proposed synthesis involved conversion of the carboxylic acid 46 into the 

corresponding acyl chloride 47, followed by reaction with acetonitrile to give beta-

ketonitrile 49 (Scheme 16). The application of SOCl2 in the conversion of carboxylic 

acids 46 into acid chlorides 47 is commonly applied methodology.117 Thionyl chloride 

was added to aromatic carboxylic acid 2-phenylacetic acid 46a in dry DCM. The reaction 

was stirred at room temperature to yield the aromatic acyl chloride 2-phenylacetyl 

chloride 47a, which was used without further purification. The purification was not 

performed to prevent the acid chloride undergoing hydrolysis due to the presence of 

water. The aromatic acyl chloride 47a in dry THF was added to a solution of n-BuLi and 

acetonitrile at -78°C and the reaction mixture was stirred for 4 h. The lithiated acetonitrile 

should have acted as a nucleophile towards the acid chloride. However only the 

carboxylic acid 46a was recovered in (0.87 g, 87%) and the reaction did not yield the 

product of interest 49a.  

 

 

The undesired hydrolysis reaction was envisaged to have proceeded by the following 

steps. The HCl by-product, formed during the conversion of the aromatic carboxylic acid, 

reacted with the nucleophile generated through deprotonation of acetonitrile by n-BuLi 
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thereby preventing the conversion of the aromatic acyl chloride into the β-ketonitrile. In 

the work-up step the aromatic acyl chloride was then hydrolysed as water reacted with 

the highly electrophilic acyl carbonyl group to substitute the good leaving group, the 

chloride ion, to generate the carboxylic acid. The other plausible reason as to why the 

reaction did not work as expected could be that, a small amount base (usually DMF) was 

supposed to be added in the reaction and refluxed or stirring the carboxylic acid in neat 

SOCl2 at room temperature.  

Two aromatic signals were observed in the 1H NMR spectrum of 46a; a multiplet signal 

in the aromatic region between 7.36 and 7.21 ppm integrating for five protons that was 

assigned to H1, H2 and H3. The one singlet signal integrating for two protons, 

corresponding to a -CH2-, that was assigned to H5 was observed in the aliphatic region 

at 3.64 ppm. The 13C NMR spectrum of the starting material 46a showed six signals in 

total as expected. The four signals observed in the aromatic region between 133.3 and 

127.3 ppm belonged to C-1, C-2, C-3 and C-4. The peak observed at 177.9 ppm was 

assigned to the carbonyl carbon (C-6) and one singlet signal of –CH2- in the aliphatic 

region at 41.1 ppm was assigned to the C-5. Our results were in agreement with the 

results reported by Zhou et al.118 However since method 1 did not yield the desired 

product, this approach was abandoned and an alternative route was developed. 

3.1.2 Synthesis of β-ketonitriles via esters (Method 2) 

3.1.2.1 Synthesis of esters from carboxylic acids 

 

 

Scheme 17. Esterification of aromatic carboxylic acids using thionyl chloride/ethanol 

Having established that Method 1 did not yield the desired product, Method 2 was 

attempted for the synthesis of beta-ketonitriles via the ester substrates. One possible 

esterification method uses catalytic sulphuric acid in methanol/ethanol under reflux, 

however sometimes the yields are poor with this method.119 We decided to use catalytic 

amounts of thionyl chloride in the presence of ethanol to convert carboxylic acids into 

corresponding esters (Scheme 17), following a known procedure reported by Jiabo et 

al.120 Thionyl chloride was added to a solution of the aromatic carboxylic acid 2-
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phenylacetic acid 46a in ethanol. The reaction was allowed to stir at room temperature 

for 2 hours and was monitored by TLC. After the complete conversion, the crude product 

was purified yielding ethyl-2-phenylacetate 48a (1.03 g, 85%). 

 

 

Our 1H NMR data were in agreement with the data reported by Liu et al.109 Four signals 

were observed in the 1H NMR spectrum of 48a. The multiplet signal in the aromatic 

region between 7.37 and 7.19 ppm was assigned to H1, H2 and H3. The three signals in 

the aliphatic region were observed as; a quartet signal integrating for two protons at 4.13 

ppm assigned to H7, a singlet signal integrating for two protons at 3.59 ppm assigned to 

H5 and a triplet signal integrating for three protons at 1.23 ppm assigned to H8, a 

characteristic of methyl protons of the group.  Eight signals were observed in the 13C 

NMR spectrum of 48a as expected. The four signals observed in the aromatic region 

between 134.2 and 127.0 ppm and one alkyl carbon (C-5) signal at 41.4 ppm resonated 

at similar chemical shifts as in the starting material. The signals at 60.80 ppm and 14.17 

ppm were assigned to C-7 and C-8, respectively. The carbonyl signal was observed at 

171.54 ppm, which was more upfield than in the starting material due to the electron 

donor ethoxy-functional group. These three signals confirmed the successful 

esterification of the aromatic acid 46a using thionyl chloride in the presence of ethanol. 

The other three analogues; ethyl 2-(p-fluorophenyl)acetate 48b, ethyl 2-(p-tolyl)acetate 

48c and ethyl 2-(p-methoxyphenyl)acetate 48d were prepared in a similar manner 

(Scheme 17). The 1H NMR and 13C NMR spectra of the products are similar. Therefore 

the important signals for the products are tabulated in Table 3 and 4 below. 

Table 3. Important signals in the 1H NMR spectra of esters 48b-d 

Compound Aromatic region (ppm) Aliphatic region –

CH2- (ppm) 

Aliphatic region 

–CH3 (ppm) 

48b 7.25 (2H, dd, J = 8.7, 5.4 

Hz H3 and H3’), 7.01 

(2H, t, J = 8.7 Hz H2 and 

H2’) 

4.16 (2H, q, J = 

7.1 Hz, H7) 

1.25 (3H, t, J = 

7.1 Hz, H8) 
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48c 7.13 (2H, d, J = 6.6 Hz, 

H4 and H4’), 7.06 (2H, d, 

J = 7.1 Hz, H3 and H3’) 

4.08 (2H, q, J = 

7.1 Hz, H8) 

1.18 (3H, t, J = 

7.2 Hz, H9) 

48d 7.18 (2H, d, J = 8.7 Hz, 

H4 and H4’), 6.84 (2H, d, 

J = 8.7 Hz, H3 and H3’) 

4.12 (2H, q, J = 

7.1 Hz, H8) 

1.23 (3H, t, J = 

7.1 Hz, H9) 

 

Table 4. Important signals in the 13C NMR spectra of esters 48b-d 

Compound Carbonyl carbon (ppm) Methylene carbon 

(ppm) 

Methyl carbon 

(ppm) 

48b 171.8 (C-6) 61.3 (C-7) 14.5 (C-8) 

48c 171.8 (C-7) 60.8 (C-8) 14.3 (C-9) 

48d 171.1 (C-7) 59.9 (C-8) 13.4 (C-9) 

 

 

In the 1H NMR spectrum of 48b, two signals were observed in the aromatic region; a 

doublet of doublets integrating for two protons at 7.13 ppm assigned to H3 and a triplet 

signal integrating for two protons at 7.01 ppm assigned to H2 (Table 3). The 1H NMR 

data matched those reported by Song et al.111 For example, the doublet of doublets and 

triplet signals were also observed by Song and co-workers. These signals were due to 

the hydrogen-fluorine coupling,121 whereby the H3 proton at the meta-position to the 

fluorine and ortho-position to H2 was split into a doublet of doublets. The H2 proton in 

the ortho-position to the fluorine was spilt into a triplet (Table 3). The two signals 

observed in the aliphatic region at 4.16 ppm and 1.25 ppm (Table 3), confirmed the 

successful esterification reaction of the carboxylic acid into ethyl 2-(p-

fluorophenyl)acetate 48b. The two aliphatic carbon signals in the 13C NMR spectrum also 

validated the successful synthesis of the ester compound 48b (1.09 g, 89%). The 

methylene carbon signal was observed at 61.3 ppm assigned to C-7 and the methyl 

carbon signal was also observed at 14.5 ppm (Table 4). Our spectroscopic (13C NMR) 
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data also match those reported by Songs et al.111 The ester carbonyl carbon we 

observed at 171.8 ppm assigned to C-6 it was in agreement with the 13C NMR data 

reported by Songs and co-workers.  

After the successful synthesis of 48b, the substrate where the aromatic substituent is a 

methyl-group was used in the synthesis of ethyl 2-(p-tolyl)acetate 48c (1.00 g, 85%).   

 

 

In the 1H NMR spectrum of 48c, two signals were observed in the aliphatic region. The 

quartet signal at 4.08 ppm integrating for two protons was assigned to H8 and the triplet 

signal at 1.18 ppm integrating for three protons was assigned to H9 (Table 3). The 

successful synthesis of 48c was also confirmed by 13C NMR spectroscopy, whereby two 

signals were observed in the aliphatic region. The aliphatic methylene carbon signal was 

observed at 60.8 ppm and assigned to C-8. The methylene carbon at C-8 is bonded 

directly to the oxygen atom whereas the methylene carbon at C-6 is bonded to the 

carbonyl carbon. Therefore, the C-8 signal would be more downfield at 60.8 ppm than 

the methylene carbon at 41.1 ppm assigned to C-6 due to the electron-withdrawing 

oxygen atom (Table 4). These spectroscopic NMR data were in agreement with the 

literature data reported by Song and co-workers.111  

The last ester compound synthesised was 48d (0.93 g, 80%), where the aromatic 

substituent was a methoxy-group (an electron donating group). 

 

 

Two signals were observed in the aliphatic region from the 1H NMR spectrum of 48d. 

The quartet signal at 4.12 ppm integrating for two protons was assigned to H8 and the 

triplet signal at 1.23 ppm integrating for three protons was assigned to H9 (Table 3). In 

the 13C NMR spectrum of 48d, two signals were observed in the aliphatic region at 59.9 

ppm (a characteristic of methylene carbon) and at 13.4 ppm (a characteristic of methyl 
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carbon) assigned to C-8 and C-9, respectively (Table 4). These NMR data match those 

reported by Song and co-workers.111  

The ester products 48a-d were successfully synthesised and isolated in good yield, 

therefore the second step was performed where acetonitrile would be reacted with 48a-d 

in the presence of n-BuLi to give the β-ketonitriles 49a-d. 

3.1.2.2 Synthesis of beta-ketonitriles from esters 

 

 

Scheme 18. Synthesis of β-ketonitriles from ester precursors  

The esters (48a-d) obtained were used in the synthesis of the nitriles 49a-d in the 

presence of lithitated acetonitrile. The reaction of ester 48a using n-butyllithium in the 

presence of dry acetonitrile yielded the β-ketonitrile 49a (Scheme 18). The reaction was 

conducted under nitrogen atmosphere for 4 h. The reaction required constant monitoring 

to keep the temperature at -78°C because at elevated temperatures, the formation of the 

lithiated acetonitrile is difficult. The nucleophilic carbon attached to the lithium metal 

reacts strongly with the nitrile group, thereby generating by-products.122 The reaction 

was quenched by addition of HCl/H2O to the reaction mixture. The crude product was 

purified by silica gel column chromatography to yield 3-oxo-4-phenylbutanenitrile 49a 

(0.61 g, 78%). 

 

 

In the 1H NMR spectrum of product 49a, there were significant differences observed as 

compared to the starting material 48a. The quartet and triplet signals due to the 
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methylene and methyl group, respectively, which were observed in the starting material 

were not observed in the 1H NMR spectrum of the product 49a NMR. Two signals were 

observed in the aromatic region; a multiplet signal at 7.35 – 7.25 ppm was assigned to 

H1 and H2, and a doublet signal at 7.15 ppm was assigned to H3. The new singlet signal 

integrating for two protons observed at 3.77 ppm was assigned to H7. The singlet signal 

at 3.46 ppm was assigned to H5. 

The two methyl-group carbon signals were not observed in the 13C NMR spectrum of the 

product, indicating that the ester was no longer present. The successful synthesis of 49a 

was further confirmed when two new carbon signals were observed at 31.7 ppm and at 

114.4 ppm assigned to C-7 and C-8 which corresponded to the methylene carbon (–

CH2-CN) and the nitrile-group, respectively. There was a significant shift of the carbonyl 

carbon signal from 171.54 ppm to 196.21 ppm assigned to C-6 and a shift of the 

methylene carbon (Ar-CH2-) from 41.43 ppm to 49.33 ppm assigned to C-5. The 

carbonyl was now a ketone signal, rather than an ester carbonyl. Our spectroscopic 

NMR data are in agreement with those reported by Foehlisch and co-workers.112 The IR 

spectrum was also used to confirm the successful synthesis of the product with the C≡N 

stretching band visible at 2225 cm-1. 

The other three analogues; 4-(4-fluorophenyl)-3-oxobutanenitrile 49b, 3-oxo-4-(p-

tolyl)butanenitrile 49c and 4-(p-methoxyphenyl)-3-oxobutanenitrile 49d were prepared in 

a similar manner (Scheme 18). The products’ 1H NMR and 13C NMR spectra were 

similar. Therefore the key signals are tabulated in Tables 5 and 6 below.  

