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Abstract 
Aminoacyl-tRNA synthetases (aaRSs) are essential enzymes present in all living organisms, their 

catalytic activity is involved in the translation of the genetic code into functional proteins and 

they are potential targets for anti-infective agents. The first step in the biosynthetic pathway 

catalysed by aaRSs consists of activation of the corresponding amino acid by the reaction with 

ATP to form an aminoacyl-adenylate (aa-AMP), the key intermediate in the biosynthesis of 

proteins. As a result stable, analogues of aa-AMP have been identified as potential and valuable 

lead compounds for the development of potential aaRS inhibitors. 

This thesis describes the design and synthesis of potential aaRSs inhibitors. The studies involve 

the development of a novel solution-phase synthetic route to non-hydrolysable sulfamoyl-based 

aa-AMP analogues. Synthesis includes the development of a protective group strategy that 

utilises global deprotection under neutral conditions to minimise by-product formation. Optimal 

reaction conditions for the coupling of different amino acids to the sulfamoyl moiety have also 

been investigated. 

A solid-phase synthetic route leading to non-hydrolysable sulfamoyl-based aa-AMP analogues 

has also been developed. The novel synthetic route enables the possibility for rapid parallel 

synthesis of structurally diverse compounds in quantities sufficient for biological evaluation.  

Molecular modelling techniques have been used to gain understanding about the structure–

activity relationship of the inhibitors of aaRSs based on non-hydrolysable aa-AMP analogues. A 

model ligand adopting the putative bioactive conformation was identified based on X-ray data 

and conformational searches. Novel phosphate bioisosteres of aa-AMP have been designed using 

the derived model. 

Molecular docking techniques were used for the design of ribose-free purine-based aa-AMP 

bioisosteres. The designed compounds were synthesised and evaluated biologically in an assay 

using aaRS isolated from Escherichia coli.  

A novel mild method for the activation and recycling of a tritylated solid-phase resin has also 

been developed. Recycling of recovered resin after the completion of a reaction is considered 

beneficial since it minimises the associated costs and is environmentally friendly. The method 

was used for the attachment of primary and secondary alcohols, halogen-containing alcohols and 

anilines to trityl resin.  

Keywords: Aminoacyl-tRNA Synthetases, Aminoacyl-AMP, Bioisosteres, Amino Acids, 

Solution-Phase Chemistry, Protective Groups, Solid-Phase Chemistry, Molecular Modelling, 

Biological Evaluation   
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1 

General Introduction 

 

Since ancient times, humans have used medicines such as herbs and natural substances to treat 

illnesses. The use of more sophisticated medicines was initiated by the discovery of the antibiotic 

penicillin in 1928 by Alexander Fleming. In modern times, scientists have tried to improve upon 

what nature already started by developing pure and novel synthetic therapeutic agents using drug 

discovery. What is drug discovery? Drug discovery is the discovery of a substance that can be 

used for recovery from disease or relief of symptoms or to modify natural processes in the body. 

The role for the medicinal chemist in drug discovery involves the synthesis of and/or selection of 

suitable compounds for biological evaluation. If the compounds are found to be active, they could 

serve as so called lead compounds. A lead compound is a chemical structure that shows activity 

and selectivity towards a specific pharmacological or biological target. The derived lead 

compound is then used to gain understanding of the structure–activity relationships (SARs) of 

structurally similar compounds considering their in vivo and in vitro activity and safety.  

Medicinal chemists involved in drug discovery are typically part of a team of people with 

different expertise. Consequently the understanding of other disciplines is necessary for the 

possibility to contribution to avoid problems related to absorption, distribution, metabolism and 

excretion (ADME) properties, evaluate results and move the project forward. Drug discovery 

programs include identification and validation of specific targets such as G-protein coupled 

receptors (GPCRs), ligand-gated ion channels or enzymes. One example of a group of enzymes 

identified as important drug targets is the aminoacyl-tRNA synthetases (aaRSs). 

Enzymes are biological catalysts. By interacting with substrates they catalyse chemical reactions 

involved in the biosynthesis of many important cellular products. The aaRSs constitute an 

especially important group of enzymes due to their role in protein synthesis. In the mid-1950s, 

Francis Crick described in his “Adaptor Hypothesis” the necessity of these “activating enzymes” 

to provide a connection between the nucleic acids and the amino acid sequence of proteins.1 

AaRSs have a central role in the most exciting fields of biology and chemistry in addition to 

being identified as important targets for the development of potential drugs for human diseases.
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2 

Aims of the Thesis 

 

The overall aim of the work presented in this thesis was to design and synthesise potential aaRS 

inhibitors. The aminoacyl-AMP (aa-AMP) is the key intermediate in the translation of the genetic 

code; thus, stable aa-AMP analogues have been identified as potential and valuable lead 

compounds for the development of aaRS inhibitors. 

The specific objectives of the thesis were: 

 

 To develop a solution-phase synthetic strategy for the preparation of sulfamoyl-based aa-

AMP analogues. Such compounds have up to now been difficult or even impossible to 

prepare using current synthetic strategies. 

 

 To develop a solid-phase based synthetic route leading to non-hydrolysable sulfamoyl-

based aa-AMP analogues. A solid-phase synthetic route would allow parallel synthesis of 

structurally different compounds such as sulfamoyl-based aa-AMP analogues in quantities 

sufficient for biological screening. 

 

 To use computational tools for the evaluation of the usefulness of various phosphate 

bioisosteres in the design of non-hydrolysable aa-AMP analogues. 

 

 To design, synthesise and evaluate novel ribose-free purine-based mimetics of aa-AMP as 

potential aaRS inhibitors. 
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3 

Background  

 

3.1 Aminoacyl-tRNA Synthetases 

Aminoacyl-tRNA synthetases (aaRSs) are essential enzymes present in all living organisms and 

their catalytic activity is involved in the translation of the genetic code into functional proteins.2-6 

These enzymes catalyse a two-step process involving the attachment of a specific amino acid to 

the corresponding (cognate) tRNA resulting in the formation of aminoacyl-tRNAs. AaRSs are 

also known to associate in higher order complexes with proteins involved in processes other than 

translation such as splicing, apoptosis, viral assembly and regulation of transcription and 

translation (Figure 1).7,8 

 
Figure 1. Representation of the function of aaRSs in several different cellular tasks beyond 
translation.  

 

There are 20 different aaRSs, one for each endogenous amino acid (see Appendix A). The first 

step catalysed by all aaRSs consists of activation of their corresponding amino acid to form an 

aminoacyl-adenylate (aa-AMP, 1) by the reaction with ATP (Scheme 1). In the second step the 

activated amino acid migrates to the 2ʹ end (2) or 3ʹ end (3) of the adenosine of the cognate tRNA 

to form the aminoacyl-tRNA which later directs the placement of the amino acid within a 

growing polypeptide chain. 
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The aaRSs are divided into two classes based on structural and mechanistic features. For class I 

enzymes, the aminoacyl group of aa-AMP (1) is transferred initially to the 2ʹ-OH of the terminal 

adenylate in tRNA and is then moved to the 3ʹ-OH by a transesterification, while for class II, the 

aminoacyl group is transferred directly to the 3ʹ-OH.9,10  

 

Scheme 1. AaRS catalyses the ATP-dependent esterification of tRNA with the cognate amino acids. 
The aa-AMP (1) is the key intermediate for the synthesis and is used as a lead compound for the 
development of intermediate-based inhibitors of aaRSs. 

 
To ensure formation of the correct aminoacyl-tRNA and thereby enhance translation reliability, 

several aaRSs have an editing (proofreading) capability, the ability of the aaRSs to correct or 

prevent incorrect aminoacylations of tRNA.11-14 

 

3.1.1 Aminoacyl-tRNA Synthetases as Drug Targets 

AaRSs have been linked to several different human diseases (Figure 2).6,8,15,16 Multiprotein 

complexes in which aaRSs are included have been implicated in the cause of cancer,16,17 neuronal 

diseases,18,19 diabetes,20,21 and autoimmune diseases22. Mutations in the genes for aaRSs have also 

been associated with neuronal diseases and diabetes. Furthermore, cancer can also be related to 

abnormal aaRSs regulation. Autoantibodies against different aaRSs (also referred to as anti-tRNA 

synthetase antibodies) have been found in approximately 30% of all autoimmune patients.6 A 

defect in the amino acid editing mechanism that can be catalysed by some aaRSs can be a 

potential cause of neuronal diseases.6 
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Figure 2. Map showing the linkage between aaRSs to various human diseases.  

 

The pivotal role of aaRSs in protein synthesis has also made these enzymes interesting anti-

infective drug targets.15,23-26 Lymphatic filariasis is a prime example of a neglected parasitic 

tropical disease caused by Wuchereria bancrofti, Brugia malayi and Brugia timori.27-29 It is a 

complex human nematode disease that affects more than 120 million persons worldwide for 

which the aaRSs have been validated as drug targets.30 Moreover, an increased understanding of 

the editing mechanism for aaRSs has also contributed to the development of anti-infectives.14 The 

key to their usefulness is finding compounds that distinguish between human and pathogen 

synthetases. Despite common features regarding the catalytic chemistry (Scheme 1), these 

enzymes display wide evolutionary divergence between prokaryotic and eukaryotic enzymes 

which should make it possible to develop selective drugs. Thus, analogues based on the structures 

of the substrates and intermediates of the aminoacylation reactions catalysed by these enzymes 

could potentially make valuable “leads” for the development of anti-infectives (Scheme 1).15,23-26 

Synthetically derived intermediate-based aaRSs inhibitors are discussed in below. 

 

3.1.2 Natural Products as Inhibitors of Aminoacyl-tRNA Synthetases 

Several different aaRS inhibitors have been isolated from natural sources (Figure 3). Most aaRS 

inhibitors act by competitive binding to the active site where the cognate amino acid normally 

would bind. Pseudomonic acid (4, inhibits isoleucyl-tRNA synthetases), also known as 

mupirocin, shows 8000-fold selectivity for pathogen synthetases over its mammalian counterpart 

in bacterial infections (such as Staphylococcus aureus and Haemophilus influenzae).23,25,26,31 
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Figure 3. Structures of natural products acting as aaRS inhibitors. 

 
The structure of 4 reveals the presence of a hydrolysable ester and an epoxide moiety that 

interacts with functional groups in the enzyme, resulting in the desired inhibition (Figure 3).32 

Due to the instability in vivo, the use of 4 has been limited to topical infections and is 

commercially available under the name Bactroban™. Other examples of isolated natural products 

as aaRS inhibitors are indolmycin (5, inhibits tryptophanyl-tRNA synthetases),33 purpuromycin 

(6, inhibits all tRNA synthetases),34 granaticin (7, inhibits leucinyl-tRNA synthetases),35 

borrelidin (8, inhibits threonyl-tRNA synthetases),36 ochratoxin A (9, inhibits phenylalanyl-tRNA 

synthetases),37 furanomycin (10, inhibits isoleucyl-tRNA synthetases),38,39 cispentacin (11, 

inhibits prolyl-tRNA synthetases)40 and ascamycin (12, inhibits phenylalanyl-tRNA 

synthetases).25,41,42 The natural products illustrated in Figure 3 show that molecules having 

diverse structural features are able to inhibit aaRSs. Unfortunately, several of these compounds 

have poor selectivity for pathogen synthetases and/or low potency.23,25,26,31 
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3.1.3 Miscellaneous Inhibitors of Aminoacyl-tRNA Synthetases 

Miscellaneous inhibitors of aaRSs, not related to IBIs, such as compounds 1316 (Figure 4) have 

been described in the literature.26,43  

 

Figure 4. Structures for novel synthetically derived aaRSs inhibitors. 

 

A high throughput screening (HTS) campaign to search for competitive inhibitors of methionyl-

tRNA synthetase (Staphylococcus aureus) led to the identification of quinolone derivatives such 

as 13.43 Like in the case of the natural product inhibitors, compound 14 has no structural 

relationship with the IBIs. It is derived via modification of the natural product inhibitor 

cispentacin (11) and has also been found to be a potent aaRS inhibitor. The benzoxaborole 

derivative 15 has been used to investigate the inhibition of leucinyl-tRNA synthetases in the 

development of antitrypanosomal (sleeping sickness) drugs by trapping tRNA in the editing 

site.14,44 Compound 16 has shown activity towards tyrosinyl-tRNA synthetases.25,45 

 

3.1.4 Reaction Intermediate-Based Inhibitors of Aminoacyl-tRNA Synthetases 

Modifications of the aminoacyl-adenylate 1 (Scheme 1) have been extensively investigated for 

the purpose of improving chemical stability, tight binding and pathogen selectivity.46 Many of the 

modifications were made in the linker region since the mixed anhydride acylphosphate bond of 

the intermediate is readily susceptible to hydrolysis. Such intermediate based inhibitors (IBIs) are 

typically analogues of 1, in which the hydrolysable phosphoanhydride linkage has been replaced 

with non-hydrolysable groups (Figure 5).15,23,25,26,31,47,48 
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Figure 5. Structures of reaction intermediate-based aaRS inhibitors. In structures 17, 18, 20 and 21, 
R can be any amino acid side chain. 

 

3.2 Phosphate Isosteres 

The phosphate group plays an important role in many biological processes, such as the ATP-

dependent esterification of tRNA by the cognate amino acids (Scheme 1).9,10 In the search for 

compounds intended to mimic the phosphate-binding interactions to a specific target, it is 

appropriate to include a phosphate group in the potential inhibitor. Utilisation of the phosphate 

moiety as part of an inhibitor is severely limited by the enzymatic liability and poor cellular 

bioavailability of this highly charged recognition element (Figure 6). Many phosphate mimetics, 

such as methylenephosphonates (e.g. 23 and 33), retain the tetrahedral phosphorus atom. Others 

exclude the tetrahedral phosphate group and use instead groups based on the combination of one 

or more carboxylate groups (e.g. 28) or isosteres of carboxylates (e.g. 2427, and 29) that 

generally reduce the overall molecular charge. Some examples of phosphate isosteres are shown 

in Figure 6.25,49-52 Fragments 2328 are examples of phosphate isosteres mimicking 

phosphotyrosine.51 The squaric monoamide moiety 29 was evaluated as a phosphate isostere in 

nucleotides.51 Furthermore, the boranophosphate 30 has been used as a phosphate mimetic in 

oligonucleotides.49 As discussed in section 3.1.4, the most potent IBIs of aaRSs are typically 

analogues of 1, in which the hydrolysable phosphoanhydride group has been replaced with non-

hydrolysable groups such as in structures 17 and 3133.24,47,53,54 
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Figure 6. Examples of phosphate isosteres (blue) found in the literature. For compound 23, X = F 
and Y = F or H; compound 24, Z = C or N; compounds 26 and 27, X = F or H; compound 30, R = H 
or OH, 31, 32, 33 and 17, R′= any amino acid side chain. 