Table 5. Important signals in the 1H NMR spectra of beta-ketonitriles 49b-d 

Compound Ar-CH2- (ppm) -CH2-CN (ppm) 

49b 3.53 (2H, s, H5) 3.82 (2H, s, H7) 

49c 3.73 (2H, s, H8) 3.47 (2H, s, H6) 

49d 3.74 (2H, s, H8) 3.49 (2H, s, H6) 
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Table 6. Important signals in the 13C NMR spectra of beta-ketonitriles 49b-d 

Compound Carbonyl carbon 

(ppm) 

CN (ppm) Ar-CH2- (ppm) -CH2-CN 

(ppm) 

49b 195.1 (C-6) 113.4 (C-8) 47.6 (C-5) 31.0 (C-7) 

49c 196.5 (C-7) 114.5 (C-9) 48.9 (C-6) 31.5 (C-8) 

49d 195.7 (C-7) 114.1 (C-9) 47.8 (C-6) 30.7 (C-8) 

 

 

A new singlet signal was observed in the 1H NMR spectrum of 49b. This signal was due 

to the methylene protons at 3.82 ppm integrating for two protons assigned to H7 (Table 

5). The 13C NMR spectrum of 49b validated the successful substitution of the ethoxy 

group with the nucleophilic lithiated acetonitrile, as the CN signal was observed at 113.4 

ppm assigned to C-8 (Table 6). A new signal was also observed at 31.0 ppm assigned to 

C-7, a characteristic of the methylene carbon (-CH2-CN) (Table 6). The stretching band 

at 2220 cm-1 in the IR spectrum, shows the presence of the nitrile group, therefore 

confirming the successful synthesis of 49b (0.64 g, 82%). 

The next β-ketonitrile synthesised was 3-oxo-4-(p-tolyl)butanenitrile 49c (0.57 g, 73%) 

with the fluorine now replaced by a methyl group. 

 

Similarly for 49c, the quartet and triplet signal in both 1H NMR and 13C NMR spectra had 

disappeared. A new singlet signal was observed in the 1H NMR spectrum at 3.47 ppm 

(Table 5), a characteristic of the H8 methylene protons (-CH2-CN). Just as in the 13C 

NMR spectra of 49a and 49b, both the carbonyl carbon and methylene carbon (Ar-CH2-) 
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shift downfield to 196.5 ppm and 48.9 ppm, respectively (Table 6). The new signal 

observed at 114.5 ppm, is characteristic of the nitrile group (C-9). The IR spectrum 

confirmed the success of the reaction as the CN stretching band was observed at 2210 

cm-1. 

Lastly, the 4-(p-methoxyphenyl)-3-oxobutanenitrile 49d (0.66 g, 79%) was prepared in a 

similar manner where the aromatic substituent was now a methoxy group. 

 

In the 1H NMR spectrum of 49d, a singlet signal was observed in the aliphatic region at 

3.49 ppm integrating for two protons assigned to H8. Similarly for product 49d, both the 

ketone carbonyl and the methylene carbon (Ar-CH2-) signals shift downfield to 195.7 and 

47.8 ppm, respectively. The new signal at 114.1 ppm assigned to C-9 was due to the 

nitrile carbon whereas the other new signal at 30.7 ppm was due to the methylene 

carbon at C-8 (-CH2-CN). Our NRM spectroscopic data match those reported by 

Katritzky and co-workers.113 The absorption band at 2222 cm-1, was observed in the IR 

spectrum. 

These substrates (β-ketonitriles) have been reported in the literature. Only the methyl 

derivative seems to be missing from the literature, the other 3 have all been synthesised 

before. However, herein the successful synthesis of the β-ketonitriles was reported. The 

substrates specificity of the omega-transaminases was determine by the purchased β-

ketonitriles 54c and 54d where the carbonyl carbon is adjacent to the aromatic ring. 

 

 

At this stage, the next step to be performed was the reductive amination of these 

substrates into β-aminonitriles using transaminases. However, the β-aminonitrile 

standards had to be prepared to be used as a control for biotransformation reactions.  
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3.2 Synthesis of racemic beta-aminonitrile standards 

Different known methods were attempted for the synthesis of the standard beta-

aminonitriles (50a and 56). In the first approach, Boc-Phenylalanine was used as the 

starting material in attempting the synthesis of 3-amino-4-phenylbutanenitrile 50a. This 

route was abandoned due to the low yields of the intermediate required to continue to 

the next step, therefore we decided to use an alternative approach. In the second 

attempted approach, we used the readily available 4-methylbenzonitrile as the starting 

material in the synthesis of the second types of beta-aminonitriles where the amine 

group would be adjacent to the aromatic ring; 3-amino-3-(p-tolyl)propanenitrile 56c. The 

proposed schemes and routes are explained in the subsections below, respectively.  

 

 

3.2.1 First attempted approach towards beta-aminonitrile standards 50a 

The first proposed route for the synthesis of 3-amino-4-phenylbutanenitrile 50a used 

Boc-phenylalanine as the starting material (Scheme 19). 
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Scheme 19.  Proposed route for the synthesis of 3-amino-4-phenylbutanenitrile 50a 

The choice of this starting material was thought to be better since it contains a single 

enantiomer, hence the product would also contain a single enantiomer which would be 

used as a standard control for chiral analysis of the biotransformation reactions. The 

first step involves a reduction of acid into alcohol intermediate 52i (Scheme 19). The 

alcohol would then be subjected to thionyl chloride for the substitution of the hydroxyl 

group with chlorine resulting in the chlorine intermediate 52ii, followed by reaction with 

the lithiated acetonitrile which would undergo a nucleophilic substitution towards the 

chlorine intermediate 52ii to give the nitrile product 52iii. The last step would involve 

acid catalyzed Boc-deprotection to yield enatiopure β-aminonitrile 50a.   

3.2.1.1 Synthesis of tert-butyl (1-hydroxy-3-phenylpropan-2-yl)carbamate 52i 
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Scheme 20. Reduction of Boc-phenylalanine using NaBH4-I2, 8% yield. 

The proposed approach towards synthesis of the β-amino acid was to reduce the Boc-

phenylalanine using sodium borohydride/iodine into the corresponding alcohol (Scheme 

20), following the known procedure reported by Prasad et al.123 Previous work has 

reported that sodium borohydride does not reduce carboxylic acids into alcohols due to 

its low reactivity.123 However, in the presence of the electrophile (iodine) it does reduce 

the carboxylic acids into alcohols.123 The reaction between NaBH4-I2 and Boc-

phenylalanine yielded the corresponding alcohol 52i (0.15 g, 8%). The proposed 

mechanism involving NaBH4-I2 is shown in Scheme 21 below. 

 

 

Scheme 21. Proposed mechanism involving NaBH4-I2 

The intermediate 63c reacts with the electrophile I2 to produce highly activated 

intermediate 63d (Scheme 21).124 Boron withdraws electrons from the oxygen in 63d 

thereby increasing the electrophilicity of the carbonyl carbon. This electron deficiency 

encourages the nucleophilic attack by hydride, substituting the oxoborane to produce 

the aldehyde 63e. A second attack by hydride on 63e followed by work-up produces the 
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primary alcohol 63f (Scheme 21).124 However, in our case the alcohol 52i was 

produced in very low yield which prevented the next step for the synthesis of the desired 

product 50a. This could be due to the presence of iodine since Boc-protecting group is 

not stable in the presence of an acid, resulting into the formation of amino alcohol, 

hence the low yield of the product of interest 52i (0.15 g, 8%). However, the 

spectroscopic (NMR) data for the isolated intermediate 52i were obtained. 

In the 1H NMR spectrum of 52i, seven signals were observed. The multiplet signal in the 

aromatic region between 7.47 and 7.05 ppm was assigned to H1, H2 and H3. The 

broad singlet signal at 5.58 ppm was assigned to H8, a characteristic of the OH-group. 

The multiplet signal at 5.54 – 5.34 ppm integrating for one proton was assigned to H6. 

The multiplet signal at 4.50 – 4.25 and 3.94 – 3.70 ppm integrating for one proton each 

were assigned to H7 and H7’, respectively. The multiplet signal at 3.27 – 2.56 ppm was 

due to H5 integrating for two protons. The singlet signal at 1.31 ppm integrating for nine 

protons was assigned to the methyl protons H12, H12’ and H12’’ all in the same 

environment. In the 13C NMR spectrum of 52i, the most significant difference observed 

from compound 46a was the disappearance of the carboxylic carbonyl carbon at 177.89 

ppm and the new alcohol carbon signal observed at 63.07 ppm that was assigned to C-

7. Our spectroscopic (NMR) data match those reported by Nagendra et al.114  

The intermediate 52i being recovered in low yield, was attributed to the carboxylic acid’s 

carbon of the starting material which is less reactive to the nucleophilic addition reaction 

as compared to the carbonyl carbon atom of aldehydes or ketones.110 The acidic proton 

in the starting material can react with sodium borohydride to produce salt and hydrogen 

gas, hence hindering the reductive nucleophilic addition forward reaction. This would 

lead to low yields of the intermediate 52i. Therefore this approach was abandoned and 

an alternative route was sought. 

3.2.2 Second approach towards beta-aminonitrile standards 56c  

The first attempted approach suffered from low yields of the intermediate, therefore 

posed difficulties in synthesising the amine standards 50 which would have been used 

as controls for the transaminase reactions. Therefore an alternative route was 

developed to synthesise a different amine standard 56c, since it has been synthesised 

previously here at the University of the Witwatersrand in the organic research group 

using a 4-methylbenzonitrile 53 as a starting material.44 Then similar conditions reported 

by Chhiba and co-workers were adopted to synthesise the standard amine 56c 

(Scheme 22).  
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Scheme 22. Planned approach towards synthesis of 3-amino-3-(p-tolyl)propanenitrile 

56c 

This second approach would involve the use of a base for the deprotonation of acidic 

acetonitrile protons to give a lithiated acetonitrile (Scheme 22). Since the lithiated 

acetonitrile has a strong affinity for cyano group containing compounds, it would perform 

a nucleophilic attack on the cyano carbon to give 3-amino-3-(p-tolyl)acrylonitrile 55. The 

resulting product 55 would then be subjected to reducing conditions sodium 

cyanoborohydride in the presence hydrochloric acid to give the desired product 3-

amino-3-(p-tolyl)propanenitrile 56c. 

3.2.2.1 Attempted synthesis of 3-amino-3-(p-tolyl)acrylonitrile 55 

 

 

Scheme 23. Synthesis of the enamine using n-BuLi 
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The 4-methylbenzonitrile 53 was used as the starting material in the approach to 

synthesise a beta-aminonitrile (Scheme 23), following a known procedure reported by 

Sohda et al.125 The starting material was dissolved in dry THF and added to the solution 

of n-butyllithium containing the deprotonated acetonitrile, which then act as a 

nucleophile at the carbon of the nitrile group in the starting material (Scheme 23). The 

reaction was conducted at -78°C under nitrogen atmosphere for 8 h. HCl (2M) was 

added to the reaction mixture followed by extraction with ethyl acetate. The resulting 

crude product was purified by silica gel column chromatography yielding 3-oxo-3-(p-

tolyl)propanenitrile 54c which was inadvertently generated instead of the anticipated 

product.   

 

 

Four signals were observed in the 1H NMR spectrum of 54c. The two doublet signals in 

the aromatic region were assigned to H3 at 7.82 ppm and H4 at 7.32 ppm, both 

integrating for two protons. The singlet signal at 4.05 ppm integrating for two protons 

was assigned to H7. The singlet signal at 2.44 ppm integrating for three protons was 

assigned to H1.  Eight signals were observed in the 13C NMR spectrum for 54c. Four 

signals were observed in the aromatic region between 145.7 and 128.3 ppm. The 

presence of the carbonyl carbon signal at 186.31 ppm assigned to C-6, confirmed the 

formation of undesired product 54c. The nitrile carbon signal appeared at 113.61 ppm. 

The two signals observed in the alkyl region were at 28.9 and 21.5 ppm assigned to C-7 

and C-1, respectively. Our NMR data were in agreement with those reported by 

Katritzky et al.115 

It has been established in previous work that imines rapidly undergo hydrolysis under 

acidic conditions.126 Therefore, a plausible explanation for the formation of the ketone 

product would be, since n-BuLi was added in excess to a nitrile it resulted in the 

formation of the lithium-stabilised iminium N-anion 64i, which then hydrolysed to ketone 

54c immediately (Scheme 24). 
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Scheme 24. Proposed mechanism for the formation of ketone during work-up 

Therefore 3-oxo-3-(p-tolyl)propanenitrile 54c was recovered instead of the product 3-

amino-3-(p-tolyl)acrylonitrile 55, possibly due to this hydrolysis during the work-up step. 

An alternative route was then attempted where the potassium tert-butoxide was used 

and the work-up step or any presence of acidic conditions was eliminated.  

3.2.2.2 Synthesis of 3-amino-3-(p-tolyl)acrylonitrile 55 

 

 

Scheme 25. Synthesis of enamine using KOtBu/toluene 

The starting material 4-methylbenzonitrile 53 was dissolved in dry toluene and added to 

the solution of potassium tert-butoxide containing acetonitrile at room temperature 

(Scheme 25), following a known synthetic procedure reported by Chhiba et al.44 The 

reaction was monitored by TLC. The crude product was purified by chromatography on 

a silica gel column yielding 3-amino-3-(p-tolyl)acrylonitrile 55 (68%). 

Five signals were observed in the 1H NMR spectrum for 55.  Two doublet signals in the 

aromatic region were assigned to H3’ at 7.38 ppm and H4’ at 7.20 ppm. The singlet 

signal at 5.07 ppm integrating for two protons was assigned to the H7, the NH2 protons. 

The singlet signal at 4.16 ppm integrating for one proton was assigned to H8, the alkene 

proton. The singlet signal at 2.35 ppm integrating for three protons was assigned to the 

methyl protons (H1). Eight signals were observed in the 13C NMR spectrum for 55. Four 

signals were observed in the aromatic region between 141.9 and 125.8 ppm. The signal 

at 161.8 ppm was assigned to the enamine carbon assigned to C-6. The signal at 119.9 

ppm was due to the nitrile carbon assigned to C-9. The signal at 62.35 ppm was 
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assigned to the C-8 enamine α-carbon. The signal at 21.3 ppm was allocated to the C-1 

methyl carbon. Our spectroscopic (NMR) data are in agreement with those reported by 

Chhiba and co-workers.44  In contrast, we observed a singlet signal for the alkene 

proton, whereas in literature they reported a triplet signal.44 The N-H stretching band 

visible at 3350 cm-1, the C≡N stretching band visible at 2230 cm-1 and C-N stretching 

band visible at 1100 cm-1 in the IR spectrum confirmed the identity of the product 55.  