 

3.3 Protective Groups in Organic Synthesis 

In organic synthesis, synthetic targets are often structurally complex molecules. Thus, obtaining 

such targets may involve several reaction steps, and each transformation has to occur selectively 

at the desired reaction site in multifunctional compounds. The presence of different functional 

groups may require careful planning of each step, and the use of protective groups often becomes 

essential. A protective group is placed on the desired functionality to prevent it from reacting and 

is then removed after the desired chemical transformation. The protective group itself has to fulfil 

several requirements such as: i) being able to react selectively in good yield to give the protected 

substrate; ii) it has to withstand the planned reaction conditions; iii) it has to be removed in good 

yield without interfering with other functional groups present in the molecule; and iv) the 

protective group should not introduce any additional reaction sites.55,56 
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3.3.1 Hydroxyl Protective Groups  

Hydroxyl groups are common functional groups that are found in many different biological and 

synthetically interesting compounds such as nucleosides, carbohydrates and steroids.55 Since the 

hydroxyl group is incompatible with several different reaction conditions such as oxidation, 

acylation and halogenation, protection is necessary. The protection of hydroxyl groups as alkyl or 

silyl ethers are most common in organic synthesis (Figure 7). The alkyl ethers are generally 

introduced under basic conditions and require catalytic hydrogenation or sodium in ammonia for 

the removal. Silyl ethers are also usually introduced under basic conditions and typically removed 

using a fluoride source such as tetrabutylammonium fluoride (TBAF). The silyl protective groups 

are generally more stable the more sterically hindered they are. Benzoates and acetates are the 

most common ester derivatives. The protected ester derivatives are generally formed by acylation 

using acid chlorides and anhydrides and are hydrolysed using a base such as sodium hydroxide. 

The benzoate ester can also be removed using catalytic hydrogenation.55,56 

 

 

Figure 7. Examples of hydroxyl protective groups. 

 

3.3.2 1,2-Diol Protective Groups  

1,2-Diols are common functionalities in nucleosides and carbohydrates that can be masked as 

acetals under acidic conditions and deprotected by acid hydrolysis (Figure 8). The benzylidene 

acetal can also be removed by hydrogenolysis.55,56 
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Figure 8. Examples of 1,2-diol protective groups. 

 

3.3.3 Amine Protective Groups  

Amines are found in many biologically important compounds such as peptides and proteins. The 

benzyloxycarbonyl group (Cbz) was the first modern amine protective group developed by 

Bergmann and Zervas.57 Primary and secondary amines need to be protected due to their 

nucleophilic properties which can cause undesired side-reactions. Figure 9 illustrates examples 

of the most commonly used amine protective groups. Carbamates are common protective groups 

and the protection is generally introduced by acylation using carbamoyl chlorides or anhydrides. 

The Cbz carbamate can be removed by hydrogenation or acidic conditions using e.g. AcOH or 

HBr. Boc carbamates are generally removed under acidic conditions (e.g. using TFA). Fmoc 

carbamates represent one of few examples of protective groups which can be removed using mild 

bases such as piperidine (20%). Benzyl groups can be removed from amines by catalytic 

hydrogenation. Furthermore, the trityl group (Figure 7) can also be used as an amine protective 

group and is typically introduced under basic conditions and removed under acidic conditions 

(e.g. using TFA) or by catalytic hydrogenation.55,56 

 

 

Figure 9. Examples of amino protective groups. 
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3.4 Amino Acid Coupling Reagents 

Amide bonds are found in many biologically important compounds such as peptides and 

proteins.58,59 The formation of an amide bond is an essential reaction in organic synthesis and 

results from bond reaction between a carboxylic acid and an amine. For the reaction to be 

efficient the carboxylic acid needs to be activated towards a nucleophilic attack by the amine 

(Scheme 2).60-62 

 

 

Scheme 2. General example of the amide bond formation. R1 and R2 = any amino acid side chains. 
Pg1 and Pg2 = protective groups. 

 

Activation of the carboxylic acid can be accomplished by formation of the corresponding acyl 

halide, symmetric anhydrides, mixed anhydrides or a good leaving group such as a reactive ester. 

The acyl halide method is especially useful for sterically hindered substrates but is rarely used 

because of the potential unwanted side-reactions including racemisation.60,61,63 Several activated 

esters are commercially available e.g. pentafluorophenyl esters (Pfp) and succinate esters (Su). 

The activated ester is obtained by reacting the carboxylic acid with e.g. pentafluorophenol prior 

to amine treatment. This activation can also be performed in one pot by addition of the coupling 

reagent such as ammonium or phosphonium salts to a mixture of the carboxylic acid and the 

amine.60 A relevant problem due the activation of carboxylic acids using coupling reagents is the 

occurrence of racemisation and other side-reactions such as diketopiperazine formation.64 

Racemisation can occur via elimination of the -proton, through a reversible -elimination and/or 

via an oxazolone intermediate.65 The most important mechanism is racemisation through the 

5(4H)-oxazolone intermediate (Scheme 3).60,66 

 

 

Scheme 3. Illustration of the possible mechanism for racemisation via an oxazolone intermediate. 
Pg = protective group e.g. tBu, R = amino acid side chain and X = activating group (e.g. active 
ester). 
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The choice of coupling reagent, additive, base and protective groups is of great importance since 

it makes it possible to suppress the undesired racemisation. A few examples of common coupling 

reagents are shown in Figure 10.61,64,65 

 

 
 

Figure 10. Groups A to G constitute examples of a small selection of available coupling reagents. 
Group A: carbodiimides DCC (34), EDC·HCl (35) and DIC (36). Group B: the imidazolium reagent 
CDI (37). Group C: coupling reagent based on mixed anhydride formation, IIDQ (38). Group D: 
coupling reagents often used as additives HOBt (39) and HOAt (40). Group E: aminium reagents 
HBTU (41), HATU (42), TBTU (43) and TATU (44). Group F: phosphonium reagents PyBOP (45), 
PyAOP (46) and PyBrOP (47). Group G: alcohols/phenols used in amide coupling 2,3,4,5,6-
pentafluorophenol (48), which gives Pfp-esters, 4-nitrophenol (49), which gives Np-esters and N-
hydroxysuccinimide (50), which gives Su-esters. 
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3.4.1 Carbodiimide Coupling Reagents 

Group A in Figure 10 contains examples of the carbodiimide class of coupling reagents. These 

were the first coupling reagents to be described and N,Nʹ-dicyclohexylcarbodiimide (DCC, 34) 

was reported by Sheehan already in 1955.61,64,67 The carbodiimides have been extensively used in 

peptide bond formation due their moderate reactivity and low price. Typical activation procedure 

involves pre-mixing of the carboxylic acid and DCC, resulting in O-acylisourea formation as the 

reactive acylating reagent, which then reacts with the amine to form the desired amide bond. 

Insoluble N,Nʹ-dicyclohexylurea (DCU) is formed as a by-product and can be filtered off after 

completion of the reaction.61,64,67 

 

3.4.2 Acylimidazoles in Coupling Reactions 

Group B contains one example of the imidazolium reagents. Carbonyldiimidazole (CDI, 37) has 

been used in large-scale synthesis since it is relatively cheap and its only by-products are carbon 

dioxide and imidazole.68 CDI is also useful for one-pot amide formation.60 

 

3.4.3 Mixed Anhydrides in Coupling Reactions 

The example in group C is N-isobutoxycarbonyl-2-isobutoxy-1,2-dihydroquinoline (IIDQ, 38), a 

reagent that activates the carboxylic acid by formation of a mixed anhydride. The anhydride is 

formed very slowly but is rapidly consumed in the aminoacylation process. Thus, the possibility 

for racemisation is minimised.61  

 

3.4.4 Benzotriazole and Azabenzotriazole Coupling Reagents 

Many coupling reagents are based on 1-hydroxy-1-H-benzotriazole (HOBt, 39) and 1-hydroxy-7-

azabenzotriazole (HOAt, 40) which are represented in group D (Figure 10). These coupling 

reagents result in activated esters which react with amines under mild conditions. HOBt has been 

used as an additive to suppress racemisation.69-72 Examples of coupling reagents based on HOBt 

and HOAt are the aminium salts and phosphonium salts which are included in groups E and F.  

 

3.4.5 Aminium and Phosphonium Coupling Reagents 

The aminium (also referred to as uranium) coupling reagents in groups E and the phosphonium 

reagents in group F are generally used in one-pot couplings. Common features for these groups 

are that they provide high reaction rates and usually undergo minimal racemisation. They have 

also proven to be efficient in sterically demanding aminoacylations.60,66,73 
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3.4.6 Alcohols as Coupling Reagents 

The coupling reagents presented in group G represent examples of alcohols used for the 

formation of activated esters. The active esters can be prepared, isolated and stored over time. 

Active ester formation results in an increased electrophilicity of the carbonyl centre which 

facilitates the reaction with amines under mild conditions.60 

 

3.5 Solid-Phase Organic Synthesis 

Solid-phase organic synthesis (SPOS) has become an important area of research since it was first 

developed by Merrifield in 1963.74 Solid-phase synthesis was initially used for peptide synthesis 

but the methodology has become a useful tool also for the preparation of a large number of 

structurally diverse compounds.75 The main advantages of the solid-phase methodology 

compared to solution-phase synthesis include:76  

(i) It is easy to perform reactions on solid-phase. Only three steps are required, 

addition of reagents, filtering and washing.  

(ii) Excess reagents can be used to drive reactions to completion. This is possible 

since excess reagents are easily washed off after the reaction. 

(iii) Purification after each synthetic transformation in a multi-step synthesis is not 

necessary. Purification is only required after cleaving the final product from the 

solid-phase. 

(iv) The possibility of performing parallel synthesis. Parallel synthesis of large libraries 

using solid-phase chemistry becomes practically simple and can be automated. 

 
However, the choice of linker is essential when planning the synthetic route and affects the 

simplicity of starting material attachment and cleavage. Limitations of SPOS may include that 

two extra steps are required for starting material attachment to and cleavage from the linker. In 

addition, development of methodologies compatible with solid-phase synthesis is required since 

the conditions are generally different from those for solution-phase chemistry (e.g. longer 

reaction time for reactions performed on solid-phase, in addition the solubility of the reagents in 

the solvent used is important). Furthermore, the scale could potentially be limited due to the 

loading level of the solid support (thus expensive) and monitoring of the progress of the reactions 

using conventional techniques such as thin layer chromatography (TLC), nuclear magnetic 

resonance (NMR) spectroscopy or liquid chromatography/mass spectrometry (LC/MS) may be 

difficult.77-79 
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3.5.1 Solid Supports 

The success of solid-phase chemistry is strongly dependent on the chemical composition and 

physical properties of the polymer matrix.80,81 Although the development of a universal solid 

support that possesses features ideally suited for all applications is unlikely, many polymers have 

proven to be effective for specific uses.76 The first resin used by Merrifield consisted of a 

chloromethylated nitrated copolymer of styrene and divinylbenzene (DVB).74 Typical support 

currently consists of 12% DVB cross-linking and polystyrene (PS) (Figure 11).76  

 

 

Figure 11. Structure of a polystyrene (PS) matrix (51), a poly(ethylene glycol) matrix (52) and 
examples of the three most commonly used PS-supports: chloromethylpolystyrene (X = Cl, 53), 
hydroxymethylpolystyrene (X = OH, 54) and aminomethylpolystyrene (X = NH2, 55). 

 

However, the hydrophobicity of PS limits its use for some applications, thus prompting the 

evaluation of more hydrophilic supports. Several poly(ethylene glycol)-PS (PS-PEG) resins have 

been developed82 which provides a combination of a hydrophobic PS core with hydrophilic PEG 

chains in the same support.81 More hydrophilic PEG-based resins have also been developed, 

including the polyamine-containing (PEGA) resin83 and totally PEG-based resin such as 

POEPOP84, SPOCC85 and ChemMatrix.86 The amphiphilic nature of PEG ensures that the resin is 

well solvated in both polar and nonpolar solvents.  

 

3.5.2 Linkers 

Solid-phase synthesis is typically performed on linkers attached to the solid support. The linker 

can be considered as a spacer unit with two handles, one side of which is permanently attached to 

the solid support and the other side is available for substrate binding. The linker also provides the 

necessary space between the resin matrix and the chemical modification position.76,87 There are 

two different approaches that can be used, either attachment of the substrate to the desired linker 

(pre-loading method) followed by coupling them both to the solid support. The second approach 

consists of attaching the desired substrate to the linker already being attached to the solid support 

(direct loading method).76 Independent of whether one chooses the pre-loading method or the 
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direct loading method, the choice of linker is very important since it must be compatible with all 

the chemical modifications and enable the release of the final product under a defined set of 

conditions without causing product decomposition.88 Some examples of linkers are shown in 

Figure 12.  

 

 

Figure 12. Structures of some common linkers: trityl chloride linker (PS-Tr-Cl, 56), rink amide 
linker (PS-Rink, 57) and rink amide aminomethyl linker (PS-Rink AM, 58). 

 

The trityl chloride linker (PS-Tr-Cl, 56) has been used for the attachment of substrates such as 

alcohols and amines.89 After synthesis is complete, the product is typically cleaved from the 

linker using acidic conditions such as 150% TFA in DCM.76 Fmoc-protected rink amide (57) 

and rink amide AM (58) are used for the attachment of substrates such as carboxylic acids after 

the removal of the Fmoc protective group. After synthesis is complete, the product is typically 

cleaved from the linker using acidic conditions such as 0.15% TFA in DCM.76 Although linkers 

57 and 58 are structurally very similar, linker 57 is more acid sensitive than resin 58. 

 

3.5.3 Polymer Supported Reagents 

The use of reagents attached to a polymer support has become of great interest, especially in the 

field of organic synthesis.78,90 Compared to what has been described in section 3.5.2, this strategy 

relies on having the product in solution and the reagents attached to the polymer support. The 

advantages of using solid supported reagents (SSR) are: the reactions are often very clean; high 

yielding (since excess of reagents can be used); and the work up simple as only filtration of the 

reaction mixture is needed.78 Resins for organic synthesis include polymer supported coupling 

reagents such as PS-DCC.91 
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4 

Investigation, Optimisation and Synthesis of 

Sulfamoyloxy-Linked Aminoacyl-AMP 

Analogues (Paper I) 

 

4.1 Solution-Phase Synthesis of Sulfamoyloxy-Linked Aminoacyl-AMP 

Analogues 

The synthesis of aminoacyl-AMP (aa-AMP) analogues bearing non-hydrolysable phosphate 

isosteres is of great interest for the development of IBIs as potential anti-infectives (discussed in 

section 3.1.4).15,23-26 Such analogues are also of great value as chemical tools in the study of 

biological processes, e.g. elucidation of the editing mechanism for aaRSs.13,92-96 The designs of 

most of the reported aa-AMP analogues have been based on stable isosteres such as alkyl 

phosphates, 53,97,98 esters,99-101 amides,99 hydroxamates,99,100 sulfamates,24,53,102-104 sulfamides, 97 

N-alkoxysulfamides48 and N-hydroxysulfamides.48  

This chapter, concerns the development of a novel solution-phase synthetic route towards 

sulfamoyl-based aa-AMP analogues. These analogues have been difficult to prepare since 

previously reported methods have relied on the use of acid-labile protective groups. It was 

envisioned that the developed protocol should be general and applicable to various different 

amino acids, including those with heteroatoms in the amino acid side chain. The retrosynthetic 

route for the sulfamoyl-based analogues is outlined in Scheme 4. 
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Scheme 4. A retrosynthetic plan for the preparation of sulfamoyl-based aa-AMP analogues. R = 
amino acid side chain. 

 

4.2 Result and Discussion 

4.2.1 Protection of Adenosine 

Initial studies for the preparation of N-terminally modified sulfamoyl analogues of aaRS 

(Appendix B) were based on commercially available 2ʹ,3ʹ-O-isopropylideneadenosine in analogy 

with published procedures.53,97,103,105-108 As discussed in section 3.3.2, the isopropylidene 

protective group requires acidic conditions for its hydrolysis and typical conditions are 6080% 

aq TFA. According to the literature the products can be obtained in low to good yields46,97,106-109 

which was in accordance with our results (Appendix B). The decreased could be explained by 

occurrence of side-reactions such as cyclonucleoside formation109 acylsulfamate bond hydrolysis 

and/or intramolecular cyclisation110 (Scheme 5). 

  



23 
 

 

Scheme 5. Side-reactions in the synthesis of aa-AMP analogues contributing to decreased yields. 
Path A shows the assumed side-reaction which results in formation of cyclonucleoside 63. Path B 
illustrates the possible intramolecular cyclisation reaction that leads to decomposition of the desired 
products. The side chain of the amino acid in compound 65 should include N, O or S and n should 
be 1, 2 or 3 for path B to be possible. 

 

The side-reactions illustrated in Scheme 5 are most likely promoted by basic or acidic conditions. 

Considering these aspects, a protective group strategy that minimises these side-reactions is 

necessary The new strategy therefore included: i) replacement of the 2ʹ,3ʹ-O-isopropylidene 

acetal with a 2ʹ,3ʹ-O-benzylidene acetal; ii) Cbz protection of the exocyclic amino function of the 

adenine moiety and of the amino function of the amino acids; and iii) a Cbz or benzyl (Bn) 

protective group of the hetero functionality in the amino acid side chain. The combination of the 

protective groups would allow global deprotection using catalytic hydrogenation under neutral 

conditions (Scheme 6). 

 

 

Scheme 6. Protection of adenosine (62). Reagents and conditions: a) ZnCl2 (5 equiv), freshly 
distilled benzaldehyde, rt, N2, 72 h. b) TBDMS-Cl (3 equiv), imidazole (7 equiv), pyridine, rt, N2, 
24 h then AcOH (80% aq). c) Rapoport’s reagent (3.4 equiv), DCM, rt, N2, 24 h. d) TBAF (4 equiv), 
THF, rt, N2, 24 h.  
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The 5ʹ-hydroxyl moiety of 62 was initially protected as a silyl ether using one equiv of TBDMS-

Cl in pyridine and DMF (1:1). The desired 5ʹ-O-TBDMS protected adenosine was isolated in a 

moderate 58% yield. The moderate yield could be due to low selectivity for the desired functional 

group in the presence of the unprotected secondary alcohols (2ʹ- and 3ʹ-hydroxyls) and the 

exocyclic amine of the adenine moiety. 111 In a second attempt, the 2ʹ-and 3ʹ-hydroxyls were 

protected prior to the formation of the 5ʹ-silyl ether. Benzylidene acetal protection of 62 using 

benzaldehyde dimethyl acetal in the presence of a catalytic amount of TsOH112 or ZnCl2
113 as a 

Lewis acid was attempted at various temperatures, but only traces of the desired product 68 could 

be isolated. The protection was instead performed using freshly distilled benzaldehyde as the 

solvent and reagent in the presence of ZnCl2 as catalyst. The desired 2ʹ,3ʹ-O-

benzylideneadenosine (68) was isolated in 92% yield after column chromatography.  

Compound 68 was then protected as a 5ʹ-O-silyl ether using TBDMS-Cl and imidazole in 

pyridine. The N6-silyl protected compound was also detected but it could be converted to the 

desired 69 by stirring the crude mixture in AcOH (80% aq) for 20 min at room temperature, 69 

was isolated in 94% yield.114 Protection of the exocyclic amino group of the adenine component 

is not required according to previously reported methods, but these compounds are rather polar 

which makes purification by column chromatography difficult.105,106,108 Thus, the N6-amino 

function of the adenine was therefore Cbz protected. The most common method for introduction 

of a Cbz group is the use of benzyl chloroformate in the presence of a base such as potassium 

carbonate. However, it was anticipated that the chloride is not a good enough leaving group for 

the weakly nucleophilic N6-amino function. In addition, Cbz protection using Rapoport’s reagent 

(1-benzyloxycarbonyl-3-ethylimidazolium tetrafluoroborate) has been shown to be an active and 

useful acylating agent for the protection of the N6-amino function.114-116 Freshly prepared 

Rapoport’s reagent was added to 69 in DCM and 70 could be isolated in 96% yield. The 5ʹ-O -

silyl ether in 70 was then removed by treatment with TBAF in THF117,118 and 61 was obtained in 

95% yield after purification by flash chromatography. 

 

4.2.2 Sulfamoylation of N6-Benzyloxycarbonyl-2ʹ,3ʹ-O-benzylideneadenosine  

Several different experimental procedures for the sulfamoylation of the 5ʹ-hydroxyl moiety have 

been reported in the literature including the use of sulfamoyl chloride as reagent in the presence 

of bases such as TEA, NaH or DBU.97,106,119-124 A set of different reagents, solvents and reaction 

conditions was evaluated to identify the optimal system for the formation of 60 (Table 1).  
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Table 1. Optimisation of the sulfamoylation of compound 61 a 

 

 

Entry Base Solvent 

Reaction 
conditionsa 

temp (°C), time (h) Yield (%)b 

1 NaH DMF 0rt, 4 13 

2 DBU DCM 0rt, 4 17 

3 TEA DCM 0rt, 4 — 

4 DIPEA DCM 0rt, 4 — 

5 —  DMA 0rt, 4 41 

6 DMAPc DCM 0rt, 4 96 
 aReaction conditions: 61 (0.15 mmol), sulfamoyl chloride (1 equiv), DCM, 4 h, rt, N2. 

bIsolated 
yields. cSulfamoyl chloride (2.2 equiv), DMAP (2.3 equiv), 0 °C, 4 h, N2. 

 

Different bases were tested with varying strengths and sterical hindrances. Strong bases such as 

NaH (Entry 1) and DBU (Entry 2) gave low yields of 60, presumably due to the decomposition of 

sulfamoyl chloride.121-123 When sterically hindered amine bases were used (Entries 3 and 4) only 

trace amounts of 60 were formed. When DMA was used without the addition of any base (Entry 

5) compound 60 was obtained in 41% yield.121 The best yield of 60 (96%) was obtained when 

DMAP was employed as the base (Entry 6). The idea of using DMAP in the sulfamoylation 

reaction came from its properties in acyl, alkyl 125,126 or sulfonyl transfer127 reactions,128 which 

allow the sulfamoylation to occur under very mild conditions. 

 

4.2.3 Amino Acid Coupling to N6-Benzyloxycarbonyl-2ʹ,3ʹ-O-benzylidene-5ʹ-sulfamoyladenosine 

The most frequently reported literature method for the formation of acylsulfamates is the use of 

N-Boc protected succinimide (Su) activated amino acids in the presence of DBU.46,53,102,105-108 

However, not all amino acids are commercially available as Su-activated esters and their 

preparation is not always straightforward. Thus, a range of different coupling reagents, including 

those that can be used for in situ generation of the required active ester were evaluated as shown 

in Table 2. 
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Table 2. Investigation of the optimal coupling conditions for acylsulfamate bond formation.a 

 

 

Entry Coupling mixture Conversionc 

1 aa-OSu/DBU Moderate 

2 aa-Pfp/HOBt Low 

3 aa-OH/TBTU/HOBt Low 

4 aa-OH/PyBrOP Low 

5 aa-OH/HATU/DIPEA Moderate 

6 aa-OH/EDC/HOBt Moderate 

7 aa-OH/DCC/DMAP High 

8 aa-OH/PS-DCC/DMAPb High 

9 aa-OH/PS-EDC/HOBtb Moderate 

10 aa-OH/PS-IDDQb Moderate 
aReaction conditions: 60 (0.15 mmol), N-Cbz-L-valine (1 equiv), DMF, overnight, rt, N2. 
bCoupling agent polymer-bound to PS..cDetermined by LC/MS. Low = 10–40%; Moderate = 40–
65%; High = 65–99%. 

 

N-Cbz-L-valine was coupled to acylsulfamate 60 using different coupling reagents, the product 

formation was monitored by LC/MS. Since the sulfamoyl group in 60 is not as nucleophilic as the 

amino groups in amino acids, it is difficult to predict the outcome based on the use of coupling 

reagents designed for amide bond formation. When Su-activated valine was used in the presence 

of DBU, moderate product formation could be detected (Entry 1). Pentafluorophenol (Pfp) 

activated valine in combination with HOBt resulted in low conversion of 60 to the desired 

product 59a (Entry 2). The coupling mixtures in Entries 3–5 are described as being very efficient 

reagents for the formation of the desired activated esters, but prolonged reaction times can lead to 

degradation of the activated ester.60 The acylation of sulfamate 60 using TBTU/HOBt (Entry 3), 

PyBrOP (Entry 4) and HATU/DIPEA (Entry 5) resulted in low to moderate conversion to the 

desired 59a. The use of the carbodiimides (Entries 6–7) gave the best result among the tested 

coupling methods. Although the combination of DCC/DMAP (Entry 7) resulted in high 

conversion of the starting material to the product, it also resulted in the formation of 
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dicyclohexylurea (DCU). The DCU, which partially precipitated could be filtered off but traces 

could still be detected by 1HNMR spectroscopy even after purification using column 

chromatography. This problem was solved using polymer supported DCC in combination with 

DMAP (Entry 8), which enables filtration of the resin-bound DCU. The use of other polymer 

supported reagents, namely PS-EDC in combination with HOBt and PS-IDDQ (Entries 9–10) 

was also evaluated and moderate conversion of 60 to product 59a was detected. 

Having investigated the coupling conditions for the acylsulfamate formation, compounds 59ah 

were synthesised using the PS-DCC/DMAP protocol (Scheme 7).  

 

 

Scheme 7. The acylation of sulfamate 60 using different amino acids. Reaction conditions: a) 60 
(0.35 mmol, 1 equiv), amino acid (3 equiv), PS-DCC (4 equiv), DMAP (3 equiv) DCM, 24 h, rt, N2, 

4985% yields.  

 

Acylsulfamates 59a–h were purified using column chromatography and reverse-phase HPLC and 

were isolated in 49–85% yield. No racemisation could be detected probably due to the mild 

coupling conditions.64,65 Doubled signals were observed in the 1H- and 13C-NMR spectra and 

from variable temperature 1H-NMR experiments, it could be concluded that products 59a–h 

adopt two different conformations with a high activation energy barrier for the interconversion 

(Figure 13).129 
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Figure 13. Variable temperature 1H-NMR spectra (400 MHz, acetonitrile-d3) showing the H-A and 
H-B signals of compound 59a. 

 

It was clearly observed that the protons of the two conformers merge with increased 

temperatures, and at 90 °C, the peaks for the A and B protons had almost merged. Experiments at 

higher temperatures and prolonged heating led to the decomposition of 59a. 

 

4.2.4 Deprotection of N6-Benzyloxycarbonyl-2ʹ,3ʹ-O-benzylidene-5ʹ-O-[N-(aminoacyl)-sulfamoyl] 

adenosines 

The last step in the synthesis consisted of global deprotection of compounds 59ah using 

catalytic hydrogenation under neutral conditions. Compound 59a was used as a test compound 

for investigation of the required reaction conditions for complete protective group removal. A 

continuous flow H-Cube® instrument which easily allows testing of different types of catalysts, 

temperatures, solvents and applied pressures was used (Table 3) 
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Table 3. Different conditions for the deprotection of 59a (0.015 mmol) using catalytic 
hydrogenation. 

 

 

Entry Catalyst Solvent Pressure 
(bar) 

Temp  
(°C) 

Time 
(min) 

Conversiona 

59a→17a 

1 5% Pd/C MeOH 1 rt 40 Low 

2 10% Pd/C EtOH 1 rt 40 Low 

3 10% Pd/C EtOH  1 rt 80 Low 

4 10% Pd/C EtOH 10 rt 40 Low 

5 10% Pd/C EtOHb 30 30 40 Moderate 

6 10% Pd/C EtOHb 50 50 80 Moderate 

7 10% Pd/C i-PrOHb 50 50 80 Moderate 

8 10% Pd/C i-PrOHb 50 70 120 High 

9 10% Pd/C t-BuOHb 50 70 120 Low 

10 20% Pd(OH)2/C i-PrOHb 50 70 120 Moderate 
 a Determined by LC/MS. Low = 10–40; Moderate = 40–65%; High = 65–99%. 
 b With 5% water present.  
 
In the first experiment, compound 59a (0.015 mmol) was dissolved in MeOH (Table 3) and 

looped in the H-Cube® using 5% Pd/C (wt/wt), 1 bar and rt for 40 min (Entry 1). The conversion 

of 59a to the desired product 17a was determined to be 1020% using LC/MS. The major 

product was 71a (50%) and traces (<5%) of product 71a with a mass corresponding to removal of 

one of the two Cbz groups was also detected (Figure 14).  
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Figure 14. By-products obtained in the deprotection reaction. 

 

These initial observations (Entry 1) resulted in changing the catalyst from 5% Pd/C to 10% Pd/C 

to expedite the reaction, and the use of EtOH instead of MeOH to increase the solubility of 59a. 

Using the new conditions (Entry 2), the desired product 17a was formed in 25-35% yield, 71a in 

65% yield in addition to <5% of the same by-product as for Entry 1 (one of the two Cbz groups 

removed) according to LC/MS. Furthermore, the temperature, time and applied pressure were 

increased to improve the conversion of 59a to 17a (Entries 36). Unfortunately, increased 

pressure, temperature and prolonged reaction time led to the formation of an additional by-

product 71c.130 This by-product is formed as a result of the oxidation of ethanol to acetaldehyde 

(atmospheric air not excluded from H-Cube®), which reacts with the deprotected amino group 

and results in Schiff base formation. The Schiff base is readily hydrogenated to the N-alkylated 

by-product 71c. The corresponding N-methylated by-product 71b was also detected with 

increased pressure, temperature and prolonged reaction times when MeOH was used as solvent 

(data not shown). Ethanol containing 5% water (v/v) was used as solvent in an attempt to 

suppress the undesired formation of by-product 71c but trace amounts (<5%) could still be 

detected by LC/MS (Entries 5). Increasing the temperature to 50 °C, the pressure to 50 bar and 

the reaction time to 80 min (Entry 6) led to the formation of additional by-products (66 and 72, 

<20%). To reduce the formation of by-product 71c, i-PrOH and t-BuOH were used as solvents 

which resulted in trace amounts (<2%) of 71d in i-PrOH as solvent (Entry 7) and low conversion 

(approximately 30%) of the starting material in t-BuOH (Entry 9). The use of other catalysts such 

as 20% Pd(OH)2/C (Entry 10) or Raney nickel (data not shown) resulted in much slower 

conversion of 59a. 
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The screening for optimal reaction conditions resulted in concluding that catalytic hydrogenation 

in i-PrOH as solvent at 50 bar, 70 °C for 120 min resulted in full conversion of the starting 

material with minimal by-product formation (Entry 8). Deprotection of compounds 59ah was 

performed using the conditions of Entry 8, and the yields obtained of 17ah are summarized in 

Scheme 8. 