The reaction was successful because potassium is much poorer at coordinating hard 

anions (such as iminium anion) compared to lithium, hence no hydrolysis occurred. 

Having obtained 3-amino-3-(p-tolyl)acrylonitrile 55 (68%), led to the final step of 

synthesising the desired standard racemic 3-amino-3-(p-tolyl)propanenitrile 56c. 

3.2.3 Synthesis of 3-amino-3-(p-tolyl)propanenitrile 56c 

 

 

Scheme 26. Synthesis of 3-amino-3-(p-tolyl)propanenitrile 56c using NaBH3CN 

Reduction of the alkene in the starting material was achieved by subjecting 3-amino-3-

(p-tolyl)acrylonitrile 55 to sodium cyanoborohydride and hydrochloric acid (Scheme 26). 

The concentrated HCl was added to activate the alkene carbon so that the nucleophilic 

hydride could attack the electrophilic carbon leading to the generation of 3-amino-3-(p-

tolyl)propanenitrile 56c (50%). Following a known procedure reported by Chhiba et al.44 

Six signals were observed in the 1H NMR spectrum for 56c. Two signals were observed 

in the aromatic region; a doublet at 7.25 ppm that was due to H3 and a doublet signal at 

7.16 ppm was due to H4. The multiplet signal at 4.30 – 4.22 ppm integrating for one 

proton was allocated to H6. The doublet of doublets signal integrating for two protons 

resonating at 2.62 ppm was assigned to H8. The singlet at 2.33 ppm integrating for two 

protons was assigned to H7 of the amine protons. The singlet at 1.71 ppm integrating 

for three protons was assigned to the methyl protons (H1). The eight peaks observed in 

the 13C NMR spectrum for 55 confirmed the success of the reaction. Four peaks were 

observed in the aromatic region between 139.1 and 125.4 ppm. The upfield shift from 

119.9 ppm to 117.36 ppm of the nitrile carbon (C-9) was observed. Two peaks observed 
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in the alkyl region were the peak at 51.9 ppm that was assigned to C-6, a characteristic 

of the –CH2-NH2 and the one at 28.0 ppm assigned to C-8 of the methylene carbon (-

CH2-CN). The identity of the product was also confirmed by the disappearance of the 

enamine carbon as the shift from 161.8 ppm. Instead, a new carbon signal at 51.9 ppm 

was observed. The upfield shift from 62.4 ppm to 28.0 ppm indicated the successful 

reduction of the enamine alkene to the alkyl chain. These NMR data match those 

reported by Chhiba et al.44  The mass of the product observed in the HMRS of 161.1067 

m/z for [M+H]+ was similar to the calculated mass of 161.1035 m/z for [M+H]+. Chiral 

analysis of the standard product 3-amino-3-(p-tolyl)propanenitrile conducted on Chiral-

HPLC showed 50 percent presence for each enantiomer indicating that the product was 

a  racemic mixture as expected. 

Having obtained the amine standard 56c and purchased MBA 57, their corresponding 

ketones 54c and acetophenone 58 were then used as substrates for screening the 

omega-transaminase activity. The standards 56c and 57 would be used as controls to 

give better indication as whether the transaminase reactions have activity towards their 

corresponding ketone substrates in the reductive amination reactions. If the ω-TA 

shows good activity towards 54c, then the β-ketonitriles 49 substrates would be tested 

against the transaminases that showed good activity with good yields of the amine 

product 56c.  

3.3 Transaminase activities 

The omega-transaminase reactions have attracted a great deal of attention due to their 

enantioselectivity and complete conversion of the ketone substrates. However, there 

are a number of things that can affect the transaminase reaction; some of them are 

substrate and product inhibition, diamine donor, the unfavourable equilibrium of the 

formation of amine product and the removal of the co-product generated during the 

reductive amination.     
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Scheme 27. Biotransformation of β-ketonitriles using omega-transaminase; (a) and (b) 

Screening of transaminase activity using 57 and 58.(c) and (d) Investigating substrate 

and product inhibition using 57  and 58. (e) Displacing unfavourable equilibrium by 

testing LDH system and different amine donors on 58. (f) Asymmetric synthesis of β-

aminonitriles using diamine donor on 58, 54c and 54d. 

Different methods were attempted to find better and optimized reaction conditions for 

the omega-transaminase from the Enzymicals AG (omega-TA ECS kit) (Germany), 

Prozomix-TA’s kit from Prozomix Limited (UK) and Aspergillus fumigatus omega-TA 

(Sigma Aldrich) (Scheme 27). The first thing attempted was to assess whether the 

enzymes from three different kits were active or not. The most common substrate MBA 

57 was used to screen the enzyme activities. The substrate and product inhibition of the 

transaminase reaction by acetophenone and MBA was investigated, as these reactions 

are prone to substrate and product inhibition. The inhibition was investigated at various 

concentrations of acetophenone 58 and methylbenzylamine 57 using L-alanine (amine 

donor) and pyruvate (amine acceptor), respectively (Scheme 27). Thermodynamic 

equilibrium in reductive amination reaction using transaminase is one of the major 

drawbacks, as the ketone substrate is more favourable than the amine product, 

therefore the suitable amine donor or a system for the removal of the co-product to drive 

the equilibrium towards the amine product would be determined (Scheme 27). Finally, 

after finding suitable system or amine donor, the reductive amination reactions on β-
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ketonitriles substrates 54c and 54d would be conducted. The results would be 

discussed in detail in the following subsections. 

3.3.1 LC-HRMS analysis of the standards 57 and 58 

Before the screening of the enzymes, the standards were analysed through LC-MS 

using a high resolution MS (HRMS) which were used as the controls for indicating the 

enzyme activity in the biotransformation reactions. MBA 57 and acetophenone 58 were 

used as the substrate standards. The peak of the standard 57 was observed in the LC-

MS at 0.61 min and 1.88 min retention times. The observed mass for 57 at 0.61 min 

was 122.0965 m/z and at 1.88 min was 122.0963 m/z with the molecular formula of 

C8H12N (Appendix, Figure A1). Often amines are not well retained by the column and 

results may be affected by different ionic forms of the compound. The standard 

acetophenone 58 was also analysed using LC-MS, however the peak for 58 was not 

intense in the LC-MS chromatogram (Appendix, Figure A2), possibly due to weak 

ionisability of the compound 58 compared to MBA 57. The peak of 58 was observed in 

the UV-Chromatogram 254 nm at 5.53 min retention time with the observed mass of 

121.0645 m/z for C8H9O, for LC-MS data see Appendix Figure A2. Having confirmed 

the retention times and the corresponding masses of the standards in the LC-MS, the 

enzyme activities were then screened using these LC-MS data as controls for the 

transaminase reaction. 

3.3.1.1 Screening of the transaminase using 57 

It has been reported that the most abundant ω-TA’s are S-selective while the R-

selective ones have been barely explored.127 Therefore, since methylbenzylamine is the 

most commonly used substrate with pyruvate as the amine acceptor, the S-MBA 57 was 

used for screening of the transaminase activities (Scheme 28).  

 

 

Scheme 28. Deamination of methylbenzylamine using pyruvate  
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Screening of enzyme activities was conducted using the equilibrium favourable forward 

reaction; the formation of a ketone product. Transaminase from the Enzymicals (omega-

TA ECS kit), Prozomix-TA’s kit and omega-TA’s Aspergillus fumigatus, with the co-

factor PLP were rehydrated in HEPES buffer at pH 7.5. Since most of the substrates 

have low solubility in buffer solution, it has been demonstrated that 15% v/v DMSO is 

the co-solvent that has significant benefits in substrate conversion as well as enhancing 

stereoselectivity.92 The substrate MBA 57 (50 mM), dissolved in DMSO, and pyruvate 

(10 mM) were added to the enzyme solution at 30°C. TLC and LC-MS were used to 

monitor the generation of acetophenone to indicate enzyme activity. The enzymes 

screened are shown in Table 7 below. 

Table 7: Deamination of methylbenzylamine using different transaminases 

Substrate  Enzyme Code Activity 

 

Prozomix-TA016-62 √ 

Prozomix-TA030-66 √ 

Prozomix-TA037-64 √ 

Prozomix-TA045-52 √ 

(a) Tick (√) indicate that the enzyme is active. 

Two spots were observed on the TLC plate for all transaminase reactions, for TLC data 

see (Appendix, Figure A3). The TLC analysis showed that all four transaminases had 

activity towards 57 (Table 7), with product 58 generated from the reactions being 

observed at Rf = 0.70, a similar retention factor (Rf) as for the standard (Appendix, 

Figure A3). The MBA substrate was observed with a retention of Rf = 0.15, similar to 

that of the standard. One of the reactions was followed using LC-MS and analysed in 

detail, and the other results are based on this one; in this reaction the ω-transaminase 

Prozomix-TA045 was used. The product was not isolated as the reaction gave a low 

yield (< 1 mg), and therefore the structure of the product could not be confirmed by the 

NMR techniques. The crude reaction mixture was monitored using LC-MS for the 

analysis of this biotransformation reaction and our conclusions were based on these 

LC-MS and TLC data. 

The two spots observed on the TLC showed the incomplete conversion of 57 into the 

corresponding acetophenone 58. LC-MS also seemed to validate this observation; as 

the 57 peak was observed in the chromatogram spectrum at 1.86 min with the observed 

mass of [M+H]+ 122.0961 m/z for C8H12N (Appendix Figure A4). These observed LC-

MS data matched those observed in the standard 57, therefore confirming presence of 
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57 in the reaction mixture, indicating the incomplete conversion. As for the LC-MS of the 

standard 58, the molecular peak of the generated acetophenone was not observed in 

the chromatogram, however in the UV-Chromatogram 254 nm it was observed at 5.55 

min with a mass of [M+H]+ 121.0656 m/z for C8H9O (Appendix Figure A4)  in 

agreement with the LC-MS data of the standard 58. This confirms the successful 

generation of the acetophenone 58 product, hence indicating that the transaminase 

Prozomix-TA045 was active. Knowing that most of the enzymes from different tested 

kits are active, it was then decided that the next step would be to find a suitable enzyme 

for the reaction of interest; a reverse reaction which is a reductive amination of 

acetophenone.   

3.3.1.2 Screening of the transaminase using 58 

Employing a ketone substrate for screening of the transaminase would be 

advantageous as it would shed some insight on the reductive amination reaction and if 

the reaction conditions should be improved. To find a suitable enzyme, 40 commercially 

available ω-transaminases were tested using similar reaction conditions in Scheme 27, 

except that now the substrate employed was acetophenone at 5 mM with the amine 

donor L-alanine at 0.5 equiv (2.5 mM) (Table 8).  

Table 8. Reductive amination of acetophenone using different transaminases 

Substrate Enzyme code Activity 

 

 

 

 

 

 

 

 

 

 

ECS-TA01 √ 

ECS-TA02 √ 

ECS-TA03 √ 

ECS-TA04 √ 

ECS-TA05 √ 

ECS-TA06 √ 

ECS-TA07 √ 

ECS-TA08 √ 

Aspergillus fumigatus TA √ 

Prozomix-TA001 √ 

Prozomix-TA002 √ 
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Prozomix-TA003 √ 

Prozomix-TA004 √ 

Prozomix-TA005 √ 

Prozomix-TA006 √ 

Prozomix-TA007 √ 

Prozomix-TA009 √ 

Prozomix-TA010 √ 

Prozomix-TA011 √ 

Prozomix-TA018 ᵡ 

Prozomix-TA016 √ 

Prozomix-TA020 ᵡ 

Prozomix-TA022 √ 

Prozomix-TA023 ᵡ 

Prozomix-TA024 √ 

Prozomix-TA025 ᵡ 

Prozomix-TA027 ᵡ 

Prozomix-TA030 √ 

Prozomix-TA032 √ 

Prozomix-TA033 √ 

Prozomix-TA035 √ 

Prozomix-TA037 √ 

Prozomix-TA038 √ 

Prozomix-TA040 √ 

Prozomix-TA041 √ 
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Prozomix-TA042 √ 

Prozomix-TA045 √ 

Prozomix-TA046 √ 

Prozomix-TA048 √ 

Prozomix-TA049 √ 

 Prozomix-TA050 ᵡ 

(a) Tick (√) indicate that the enzyme is active.  

(b) Cross (ᵡ) indicate that the enzyme is not active 

All 40 reductive amination reactions for screening of the transaminase activity were 

monitored by TLC, and only two reactions for Prozomix-TA022 and Prozomix-TA024 

were analysed in detail using LC-MS. All the other results are based on these two 

reactions. Three spots were observed on the TLC plate for all the enzymes in Table 8, 

except for six transaminases Prozomix-TA018-93, Prozomix-TA020-80, Prozomix-

TA023-89, Prozomix-TA025-90, Prozomix-TA027-91, and Prozomix-TA050-94 which 

showed only the starting material, for TLC data see Appendix Figure A5. The 

acetophenone starting material was observed with a retention similar to the standard at 

Rf = 0.78. One of these six transaminase reactions (Prozomix-TA018) was analysed in 

detail using LC-MS and only the starting material was observed in the LC-MS spectrum 

(Appendix Figure A6). These results confirmed that the enzyme was not active as the 

product MBA was not observed. On this basis, it was concluded that the other five 

enzymes which showed only the starting material by TLC analysis were also not active 

on this substrate.    