 

Scheme 8. Deprotection of compounds 59ah using continuous flow hydrogenation, flow rate 1 
mL/min, 10% Pd/C CatCart 30 × 4 mm, 50 bar, 70 °C, 120 min, water:i-PrOH (5:95 v/v), isolated in 

2178% yields. 

 

Deprotection of 59a, c, f, g and h resulted in isolation of 17a in 58%, 17c in 78%, 17f in 77%, 

17g in 66% and 17h in 60% yields together with trace amounts of 71d, 66, 72 and 62 

(adenosine). In contrast, deprotection of 59b, d and e resulted in isolation of 17b in 36%, 17d in 

21% and 17e in 39% yields. The lower yields were probably due to the amino acid side chains 

having favourable lengths to perform the undesired intramolecular cyclisation leading to 66 and 

67 as by-products (path B in Scheme 5).  

 

4.3 Conclusion 

In summary, this chapter described a general and efficient synthetic procedure which resulted in 

non-hydrolysable sulfamoyl aminoacyl-AMP analogues. The synthetic procedure included a 

convenient and convergent protective group strategy that allowed global deprotection using 

catalytic hydrogenation under neutral conditions with minimal by-product formation. Moreover, 

the selected protective groups could be incorporated in high yields and were stable under the 

performed chemical transformations. A thorough investigation of optimal conditions for the 

sulfamoylation reaction was performed which resulted in a protocol useful for incorporation of 
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the sulfamoyl group in high yield under mild reaction conditions. Several different coupling 

reagents were evaluated for the formation of the aminoacyl sulfamate bond which resulted in the 

development of a general method that allowed incorporation of amino acids with different 

functionalities in the amino acid side chains.  

In addition to the sulfamoyl aa-AMP analogues described in this chapter, two N-terminally 

modified aa-AMP analogues have also been synthesised (Figure 15), they have been used by 

collaborators in crystallographic studies for investigation of the editing mechanism for aaRSs 

(unpublished results; see Appendix B for the synthetic procedures and the characterisation of the 

compounds). 

 

 

Figure 15. Sulfamoyloxy-linked N-terminally modified aa-AMP analogues. 
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5 

Development of a Solid-Phase Method for the 

Synthesis of 5ʹ-O-[N-(Acyl)sulfamoyl]Adenosine 

Derivatives (Paper II) 

 

5.1 Solid-Phase Synthesis of Sulfamoyloxy-Linked Acyl-AMP Analogues 

This chapter, concerns the development of a solid-phase synthetic route leading to sulfamoyl 

analogues of the acyl-AMP.15,23-26,131-133 As outlined in section 3.5, solid-phase synthesis allows 

the parallel generation of structurally diverse combinatorial as well as focused compound 

libraries.75,76,78 In the present project it was envisioned that a solid-phase method would be 

particularly useful for the synthesis of structurally diverse 5ʹ-O-[N-(acyl)sulfamoyl]adenosine 

analogues including amino acids, dipeptides, salicylic acid and fatty acids in quantities sufficient 

for biological screening. Three different solid-phase approaches were investigated in which the 

strategies differed in the positioning of the attachment point of the substrate to the solid support. 

The retrosynthetic plan is illustrated in Scheme 9. 
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Scheme 9. A retrosynthetic plan for the solid-phase preparation 5ʹ-O-[N-(acyl)sulfamoyl] 
adenosines. R = acyl, R1 = NH2 for strategies 1 and 2, R1 = Cl for strategy 3. R2 = linker for strategy; 
1 and R2 = H for strategies 2 and 3. R3 = H for strategies 1 and 3 and R3 = TBDMS for strategy 2. 

 

5.1.1 Yields Quantification using HPLC 

There are two different approaches that can be employed for the analysis of the outcome of solid-

phase reactions: the analysis of the resin-bound intermediate using non-destructive techniques or 

the analytical liquid phase techniques, which require cleavage of the resin-bound substrate.134 The 

methods used for monitoring resin-bound substrates include colorimetric tests such as the Kaiser 

test for amines,135 Ellman’s reagent for thiols,136 the Fmoc reading test,134 NMR spectroscopy,79 

infrared (IR) monitoring79 and combustion elemental analysis.137 The most commonly used 

method for monitoring and quantifying solid-phase reactions is small-scale cleavage followed by 

solution-state analysis using conventional techniques such as TLC and LC/MS. For our purpose, 

it was decided to develop a reverse-phase (C18) HPLC method using toluene as an internal 

standard (ISTD) that would require small-scale cleavage and allow both monitoring and 

quantification of each reaction step. Toluene was chosen as the internal standard based on its UV 

activity in the range of 200-400 nm and due to its retention time not coinciding with the reference 

compounds. The reference compounds corresponded to the products that would be cleaved off 

from the solid support after each reaction step. An HPLC elution method which allowed the 
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separation of all reference compounds (60 without the N6- protective groups (Cbz), 62, 68 and 

69), without toluene interference was initially identified. Standard curves were derived for the 

reference compounds and for toluene by plotting the absorbance for each compound vs. the 

known concentration (e.g. five different concentrations) to form a linear correlation. The ratio 

between the analysed compound and the internal standard can be described as the k-value which 

was derived from Equation 1.  

 

Equation 1  
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Where Aprod = area for product, ATol = area for toluene, k = constant describing the relationship 

between the extinction coefficients of the product and the internal standard at the studied 

wavelength, Cprod = product concentration and CTol = toluene concentration.138 

Using the derived HPLC method, the reactions were monitored and quantified by the addition of 

a known amount of internal standard calculated by Equations 2a and 2b.  

 

Equation 2a  ࢀ		 ൌ 	
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Where nTol = moles of toluene, nmax loading = theoretical maximum loading for a known amount of 

resin. VISTD = volume internal standard and CISTD = concentration of internal standard. The yields 

were quantified using Equation 3.  

 

Equation 3 
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Where nprod = moles of product. 
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5.2 Results and Discussion 

5.2.1 Strategy 1 

In Strategy 1, the 2ʹ,3ʹ-hydroxyl groups of the ribose subunit serves as the attachment point to the 

solid support via an acetal linker.139 The advantage gained from attaching the nucleoside onto the 

linker prior to attachment to the solid support is the possibility for purification of intermediate 82. 

The synthetic path is illustrated in Scheme 10. 

 

 

Scheme 10. Attachment of adenosine (62) to a solid support. Reagents and conditions: a) K2CO3 (2 
equiv), DMF, 50 °C, N2, 20 h. b) TMOF (2 equiv), TsOH (0.05 equiv), MeOH, MW, 150 °C, 4 min. 
c) i. 62 (2 equiv), ZnCl2 (1 equiv), DMF, rt, 15 h or ii. 62 (0.2 equiv), ZnCl2 (5.1 equiv), a few drops 
of DMSO, 35 °C, 72 h. d) 62 (1 equiv), TsOH (0.1 equiv), DMF, 50 °C, 70 mbar, 15 h. e) LiOH (2 
equiv, 2M aq soln). f) aminomethylpolystyrene (55, 0.2 equiv, loading ~0.90 mmol/g), HATU (5 
equiv), DIPEA (10 equiv), DMF, rt, 6 h. 

 

Compound 77 was synthesised using previously described procedure.139 The aldehyde 77 was 

then treated with trimethylortoformate (TMOF) in MeOH resulting in a mixture of 78 and 79. 

The attachment of 62 to the linker via path c in Scheme 10 was attempted using two different sets 

of conditions giving 80 and 81 at the best in 8% combined yield. Compounds 80 and 81 were 

instead obtained by reacting 62 with the mixture of 78 and 79 under acidic conditions. The last 

step in solution prior to the attachment to the solid support consisted of an ester hydrolysis using 

aq LiOH and the reaction was monitored by LC/MS and 82 was obtained in 13% isolated yield. 
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The low yield was due to cleavage of 62 from the linker under the given reaction conditions and 

the loss of the glue-like crude product during work-up and purification. Attachment of crude 82 

to aminomethylpolystyrene (55) was performed in DCM using HATU as a coupling reagent in 

the presence of DIPEA to afford resin-bound 83 in 8% yield. The disappointing yield obtained in 

the attachment to the solid support could be due to the poor solubility of 82 in DCM. The yield of 

the attachment of 82 to the solid support was calculated by cleaving adenosine from the linker 

using 5% TFA and 5% H2O in dioxane and heating at 50 °C for 18 h followed by quantification 

using the derived HPLC method with toluene as an internal standard. Strategy 1 was not further 

investigated due to the low yield obtained in the attachment of 82 to the solid support and due to 

the possible decomposition of the final products (acyl sulfamates) using the cleavage conditions 

described above. 

 

5.2.2 Strategy 2 

In Strategy 2, the 6-amino function of the adenine moiety in 69 served as the attachment point to 

the solid support (synthesis of 69 described in section 4.2.1). The trityl resin (PS-Tr) was selected 

due to its stability in the planned synthetic route (sulfamoylation and acylation) and due to the 

mild conditions required for the cleavage of the attached substrates from the solid support 

(typically15% TFA in DCM).88 In addition, the trityl group has been used as a protective group 

for the N6-amino function.140 The reaction conditions required for the attachment of compound 69 

were investigated and included different bases (DMAP, DBU, BEMP, TEA and DIPEA), 

temperatures (rt to 60 °C using both conventional and microwave (MW) assisted heating), 

reaction time (0.548 h) and solvent (pyridine, THF, DCE and DMF) (Scheme 11).  

 

 

Scheme 11. Investigation of the optimal conditions for the attachment of compound 69 to PS-Tr-Cl 
(56). 
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Unfortunately, none of the attempts resulted in the desired solid supported 84. Furthermore, it 

was also attempted to pre-form the resin-bound trityl carbocation using triethyloxonium 

tetrafluoroborate (TEOTFB, 2 equiv) prior to the addition of 69 (5 equiv) which resulted in 7% 

yield of 84 quantified using the derived HPLC method. The developed Ps-Tr-Cl (56) activation 

method using TEOTFB has proven to be useful in the attachment of substrates such as alcohols 

and anilines and will be described further in Chapter 8. 

 

5.2.3 Strategy 3 

In Strategy 3, attachment of the purine subunit via a 6-chloro function to PS-Rink AM resin (58) 

was investigated due to the presumed stability of the linker during the planned synthetic route 

(Scheme 12). Cleavage of the substrate from PS-Rink AM after completing the synthesis would 

result in the desired 6-amino function. 

 

 

Scheme 12. Synthetic procedure used in Strategy 3. Reagents and conditions: a) ZnCl2 (5 equiv), 
freshly distilled benzaldehyde, rt, N2, 72 h. b) TBDMS-Cl (1.2 equiv), imidazole (2.5 equiv), DMF, 

0rt, N2. c) i. Fmoc cleaved from PS-Rink AM (58, 1 equiv, loading ~1.2 mmol/g) using 20% 
piperidine in DMF and ii. 87 (4 equiv), DBU (4 equiv), BuOH:DMSO (1:1 v/v), MW, 80 °C, 2.5 h. 
d) i. Fmoc cleaved from PS-Rink AM (58, 1 equiv, loading ~1.2 mmol/g) using 20% piperidine in 
DMF and ii. 86 (4 equiv), DBU (4 equiv), BuOH:DMSO (1:1 v/v), MW, 80 °C, 2.5 h. e) TBAF (1 
equiv, 1M in THF). f) sulfamoyl chloride (3 × 3 equiv), DMAP (3 × 3 equiv), DMF, rt. 3 × 1 h, N2. 
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In order to block the reactive secondary alcohols, 6-chloropurine riboside (85) was protected as 

the 2ʹ, 3ʹ-O-benzylidene acetal using similar reaction conditions as for the benzylidene protection 

of adenosine to form 68, 86 was obtained in 76% yield. Prior to the attachment of the substrate, 

the Fmoc protective group was removed from the rink amide using 20% piperidine in DMF. 

Various reaction conditions including different amounts of reactants, bases, temperatures (MW 

and conventional heating) and reaction times (2.520 h) were investigated. MW-assisted 

attachment in the presence of DBU was achieved via the TBDMS protected 87 which was 

synthesised in 73% yield using TBDMS-Cl and imidazole (path b and c). The final route added 

two steps (protection and deprotection) to the synthesis and resulted in a 64% combined yield for 

resin-bound 89. Attachment to the resin was also performed without the protection of the 5ʹ-

hydroxyl moiety by the addition of 86 to PS-Rink AM using MW-assisted heating in the presence 

of DBU as a base and the yield for 89 was determined to 80% using the derived HPLC method 

(path d). Unfortunately the loading of different resin batches was not consistent which resulted in 

large batch-to-batch variations. With the desired resin-bound substrate 89 finally in hand, 

sulfamoylation could be investigated. 

 

5.2.4 Sulfamoylation of Solid Supported 2ʹ,3ʹ-O-Benzylideneadenosine  

Sulfamoylation of the 5ʹ-hydroxyl group of the ribose moiety in 89 has been thoroughly 

investigated and is described in section 4.2.2. The developed sulfamoylation protocol consisted of 

treatment of 5ʹ-hydroxyl with sulfamoyl chloride in the presence of DMAP using DCM as 

solvent. The initial attempts for the sulfamoylation of 89 were performed using DCM as a 

solvent, but due to the poor solubility of sulfamoyl chloride even in large amounts of solvent (>5 

mL), the reaction times were long (>16 h) and often resulted in incomplete reactions. Therefore, 

DMF was instead used as a solvent which allowed the use of more concentrated solutions. DMF 

as solvent in the presence of base in the sulfamoylation reaction has been reported to give low 

yields due to decomposition of the sulfamoyl reagent.121-123 However, with the use of large excess 

of the sulfamoyl reagent (3 × 3 equiv) together with DMAP (3 × 3 equiv) dissolved in a minimal 

amount of DMF (2 mL) the sulfamoylation was achieved in quantitative yields (Scheme 12).  

 

5.2.5 Acylation, Cleavage from the Solid Support and Deprotection of 5ʹ-O-[N-(Acyl)sulfamoyl] 

Adenosines 

Optimisation of the aminoacylation of the sulfamate group in solution is discussed in section 

4.2.3. However for the solid-phase synthesis, the use of polymer-bound reagents would not be 

beneficial since the separation of the two resins (PS-DCC and resin 90) would be impossible. The 
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use of non-resin-bound DCC would result in the formation of insoluble DCU which could be 

difficult to remove after completion of the reaction, since the precipitate would also be able to 

block the resin pores. Therefore DIC was chosen as the coupling reagent since the soluble DIC 

urea can easily be removed after completion of the reaction. The synthesis of the target 5ʹ-O-[N-

(acyl)sulfamoyl] adenosines is illustrated in Scheme 13. 

 

 

Scheme 13. The acylation, cleavage and deprotection to obtain target compounds 17a, i, 94a, b and 
18a. Reagents and conditions: a) acid (20 equiv), DIC (20 equiv), DMAP (20 equiv), DCM, rt, N2, 
16 h. b) 5% TFA in DCM, 3 x 30 min. c) ammonium formate (5 equiv), 10% Pd/C (10% wt/wt), 
MeOH, 60 °C, 16 h.* Aminoacylation performed as in a) then 20% piperidine in DMF, 20 min, two 
times then c) as above. 

 
The acylation of the target compounds was performed in parallel in a Bohdan block, thereby 

facilitating an effective resin swelling, reagent additions, resin agitation, reagent filtering, resin 

washing and cleavage of the resin-bound product. The acid, DIC and DMAP were allowed to 

react for 30 min prior to the addition to the pre-swelled resin 90. After 16 h agitation, the reagents 

were removed, the resin was washed thoroughly and the products were cleaved off. The crude 

2ʹ,3ʹ-O-benzylidene-5ʹ-O-[N-(acyl)sulfamoyl] adenosines 91a, i, 92ab and 93a were obtained in 

80% purity according to LC/MS analysis. The deprotections were run using ammonium formate 

in the presence of 10% Pd/C without the isolation of 91a, i, 92ab and 93a. After the removal of 
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the protective groups, compounds 17a, i, 94a, b and 18a were purified using preparative HPLC 

and the combined yields over three (six for 18a) steps were 3348% (Scheme 13). For the 

synthesis of 91a and i, the N-terminally Cbz-protected amino acids were coupled to the sulfamate 

90, followed by cleavage from the resin and deprotection which resulted in 17a in 38% and 17i in 

48% isolated yields. Coupling of other N-terminally Cbz-protected amino acids than those 

illustrated in Scheme 13 have been investigated, including Tyr, Trp and O-Cbz-protected 

homoserine (Hse), and was confirmed using LC/MS (data not shown). The synthesis of 94a was 

performed using 2-O-benzyl protected salicylic acid which resulted in 38% yield over three steps. 

Furthermore, coupling of 2-O-Fmoc protected salicylic acid, salicylic acid without any protective 

group on the 2-hydroxyl and various other derivatives of salicylic acid with a Cbz-protected 

amine, a Cl or F group in the 4-position were unsuccessful due to poor solubility of the 

substrates. Hexanoic acid was activated using the conditions described above and coupled to 

sulfamate 90 and after the deprotection 94b was obtained in 33% yield. In addition to this acid 

derivative, the coupling of arachidic acid (eicosanoic acid) and lauric acid (dodecanoic acid) was 

attempted with only trace amounts of product according to LC/MS. The low conversions for 

these compounds, observed by LC/MS, could be attributed to aggregation of the respective acids. 

To attain compound 93a, N-terminal Fmoc-Phe was coupled first, followed by Fmoc deprotection 

using 20% piperidine in DMF. Repeating the procedure resulted in the deprotected dipeptide 93a, 

subsequent removal of the 2ʹ,3ʹ-O-benzylidene resulted in 18a in 39% yield over six steps. 

Coupling of indole-3-acetic acid and biotin was also attempted without any success due to the 

poor substrate solubility. 

 

5.3 Conclusion 

In conclusion, a solid-phase synthetic route leading to sulfamoyl-based acyl-AMP analogues was 

successfully developed. In addition, a reverse-phase HPLC method was developed to monitor and 

determine the yield of each of the synthetic transformations performed. To attain the desired 

resin-bound 2ʹ,3ʹ-O-benzylideneadenosine, three different synthetic strategies for the attachment 

were explored of which only one was successful. With the solid supported starting material in 

hand, parallel synthesis was facilitated and the resin swelling, reagents additions, agitation of the 

resin, filtering off the reagents, resin washing and products cleavage were simplified compared to 

solution-phase parallel synthesis. In Chapter 4, the use of PS-DCC in combination with DMAP 

was described for coupling of amino acids to 60, however, for this solid-phase route DIC in 

combination with DMAP was employed since the formed DIC urea is easily removed after 
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completion of the reaction. In addition, separation of two PS-supported reagents after the 

completion of a reaction would be impossible. Another difference to the solution-phase method 

described in Chapter 4, is that the solid-phase synthesised compounds 91a, i, 92ab and 93a 

tolerated the use of ammonium formate as the hydrogen source in presence of 10% Pd/C as a 

catalyst for the deprotection step. This treatment was possible due to the fact that compounds 

91a, i, 92ab and 93a lacking the ability to perform the unwanted intramolecular cyclisation 

described in Chapter 4 which would lead to the formation of 66 and 67 as by-products (path B in 

Scheme 5). In total, five different 5ʹ-O-[N-(acyl)sulfamoyl]adenosine derivatives were 

synthesised in 3348% yield over three or six steps using the developed solid-phase synthetic 

route.  
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6 

Identification of the Bioactive Conformation of 

aa-AMP Derivatives Bound to tRNA Synthetase 

using X-ray Structures and Conformational 

Analysis 

 

6.1 Introduction 

The aim of this sub-project was to identify the bioactive conformation of aa-AMP derivatives 

using X-ray crystallography data and conformational analysis and to explore the possibility of 

employing novel phosphate bioisosteres as aa-AMP analogues that are useful as tRNA synthetase 

inhibitors. With knowledge of the possible bioactive conformation, molecular modelling can be 

used as one of the tools to evaluate if a molecule could be expected to be a potential inhibitor. 

 

6.1.1 Molecular Modelling in Medicinal Chemistry 

Molecular modelling comprises the use of computer programs as tools for describing molecules 

and molecular systems.141 Computational methods include quantum mechanics and molecular 

mechanics calculations that are used to perform e.g. energy minimisations and conformational 

analysis. Computational techniques have become important tools in the field of medicinal 

chemistry for approaches including hit identification and lead optimisation. Techniques including 

structure- or ligand-based design and docking of molecules in protein binding sites are also 

frequently used.142 Conformational analysis involves the investigation of the preferred three-

dimensional structures of compounds, or in other words to identify low-energy conformations of 

a molecule. The derived molecule can then be used in molecular docking procedures for 

investigation of the geometric arrangement.141 Structure-based design involves the use of a 

protein structure determined by X-ray or NMR techniques for the design of molecules that 

interact efficiently with the protein.143 Structure-based drug design involves identification of a 

molecule that fulfils the geometric constraints defined by the three-dimensional features for a 

known receptor/enzyme binding site. Another frequently applied modelling technique is ligand-
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based drug design.144 Ligand-based design involves comparison of the structural features of a 

potential ligand with those of known active and structurally similar inactive ligands. 

 

6.2 Result and discussion 

6.2.1 Identification of the Bioactive Conformation 

Knowledge about the bioactive conformation of 1 would make it possible to design potential 

phosphate bioisosteres useful as novel aaRS inhibitors. Compound 1 was simplified into structure 

95 since the focus was set on identifying phosphate bioisosteres and minimising the influence of 

other structural features in 1. A set of different phosphate bioisosteres was studied using all 

different combinations of N, O and C atoms in positions X and Y in structures 96 and 97 (Figure 

16). 

 

Figure 16. Illustration of the simplified models 9597 that were used for deriving potentially stable 
analogues of aa-AMP (1). 

 

The study was initiated by importing the X-ray structure of lysyl-tRNA synthetase complexed 

with a lysyl-AMP intermediate (protein data bank (PDB) code: 1e1t)145 and the X-ray structure of 

threonyl-tRNA synthetase complexed with a seryl-AMP analogue (PDB code: 1fyf),146 both from 

Escherichia coli (E. coli). Conformational analysis of the simplified structure 95 was performed 

using the systematic torsional sampling (SPMC) method in simulated water and OPLS_2005 as 

the force field (see Appendix C). Nine different low-energy conformations of 95 (ΔE < 12 

kJ/mol) were identified.147,148 The co-crystallised substrates (lysyl-AMP in 1e1t and seryl-AMP 

analogue in 1fyf) were assumed to adopt the bioactive conformation in the X-ray structures. The 

co-crystallised aa-AMPs (lysyl-AMP and seryl-AMP analogue) were extracted from the X-ray 

structures above and the nine calculated conformations for 95 were all superimposed with the aa-

AMPs (Figure 17). 
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Figure 17a. The crystal structure of lysyl-tRNA synthetase complexed with a lysyl-AMP (PDB 
code: 1e1t) and b. one low-energy conformation of 95 (orange) superimposed with the co-
crystallised substrate (green) imported from the X-ray structure. c. The crystal structure of threonyl-
tRNA synthetase complexed with a seryl-AMP analogue (PDB code: 1fyf) and d. one low-energy 
conformation of 95 (orange) superimposed with the co-crystallised substrate (purple) imported from 
the X-ray structure. 

 

From the superimpositions performed using ligand 95, a potential bioactive conformation was 

obtained from the X-ray structures. Figure 17a illustrates the X-ray structure of 1e1t and the 

derived bioactive conformation superimposed with the lysyl-AMP intermediate (Figure 17b) 

extracted from the X-ray structure, the same potential bioactive conformation could be 

superimposed with the seryl-AMP analogue (Figure 17d) extracted from the X-ray structure of 

1fyf (Figure 17c).  
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6.2.2 Simplified Models of Potential Stable Analogues of aa-AMP 

Conformational analysis was performed of analogues 96ah and 97ai and all identified low-

energy conformations were superimposed with the derived bioactive conformation for ligand 95.  

  

 

Figure 18a. Superimpositions of the possible bioactive conformation of 95 (orange) and the low-
energy conformations of 96a, c and d. b. Superimpositions of the potential bioactive conformation 
of 95 (orange) and the low-energy conformations of 97a, c, d, f, g and i. c. Superimposition of the 
20 derived conformations for 97e with 95 (orange) as an example of a ligand mismatch. 

 

The conformational energy penalties for the model compounds to adopt the bioactive 

conformation are shown in Table 4.149 Ligands 96a, c and d had low-energy conformations 

which could be superimposed with 95 (Figure 18a.). Aminoacyl adenylate analogues having an 

N-acyl phosphoramidate linkage have been synthesised (96a, as model ligand) and shown to be 

promising tRNA synthetase inhibitors.52,150-152 Type 96b inhibitors have been studied extensively 

in the literature but we failed to superimpose any low-energy conformations of 96b with the 

derived bioactive conformation.153,154 A plausible explanation could be that the bioactive 

conformation does not represent an energy minimum. Since 96b-type compounds tend to be good 

inhibitors, a different binding mode should be considered (e.g. the enol form). Also, 96c-type 

a b

c
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compounds have been synthesised but not tested as tRNA synthetases inhibitors.155,156 Such 

compounds would be interesting to evaluate as inhibitors, but the stability of the O-acyl bond 

needs to be considered. The 96d-type compounds are not known in the literature and would be 

very interesting to synthesise and test for biological activity since the bioactive conformations 

represents an energy minimum. Ligands 97a, c, d, f, g and i adopted low-energy conformations 

which could be superimposed with the derived bioactive conformation for 95 (Figure 18b.). We 

and others have synthesised several 97a-type compounds which are good inhibitors of tRNA 

synthetases.24,53,102-104 The 97c, f and i-type compounds type compounds are not known in the 

literature, but would probably be hydrolysable analogues of 95. 97d-type compounds are not 

known in the literature, but since the bioactive conformation represents an energy minimum, 

interesting biological results could be expected with this type of compound. The superimposition 

of all 20 different low-energy conformations identified for 97e with 95 are shown in Figure 18c 

as an example of a ligand that did not superimpose well with the bioactive conformation. 97g- 

type compounds have been synthesised earlier and according to the literature, are good tRNA 

synthetase inhibitors.48 

 

Table 4. Conformational energy penalties required to attain the bioactive conformation for the 
ligands showing good structural overlap with 95. 

Ligand 96a 96c 96d 97a 97c 97d 97f 97g 97i 

Energy 

penalty 

(kJ/mol) 

1.66 0 0.40 0 8.33 0 7.72 3.16 4.88 

 

6.3 Conclusion 

The study involved the use of molecular modelling techniques for the determination of a possible 

bioactive conformation of tRNA synthetase inhibitors based on X-ray data. Eighteen different 

phosphate bioisosteres were selected, a conformational search was performed and low-energy 

(ΔE<12 kJ/mole) conformations were superimposed onto the derived potential bioactive 

conformation for a simplified model of 1. Furthermore, the energy penalties required for all of the 

model ligands to attain the bioactive conformation were calculated. The model ligands were used 

in an in-depth literature study that aimed to identify which of the ligands had been synthesised 

and tested as tRNA synthetase inhibitors. In conclusion, nine different ligands adopted low-

energy conformations corresponding to the derived bioactive conformation. The reliability of the 

derived model was further reinforced since some of the identified ligands that had been 
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synthesised previously and tested for biological activity showed to be good inhibitors of aaRSs. 

96b-type ligands did not superimpose onto the derived bioactive conformation but have been 

shown to be good inhibitors of aaRSs and this activity can probably be attributed to a different 

binding mode (e.g. enol type). Two novel model ligands (96d- and 97d-type) were identified but 

the synthesis was not carried out. However, the design and synthesis of novel ribose-free 

bioisosteres as potential aaRS inhibitors has been performed and will be discussed further in 

Chapter 7.  
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7 

Design, Synthesis and Biological Evaluation of 

Ribose-Free Isosteres of Aminoacyl-AMP 

(Paper III) 

 

7.1 Introduction 

The isosteres of the aa-AMP intermediate (1) discussed in Chapters 4, 5 and 6 have involved 

modifications on the phosphate subunit of AMP. The synthetic strategies comprised protection 

and deprotection of the 2ʹ,3ʹ-hydroxyl groups of the ribose subunit which added reaction steps to 

the synthesis. Extensive purification of the target compounds was required due to the high 

polarity properties of the molecules, therefore we planned to replace the ribose subunit with an 

isosteric moiety. The purine subunit is an important structural motif in several projects in our 

group, such as projects relating to the development of ATP-competitive protein kinase 

inhibitors.157,158 This served as the source of inspiration for the development of ribose-free 

purine-based analogues of aa-AMP. The design of the ribose-free analogues was performed using 

molecular modelling and the biological evaluation was performed by Prof. Stephen Cusack’s lab 

at the European Molecular Biology Laboratory, Grenoble, France, using isothermal titration 

calorimetry (ITC). 