Of the transaminase reactions that showed three spots in the TLC, two reactions 

involving ECS-TA02 and Prozomix-TA024 were analysed in detail by LC-MS. 

Compounds have Rf values similar to the standards reported above for the forward 

reaction. However the peak of the third spot observed on the TLC at Rf = 0.15 was not 

observed in the LC-MS chromatograms of both the ECS-TA02 and Prozomix-TA024 

reactions. Therefore the by-product formed at this third spot was not identified. The 

peaks of the other two spots were observed in the LC-MS chromatograms of both 

reactions. In the LC-MS data of the reaction involving transaminase ECS-TA02, the 

molecular peak of the starting material was observed in the UV-Chromatogram 254 nm 

at 5.53 min with the accurate mass of [M+H]+ 121.0653 m/z for C8H9O corresponding to 

the mass of the standard acetophenone reported above (Appendix, Figure A7). The 

molecular peaks of the generated MBA were observed in similar manner as the 

standard at 0.60 min and 1.88 min with their accurate masses of [M+H]+ 122.0966 m/z 
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and 122.0966 m/z for C8H12N, respectively. These observed masses were consistent 

with the mass of the analysed standard MBA. This result therefore seemed to validate 

the successful reductive amination of acetophenone. The LC-MS data for reductive 

amination reaction involving the transaminase Prozomix-TA024 is shown in Appendix 

Figure A8. These LC-MS data match the data of the reaction involving transaminase 

ECS-TA02.   

Based on the TLC and LC-MS data obtained, the analysis seemed to show that amine 

product was generated successfully from the ketone substrate. This brought the work 

closer to the first aim of the study of the reductive amination of the ketone. For the 

preparative scale the substrate concentration at which the transaminase activity is 

drastically inhibited needs to be determined. Therefore we decided to investigate the 

substrate’s and product’s concentrations which inhibit the enzyme activity. 

3.3.2 Substrate and product inhibition 

3.3.2.1 Determining product inhibition by amine product 57  

The use of omega-transaminases in the industry has been limited by substrate and 

product inhibition despite their natural advantages in synthesising enantiopure unnatural 

amino acids.128  Substrate and product inhibition has a significant role in enzymes’ 

efficiency in the biocatalytic reactions. Since most transaminases screened showed 

activity towards the amino acceptor (pyruvate), it was then used as the amino acceptor 

for investigating the product inhibition by S-MBA 57 as it is the common ideal substrate 

for ω-TA (Scheme 27).75,128 Deamination reaction was conducted in HEPES buffer at 

pH 7.5 at 30°C using selected active enzymes including transaminase ECS-TA03, 

Prozomix-TA002, Prozomix-TA016, Prozomix-TA045 and Aspergillus fumigatus TA to 

determine product inhibition by S-MBA  employing various concentrations in the 

presence of pyruvate (10 mM) as the amine acceptor (Table 9). 

Table 9. Transaminase tested on different MBA concentrations 

Substrate ω-TA code (5 mg) Substrate [C] (mM) Activity 

 ECS-TA-03 50 √ 

Prozomix-TA016 50 √ 

Prozomix-TA002 100 √ 

Prozomix-TA045 100 √ 

ECS-TA03 250 ᵡ 
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Prozomix-TA041 250 √ 

Prozomix-TA045 250 ᵡ 

Aspergillus 

fumigatus TA 

250 ᵡ 

  

The transaminases showed activity up to the substrate concentration of 100 mM (Table 

9). The concentrations of 100 mM to 250 mM were used to determine the maximum 

concentration at which the amine product inhibits the reaction. The TLC and LC-MS 

were used to determine the enzymes activity. All enzymes showed identical results by 

TLC analysis for the substrate concentrations of 50 and 100 mM (Appendix Figure 

A9). No activity was observed at 250 mM except for Prozomix-TA041. The 

transaminase Prozomix-TA041 did show activity at a substrate concentration of 250 mM 

since the acetophenone generated in the reaction, was observed with a retention time 

similar to the standard at Rf = 0.8 (Appendix, Figure A9). The transaminases ECS-

TA03, Prozomix-TA045 and Aspergillus fumigatus TA did not show any activity towards 

250 mM, this was confirmed by the LC-MS analysis of the reaction involving Prozomix-

TA0045 as only the starting material was observed at 0.60 min and 1.88 min with the 

observed mass corresponding with the standard and no peak for the product observed 

(Appendix, Figure A10).  

It has been reported that the substrate inhibition by S-MBA often occurs at 

concentration above 200 mM.128,129 In our studies, it was observed that transaminases 

did not show activity at 250 mM, therefore these results were in agreement with the 

results reported by Mathew et al,129 where they observed activity at substrate 

concentration up to 100 mM. The choice of pyruvate’s concentration (10 mM) was 

influenced by the reported findings that the highest transaminases activity was observed 

at 25 mM pyruvate.129  

3.3.2.2 Investigating substrate inhibition by 58 

Additionally, the substrate inhibition by acetophenone was also determined, as this was 

our reaction of interest using three transaminases namely Prozomix-TA022, Prozomix-

024 and Prozomix-038. For the reaction involving ω-TA Prozomix-TA022, with L-alanine 

concentration kept the same at 250 mM and acetophenone concentration reduced to 25 

mM, it was observed that the enzyme was still active as the amine product was 

detected by TLC and LC-MS (Appendix, Figures A11-12). Similar results were 

observed for Prozomix-024, with L-alanine concentration at 250 mM and 50 mM of 

acetophenone (See Appendix Figures A13-14). However the activity was lost when 
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the acetophenone concentration was increased beyond 50 mM for the reaction involving 

ω-transaminase Prozomix-TA038, L-alanine (250 mM) and acetophenone concentration 

doubled to 100 mM. Only the starting material was observed on the TLC and LC-MS 

analysis, no product was detected indicating that the ketone substrate inhibit the 

transaminase reaction at concentrations higher than 50 mM (Appendix, Figures A15-

16). Mathew and co-workers also reported that vast activity is lost at acetophenone 

concentration beyond 20 mM.128 Therefore the tested transaminases are susceptible to 

acute ketone substrate inhibition as well as amine product inhibition at concentrations 

beyond 100 mM. The reactions still suffered low yield when L-alanine was employed as 

an amine donor, leading to the investigation of a better amine donor and pyruvate 

removal system to displace the unfavourable equilibrium towards the amine. 

3.3.3 Displacing the unfavourable equilibrium  

 

3.3.3.1 Employing LDH pyruvate removal system 

The application of ω-transaminases in asymmetric synthesis is challenging since the 

equilibrium favours formation of the substrate (ketone, L-alanine) and not the desired 

product (amine, pyruvate).58,62 Previously, we employed L-alanine in the absence of the 

system for the removal of the co-product pyruvate. Initially, we examined whether six 

selected active enzymes ECS-TA05, Prozomix-TA003, Prozomix-TA005, Prozomix-

TA016, Prozomix-TA045, and Aspergillus fumigatus TA were applicable to the 

asymmetric reductive amination of the ketone substrates to the corresponding amine 

product using lactate dehydrogenase (LDH) pyruvate removal mixture to drive the 

equilibrium towards the amine product. The LDH mixture was employed in a coupled 

reaction with each of the six transaminase to shift the equilibrium towards the amine 

product by reducing the product inhibition due to the generated pyruvate (Scheme 29).  
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Scheme 29. Reductive amination of acetophenone using LDH mixture  

The amine donor L-alanine was added to the reaction mixture of transaminase and PLP 

in HEPES buffer at pH 7.5 and allowed to equilibrate for 2 h. Having established that the 

acetophenone undergoes substrate inhibition at concentrations beyond 50 mM, then 

similar concentration of 58 (50 mM) was dissolved 58 at in DMSO and added it to the 

enzyme solution along with the LDH mixture to remove the generated pyruvate which 

inhibit the product generation. The generation of the amine product was monitored by 

TLC (Scheme 29). The ω-TA ECS-TA05, Prozomix-TA016, Prozomix-TA045, and 

Aspergillus fumigatus were tested on acetophenone substrate at 50 mM, and the spot of 

the product 57 generated was observed at similar Rf = 0.53 (60% EtoAc/hexane) by all 

four enzymes with a better intensity on the TLC plate (Appendix, Figure A17). In case 

of ECS-TA05, the spot of the MBA generated was observed at Rf = 0.35 (Figure A17). 

However this result was not confirmed by LC-MS. The TLC of the MBA generated in the 

tested reactions for substrate inhibition by acetophenone at 50 mM (Section 3.3.1) 

showed weaker intensity than when the LDH system was employed at similar substrate 

concentration. Therefore LDH mixture plays an important role in reductive amination 

reaction as it removes the co-product from the reaction mixture thereby avoiding 

product inhibition by pyruvate and increased the formation of the amine product. 

The LDH/GDH system demonstrated that removal of the co-product plays an important 

role in transaminases biotransformation of the ketones into the corresponding amine 

product. However, the drawback of this approach is that it requires expensive co-factors 

NAD, GDH and LDH for pyruvate removal to drive the equilibrium to the product side.99 

Hence it is used for small scale reactions. Therefore, this method was abandoned, and 

decided to explore different amine donors which would drive the equilibrium towards the 

amine product. 

3.3.3.2 Employing isopropyl as amine donor 
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To date, the current method widely used involves the application of amine donor 

isopropyl amine in larger excess instead of L-alanine in the reductive amination of the 

ketone substrate where the generated co-product (acetone) is easily removed by 

evaporation.99 On this basis, we decided to employ isopropyl amine in large excess at 

250 mM as amine donor in the reductive amination of the ketone substrate. The 

transaminase tested on different acetophenone concentrations using this system are 

listed in Table 10 below. 

Table 10. Reductive amination of ketone using isopropyl amine as the amine donor 

Substrate ω-TA code Substrate [C] (mM) Activity 

58 Prozomix-TA046 10 ᵡ 

58 Prozomix-TA048 10 ᵡ 

58 Prozomix-TA048 50 ᵡ 

58 Prozomix-TA049 50 ᵡ 

 

The amine donor isopropyl amine was employed at similar concentration as before at 

250 mM, and added to the rehydrated omega-transaminase Prozomix-TA046, 

Prozomix-TA048, Prozomix-TA049 and PLP in HEPES buffer at pH 7.5 and then 

allowed the reaction to equilibrate for 2 h to prevent the direct reaction between 

acetophenone and isopropyl amine. The ketone substrate acetophenone was employed 

at different concentrations ranging from 10 mM to 50 mM in DMSO and added to the 

enzyme solution, followed by incubation at 30°C for 24 h (Table 10). Most of the 

biocatalysis reactions are conducted between room temperature and 37°C so that the 

stability of the enzymes would not be compromised by thermal denaturation.130 The use 

of isopropyl amine as amine donor was preferred as the transaminase reaction was 

conducted at 30°C and the boiling point of isopropyl amine is 34°C. At 30°C, the 

isopropyl amine donor would not evaporate. However, no bioconversion was observed 

in all the reactions, as no desired product was detected.  

The transaminase reaction mechanism described in the Introduction (Scheme 5, 

Section 1.3.1), showed that the co-product (acetone in this case) and the PMP are 

generated during the equilibration between internal aldimine and amine donor before 

the addition of the amino accepter (acetophenone), hence the desired amine product 

could only be generated after the acetone and PMP are generated.  This suggests that 

the bioconversion relies on, but is not limited to the affinity between the PMP and the 

substrate (acetophenone) as well as the generated acetone (which could potentially 

inhibit the reaction between the substrate and the PMP). 
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It has been reported that acetone could also be removed at slightly raised temperatures 

or under reduced pressure.130 Therefore, the reaction temperature was gradually raise 

from 30°C to 60°C so that the possibly generated acetone could evaporate and shift the 

reaction equilibrium towards amine product. The reaction progression was monitored by 

TLC (Appendix, Figure A18) and LC-MS. Herein, one of the reactions was analysed in 

details involving Prozomix-TA048 at substrate (10 mM) using LC-MS (Appendix, 

Figure A19), and no product was detected even after increasing the reaction 

temperature. Only the starting material was recovered and its molecular peak was 

observed at 5.56 min with the observed mass of 121.0648 m/z in agreement with the 

mass of the standard of 121.0645 m/z. The other two peaks observed at 0.61 min and 

2.00 min with the detected mass of [M+H]+ 162.1274 m/z were possibly due to the imine 

by-product formed by reaction between the isopropyl amine and acetophenone, for 

mechanism and by-product generated see Appendix Figure A20.  

Based on literature, usually to prevent the direct reaction of acetophenone and the 

amine donor, the reaction is allowed to equilibrate for 1-2 hours to form the Schiff base, 

PMP and acetone before adding the ketone substrate.131 Therefore, a similar procedure 

was adopted and the PLP-bound enzyme was allowed to dissolve and form the Schiff 

base with the amine donor for 2 h. Having to presume that after 2 h, all the amine donor 

would be in the form of Schiff base, we then added acetophenone as the amine 

acceptor. But unfortunately in this case, it seems that the equilibration did not occur, 

therefore the isopropyl amine and acetophenone were free to react with each other. 

The high temperature also probably posed a negative impact on the enzymes stability 

and consequently, compromising the conversion of the ketone substrate into the amine 

product. Kelefiotis-Stratidakis and coworkers demonstrated that transaminases 

reactions that are conducted at high temperature show dismal conversion percentages 

due to compromised stability of the enzyme.130 Therefore, lower temperatures are 

preferred for biocatalysis reactions in order to preserve the enzyme activity.  