 

7.2 Results and Discussion 

7.2.1 Design of Ribose-Free Purine-Based Aminoacyl-AMP Analogues 

Examination of available protein X-ray structures of aaRSs in complex with ligands lead to the 

identification of distinct protein folds involved in binding as well as distinct binding 

conformations. The ligands generally bind in overall extended conformation (Figure 19). This 

binding conformation is observed for both Class I and Class II aaRSs.5 We envisioned that 1,4-

triazoles in the 8-position of the purine scaffold would exhibit similar structural features as those 

of the ribose unit and serve as suitable linkers capable of positioning the amino acid and purine 

group in the ribose-free aa-AMP analogues. In analogy, the use of 5-membered rings such as 2,5-
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furanyl in the 8-position of purines has been described in the literature as potential bioisosteres to 

AMP derivatives.159 The design of ribose-free purine-based aa-AMP analogues comprised the 

comparison of the spatial similarity between ligands 98 and 99 with sulfamoyl-based aa-AMP 

analogue 17 (Figure 19). 

 

 

 

Figure 19. The designed ribose-free purine-based analogues 98 and 99 of aa-AMP 1 and sulfamoyl-
based analogue 17. R = amino acid side chain. 

 

The R groups in structures 17 (17j: R = isobutyl group), 98 and 99 were defined as the leucinyl 

side chain. The superimposition of structures 17j, 98 and 99 revealed good overlap between the 

purine ring system and the leucinyl substituent (Figure 20). 

 

Figure 20. Structures 98 (red) and 99 (blue) superimposed with the sulfamoyl-based aa-AMP 
analogue 17j (grey). 

 

The superimpositions indicated that an amino acid protruding from a linker attached to a 1,4-

substituted triazole in the 8-position of adenine (98 in red and 99 in blue) is positioned in a 

similar manner as the sulfamoyl-based aa-AMP analogue (17j in grey). The N-terminals for 
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structures 98 and 17j point in the same direction while the N-terminal for 99 does not adopt the 

same conformation (Figure 20). Furthermore, the designed molecules eliminated the need for 

ribose as the linker subunit for the amino acid provided that removal of the phosphate and ribose 

moieties could be compensated by a reduced entropic cost of binding and/or new favourable 

binding interactions. To further evaluate the design ligands 98 and 99 were docked160 into the 

leucinyl-tRNA synthetase structure with 17j bound in the active site (PDB code: 1H3N161) 

(Figure 21). 

 

Figure 21. Compound 98 (red) and compound 99 (blue) docked into the X-ray structure of leucinyl 
tRNA synthetase co-crystallised with sulfamoyl-based analogue 17j (grey) of aa-AMP (1). 

 

The docking study indicated that the leucinyl substituents of 98 (red) and 99 (blue) are positioned 

within the same area as the leucinyl side chain of the substrate 17j (grey). Detailed analysis of the 

interactions formed by 17j suggests that hydrogen bonds are formed with amino acids in the 

binding site (Figure 21; Tyr43, Asp80, Gly538, Gln574, Val577 and Met638). Compound 98 

retains all the hydrogen bonding interactions stated above except those formed with Gly538 and 

Gln574 (hydrogen bonding interactions with amino acids in the binding site formed by the 2ʹ,3ʹ-

hydroxyls of the ribose subunit). Compound 99 retains all the hydrogen bonding interactions 

formed by the purine in 17j (Gln574, Val577 and Met638). The possibility for the interaction 

with Asp80 (N-terminal) is not present, however it forms an additional favourable interaction 

with Phe41 (Figure 21). These results suggests that 98 and 99 exhibit similar structural features 

as 17j and that the designed ligands serve as potential linkers between the amino acid and the 

purine group in the ribose-free aa-AMP analogues. 
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7.2.2 Synthesis of Ribose-free 8-Triazolyladenine-Based Analogues of Aminoacyl-AMP  

The retrosynthetic plan for the preparation of the ribose-free purine-based inhibitors 98 and 99 is 

outlined in Figure 22. The planned route for acquiring 98 was based on the deprotection of 100 

that was obtained from the aminoacylation of 101. The strategy for obtaining 101 included the 

use of a 1,4-regioselective copper-catalysed azide/alkyne 1,3-cycloaddition (CuAAC) reaction 

(102 where R1 corresponds to an ethynyl group in the 8-position).162,163 Starting from 104, the 

introduction of the alkyne in the 8-position was planned to be performed using Sonogashira 

cross-coupling conditions. 104 was intended to be achieved by bromination of 105 which could 

be obtained by N-alkylation of commercially available adenine 106 (Figure 19). The strategy 

which would lead to 99 included deprotection of 107. Compound 107 was planned to be 

synthesised using a one-pot two-step CuAAC reaction (108 where R1 corresponds to an azide). 

The azide could be introduced by substituting the bromide in 104 with an azide. 

 

 

Figure 22. A retrosynthetic plan for the preparation of ribose-free analogues 98 and 99 of aa-AMP. 
R = amino acid side chain. 

 

Starting from commercially available adenine (106), 104 was obtained in two steps using 

modified literature procedures (Scheme 14).164,165 Compound 104 served as the divergence point 



53 
 

in the synthesis and was used as the starting material for the synthesis of both types of ribose-free 

purine-based analogues 98 and 99.  

For the synthesis of 98-type compounds, a Sonogashira cross-coupling was performed to 

introduce a TIPS-acetylene in the 8-position of 104 using Pd(PPh3)2Cl2 (5 mol%) and CuI (20 

mol%) as catalysts and amberlite IRA-67 as a base, 103 was obtained in 84% isolated yield. 

Desilylation of the TIPS-acetylene using polymer supported fluoride afforded 102 in 83% yield. 

Step e in Scheme 14 comprised a one-pot two-step synthesis where 2-bromoacetamide was first 

transformed in situ into 2-azidoacetamide using NaN3 followed by cyclisation with 102, leading 

to the triazole formation that afforded 101 in 78% isolated yield.  

 

 

Scheme 14. Synthesis of 98 and 99. Reagents and conditions: a) ethyl iodide (1.2 equiv), Cs2CO3 
(1.2 equiv), DMF, 60 °C, 7 h, N2, 66%. b) Br2 (8.2 equiv), HOAc buffer (pH ~4), THF, MeOH, rt, 
24 h, 67%. c) Pd(PPh3)2Cl2 (5 mol%), CuI (20 mol%), amberlite IRA-67 (5 equiv), 

ethynyltriisopropylsilane (3.3 equiv), THF, MW, 120 oC, 30 min. d) PS-fluoride (2.43.6 equiv, 23 
mmol/g loading), THF, rt, N2, 24 h. e) one-pot two-step: 1. NaN3 (1.2 equiv), 2-bromoacetamide 
(1.1 equiv), DMF, MW, 80 °C, 20 min. 2. 102 (1.0 equiv), NaAscorbate (0.6 equiv), CuI (0.2 
equiv), N,Nʹ-dimethylenediamine (0.3 equiv), MW, 80 °C, 2 h. f) NaH (2.0 equiv), R2-amino acid-

ONp (1.1 equiv), THF, 0 °C 15 min then at rt 35 h. g) H-cube® (10% Pd/C wt/wt CatCart, 30x4 

mm, 21 oC, 25 min, MeOH, flow rate:1 mL/min). h) 50% TFA in DCM, 11.5 h. i) one-pot two-
step: 1. NaN3 (1.8 equiv), DMF, 90 °C, 22 h, dark. 2. Protected propargylamide amino acid 
derivative (1.4 equiv), NaAscorbate (0.4 equiv), CuI (20 mol%), N,Nʹ-dimethylenediamine (0.3 
equiv), rt, 24 h, dark.  
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The initial attempts for the acylation of 101 using the activated ester Cbz-Val-ONp and BuLi as 

base for the formation of imide 100a failed.166 The acylation of 101 was instead achieved by the 

addition of Cbz-Val-ONp (100a obtained in 35% yield) or Boc-Leu-ONp (100b obtained in 47% 

yield) in the presence of NaH as a base. Deprotection of 100a was performed with catalytic 

hydrogenation using the H-cube® (10% Pd/C as catalyst) in MeOH and resulted in 22% yield of 

98a. The low yield could be attributed to the formation of a by-product corresponding to the 

methyl ester of 101, which was detected by LC/MS. The Boc protective group in 100b was 

removed under acidic conditions using 50% TFA in DCM and resulted in 63% yield of 98b. The 

utilisation of Boc-Leu-ONp for the acylation eliminated the formation of the undesired by-

product (methyl ester of 101) since the use of MeOH (used as solvent for the removal of the Cbz) 

could be evaded.  

The synthesis of 99-type compounds consisted of a one-pot two-step synthesis (step i in Scheme 

14) where 104 was first converted to the azide using NaN3 followed by Cu-catalysed cyclisation 

with N-protected amino acid derivatives bearing an alkyne at the C-terminal. The Cbz-Val 

propargylamide and the Boc-Leu propargylamide used in step i were synthesised following 

previously described procedures.167,168 The cyclisation reaction with Cbz-Val propargylamide in 

step i resulted in in situ deprotection of the Cbz protective group and product 99a was obtained in 

50% isolated yield. At first, Cbz-Leu propargylamide was used in the cyclisation reaction step 

(data not shown), which also resulted in deprotection, however 99b was only isolated in 4% yield 

after extensive purification. Performing the cyclisation using Boc-Leu propargylamide resulted in 

isolation of 107 in 40% yield. Deprotection of 107 using 50% TFA in DCM yielded the TFA salt 

of 99b in quantitative yield. 

 

7.2.3 Isothermal Titration Calorimetry 

Isothermal titration calorimetry (ITC) is a common technique that is used to measure the binding 

affinity of a ligand to a specific interaction site (e.g. a binding site in a protein).169 ITC measures 

the energy change associated with stepwise addition of a known concentration of a ligand to a 

protein (see Appendix D). The interaction between the ligand and the protein, which results from 

each addition either releases or absorbs a certain amount of heat (Q) proportional to the amount 

of ligand that binds to the protein in a particular injection. As the system reaches saturation, the 

heat signal diminishes until only the heats of dilution are observed. The ITC instruments operate 

on the heat compensation principle, meaning that the power (µcal/sec) required for maintaining a 

constant temperature is the measured signal and the heat after each injection is obtained by 
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calculating the area under each peak. The measurement of heat allows determination of the 

binding or dissociation equilibrium constant (Keq), reaction stoichiometry (n) and changes in 

enthalpy (H), entropy (S) and free energy (G) of the ligand association.170  

 

7.2.4 Biological Evaluation of Ribose-Free Purine-Based Analogues  

Biological evaluation of compounds 98b and 99b was performed using ITC to measure the 

strength of the ligandprotein interaction. The protein used for the experiments was leucinyl-

tRNA synthetase (LeuRS) isolated from E. coli. The heat produced by the binding interaction 

between the ligands and the enzyme was measured, Part A of Figure 23 illustrates the 

calorimetric titration of LeuRS with ligand 99b. Part B of Figure 23 shows the ligand 

concentration dependence of the heat released upon binding (circles) together with the best fit 

(line). Unfortunately, ligand 98b did not bind to the LeuRS probably due to a presumed stability 

problems. 
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Figure 23. Biological evaluation of ligand 99b. A shows the heat effects associated with the ITC of 
the leucyl-tRNA synthetase (LeuRS) from E. coli with ligand 99b. B shows the corresponding 
ligand concentration dependence of the heat released upon binding together with the best fit. 
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The stoichiometry of binding for ligand 99b was determined to be one (N value approximately 1 

in Figure 23), corresponding to one binding site for each LeuRS. The negative enthalpy 

(approximately -4 kcal/mol or -17 kJ/mol) obtained from the ITC experiment was low to 

moderate compared to other inhibitors of LeuRS (personal communication) and corresponds to 

polar interactions (hydrogen bonds, electrostatic or van der Waals interactions) formed upon 

binding (Figure 23). The entropy value obtained for the binding of 99b (9.70 cal/mol/deg) was 

positive, which is a good indication of a release of water from the binding site of LeuRS as a 

result of binding of ligand 99b. 

 

7.3 Conclusion 

This study comprised the design of two types of ribose-free purine-based analogues of 

aminoacyl-AMP 1. The designed analogues 98 and 99 were docked into the X-ray structure of 

LeuRS and revealed promising geometries compared to the sulfamoyl-based co-crystallised 

substrate 17j. The designed ligands were synthesised and compared to compounds 17, fewer 

reaction steps were required to reach the target compounds and extensive purification was not 

required. In total, four novel ribose-free purine-based analogues of 1 were synthesised and 

isolated in yields varying from 22% to quantitative yields for the final deprotection step. 

Furthermore, the synthesised analogues 98b and 99b were evaluated using ITC which quantified 

the ligand binding in LeuRS isolated from E. coli. Unfortunately, no conclusions could be made 

about the binding of 98b to LeuRS due to a presumed stability problem of the ligand. Ligand 99b 

exhibited low to moderate binding to LeuRS compared to other LeuRS inhibitors (personal 

communication). Comparing the structures of 17j and 99b, the moderate binding of 99b could be 

attributed to the absence of the ribose and sulfamoyl groups. 
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8 

A Mild and Efficient Method for Activation and 

Recycling of Trityl Resin  

(Paper IV) 

 

8.1 Introduction  

In Chapter 5 (section 5.2.2), the use of TEOTFB in order to pre-form a resin-bound 

triphenylmethyl (trityl, Tr) carbocation prior to the attachment of 2ʹ,3ʹ-O-benzylideneadenosine 

(69) was performed. Even though the desired attachment was only achieved in 7% yield, 

discovery of the possibility of activating of PS-Tr-Cl was intriguing. This chapter describes a 

rapid and mild strategy for the attachment of alcohols and anilines to a tritylated polystyrene resin 

followed by the regeneration of the resin used in the reaction. The trityl group is widely used as a 

protective group for hydroxyl and amino functions since it is easily introduced and highly acid 

labile and therefore easily removed using dilute acid.55,171 Since mild acidic conditions can be 

employed for the removal of the trityl moiety, protective groups (such as the Boc group) which 

require stronger acidic conditions for their removal can remain intact.172 Therefore the 

simultaneous use of trityl resin as a protective group and linker would be beneficial. Literature 

procedures which describe the formation of trityl ethers have limitations mainly due to the long 

reaction times, or the harsh and/or basic reaction conditions that are required.173 Silver triflate-

assisted anchoring of alcohols to PS-Tr-Cl has recently been described, but the formation of an 

insoluble precipitate of silver chloride on the resin and the partial degradation of acid-sensitive 

alcohols can be problematic using the reported procedure.174 In addition, activation of PS-Tr-OH 

using excess acetyl bromide for the preparation of PS-Tr-Br has also been reported.175 

To the best of our knowledge, very few methods for recycling of the recovered trityl resin can be 

found in the literature. The reaction conditions reported for the regeneration of PS-Tr-Cl from 

PS-Tr-OH include the use of trimethylsilyl chloride as a reagent and refluxing for 10 h,176 use of 

excess acetyl chloride as reagent and refluxing overnight,177 or treatment with thionyl chloride at 

room temperature for one hour.178 Although the use of solid-phase methodologies is common in 
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organic synthesis, the price of solid-phase materials is still relatively high thus, recycling of the 

recovered resin after completing a reaction cycle would be environmentally friendly and cost 

efficient. In addition to the cost savings, a fast recycling process that would be compatible with 

existing methods and instrumentation and allow in situ processing of the support without 

requiring removal from the synthesis column or synthesiser would be beneficial. In the present 

study procedures for the use of a tritylated polystyrene resin as a protecting group of alcohols and 

amines during synthetic manipulations were developed. A retrosynthetic plan for an efficient 

attachment of alcohols and amines to the resin was developed as illustrated in Scheme 15. A 

procedure for recycling of the resin after use was also developed. 