The ω-transaminase Prozomix-TA046, Prozomix-TA048 and Prozomix-TA049 showed 

no activity towards isopropyl amine as amine donor, hence applicable advantages of 

isopropyl amine in amine synthesis are questionable as the ketone substrate seemed to 

be reactive towards the isopropyl amine and the removal of the acetone is very 

challenging (assuming that the PMP and the acetone were generated).131 Then it was 

suggested that the application of isopropyl amine as amine donor has to be 

discontinued and explore the diamine donor xylylenediamine dihydrochloride as it has 

been reported by researchers in Tuner’s lab, that drives the reaction towards the amine 

product due to its tautomerisation into isoindole which then polymerises into a reddish-

brown precipitate indicating that the transaminase reaction has worked.99 

3.3.3.3 Employing xylylenediamine dihydrochloride diamine donor 
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The lack of a convenient and simple method for high-throughput screening of 

transaminase reactions poses a great challenge in developing the efficient ω-

transaminases for asymmetric synthesis of amine products. Turner and coworkers 

recently demonstrated the use of a low-cost, achiral xylylenediamine dihydrochloride 

diamine donor that provides a high-throughput screening method and significantly shifts 

the equilibrium towards the amine product.99 This high-throughput screening method is 

colorimetric based and it is extremely desirable for the development of new omega-

transaminases, optimization of transaminase properties through genetic engineering or 

directed evolution.99,132 In light of this high-throughput method, xylylenediamine amine 

donor was employed as the source of amine for asymmetric synthesis of MBA under the 

reaction conditions described by Green et al99 (Scheme 30). 

 

 

Scheme 30. Synthesis of MBA using diamine donor 

Only one transaminase (ECS-TA06) was tested using acetophenone in the presence of 

the diamine donor 23. The active ECS-TA06 solution containing the 0.5 equivalent of 

PLP and diamine donor (1.1 equiv) was allowed to equilibrate for 2 h to generate the 

Schiff base. Then the common model substrate acetophenone was dissolved in DMSO 

and added to the enzyme solution (Scheme 30), followed the method reported by 

Turner and co-workers.99 The reddish-brown precipitates formed gradually as shown in 

Appendix Figure A21, and was possibly due to the spontaneous polymerization of 

isoindole 27.99 The formation of the reddish-brown precipitates indicates that the 

diamine donor 23 successfully transferred one of its amino group to the PLP cofactor to 

produce the 2-(aminomethyl)benzaldehyde 28 and the intermediate pyridoxamine-5’-

phosphate (PMP) which is required to react with the amine acceptor acetophenone. The 
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deamination of 23 led to the formation of the intermediate aldimine 26 through the 

remaining primary amine cyclisation of the 2-(aminomethyl)benzaldehyde 28 (Scheme 

31). 

 

 

Scheme 31. 5-exo-trig cyclisation of 2-(aminomethyl) benzaldehyde 

Cyclisation of 2-(aminomethyl)benzaldehyde 28 through 5-exo-trig mechanism into 

isoindolin-1-ol 29 removes the co-product 28 from the reaction mixture thereby shifting 

the unfavorable equilibrium towards the amine product (Scheme 31).99 The elimination 

of water from the isoindolin-1-ol led to the formation of aldimine 26 which tautomerised 

or undergoes a 1,5-hydride shift into isoindole 27 followed by precipitation, 

demonstrating the extensive efficacy of this xylylenediamine dihydrochloride as amine 

donor for the asymmetric synthesis of the enantiopure amines. The aldimine 26 

tautomerised into isoindole 27 which further polymerised to give a coloured precipitate 

(Scheme 30). 

In light of these advantages, the Turner’s method,99 was used for the reductive 

amination of 58 into 57 using ω-TA ECS-TA06. The generation of 57 was monitored 

using TLC and LC-MS. Three spots were also observed on the TLC plate as in the 

above reductive amination reactions of 58 with similar Rf values. The analysis of the 

standards MBA 57 and acetophenone 58 were performed using the C18 column, 

however the MBA 57 also came out with the unretained peak (at approximately the void 

volume value) at 0.61 min with the accurate mass of 122.0965 m/z (Appendix, Figure 

A1) leading to the use of an alternate column: a Hilic column. Therefore, this reaction 

was analysed in detail using LC-MS and the Hilic column to retain the amine product 

better than the previously used C18 column. The peak of the product 57 was observed at 

6.32 min with the accurate mass of 122.1150 m/z for [M+H]+, which is in agreement with 

the mass of the standard for C8H12N of 122.1144 m/z (Appendix, Figure A22). This 

reaction also gave incomplete conversion as the peak of the starting material was 
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observed in the LC-MS at 10.49 min with the mass of 121.0830 m/z matching the mass 

of the standard (Appendix, Figure A22). 

Prior to the addition of acetophenone into the reaction, the transaminase solution was 

yellow in colour, and upon addition of diamine donor (1.1 equiv) the colour changed to 

green (evidence or picture not captured). It was also demonstrated in the previous work 

that the colour changed to green after the addition of diamine donor into the 

transaminase solution.99 This was probably due to conversion of the PLP into PMP.99  A 

tremendous change in colour was observed from the transaminase solution upon 

addition of the amine acceptor acetophenone (10 mM, 1.0 equiv) after 1 h. The dark 

reddish-brown precipitates were observed after the reaction mixture was incubated for 

12 h at 30°C, as it can be seen in Appendix Figure A21. Since the LC-MS seemed to 

show that the transaminase was active towards diamine donor, it was important to test 

Turner’s method on the β-ketonitrile substrates required for the synthesis of β-beta-

amino acids. Additionally, the diamine donor seemed to be a better source of amino 

group as this method gave a high-throughput screening method with the colour change 

upon addition of a ketone, therefore similar reaction conditions would be employed in 

the reductive amination reactions using β-ketonitrile substrates 54c and 54d. 

3.4 Asymmetric synthesis of beta-aminonitriles 

The diamine donor xylylenediamine dihydrochloride has shown to be acceptable by 

numerous S and R-selective omega-transaminases.99,133,134 The screening of variants of 

omega-transaminases and large substrates using diamine donor 23 was demonstrated 

by Turner and coworkers.99 The natural substrates for the synthesis of β-amino acids 

using omega-transaminases are known to be β-keto acids.54,135 However asymmetric 

synthesis of β-amino acids from β-keto acids substrates was not ideal as these 

substrates undergo decarboxylation in buffer solution through a cyclic transition state 

mechanism to give the more stable acetophenone and carbon dioxide.54 On this basis, 

we decided to use stable β-ketonitriles for asymmetric synthesis of β-aminonitriles using 

active omega-transaminases.   

In this study, the approach to circumvent the decarboxylation was attempted by 

conducting a reaction cascade which involved the reductive amination of the β-

ketonitrile into β-aminonitriles. The synthesis of β-aminonitriles from larger ketone 

substrates using xylylenediamine 23 as the source of amino group was explored. The 

stable β-ketonitrile substrates 54 were then converted into β-aminonitriles 56 through 

reductive amination using transaminases in the presence of diamine donor 23 (Figure 

13).  
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Figure 13. Biotransformation of beta-ketonitriles using omega-transaminases 

 

Having β-ketonitriles at our disposal,  tω-TA Aspergillus fumigatus, Prozomix-TA005, 

Prozomix-TA010, Prozomix-TA011, Prozomix-TA037, Prozomix-TA040, and Prozomix-

TA042 were tested in reductive amination of β-aminonitriles using diamine donor 23. 

The transaminase was rehydrated in HEPES buffer at pH 7.5 with the PLP co-factor. 

The ketone 54c in DMSO was added to the transaminase solution and the reaction 

mixture was incubated at 30°C for 24 h.  The generation of the amine product 56 was 

monitored by TLC and LC-MS. The method reported by Turner and co-workers was 

followed.99 The transaminases tested on different substrates are listed in Table 11 

below. 

Table 11. Reductive amination of β-ketonitriles using different transaminases 

Substrate ω-TA code Substrate [C] (mM) Activity 

54c Prozomix-TA005 10 √ 

54c Prozomix-TA010 10 √ 

54c Prozomix-TA011 10 √ 

54d Prozomix-TA011 10 √ 

54c Prozomix-TA040 10 √ 

54c Prozomix-TA042 10 √ 

54d Prozomix-TA046 10 √ 

54d Aspergillus fumigatus 

TA 

10 √ 
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All the transaminases tested showed activity towards 54c-d at substrate concertation of 

10 mM (Table 11). More than three spots were observed on the TLC for all the 

transaminases tested on 54c-d, indicating that there were more by-products generated. 

Since the previous column used did not retain the amine product or standards 

sufficiently, the Hilic column was used in the analysis for the reductive amination 

reactions of 54c-d (Table 11). The standards were first analysed on LC-MS using a 

solvent gradient 5-95% acetonitrile. In the LC-MS analysis of 54c, the peak of the 

standard was observed at 10.65 min with the mass [M+H]+ of 160.0752 m/z for 

C10H10NO (Appendix, Figure A23). In the LC-MS of the amine standard 56c, the peak 

of 56c was observed at 6.71 min with the mass of [M+H]+ 161.1067 m/z for C10H13N2 

(Appendix, Figure A24).  

The TLC of the biotransformation reactions of 54c involving Prozomix-TA005, 

Prozomix-TA010, Prozomix-TA011, and Prozomix-TA040 showed identical results with 

the amine product observed at Rf = 0.65 , which is very close to the amine standards Rf 

value of 0.64 (Appendix, Figure A25). The other spots are possibly due to the side 

reactions.  

Herein, one of the reactions is reported which was analysed in detail involving 

Prozomix-TA042 in the reductive amination of 54c. The product was not isolated due to 

the low yields, hence only the TLC and LC-MS were used to monitor the generation of 

the amine product. The generated product 56c was observed with a retention time 

similar to the standard at Rf = 0.30, while the starting material was observed with a 

retention time similar to the standard at Rf = 0.8. In contrast, the LC-MS did not show 

the mass of the starting material, indicating that something happened to the starting 

material observed by the TLC (Appendix, Figure A25). A major peak observed at 8.2 

min with the observed mass of 279.1490 m/z corresponded well with the calculated 

mass of 279.1453 m/z (Appendix, Figure A26), was identified to be a potential by-

product 1 (Scheme 32). 

 

Scheme 32. Mechanism of the side-reaction between starting material 54c and the 

isoindole 
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To obtain by-product 1, the reaction must have proceeded to some extent, otherwise 

the isoindole 27 would not have been formed. The generated 27 was then reduced by 

transaminase in to the very stable, highly basic isoindoline 27i, which then readily forms 

a hemiaminal through that basic nitrogen with 54c to generate by-product 1. Therefore, 

reducing the substrate’s concentration from the reaction. The peak of the generated 56c 

was observed at 6.90 min (similar retention time as the standard) with the accurate 

mass of 161.1075 m/z for C10H13N2 in agreement with the mass of the amine standard 

161.1034 m/z (Appendix, Figure A26).  

The second substrate was now examined to investigate if a similar by-product 1 would 

be generated. Firstly, the standard 54d was analysed with LC-MS. The LC-MS of the 

standard 54d, showed the peak of the standard substrate 54d at 5.62 min with the mass 

of 176.0703 m/z for C10H10NO2 (Appendix, Figure A27). Then ω-transaminase 

Prozomix-TA011, Prozomix-TA046 and Aspergillus fumigatus TA were tested on a 

different substrate 54d following similar reaction procedures and conditions above 

(Table 11). In contrast to the reaction involving ω-TA Aspergillus fumigatus TA, the 

starting material was not observed on the TLC of the reaction involving ω-TA Prozomix-

TA011. There were two spots observed at Rf = 0.21 and Rf = 0.35 (Appendix, Figure 

A28). The LC-MS was then used to determine if the reaction was successful. In the LC-

MS of 3-amino-3-(p-methoxyphenyl)propanenitrile 56b, the peak of the possibly 

generated 56d was observed at 2.01 min with the mass of 177.1023 m/z for [M+H]+ 

which was consistent with the calculated mass for C11H13N2O; 177.0983 m/z 

(Appendix, Figure A29).  

Similarly, a significant major peak was observed at 3.93 min with the mass of 295.1469 

m/z in agreement with the calculated mass of 295.1402 m/z for C18H18N2O2; designated 

by-product 2 in Scheme 33. 

 

 

Scheme 33. Mechanism of the side-reaction between starting material 54d and the 

isoindole 
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Since there were some other peaks observed in the LC-MS, it is possible that the 

diamine donor underwent other side-reaction with the starting material in similar manner 

as with 54c. On the other hand, ω-TA Prozomix-046, showed low activity towards 54d 

since the starting material on the TLC was observed with a retention time similar to the 

standard at Rf = 0.7 (Appendix, Figure A28).  

The transaminases were found to be active towards different substrates, however the 

reaction did not work out as expected. Interestingly, the major product obtained was in 

fact not the desired product, instead it were the by-products shown in Scheme 32 and 

33. But it indicated that some of the product must have been formed, because the by-

products had to be formed from the isoindoline intermediate 27i (Scheme 33), therefore 

some percentage of the amine product must have been generated successfully. But 

unfortunately, the reactivity of the carbonyl carbon of the β-ketonitriles 54c and 54d, 

possibly because of the strongly electron withdrawing nitrile group, made it highly 

reactive towards the basic isoindoline 27i generating the by-products 1 and 2.  In light of 

these low yields and side-reactions, it was decided not to expand the library to consider 

the other set of β-ketonitriles 49. Instead, the possible side reactions that might be 

happening in the reaction preventing the generation of the amine product in good yield 

were investigated.  

3.5 Reaction controls using 54c and 56c  

The poor yields of the biotransformation reactions were probably due to the side 

reactions involving the starting material and other components in the reaction mixture. 

Therefore reaction controls were conducted employing 54c and 56c to investigate these 

possible side reactions. Several reaction controls were conducted to determine which of 

the components were involved in side reactions leading to formation of by-products 

(Table 12). 