 

 

Scheme 15. A retrosynthetic plan for the attachment of alcohols (R-X = R-OH) and anilines (R-X = 
Ar-NH2) 

 

8.2 Results and Discussion 

8.2.1 Development of an Efficient Method for Trityl Resin Activation  

Tritylation of alcohols is typically performed by exposing the alcohol to trityl chloride using 

pyridine as a solvent at room temperature.179,180 There are two different mechanisms suggested in 

the literature (Scheme 16). One suggests that pyridine is involved by reacting with the hydrogen 

chloride (HCl) that is released as a result of the dissociation of trityl chloride and the 

incorporation of the alcohol (via reaction intermediate 111).181 The other suggestion is that the 

reaction occurs via a tritylpyridinium chloride intermediate (112) and that the formation of 112 is 

the rate determining step.173 
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Scheme 16. Loading of alcohols to a PS-trityl resin resulting in 109 where R-X = R-OH. Reagents 
and conditions: a) R-X (R-X = MeOH), pyridine, rt, 2 d. b) TEOTFB (3 equiv, 0.35 M in DCM), rt, 
N2, 15 min. Followed by thorough washing with DCM. c) Alcohol (3 equiv, R-X = R-OH), DIPEA 
(3 equiv), rt, N2, 16 h. 

 

An alternative method for the activation of PS-Tr-Cl (56) was performed in the present study 

using triethyloxonium tetrafluoroborate (TEOTFB) that was proposed to result in the formation 

of a reactive trityl cation intermediate (110). The mild182,183 method comprised the treatment of 

resin 56 with TEOTFB (Scheme 16, path b), which resulted in a deep red coloured resin. After 

standing for 15 min, the activated resin 110 was washed thoroughly with DCM, followed by the 

addition of the alcohol and DIPEA that resulted in an instant colour change (from a deep red to 

light yellow resin). The optimal reaction conditions for the trityl ether formation via intermediate 

110 were investigated (Table 5). The binding and cleavage of 2,2-diphenylethanol was studied as 

a model system. 
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Table 5. Investigation of the reaction conditions for the attachment of 2,2-diphenylethanol (108a) to 
resin 56.a 

 

 

Entry TEOTFBb 

(equiv) 
Activation

(min) 
108a  

(equiv) 
DIPEA 
(equiv) 

Loading 
(min) 

Loadingc

(%) 

1 3 15 3 3 10 86 

2 3 15 3 3 60 84 

3 3 15  3 3 180 89 

4 3 30 3 3 60 86 

5 3 15 3 3 960 89 

6 5 15 3 3 60 86 

7 5 15 5 5 60 84 
 a56 (300 mg, loading ~1.7 mmol/g) in DCM.  
 bA solution of TEOTFB in DCM was used (0.35 M). 
 cThe loading was calculated by recovered weight of 108a after cleavage from the resin using 5% 

TFA in DCM and the loading specified by the supplier. 

 

The investigated parameters included the amount of TEOTFB, activation time, amount of 

substrate (2,2-diphenylethanol, 108a), amount of DIPEA and reaction time. The results 

summarised in Table 5 indicated that variation of the amount of TEOTFB, activation time, 

amount of 108a, amount of DIPEA and loading time had no or very little influence on the 

acquired yields of the alcohol after cleavage. The developed activation method of resin 56 using 

TEOTFB was applied on a variety of different substrates such as primary alcohols, secondary 

alcohols and different anilines (Scheme 17). 
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Scheme 17. PS-Tr-Cl (56) activation, attachment of alcohol (R-X = R-OH) or aniline (R-X = Ar-
NH2) and cleavage of alcohol (R-X = R-OH) or aniline (R-X = Ar-NH2). Reagents and conditions: 
a) TEOTFB (3 equiv, 0.35M in DCM), rt, N2, 15 min, followed by thorough washing with DCM. b) 
alcohol (3 equiv, R-X = R-OH) or aniline (3 equiv, R-X = Ar-NH2), DIPEA (3 equiv), rt, N2, 16 h. 
c) 2 × 5% TFA in DCM, rt, N2, 25 min total. The recovered yield was quantified by weight after 

cleavage of substrates 108ah using the resin loading specified by the supplier. 

 

The attachment of compounds 108ah using the developed activation method was achieved in 

4490% isolated yields as determined by the recovery of the alcohols/anilines after resin 

cleavage. The yields obtained using TEOTFB activation are comparable with those of other 

procedures.174 Halogen-containing alcohols 108c, d and e were included to demonstrate the scope 

of the method. To the best of our knowledge, very few methods can be found in the literature that 

describes the loading of aromatic amines (e.g. 108f, g and h) to a trityl resin. These relatively 

poor nucleophiles require excess of a base (i.e. 10 equiv DIPEA) and/or long reaction times for 

the attachment to proceed in high yields.184 The yields obtained for the attachment of 108f, g and 

h using TEOTFB activation in the presence of DIPEA (3 equiv) ranges between 4476% (based 

on the recovered anilines after cleavage). The developed activation method for the attachment of 

alcohols and anilines is beneficial due to the short activation time, small amounts of reagents 

needed, short reaction times, and no formation of precipitates. 

 

8.2.2 Development of an Efficient Method for Trityl Resin Recycling  

As discussed in Section 8.1.1, recycling the resin after completing a reaction cycle would be 

advantageous, especially for large-scale synthesis on solid-phase. A procedure for activation of 

the trityl resin, attachment of substrate (108a), cleavage of product and recycling of the resin is 

shown in Scheme 18. 
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Scheme 18. Activation of PS-Tr-Cl (56), attachment and cleavage of 108a followed by recycling of 
PS-Tr-OMe (109b). Reagents and conditions: a) PS-Tr-Cl, (300 mg, loading ~ 1.7 mmol/g), 
TEOTFB (3 equiv, 0.35M in DCM), rt, N2, 15 min. Followed by thorough washing with DCM. b) 
108a (3 equiv), DIPEA (3 equiv), rt, N2, 16 h. c) 2 × 5% TFA in DCM, rt, N2, 25 min in total. d) 
Resin quenched with MeOH. 

 

Resin 56 was activated using the developed TEOTFB method (path a, Scheme 18), the 

attachment and cleavage of alcohol 108a was performed (paths b and c, Scheme 18) and excess 

anhydrous MeOH was added (path d, Scheme 18). Resin 109b was washed thoroughly with 

MeOH and DCM then dried under high vacuum before it was re-activated using TEOTFB. The 

same batch of resin was recycled five times using the method demonstrated in Scheme 18. 

Furthermore, the possibility of recycling directly from resin 114 was investigated. Resin 114 was 

washed thoroughly with DCM after cleavage of 108a, and then re-used three times. The yields 

for both investigated methods are summarised in Table 6. 

 

Table 6. Isolated yield for recycling PS-Tr resin starting from 109b and 114. 

Resina Cycle 1b  

(%) 
Cycle 2b

(%) 
Cycle 3b

(%) 
Cycle 4b  

(%) 
Cycle 5b

(%) 

109b 90 58 58 42 20 

114 90 58 58 - - 
aResin 56 (300 mg, loading ~ 1.7 mmol/g), the same batch of resin in all cycles. 
bThe yield was calculated by weight of recovered alcohol 108a after cleavage using the resin loading 
specified by the supplier. 
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The yield for recycling resin 109b and 114 was highest after the first cycle (90%), followed by a 

radical decrease in yields in the subsequent cycles. The drop in the yields for recycling resin 109b 

can be explained by the presence of trace amounts of water during the activation using TEOTFB 

which results in the formation of ethanol as a by-product. The ethanol can in turn react with 

intermediate 110 and ethyl trityl ether is obtained. The decrease in yield observed for the 

recycling of resin 114 can also be explained by the presence of water, which in this case results in 

formation of resin 113 as a by-product. The decrease in yield will be discussed further below. 

 

8.2.3 Elucidation of the Intermediates Involved in Recycling Trityl Resin 

To elucidate the accurate identity of the intermediates, when the trityl resin is recycled using the 

method described in Scheme 18 the same reactions were repeated in solution and the isolated 

products were characterised by NMR spectroscopy (Scheme 19). To confirm the hypothesised 

mechanism for recycling of the resin via 109b, methyl trityl ether (116) was exposed to TEOTFB 

which led to the observation of a bright yellow reaction mixture (path b, Scheme 19). The colour 

disappeared instantly upon the addition of 108a and trityl ether 118 was obtained in 20 % isolated 

yield. The low yield could be caused by the formation the HBF4 as by-product that due to its 

acidic properties can hydrolyse the desired product. Increasing the amount of TEOTFB or heating 

the reaction mixture led to the formation of the ethyl ether of 108a and triphenylmethane 

respectively (data not shown). The mechanism involves alkylation of the oxygen atom of 116, 

followed by dissociation which results in the formation of 117 and ethyl methyl ether. This 

suggested mechanism explains the decrease in yield obtained and summarised in Table 6 when 

resin recycling was investigated (section 8.2.2). The formed polymer supported ethyl trityl ether 

is sterically hindered and therefore the suggested alkylation of the ether oxygen is suppressed.  
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Scheme 19. Reaction pathways for the formation of trityl ether 118. Reagents and conditions: a) 
MeOH, reflux, 3 h.185 b) TEOTFB (0.9 equiv), DCM, rt, 15 min. c) 108a (1 equiv). d) 5% TFA in 
DCM, rt, 15 min. 

 

The formation of ether 118 was also confirmed performing the synthesis via intermediate 116 

starting from trityl chloride (115) and 116 (path d, Scheme 19). Starting from 116, it is assumed 

that TFA activation contributes to the formation of HCl gas which is released and intermediate 

119 is obtained. The suggested mechanism for TFA activation starting from 116 is based on an 

assumed protonation of the ether oxygen followed by dissociation of methanol which results in 

119. The later mechanistic suggestion implies that the decreased yield for resin recycling using 

TFA which is summarised in Table 6 can be explained by the presence of water, which can be 

assumed to react with resin 114 and result in formation of 113 as by-product. 
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8.3 Conclusion 

This chapter concerned the development of an efficient method for trityl resin activation and 

recycling. The developed method comprised the use of TEOTFB as a reagent for the desired 

activation of PS-Tr-Cl which resulted in the formation of a reactive resin-bound intermediate 110. 

The attachment of different substrates including primary alcohols, secondary alcohols, halogen-

containing alcohols and anilines was performed and the obtained yields after cleavage of the 

substrates ranged from 4490%. Furthermore, resin recycling was investigated in parallel using 

two different methods, one using TEOTFB and the other employing TFA as reagents. The highest 

yield (90%) was obtained in the first cycle using both methods. The drastic decrease in the yields 

obtained in the following cycles can be assumed to be a result of water present in the reaction 

mixtures that causes the regeneration to stop. To confirm the accurate identity of the hypothesised 

intermediates in the suggested reactions steps, reactions were performed in solution and the 

products were characterised by NMR spectroscopy.  



 
 

  



69 
 

9 

Concluding Remarks and Future Perspectives  

 

This thesis focused on the design and development of synthetic routes leading to non-

hydrolysable analogues of aa-AMP. Aa-AMP is considered to be the key intermediate in the 

synthesis of aminoacyl-tRNAs which is catalysed by the aaRSs.  

Novel solution-phase and solid-phase protocols for the synthesis of sulfamoyl-based analogues of 

aa-AMP were presented in Chapters 4 and 5. Further development of a protective group strategy 

that would enable even milder deprotection conditions than those presented here would be 

advantageous. Docking studies in Brugia asparginyl-tRNA synthetase have been performed in 

collaboration with Prof. Leslie Kuhn’s group for the identification of potential lead compounds 

useful for development of drugs against lymphatic filariasis. The analysis suggests that the 

introduction of a C2-substituent in the adenine subunit is the best way to gain specificity for the 

Brugia tRNA synthetase. The synthesis of a focused library of follow up compounds and their 

biological evaluation would be the next logical step in the progression of this project. Potentially 

useful compounds derived from the follow up study can then be optimised to improve binding, 

potency, solubility and other pharmacokinetic properties. 

Conformational analysis was used to identify the potential bioactive conformation of the aaRS 

inhibitors. The derived model was used to evaluate existing analogues and to design novel 

analogues of aa-AMP. Synthesis and biological evaluation of the designed compounds would 

make an exciting subject of future research. 

Novel ribose-free purine-based aa-AMP analogues were designed, synthesised and evaluated in a 

biological assay. An extended series of compounds will be synthesised in order to study the SAR 

concerning this type of derivatives. 

A mild efficient activation and recycling method for trityl resin was discovered during the 

experimental work presented in the thesis. Further optimisation of the trityl resin activation and 

recycling using trimethyloxonium tetrafluoroborate as the activating reagent is needed, for 

example by exclusion of moisture to eliminate the possibility of the side-reaction discussed in 

Chapter 8. 
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A beneficial long-term aim of this thesis project would be the design and synthesis of a potent 

low molecular weight compound that is selective for Brugia tRNA synthetase. The establishment 

of relevant in-house biological assays for the quick evaluation of synthesised compounds against 

different aaRSs would be desirable for more efficient development of aaRS inhibitors. 
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Appendix B 

Synthesis of Sulfamoyloxy-Linked N-Terminally Modified Aminoacyl-AMP Analogues  

 

 

Scheme B1. Synthesis of target compounds 73 and 74. Reagents: a) Dichloroacetyl chloride (12.5 equiv), 

110 °C, 4 h. b) PS-DCC (2 equiv), DMAP (1.5 equiv), rt, 20 h. c) TFA:water (2:4, v/v). 

 

 

Experimental Procedure 

General 

All commercial chemicals were used without prior purification. Dichloromethane was distilled 

from calcium hydride. All reactions were followed by TLC (Merck silica gel 60 F254) and 

analysed under UV light (254 nm). Column chromatography was performed by manual flash 

chromatography (wet packed silica, 0.040.063 mm) or by automated column chromatography 

on a Biotage SP-4 instrument using pre-packed columns. Preparative HPLC was carried out on a 

Waters 600 controller connected to a Waters 2487 Dual λ Absorbance detector using a Atlantis® 

Prep T3 5 µm C-18 (250 × 19 mm) column. 1H (400 MHz) and 13C (100 MHz) NMR spectra 

were recorded using a JEOL JNM-EX 400 spectrometer.  