Table 12. Reaction controls for biotransformation of 3-oxo-4-(p-tolyl)butanenitrile 

Entry 1 2 3 4 

ω-TA √    

PLP √ √ √  

Diamine 

Donor 

√ √ √ √ 

Substrate √ √  √ 

Buffer √ √ √ √ 
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DMSO √ √  √ 

By-product 1 

(See 

structures in 

Table 13) 

Observed 

 

Not observed 

 

Not observed Not observed 

(a) Tick (√) indicate components involved in reaction 

The by-product 1 resulting from reaction control 1 in Table 12 was observed in the LC-

MS of which its mass and structural representation are tabulated below (Table 13).  

Table 13. By-products generated from reaction controls  

By-

products 

Structures for by-products Calculated mass 

[M+H]+ 

Observed 

mass 

[M+H]+ 

Retention 

time 

(min) 

1  

 

279.1453 

C18H18N2O 

279.1490 8.2 

 

The main reaction control 1 involved all the necessary components required for 

reductive amination of 3-oxo-4-(p-tolyl)butanenitrile 54c (Table 12) and the by-product 1 

was detected on the LC-MS (Table 13). Then different reaction controls were conducted 

in order to investigate if this by-product could be generated in the absence of enzyme 

and where one component was omitted per control (Table 12). The by-product 1 was 

not detected in the absence of the transaminase (Table 12, entry 2, 3 & 4), indicating 

that the biotransformation reaction was catalysed by the enzyme. The starting material 

was found to be directly reacting with the diamine donor in controls 2, 3 and 4 (Table 

12), therefore reducing the substrate concertation from the reaction mixture, resulting in 

extreme low yields. 

β-Ketonitriles were also reported to be potential substrates for synthesis of the β-amino 

acids whereby nitrilase from Bradyrhizobium japonicum (NitBJ) USDA 110 was 

employed to hydrolyse these substrates into β-keto acids followed by in-situ amination 
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into β-amino acids using β-amino acid dehydrogenase, NADPH and glucose 

dehydrogenase recycling enzymes.133 This suggests that carboxylic acid in the 

transaminase substrates is required to enhance the reaction efficiency of asymmetric 

reductive amination by ω-TA. The novel β-ketonitrile substrates used in the current 

study do not bear the carboxylic acid. This might be the reason why the reactions gave 

poor yields since the substrates were probably not recognised in the ω-TA’s active site.   

Until now, natural existing omega-transaminases that accept β-ketonitrile as amino 

acceptors are unknown. More focus should therefore be on engineering of variants 

omega-transaminases that accepts β-ketonitriles as precursors. 

 

3.6 Hydrolysis of nitrile substrates using nitrile hydratase 

Once the β-aminonitriles have been synthesised, they need to be converted to a form 

that can be incorporated into the peptides. This can be achieved stereoselectively using 

biocatalysis. Nitrile hydratase/amidase are mainly known to hydrolyse aliphatic nitriles 

whereas nitrilases generally hydrolyse aromatic nitriles substrates.105 However it was 

reported that Rhodococcus rhodochrous ATCC BAA-870 has activity towards aromatic 

nitriles, aliphatic nitrile, benzonitrile and  3-hydroxy-3-phenylpropionitrile substrates.44,105 

Some nitriles act as inhibitors instead of being substrates, for example; isobutyronitrile 

and α-hydroxynitriles inhibit Rhodococcus R312 and Corynebacterium nitrilophilus nitrile 

hydratases whereas benzonitrile inhibits nitrile hydratase from Bacillus pallidus 

Dac521.105 Therefore, isolated nitrile hydratase from Rhodococcus rhodochrous ATCC 

BAA-870 was tested for activity against β-ketonitriles and β-aminonitriles as they are 

important substrates for the synthesis of the β-amino acids.  

3.6.1. Hydrolysis of β-aminonitrile 

 

 

Scheme 34. Hydrolysis of β-aminonitrile 56c using NHase 

The hydrolysis of 56c  was conducted using isolated NHase from Rhodococcus 

rhodochrous ATCC BAA-870 in Tris-buffer at pH 9 (Scheme 34),  following a method 
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reported by Chhiba and co-workers.44 Two spots were observed on TLC; the starting 

material was observed at similar Rf with the standard at Rf = 0.14, while the other spot 

was observed at Rf = 0.07 (Appendix, Figure A39). In this reaction, the product was 

not isolated since it was conducted as a test reaction on a small scale, therefore LC-MS 

was used to monitor the synthesis of 3-amino-3-(p-tolyl)propanamide 65. The molecular 

peak of the product 65 was observed in the chromatogram at 1.70 min with the mass of 

[M+H]+ 179.1171 m/z, which was in good agreement to both the calculated mass of 

179.1140 m/z for C10H15N2O and that observed by Chhiba and co-workers (Appendix, 

Figure A31). The incomplete conversion was confirmed by the peak of the starting 

material that was observed at 2.25 min with the observed mass of 161.1070 m/z, which 

is consistent with the mass of the standard (Appendix, Figure A31). The racemic 

substrate 56c was not converted completely to the amide product, which was possibly 

due to enantioselectivity of the nitrile hydratase.44  

It has been demonstrated that nitrile hydratase containing cobalt in the active site of 

Rhodococcus rhodochrous ATCC BAA-870, hydrolyse β-aminonitriles into enantiopure 

β-amino amides.44 They also showed enantioselectivity towards α-aminonitriles 

compared to the iron-containing nitrile hydratase counterparts.44 Therefore this maybe 

one of the reason why two spots were observed for starting material and product on the 

TLC, hence incomplete conversion. Based on the findings of Chhiba and co-workers, 

NHase might kinetically resolved (hydrolysis of one enantiomer over the other) the 

racemic starting material 56c. Therefore, it is important to synthesise enantiopure R and 

S-β-aminonitriles using ω-transaminases so that the reaction can go to completion 

depending on the enantiospecificity of the Rhodococcus rhodochrous ATCC BAA-870 

nitrile hydratase. Having observed that Rhodococcus rhodochrous ATCC BAA-870 is 

active towards β-aminonitrile, it was then decided to also test Rhodococcus 

rhodochrous ATCC BAA-870 against β-ketonitrile for substrate specific and investigate 

if it could convert these substrates into β-Keto amides.   

 

3.6.2 Hydrolysis of β-ketonitriles 
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Scheme 35. Hydrolysis of β-ketonitriles 66 using NHase 

The high electrophilicity of the carbonyl carbon seemed to make it difficult to synthesise 

enantiopure β-aminonitriles since diamine donor seemed to attack the β-ketonitrile 

starting material. Therefore it was deemed necessary to conduct the asymmetric 

hydrolysis conversion of β-ketonitriles into β-keto amides which would be potential novel 

substrates for asymmetric reductive amination using ω-TA. Using similar procedure as 

above, β-ketonitriles 3-oxo-3-(p-tolyl)propanenitrile 54c and 3-(p-methoxyphenyl)-3-

oxopropanenitrile 54d substrates were hydrolysed by Rhodococcus rhodochrous ATCC 

BAA-870 nitrile hydratase into β-ketoamides 3-oxo-3-(p-tolyl)propanamide 66c and 3-(p-

methoxyphenyl)-3-oxopropanamide 66d, respectively (Scheme 35). Only one spot at Rf 

= 0.64 for reaction involving hydrolysis of 54c and also at Rf = 0.61 for hydrolysis of 

54d, was observed on the TLC suggesting the complete conversion of the hydrolysis 

reactions (Appendix, Figure A30). 

No 3-oxo-3-(p-tolyl)propanenitrile 54c peak observed in the LC-MS spectrum of the 

hydrolysis reaction. Only the peak of the product 3-oxo-3-(p-tolyl)propanamide 66c at 

4.15 min with the observed mass of [M+H]+ 178.0861 m/z which is in agreement with 

the calculated mass for C10H12NO2: 178.0823 m/z (Appendix, Figure A32). The 

absence of the starting material in both TLC and LC-MS indicates complete conversion.  

However some carbonyl containing compounds do not ionize easily. When 3-(p-

methoxyphenyl)-3-oxopropanenitrile 54d was used as the starting material, similar 

pattern was observed as in 54c substrate.  In the LC-MS of the hydrolysis of 54d, the 

peak of 66d was observed at 3.65 min with the observed mass of 66d [M+H]+ 194.010 

m/z corresponding to the calculated mass of 194.0772 m/z for C10H12NO3 (Appendix, 

Figure A42).   

Nitrile hydratase Rhodococcus rhodochrous ATCC BAA-870 gave complete hydrolysis 

conversion of the β-ketonitriles into β-keto amides as compared to the β-aminonitriles. 

Therefore we demonstrated that Rhodococcus rhodochrous ATCC BAA-870 has high 

activity towards aromatic β-ketonitriles. 
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It can be suggested that the preparative scale can be used to prepare more β-

ketoamides that can possibly then be used for asymmetric synthesis of β-amino acids 

using ω-transaminases and subsequent hydrolysis of amide group using amidase into 

β-amino acid for incorporation into wound healing peptides synthesis. This will be 

evaluated in future work. 

In summary, we synthesized the starting material, screened the enzyme kits, generated 

trace amounts of beta-aminonitriles (low yields probably due to a combination of the 

substrate not being the best substrate, low enzyme activity and by-product formation). 

In future yields could be improved by varying reaction conditions or by enzyme 

engineering. The racemic product was synthesized in sufficient yields to demonstrate a 

biocatalysis reaction to convert them to the amides. These could then be hydrolysed by 

an amidase in the future research.  

As the β-aminonitriles were synthesised in poor yields, therefore the desired β-amino 

acids were not synthesised as expected. Since the required amount of each amino acid 

is approximately 0.5 g, then the enantiopure β-amino acids were purchased to 

demonstrate the next step. 

3.7 Approach towards synthesis of wound healing peptides 

3.7.1 Synthesis of alpha-peptides  

The choice of resin, linker (chemical compound which link the peptide to the resin), 

coupling reagents, protected amino acids and peptide cleaving condition, play an 

important role in the successful synthesis of peptides using the solid-phase peptide 

synthesis technique (SPPS).136 The peptides were designed with a carboxylic acid C-

terminus since the carboxylates negative charge stabilise the triple-helix structure of the 

collagen mimetic peptides (CMPs) better than the ammonium positive charge of the 

amide motif.137 Thus, a 2-chlorotrityl resin was used as the solid support in the peptide 

synthesis. Manual and automated SPPS were carried out under inert nitrogen gas 

atmosphere (Scheme 33).  
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Scheme 33. Synthesis of wound healing peptides 

The procedures reported by APPTEC,138 was adopted and modified for the activation of 

the 2-chlorotrityl resin. The resin grains were soaked in dry DCM in the presence of 

thionyl chloride overnight to substitute the hydroxyl group on the resin with a chlorine 

group (Scheme 33). The first amino acid, Fluorenylmethyloxycarbonyl-Glycine (Fmoc-

Gly (G)) was coupled to the resin using a base N,N-Diisopropylethylamine (DIPEA) to 

deprotonate the carboxylic proton of the amino acid which then undergoes a 

nucleophilic substitution with the chlorine group on the resin. The amine protecting 

group (Fmoc) of the amino acid is then deprotected to give a free amine (NH2) (Scheme 

34).  
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Scheme 34. Fmoc-deprotection mechanism using piperidine.139 

The added secondary amine (piperidine) deprotonates the acidic proton of the Fmoc 

ring followed by β-elimination of 67 that leads to the formation of a free NH2 glycine-

bound to the resin 68 and  dibenzofulvene 69 which is trapped by piperidine to 

generates by-product 70 (Scheme 34).139 The Fmoc was used to protect the amino 

group (N-terminal group) to prevent the intramolecular interaction within the 

peptide.138,140 The glycine-bound to the resin was washed to remove the excess 

reagents and byproducts. The second amino acid that was coupled to the resin bound-

glycine was Fmoc-α-Phenylalanine (Fmoc-Phe (F)). A coupling reagent 2-(1H-

benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) was used to 

activate the carbonyl carbon of the Fmoc-α-Phe at the C-terminal (Scheme 35).140 
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Scheme 35. The activation of amino acid using HBTU140   

Then a base DIPEA was added, which deprotonates the carboxylic acid proton resulting 

in a carboxylate anion 71 which then attacks the cation carbodiimide carbon of the 

HBTU 72 to form the ester 73 and triazine 74. The generated triazine 74 attacks the 

carbonyl carbon of the ester 73 resulting in the formation of the activated carbonyl 

carbon of Fmoc-α-Phe 75. Hydroxybenzotriazole (HOBt) 74 is a better leaving group 

than the hydroxyl group and tetra-methylurea 76 (Scheme 35). The amino group of the 

deprotected glycine-bound resin attacks the carbonyl carbon of the activated amino acid 

substituting the better leaving group HOBt 74 leading to the extension of the peptide 

chain. After coupling the Fmoc-α-Phe, the resin bound-peptide was washed followed by 

Fmoc-deprotection using 20% piperide/DMF preparing it for the next coupling cycle. The 

next amino acids coupled to the peptide-bound resin to complete the peptide sequence 

were Fmoc-Hydroxyproline (Fmoc-Hyp (O)), Fmoc-Gly (G), Fmoc-Arginine (Fmoc-Arg 

(R)), Fmoc-Gly (G) and Fmoc-Aspartic acid (Fmoc-Asp (D)), sequentially. The coupling, 
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deptotection and washing procedures were reported in Section 2.9. After the cycle was 

complete, all the protecting groups were removed along with the resin followed by 

purification using the HPLC to give 60a α-peptide G-F-O-G-R-G-D (Figure 16). 

 

 

Figure 16. Structural representation of α-peptide G-F-O-G-R-G-D 

The successful coupling of each amino acid was monitored by LC-MS. For example, 

after an amino acid coupling and Fmoc-deprotection, a few resin grains were taken out 

and cleaved. The LC-MS analysis was used to confirm the successful coupling of Fmoc-

Hyp (O), Fmoc-Gly (G), Fmoc-Arg (R), Fmoc-Gly (G) and Fmoc-Asp (D) (Table 9). The 

observed masses were consistent with the calculated masses of the peptides (Table 

14), for the LC-MS analysis see Appendix Figure A34-38.  

Table 14. LC-MS data analysis of each amino acid coupled 

Entry Sequence Amino acid 

coupled 

Calculated 

mass (m/z) 

[M+H]+ 

Observed 

mass 

[M+H]+ 

Retention 

time (min) 

1 G-F-O O 336.1515  

C16H22N3O5 

336.1383  

and 

336.1381 

8.27  

and  

8.37 

2 G-F-O-G G 393.1729  

C18H25N4O6 

393.1556 

and 

8.38  

and  
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393.1567 8.46 

3 G-F-O-G-R R 549.2741  

C24H37N8O7 

549.2763 5.79 

4 G-F-O-G-R-G G 606.2955 

C26H40N9O8 

606.2712 

and 

606.2713 

5.73  

and 

5.77 

5 G-F-O-G-R-G-

D 

D 721.3225 

C30H45N10O11 

721.2868 

and 

721.2869 

8.19 

and 

8.21 

 m/z = Mass-to-Charge Ratio 

Table 14 showed that the observed mass was increasing with the coupling of each 

amino acid leading to the extension of the peptide chain. After coupling the last amino 

acid Fmoc-Asp (D) entry 5 (Table 14), the peptide was cleaved from the resin. The 

peptide was purified by HPLC yielding peptide 60a G-F-O-G-R-G-D and the LC-MS 

analysis confirmed the successfully synthesis of our desired peptide 60a (Appendix, 

Figure 39), since the split peak at 8.22 and 8.27 min with the observed masses of 

721.2537 m/z and 721.2547 m/z, respectively were consistent with the calculated mass 

721.3325 m/z for C30H45N10O11 (Table 14). 

The LC-MS analysis showed the split peaks after the coupling of hydroxyproline. It was 

first presumed that these double peaks were due to the impurities from the unpurified 

peptides (Table 14). However previous work have reported that peptides containing 

proline residue can exhibit conformational isomers (cis and trans) resulting in the 

formation of a peak shoulder.141,142 These conformational isomers are due to the 

inversion of the imide nitrogen lone pair relative to the Ca-H of the proline residue, which 

results from the amide-imidate tautomerisation  (Figure 17).143,144 
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Figure 17. Conformational isomers of peptide containing proline.143,144 

Our peptide contains hydroxyproline instead of proline, however the only difference is 

the presence of a hydroxyl-group which doesn’t have a significant role in nitrogen lone 

pair inversion. Therefore, based on the previous findings (Figure 17) and the observed 

results after the purification of the hydroxyproline-containing peptide 60a, it is suggested 

that the split peaks observed from the LC-MS chromatogram at 8.22 and 8.25 min 

retention times that have similar mass (Appendix, Figure A39) were possibly due to 

the cis-trans conformational isomers. These kinds of isomers were separated by 

Kalman and co-workers, using reverse-phase chromatography at low temperatures.142 

The cis-trans conformers have a slight difference in retention times which makes it 

difficult to separate, however the slow interconversion between the cis-trans conformers 

enabled them to be separated at low temperatures.141,142 On this basis, in the future we 

will adopt a similar approach to separate these conformers. 

It has been reported that lipophilic peptides (lipopeptides) are important for cell 

membrane permeability, therefore it is vital for the peptides to have a hydrophobic side 

chain to facilitate the membrane fusion.145 Previous studies have reported that palmitic 

acid and adamantane can be attached to peptides to provide the necessary lipophilicity, 

thereby improving their pharmacokinetics.146,147 Having to successfully synthesised the 

standard α-peptide 60a GFOGRGD, then 60a was modified for membrane permeability 

by attaching palmitic acid (Pal) and adamantine (Ada) at the N-terminus. The coupling, 
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washing and cleavage followed the same protocol as described before (Section 2.9) to 

give 60b and 60c (Appendix, Figure A49-50). These peptides were not purified due to 

time constrain, however the purification will be done in the future. The LC-MS analysis 

showed the successful coupling of palmitic moiety where the observed mass of 

959.5737 m/z for [M+H]+ was consistent with the calculated mass 959.5521 m/z for 

C46H75N10O12 (Appendix, Figure A40). The successful coupling of adamantane was 

confirmed by LC-MS whereby the observed mass of 883.4365 m/z for [M+H]+ was also 

consistent with the calculated mass 883.4269 m/z for C41H59N10O12 (Appendix, Figure 

A41). 

The purification and potency of these lipopeptides will be evaluated in future work. 

Since alpha-peptides are known to be susceptible to proteases as indicated in chapter 

1, therefore it was then decided to purchase and incorporate enantiopure β-amino acid 

in our peptides. 

3.7.2 Synthesis of beta-peptides  

The reductive amination of the β-ketonitriles reaction cascade gave very low yields for 

β-amino acid (Section 3.5), we then decided to purchase these β-aromatic amino acids; 

3-amino-4-phenylbutanoic acid, 3-amino-4-(p-tolyl)butanoic acid and 3-amino-4-(4-

fluorophenyl)butanoic acid (Figure 18), to demonstrate that they can be incorporated 

into peptide sequences. The phenylalanine was replaced by the purchased β-aromatic 

amino acid to give the β-peptides. These modifications would increase the hydrophobic 

interaction of the peptide with the integrin active site thereby improving the formation of 

fibers and platelets aggregation. 

 

 

Figure 18. Purchased aromatic β-amino acids 
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The synthesis of the β-peptides followed similar coupling cycles as described in the 

synthesis of the α-peptides (in Section 2.9). The phenylalanine was replaced with 3-

amino-4-phenylbutanoic acid, 3-amino-4-(p-tolyl)butanoic acid and 3-amino-4-(4-

fluorophenyl)butanoic acid, to give 61a, 61d and 61g. We only monitored the coupling 

progress of peptide 61d by LC-MS to investigate if the β-aromatic amino acids could be 

incorporated into the wound healing peptide sequence. The monitoring method followed 

the one described in 3.7.1 and the LC-MS analysis confirmed the successful coupling of 

amino acids used to complete the peptide sequence G-β(Me)Phe-O-G-R-G-D (Table 

15). For mass spectra see Appendix Figure A42-46. 

Table 15. LC-MS analysis of reaction progress for assembling peptide 61d 

Entry Sequence Amino acid 

coupled 

Calculated mass 

(m/z) [M+H]+ 

Observed 

mass [M+H]+ 

1 G-β(Me)Phe-O O 364.1828  

C18H26N3O5 

364.1850 

2 G-β(Me)Phe-O-G G 421.2042  

C20H29N4O6 

421.2051 

3 G-β(Me)Phe-O-G-R R 577.3054  

C26H41N8O7 

577.3081 

4 G-β(Me)Phe-O-G-R-G G 634.3268 

C28H44N9O8 

634.3283 

5 G-β(Me)Phe-O-G-R-G-D D 749.3538 

C30H45N10O11 

749.3656 

β(Me)Phe = 3-amino-4-(p-tolyl)butanoic acid 

There is a correlation between Table 14 and Table 15 as the accurate masses were 

consistent with the amino acid coupled per cycle. These free NH2 β-peptides 61a, 61d 

and 61g were modified by coupling palmitic acid and adamantane, respectively to give 

61b, 61c, 61e, 61f, 61h and 61i (Table 16). For LC-MS analysis see the Appendix 

Figure A47-55.  
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Table 16. The β-peptides containing β-aromatic amino acid derivatives   

Compound Sequence R1 R2 Calculated 

mass  

Observed 

mass 

Molecular 

ion 

61a G-βPhe-O-

G-R-G-D 

H H 735.3381 

C31H47N10O11 

677.3221 [M-

Glycine]+ 

61b G-βPhe-O-

G-R-G-D-

Pal 

H Palmitic 973.5678 

C47H77N10O12 

973.5709 

and 

973.5734 

[M+H]+  

61c G-βPhe-O-

G-R-G-D-

Ada 

H Adaman

tane 

897.4426 

C42H61N10O12 

897.4424 [M+H]+  

61d G-

β(Me)Phe-

O-G-R-G-D 

Me H 749.3538 

C32H49N10O11 

749.3552 [M+H]+  

61e G-

β(Me)Phe-

O-G-R-G-

D-Pal 

Me Palmitic 987.5834 

C48H79N10O12 

987.5906 [M+H]+  

61f G-

β(Me)Phe-

O-G-R-G-

Me Adaman

tane 

911.4582 

C43H63N10O12 

911.4675 [M+H]+  
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D-Ada 

61g G-

β(Flu)Phe-

O-G-R-G-D 

Flu H 753.3287 

C31H46FN10O11 

753.3288 

and 

753.3254 

[M+H]+  

61h G-

β(Flu)Phe-

O-G-R-G-

D-Pal 

Flu Palmitic 991.5584 

C47H76FN10O12 

991.5626 [M+H]+  

61i G-

β(Flu)Phe-

O-G-R-G-

D-Ada 

Flu Adaman

tane 

915.4332 

C42H60FN10O12 

961.4432 [M+ Formic 

acid+H]+  

 βPhe = 3-amino-4-phenylbutanoic acid; β(Me)Phe = 3-amino-4-(p-tolyl)butanoic acid; β(Flu)Phe = 3-

amino-4-(4-fluorophenyl)butanoic acid, Flu = Fluorine 

The HPLC was used to purify peptide 61b, 61c, 61d and 61g (Table 16). The rest of the 

peptides were not purified due to time constrain. However LC-MS analysis for all the 

peptides confirmed the successful synthesis of the desired β-peptides as the observed 

masses were consistent with the calculated masses (Table 16). Previous studies have 

reported that lipopeptides that are more hydrophobic tend to have greater membrane 

permeability.147 Therefore the attachment of adamantane and palmitic acid to these β-

peptides would improve their hydrophobicity, hence increase membrane permeability. 

The membrane permeability of α-peptides was also attempted to be improved by the N-

methylation of phenylalanine. 

3.7.3 N-methylation of α-phenylalanine 

Previous studies have reported that peptides which are N-methylated get degraded less 

than normal peptides and they also have an improved conformational rigidity.31 On this 

basis, the N-methylation on phenylalanine was attempted so that it can be incorporated 

into collagen mimetic peptides (Scheme 36).  
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Scheme 36. Synthesis of N-methylated phenylalanine 62 

Fmoc-α-Phenylalanine was subjected to paraformaldehyde in the presence of PTSA 

yielding oxazolidinone (Scheme 36). PTSA was added to activate the carbonyl carbon 

of paraformaldehyde followed by nucleophilic attack by the nitrogen to the activated 

carbonyl and dehydration resulting into an imine.The hydroxyl group of the carboxylic 

acid then attacks the imine to give oxazolidinone (Scheme 37). Subsequent reaction of 

oxazolidinone with TFA and TIS gave N-methylated α-phenylalanine 62 (Scheme 36).  
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Scheme 37. Proposed mechanism of the formation of oxazolidinone 

The cleaving mixture added to the oxazolidinone opened the five-membered ring 

yielding 62. 

 

Eleven signals were observed in the 1H NMR spectrum of 62, with five signals in the 

aromatic region between 7.83 and 6.99 ppm integration for thirteen protons, indicating 

the presence of Fmoc protecting group as well as the aromatic ring of the N-methylated 

phenylalanine. The singlet signal observed at 11.19 ppm integrating for one proton was 

assigned to H6, a characteristic of hydroxyl group. Therefore confirming the successful 

ring opening of the oxazolidinone. A singlet signal observed at 2.85 ppm integrating for 

three protons assigned to H9, was due to the methyl protons (-N-CH3). Therefore 

suggesting successful N-methylation of the phenylalanine 62. The 13C NMR spectrum 
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also confirmed the success of the reaction as the methyl carbon (-N-CH3) was observed 

at 31.9 ppm. Our NMR data match those reported by Di Gioia and co-workers.116 The 

successful synthesis of 62 was also confirmed by LC-MS as the observed mass of 

402.1670 m/z for [M+H]+ was consistent with the calculated mass of 402.1661 m/z for 

C25H24NO4. 

The N-methylated α-phenylalanine 62 was not incorporated into the peptides, due to 

time constraints.   

4. CONCLUSION AND FUTURE WORK 

4.1 Conclusion 

The main aim of this project was to synthesise enantiopure β-amino acids from 

corresponding β-ketonitrile substrates using the combination of ω-transaminases and 

nitrilase or nitrile hydratases/amidase reaction cascades. The β-ketonitrile substrates 

were successfully synthesized from aromatic carboxylic acids through esterification in 

ethanol followed by nucleophilic substitution with acetonitrile in n-BuLi solution. The 

racemic standard β-aminonitrile 56c was also synthesised through conventional 

methods using a commercially available 4-methylbenzonitrile as the starting material in 

the presence of potassium tert-butoxide as a base for deprotonating acetonitrile, 

resulting into 3-amino-3-(p-tolyl)acrylonitrile 55. Subsequent reduction of 55 in sodium 

cyanoborohydride yielded 3-amino-3-(p-tolyl)propanenitrile 56c. The synthesised 

compounds were characterised and analysed by spectroscopic NRM, IR and LC-MS 

techniques.  

ω-Transaminase kits were screened against different substrates with acetophenone 

being the standard substrate for screening most of the enzymes. It was observed that 

most of the ω-transaminases were showing activity towards the ketone substrates 

except for ω-TA Prozomix-TA008, Prozomix-TA018, Prozomix-TA020, Prozomix-

TA023, Prozomix-TA025, Prozomix-TA027, and Prozomix-TA043. The concentrations 

at which the ketone substrate inhibits the transaminase were also investigated.  The ω-

TA’s were observed to be susceptible to inhibition at substrate concentrations beyond 

50 mM.  