 

(S)-2-(2,2-Dichloroacetoxy)-4-methylpentanoic acid (122). (S)-2-Hydroxy-4-methylpentanoic 

acid (0.2 g, 1.6 mmol, 121) was added to dichloroacetyl chloride (2.0 mL, 20.0 mmol) and heated 

to 110 °C for 4 h. The excess dichloroacetyl chloride was removed in vacuo. Purification by 

column chromatography (MeOH:DCM gradient 2-20% v/v) gave compound 122 as a colourless 

oil (0.3 g, 1.2 mmol, 75%). 1H NMR (CDCl3) 0.98 (s, 3H, CH3), 0.99 (s, 3H, CH3), 1.792.00 (m, 

3H, CH(CH3)2 and CH2), 5.19 (dd, 1H, J = 10.0, 3.6 Hz, CHCH2), 6.01 (s, 1H, CH(Cl)2).  
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2ʹ,3ʹ-Isopropylidene-5ʹ-O-sulfamoyladenosine (64). Using a modified literature procedure,106 

water (0.4 mL) was added drop-wise to an ice-cooled solution of chlorosulfonylisocyanate (2.0 

mL, 23.0 mmol) in acetonitrile (20 mL). The mixture was allowed to reach room temperature and 

stirred for 15 min. The solution was concentrated in vacuo by co-distilling with toluene (20 mL) 

yielding chlorosulfonamide as white crystals (2.6 g, 22. 5 mmol, 98% crude yield). 2ʹ,3ʹ-

Isopropylideneadenosine (2.0 g, 6.5 mmol) was suspended in DCM (20mL) and DBU (2.0 mL, 

22.5 mmol) was added. Chlorosulfonamide was suspended in DCM (10mL) and added drop-wise 

to the reaction mixture for 10 min. The solution was stirred for 15 h and the solvent was removed 

under reduced pressure. Purification by column chromatography (MeOH:ethyl acetate 1:9 v/v) 

gave the sulfamate 64 as a light yellow-green solid (2.4 g, 6.3 mmol, 97%). NMR data were in 

agreement with published data.106 

 

2ʹ,3ʹ-O-Isopropylidene-5ʹ-O-[(4-methylpentyl)sulfamoyl]adenosine (123). 4-Methyl pentanoic 

acid (0.2 mL, 1.5 mmol, 120) was suspended in DCM (7 mL), PS-DCC (1.3 g, 2 mmol, 1.6 

mmol/g) was added and the reaction mixture was agitated gently for 1 h. Sulfamate 64 (0.2 g, 0.5 

mmol) and DMAP (0.2 g, 1.5 mmol) were dissolved in DCM/DMF (2 mL, 3:1 v/v) and added 

drop-wise to the reaction flask. The reaction mixture was agitated at room temperature for 15 h. 

The resin was filtered off and washed with DCM (3 × 4 mL) and MeOH (3 × 4 mL). The 

combined filtrate was concentrated in vacuo. Purification by column chromatography 

(MeOH:DCM gradient 220% v/v) gave compound 123 as white crystals (0.2 g, 0.4 mmol, 

80%). 1H NMR (DMF-d7) δ 0.84 (d, 6H, J = 6.59 Hz, CH2CH(CH3)2), 1.391.57 (m, 3H, 

CH2CH(CH3)2), 1.38 (br s, 3H, CH3 isopropylidene), 1.58 (s, 3H, CH3 isopropylidene), 2.10-2.16 

(m, 2H, CH2CH2CH(CH3)2), 4.184.27 (m, 2H, CH2-5ʹ), 4.484.52 (m, 1H, CH-3ʹ), 4.914.97 

(m, 1H, CH CH2CH(CH3)2, 5.17 (dd, 1H, J = 2.56, 6.22 Hz, CH-4ʹ), 5.48 (dd, 1H, J = 2.93, 5.86 

Hz, CH-2ʹ), 6.30 (d, 1H, J = 2.93 Hz, CH-1ʹ), 8.21 (s, 1H, CH-2), 8.54 (s, 1H, CH-8). 13C NMR 

(DMF- d7) δ 22.2, 24.9, 26.9, 27.8, 37.6, 82.3, 84.4, 84.6, 90.1, 113.6, 119.6, 140.1, 149.7, 153.1, 

156.7. 
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2ʹ,3ʹ-O-Isopropylidene-5ʹ-O-[(S)-2-(2,2-dichloroacetoxy)-4-

methylpentyl)sulfamoyl]adenosine (124). Compound 122 (0.3 g, 1.0 mmol) was suspended in 

DCM (7 mL) and PS-DCC (1.3 g, 2 mmol, 1.6 mmol/g) was added and the reaction mixture was 

agitated gently for 1 h. 2ʹ,3ʹ-Isopropylidene-5ʹ-O-sulfamoyladenosine 64 (0.2 g, 0.5 mmol) and 

DMAP (0.2 g, 1.5 mmol) were dissolved in DCM/DMF (2 mL, 3:1 v/v) and added drop-wise to 

the reaction flask. The reaction mixture was agitated at room temperature for 20 h. The resin was 

filtered off and washed with DCM (3 × 4 mL) and MeOH (3 × 4 mL). The combined filtrate was 

concentrated in vacuo. Purification by column chromatography (MeOH:DCM gradient 220% 

v/v) gave compound 124 as white crystals (0.2 g, 0.4 mmol, 80%). 1H NMR (DMF-d7) δ 0.90 (d, 

3H, J = 5.86 Hz, CH2CH(CH3)2), 0.93 (d, 3H, J = 6.20 Hz, CH2CH(CH3)2), 1.38 (s, 3H, CH3 

isopropylidene), 1.58 (s, 3H, CH3 isopropylidene), 1.701.82 (m, 3H, CH2CH(CH3)2), 4.19 (d, 

2H, J = 4.39 Hz, CH2-5ʹ), 4.494.54 (m, 1H, CH-3ʹ), 4.914.97 (m, 1H, CH CH2CH(CH3)2, 5.14 

(dd, 1H, J = 2.20, 6.22 Hz, CH-4ʹ), 5.41 (dd, 1H, J = 3.30, 5.86 Hz, CH-2ʹ), 6.28 (d, 1H, J = 3.30 

Hz, CH-1ʹ), 6.92 (s, 1H, CH(Cl)2), 8.21 (s, 1H, CH-2), 8.57 (s, 1H, CH-8). 13C NMR (DMF-d7) δ 

21.2, 23.0, 24.9. 27.0, 40.1, 40.7, 65.6, 65.7, 75.9, 77.7, 82.4, 84.4, 90.1, 113.5, 139.8, 153.1, 

156.7, 164.5, 164.6, 173.3. 

 

(2RS)-5ʹ-O-[(4-Methylpentyl)sulfamoyl]adenosine (73). Compound 123 (87 mg, 0.2 mmol) 

was stirred in water/TFA (2 mL, 2:4, v/v) for 60 min at room temperature. The TFA was removed 

by a stream of nitrogen gas for 15 min. The residual water was removed by freeze drying. The 

crude product was purified using preparative HPLC (100% A to 100% B in 45 min then 15 min 

100% B; A corresponding to 0.1% TFA in MQ water and B corresponding to 0.1% TFA in 

AcCN, flow rate 14 mL/min) yielding 73 (30 mg, 0.07 mmol, 35%). 1H NMR (DMF-d7) δ 0.84 

(d, 3H, J = 2.20 Hz, CH2CH(CH3)2), 0.86 (d, 3H, J = 2.20 Hz, CH2CH(CH3)2), 1.421.59 (m, 3H, 

CH2CH(CH3)2), 2.372.43 (m, 2H, CH2CH2CH(CH3)2), 4.324.37 (m, 1H, CH2-3ʹ), 4.45 (m, 1H, 

CH-4ʹ), 4.614.68 (m, 2H, CH2-5ʹ) 4.78 (t, 1H, J = 5.13 Hz, CH-2ʹ), 6.14 (d, 1H, J = 5.13 Hz, 

CH-1ʹ), 8.54 (s, 1H, CH-2), 8.67 (s, 1H, CH-8). 13C NMR (DMF-d7) δ 21.9, 27.6, 33.6, 33.9, 

70.9, 72.0, 74.4, 82.2, 88.8, 119.6, 141.2, 147.7, 149.3, 162.8, 171.9. HRMS m/z [M + H]+ 

calculated for C16H24N6O7S: 445.1498. Found: 445.1497. 
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(2RS)-5ʹ-O-[((S)-2-Hydroxy-4-methylpentyl)sulfamoyl]adenosine (74). Compound 124 (118 

mg, 0.2 mmol) was stirred in water/TFA (2 mL, 2:4, v/v) for 60 min at room temperature. The 

TFA was removed by a stream of nitrogen gas for 15 min. The residual water was removed by 

freeze drying. The crude product was purified using preparative HPLC (100% A to 100% B in 45 

min then 15 min 100% B; A corresponding to 0.1% TFA in MQ water and B corresponding to 

0.1% TFA in AcCN, flow 14 mL/min) yielding 74 as white crystals (10 mg, 0.02 mmol, 11%). 
1H NMR (DMF-d7) δ 0.89 (d, 3H, J = 4.03 Hz, CH2CH(CH3)2), 0.91 (d, 3H, J = 4.03 Hz, 

CH2CH(CH3)2), 1.371.60 (m, 3H, CH2CH(CH3)2), 4.194.24 (m, 1H, CHCH2CH(CH3)2, 4.31-

4.35 (m, 1H, CH-3ʹ), 4.414.46 (m, 1H, CH2-4ʹ), 4.604.69 (m, 2H, CH2-5ʹ), 4.79 (t, 1H, J = 5.13 

Hz, CH-2ʹ), 6.12 (d, 1H, J = 5.13 Hz, CH-1ʹ), 8.35 (s, 1H, CH-2), 8.46 (s, 1H, CH-8). 13C NMR 

(DMF-d7) δ 21.2, 23.3, 24.4, 44.1, 58.9, 70.1, 70.7, 76.2, 84.4, 94.2, 120.2, 139.9, 140.1, 149.6, 

157.4, 162.8. HRMS m/z [M + H]+ calculated for C16H24N6O8S: 461.1447. Found: 461.1447. 
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Appendix C 

All calculations were performed using Macromodel v.9.1 and all superimpositions were 

performed using Maestro v. 7.5.186 The conformational search was performed using the 

systematic torsional sampling (SPMC) method in simulated water and OPLS_2005 as the force 

field.147,148  Two different X-ray structures were imported from PDB: 1. 1e1t- the crystal structure 

of lysyl-tRNA synthetase in complex with lysyl-adenylate (Figure 17a).145 2. 1fyf- the crystal 

structure of threonyl-tRNA synthetase in complex with a seryl-adenylate analogue (Figure 

17c).146 The X-ray structure of lysyl-tRNA synthetase complexed with lysyl-adenylate 

intermediate (1e1t, resolution 2.10 Å) and the X-ray structure of threonyl-tRNA synthetase 

complexed with a seryl-adenylate analogue (1fyf, resolution 1.65 Å) were both from Escherichia 

coli. The ligands in the imported X-ray structures (lysyl-adenylate intermediate and seryl-

adenylate analogue) were simplified by the deletion of the amino acid side chains and N-

terminals. From ligand 95, nine different conformations were derived and all of which were 

superimposed with the substrates from the X-ray structures of 1e1t and 1fyf (Figure 17c). A 

putative bioactive conformation was derived from the X-ray structures and the bioactive 

conformation of 95 was superimposed on all derived conformations of 96ah and 97ai. 
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Appendix D 

Thermodynamic ITC Experiments 

The ITC experiment measures the heat absorbed or evolved when a bonding interaction occurs 

between a ligand and a receptor/enzyme. Figure D1 shows a simulated example of raw data that 

can be obtained from an ITC experiment.169  

 

Figure D1a. Simulated raw data and b. the theoretical curve fitted to the data (b) 

 

The needle shaped peaks in Figure D1a correspond to the heat evolved (exothermic interaction) 

upon the addition of the ligand (known amount and concentration of ligand added in subsequent 

injections) and each peak represents a single injection. The amount of heat evolved decreases and 

becomes constant when the receptors are saturated with ligand. The peaks observed after receptor 

saturation represent the heat of dilution and are subtracted from all peaks before analysis. The 

corrected area under each peak corresponds to the heat evolved and the amount of heat evolved 

for the simplest case, in which the protein has one binding site. This can be represented by 

Equation D1.  

 

Equation D1 ࡽ ൌ ࢂ ൈ ࡴ∆ ൈ ࢚ሿࡹൣ ൈ ࢋࡷ ൈ ሾࡸሿ/ሺ  ࢋࡷ ൈ ሾࡸሿሻ 

 

Where V0 = the volume of the cell, H = the enthalpy of binding per mole of ligand, [M]t = the 

total protein concentration including bound and free fractions, Keq = the binding constant and [L] 

= the free ligand concentration.169,187,188 

 

Figure D1b shows a simulated example of the integrated data (heat vs. concentration) along with 

a nonlinear regression fit corresponding to one binding site. The H, Keq and N values can be 

a

Keq = KD 
N = Stoichiometry 

H 

b

1 

-10 

10 

Keq = KD 
N = Stoichiometry 

H 

a b

1 

-10 

10 

µ
ca

l/s
ec

 

Time 

kc
al

/m
ol

 



82 
 

determined from the plot. H corresponds to the maximum heat evolved minus the minimum 

heat evolved. Keq corresponds to the slope of the nonlinear regression fit. The N value 

corresponds to the theoretical heat produced for the 1:1 complex formation between the ligand 

and the receptor. A simplified typical interaction between a receptor and ligand is illustrated in 

Figure D2.  

 

 
Figure D2. Illustration of a simplified binding interaction between a receptor and a ligand. 

 

There are three entities in equilibrium in solution; free receptor, free ligand and the complex 

(Figure D2). The important thermodynamic relationships are summarised in EquationD24. 

 

Equation D2 ࢋࡷ ൌ ቄ
ሾ	࢞ࢋሿ

ሾ࢚࢘ࢋࢉࢋࡾሿ
ൈ ሾࢊࢇࢍࡸሿቅ  ࢛࢘࢈࢛ࢋ

 

The equilibrium constant Keq corresponds to the relationship calculated using Equation D2. The 

Gibbs free energy change G can be calculated using Equation D3.  

 

Equation D3 ∆ࡳ ൌ െࢀࡾ	 ܖܔ  ࢋࡷ	

 

Where R is the universal gas constant, T is the temperature in Kelvin and Keq is derived from 

FigureD1b. The entropy of binding can be derived using Equation D4. 

 

Equation D4 ∆ࡳ ൌ ࡴ∆ െ   ࡿ∆ࢀ
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