A better amino donor was also investigated for reductive amination of β-ketonitrile 

substrates. It was observed that, L-alanine was a better amine donor in the presence of 

pyruvate removal system (LDH mixture), however this system is not applicable in larger 

scale due to the costly enzyme co-factors. On the other hand, there were drawbacks 

using the Turner protocol as by-products were generated involving diamine donor and 

β-ketonitrile substrate, therefore reducing substrate concentration in the reaction 

mixture. However, the β-aminonitrile products were successfully generated in trace 

amounts. It can be argued that the ω-transaminase possibly had low activity since low 
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yields were recovered in all the amine donors tested. The synthesised β-aminonitrile 

standard was used as a control and analytical tools (TLC and LC-MS) were used to 

detect the generation of the amine product. The plan was to use the Mosher’s amides to 

determine the stereochemistry of the enantiopure β-aminonitriles. This was not 

achieved because the β-aminonitriles were generated in very low yields.  

The nitrile hydratase was also employed as a test reaction in the hydrolysis of the β-

aminonitriles using racemic 3-amino-3-(p-tolyl)propanenitrile 56c as it is one of the 

important steps in synthesising β-amino acids. Based on the LC-MS data, it was 

concluded that 56c was successfully hydrolysed into β-amino amide 65aii. The 

substrate specificity for Rhodococcus rhodochrous ATCC BAA-870 ntrile hydratase was 

also investigated with two different β-ketonitrile substrates 65bi and 65bii. The 

hydrolysis of 65bi and 65bii gave the highest conversion (as only one spot of the 

product was observed on the TLC) compared to the hydrolysis of the racemic 56c. 

Therefore Rhodococcus rhodochrous ATCC BAA-870 nitrile hydratase showed higher 

preference for β-ketonitrile substrates than β-aminonitriles.  

Having recovered the β-aminonitriles in low yields, the enantiopure β-amino acids were 

purchased. They were used to investigate if they could be incorporated into wound 

healing peptides. LC-MS data confirmed that β-amino acids were successfully 

incorporated into peptides. The hydroxyproline in the peptides was observed to cause 

the peak splitting due to cis-trans conformational isomers generated through the 

rotational peptidyl-bond. The lipophilicity of these peptides was also increased through 

attachment of adamantane, palmitic acid and N-methylation. The adamantane and 

palmitic acid were also successfully attached to the α and β-peptides to improve their 

membrane permeability. The N-methylation was performed on phenylalanine for 

incorporation into peptides. Based on the NMR and LC-MS data, the N-methylated 

phenylalanine was successfully synthesised 

To sum up, the β-ketonitrile substrates were synthesised, demonstrated that ω-

transaminase can generate the β-aminonitrile in detectable quantities, it was also shown 

that nitrile can be converted into the amide intermediate, and incorporate the β-

aminoacid into a peptide. Improvements in the individual steps may result in a viable 

method for therapeutic peptide production. 

 4.2 Future work 

The transaminase reaction needs to be improved, with purer enzyme preparations with 

higher activity, screening of different substrates, and amine donors and optimization of 

reaction conditions to improve the yields. The Mosher’s amides should be used to 

identify the stereochemistry of β-amino acids. Nitrilase should be evaluated for the 

hydrolysis of nitrile group (now that induction of this enzyme in our strains has recently 
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been demonstrated by Chhiba-Govindjee) or amidase used in conjunction with the 

successful nitrile hydratase to form the β-amino acid. The β-amino acid (N-methylated 

β-phenylalanine) will also be incorporated into peptides. The rest of the peptides will be 

purified and sent for biological testing. The NMR for peptides must also be obtained for 

the characterization of the peptides to determine the conformation and shape (3D 

structure) for computational studies and to determine how it will fit in the integrin’s 

receptor. The ROESY NMR will be used since it can detect medium sized molecules 

such peptides. 
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APPENDIX 

Spectra of selected compounds: 
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13C NMR of 48a 

 

 

 

1H NMR of 48c 
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117 
 

 

 

 



118 
 

 

13C NMR of 49a 
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1H NMR of 49c 
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13C NMR of 49c 
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1H NMR of 55 
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13C NMR of 55 
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1H NMR of 56c 
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13C NMR of 56c 
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Analytical data for the compounds involved in the synthesis of 58 
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Figure A1. LC-MS data for the standard MBA 57 
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Figure A2. LC-MS data for the standard acetophenone 58 
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Figure A3. TLC for deamination of MBA (50 mM) (30 %EtOAc/Hexane); (a) The 

acetophenone standard product. (b) The MBA standard starting material. (c) Reaction involving 

Prozomix-TA016, (d) Reaction involving Prozomix-TA030, (e) Reaction involving Prozomix-TA037, (f) 

Reaction involving Prozomix-TA045. 

 

 

(a)    (b)      (c) (a)  (b)    (d) (a)    (b)   (e)  (a)  (b)      (f) 
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Figure A4. LC-MS analysis for deamination reaction of S-MBA involving Prozomix-

TA045 
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Figure A5. Reductive amination of 58 (50% EtOAc/Hexane); (a) The acetophenone standard 

starting material 58. (b) The MBA standard product 57. (c) Reaction involved Prozomix-TA020, (d) 

Reaction involved Prozomix-TA023. (e) Reaction involved Prozomix-TA025. (f) Reaction involved 

Prozomix-TA027. (g) Reaction involved Prozomix-018. (h) reaction 94 involved Prozomix-TA050 

(a)   (b)            (d)    (e)    (f) (a)  (b)     (c) (a)   (b)               (g)    (h) 
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Figure A6. LC-MS analysis for Prozomix-TA018 reduction amination reaction of 58 
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Figure A7. LC-MS analysis for reductive amination reaction involving ECS-TA02  
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Figure A8. LC-MS analysis for reductive amination reaction involving Prozomix-TA024 
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Figure A9. TLC for transaminase tested on different MBA concentrations (30% 

EtOAc/hexane); (a) The acetophenone standard product. (b) The MBA standard starting material. (c) 

Reaction involved ECS-TA-03 with MBA (50 mM). (d) Reaction involved ECS-TA-03 with MBA (250 mM). 

(e) Involved Prozomix-TA016 with MBA (50 mM). (f) Involved Prozomix-TA002 with MBA (100 mM). (g) 

Involved Prozomix-TA045 with MBA (100 mM). (h) Involved Prozomix-TA041 with MBA (250 mM). (i) 

Involved Prozomix-TA045 with MBA (250 mM). (j) Involved Aspergillus fumigatus with MBA (250 mM). 

(a) (b)   (c)  (d) 
(a) (b)   (e)  

40% E/H 

(a) (b)  (f) (a) (b)  (g) 

40% E/H 

(a) (b)  (h)  (a) (b)   (i) 

(a) (b)    (j) 
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Figure A10. LC-MS analysis for deamination reaction involving Prozomix-TA045 at 250 

mM 
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Figure A11. TLC analysis for reductive amination of 58 (30% EtOAc/hexane). (a) The 

acetophenone standard starting material 58. (b) The MBA standard product 57. (c)  Reaction involving 

Prozomix-TA022 at 25 mM of 58. 

 

 

(a)       (b)                 (c) 
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Figure A12. LC-MS analysis for reductive amination reaction involving Prozomix-TA022 

at 25 mM of acetophenone 
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Figure A13. TLC analysis for reductive amination of 58. (a) Acetophenone standard starting 

material. (b) MBA standard product. (c) Reaction involving Prozomix-TA024 at 50 mM of acetophenone 

(a)        (b)             (c) 
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Figure A14. LC-MS analysis for reductive amination reaction involving Prozomix-TA024 

at 50 mM of acetophenone 
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Figure A15. TLC analysis for reductive amination of 58 (30% EtOAc/hexane). (a) 

Acetophenone standard starting material. (b) MBA standard product. (c) Reaction involving Prozomix-

TA038 at 100 mM of acetophenone 

 

 

 

(a)           (b)                 (c) 
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Figure A16. LC-MS analysis for reductive amination reaction involving Prozomix-TA038 

at 100 mM of acetophenone 
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Figure A17. TLC for reductive amination of acetophenone using LDH mixture; (a) 

Acetophenone standard starting material. (b) MBA standard product. (c) Reaction involving ECS-TA05 

with Acetophenone (50 mM). (d) Reaction involved Prozomix-TA016 with Acetophenone (50 mM). (e) 

Reaction involved Prozomix-TA045 with Acetophenone (50 mM). (f) Reaction involved Aspergillus 

fumigatus with Acetophenone (50 mM). 

60% EtOAc/hexane 

(a)             (b)                 (c) 

30% MeOH/ EtOAc 

(a)  (b)       (d)        (e)           (f) 
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Figure A18. TLC analysis of reaction involving Prozomix-048 with 58 (10 mM) (c) (10% 

MeOH/EtOAc). (a) Acetophenone standard, (b) MBA standard 

(a)                        (b)                      (c) 
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Figure A19. LC-MS analysis for reductive amination reaction involving Prozomix-TA048 

with 58 (10 mM) 
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Figure A20. Mechanism for by-product formed by reaction between the isopropyl amine 

and acetophenone 
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Analytical data for the compounds involved in the synthesis of 57  

 

Figure A21. Colour change for reductive amination of 58 using diamine donor and 

involving ECS-TA06 
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Figure A22. LC-MS analysis for reductive amination reaction involving ECS-TA06 at 10 

mM of 58 using diamine donor 
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Analytical data for the compounds involved in the synthesis of 56c 

 

Figure A23. LC-MS analysis for standard 54c 
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Figure A24. LC-MS analysis for standard 56c 
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Figure A25. TLC for reductive amination of 54c (10 mM) using diamine donor (10% 

MeOH/EtOAc); (a) Standard substrate 54c.(b) Standard amine product 56c. (c)  Reaction involved 

Prozomix-TA011. (d) Reaction involved prozomix-TA005. (e) Reaction involved Prozomix-TA010. (f) 

Reaction involved Prozomix-TA045. (g) Reaction 46 involved Prozomix-TA042 (40%. EtOAc/Hexane) 

 

 

(a) (b)   (c)          (d)                 (a)  (b)     (e)                          (a)  (b)                  (f)                   (a) (b) (g) 
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Figure A26. LC-MS analysis for reductive amination reaction involving Prozomix-TA042 

at 10 mM of 54a using diamine donor 
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Analytical data for the compounds involved in the synthesis of 56d 

 

Figure A27. LC-MS analysis of standard 54b 
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Figure A28. TLC for reductive amination of 54b using diamine donor (40% 

EtOAc/Hexane). (a) Standard starting material 54d. (b Reaction involved Prozomix-TA046. (c) 

Reaction involving Aspergillus fumigatus. (d) Reaction involving prozomix-TA011.  

 

(a)                        (b)          (c)                      (d) 
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Figure A29. LC-MS analysis for reductive amination reaction involving Prozomix-TA011 

at 10 mM of 54b using diamine donor 
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Analytical data for the compounds involved in the synthesis of 65 and 66 

 

 

 

Figure A30. TLC analysis for hydrolysis of 56c and 66 (40% EtOAc/Hexane); (a) 

Standard starting material 54c. (b) Standard starting material 54d. (c) Standard starting material 56c. (d) 

Reaction for hydrolysis of 54c. (e) Reaction for hydrolysis of 54d. (f) Reaction for hydrolysis of 56c. 

 

 

 

(a)       (b)          (c)       (d)         (e)          (f) 
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Figure A31. LC-MS analysis for hydrolysis of 56c 
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Figure A32. LC-MS analysis for hydrolysis of 54c 
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Figure A33. LC-MS of hydrolysis of 54d 

 



159 
 

Analytical data for the compounds involved in the synthesis of α-peptide 

 

Figure A34. LC-MS analysis of GFO 

GFO 
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Figure A35. LC-MS analysis of GFOG 

GFOG 
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Figure A36. LC-MS analysis of GFOGR 

GFOGR 
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Figure A37. LC-MS analysis for GFOGRG 

GFOGRG 
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Figure A38. LC-MS analysis of GFOGRGD 

GFOGRGD 
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Figure A39. LC-MS analysis of 60a 

60a  

G-F-O-G-R-G-D 
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Figure A40. LC-MS analysis of GFOGRGD-Pal 60b   

60b  

G-F-O-G-R-G-D-Pal 
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Figure A41. LC-MS analysis for GFOGRGD-Ada 60c 

Analytical data for the compounds involved in the synthesis of β-peptide 

60c 

G-F-O-G-R-G-D-Ada 
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Figure A42. HMRS analysis for G-(Me)Phe-O 

G-(Me)Phe-O 
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Figure A43. LC-MS analysis for G-(Me)Phe-O-G 

G-(Me)Phe-O-G 
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Figure A44. LC-MS analysis for G-(Me)Phe-O-G-R 

G-(Me)Phe-O-G-R 
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Figure A45. LC-MS analysis for G-(Me)Phe-O-G-R-G 

G-(Me)Phe-O-G-R-G 
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Figure A46. LC-MS analysis for G-(Me)Phe-O-G-R-G-D 

G-(Me)Phe-O-G-R-G-D 
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Figure A47. HRSM analysis for 61a 
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Figure A48. LC-MS analysis for 61b 
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Figure A49. LC-MS analysis for 61c 
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Figure A50. LC-MS analysis of 61d 
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Figure A51. LC-MS analysis of 61e 
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Figure A52. LC-MS analysis of 61f 



178 
 

 

Figure A53. LC-MS analysis of 61g 
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Figure A54. LC-MS analysis of 61h 



180 
 

 

Figure A55. LC-MS analysis of 61i 

 

 


