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Abstract 

 

In the last decade, dynamic combinatorial mass spectrometry (DCMS) with protein targets 

has emerged as a promising method for the identification of enzyme-inhibitors. 2-

Oxoglutarate (2OG) oxygenases are involved in important biological processes related to 

many diseases; several human 2OG oxygenases are targeted for pharmaceutical intervention. 

This thesis describes inhibition studies on three 2OG oxygenases using DCMS and structure 

activity relation (SAR) studies. 

Disulphide based DCMS was used for the identification of N-oxalyl based lead inhibitors for 

the 2OG oxygenase AlkB from Escherichia coli. Crystallographic analyses of AlkB with a 

lead inhibitor assisted in the design of a second generation of inhibitors using N-oxalyl, 

pyridyl and quinolinyl scaffolds. Crystallographic and kinetic data of three potent and 

selective AlkB inhibitors validates the DCMS approach for the development of 2OG 

oxygenase inhibitors. 

The hypoxia inducible factor hydroxylase, prolyl hydroxylase domain 2 (PHD2), was then 

used as the model enzyme for the development of a novel DCMS approach employing the 

reversible reaction of boronic acids with diols to form boronate esters. The ‘boronate’ DCMS 

method was used to identify pyridyl- substituted lead compounds. Further modification of the 

pyridine scaffold, based on structural analyses, led to the development of highly potent and 

selective PHD2 inhibitors. 

To identify inhibitors for the fat mass and obesity associated protein (FTO), another 2OG 

oxygenase, an inhibition assay was developed. The inhibition assay was used in conjunction 

with a differential scanning fluorimetry (DSF) binding assay to identify isoquinolinyl and 

pyridyl inhibitor scaffolds, related to those used in the DCMS studies. FTO complexed 

structures of these compounds, and with a natural product anthraquinone, enabled the design 

and synthesis of new inhibitors that are both co-substrate and substrate competitors of FTO. 

One such compound proved to be a potent FTO inhibitor with improved selectivity over other 

2OG oxygenases.   

Overall, the work validates the use of DCMS methods for the development of potent and 

selective inhibitors for 2OG oxygenases, and by implication of other enzyme families. 
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Chapter 1. Introduction 

 

1.1     Fe(II) and 2-oxoglutarate dependent dioxygenases 

 

Fe(II) and 2-oxoglutarate dependent dioxygenases (2OG oxygenases) are non-haem enzymes 

which depend on 2-oxoglutarate (2OG) and iron for their catalytic activity (Figure 1. 1).[1-4] 

2OG oxygenase family enzymes are present in plants, microorganisms and animals where 

they catalyse a wide variety of biologically important reactions. In humans about 60 members 

of the family are predicted by genomic studies; however, there is limited information 

regarding the function(s) of some 2OG oxygenases.[5, 6] In humans, 2OG oxygenases catalyse 

hydroxylation and hydroxylation mediated demethylation of a number of diverse substrates. 

Through this catalytic mechanism they are involved in important biological processes 

including oxygen sensing, modification of nucleic acid alkylation repair and epigenetic 

modifications (Figure 1. 2).[7, 8] 

 

 

Figure 1. 1 General reaction catalysed by 2OG oxygenases. 
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Figure 1. 2 Outline summary of reactions catalysed by human 2OG oxygenases. Assigned or potential 

roles of these reactions are in red. 

 

1.1.1 Mechanism of 2OG oxygenases 

 

Work to date indicates that most, if not all, 2OG oxygenases share a substantially common 

catalytic mechanism. This has been extensively studied using crystallographic and 

spectroscopic analyses.[3, 9-11] Fe(II) is normally chelated in the active site of 2OG oxygenases 

through interactions with three residues, usually two histidines and one aspartic or glutamic 
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acid (Figure 1. 3 A).[2, 12, 13] The other three ligand binding sites around the iron (which is 

bound in an octahedral coordination) are filled by 2-3 water molecules when the enzyme is in 

the ‘resting state’, Figure 1. 4).  

 

 

Figure 1. 3 View from the crystal structure of a representative 2OG oxygenase (E. coli AlkB) with 

Fe(III) and A) 2OG, B) 2OG and substrate (3-methylthymidine) complexes (PDB ID: 3I2O, 1.7 A 

resolution).[14] The figure was generated using Pymol. 

 

Once bound, 2OG chelates the iron via the oxalyl group with the C-2 carbonyl positioned 

trans to the aspartyl/glutamyl residue (Figure 1. 3 B). The C-1 carboxylate chelation position 

varies within members of the family; it is usually positioned to enable the C-5 carboxylate to 

adopt electrostatic interactions with basic residues in the active site (Figure 1. 3 B).[1]
 Binding 

of the ‘prime’ substrate in the active site displaces, or weakens binding of, the remaining 

iron-bound water molecule, allowing dioxygen to bind at the position vacated by the water (1, 

Figure 1. 4).[3, 11, 15] A key step in the catalytic cycle is the oxidative reaction of 2OG and 

dioxygen at the iron centre, which results in the formation of a reactive Fe(IV)-oxo 

intermediate, with concomitant decarboxylation of 2OG to form succinate and CO2. It is 

believed that the dioxygen forms a peroxide containing six membered ring with 2OG and iron 

(2, Figure 1. 4), which then reacts to form succinate, CO2 and the Fe(IV)=O (ferryl) species 

(3, Figure 1. 4). The ferryl group is sufficiently reactive to abstract a hydrogen from the 

prime substrate to generate Fe(III)-OH and R1R2CH· (4, Figure 1. 4). These two species then 

react together to form the hydroxylated product and regenerating Fe(II).[16-20] The 
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hydroxylated substrate and succinate can leave the active site, either returning the enzyme to 

the ‘resting state’ (via water binding) or allowing another molecule of 2OG to bind the iron, 

thus beginning a new catalytic cycle.[21] It should be noted that even though this catalytic 

cycle is conserved, variations in the rate determining step,[22] formation of intermediates or 

product release[23] have been observed for different members of the 2OG oxygenase family. 

 

 

Figure 1. 4 Consensus mechanism for 2OG oxygenase catalysed oxidation.  
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1.2     Biological roles of 2OG oxygenases  

 

1.2.1 Oxygen sensing 

 

2OG oxygenases have been shown to play roles in oxygen sensing and hypoxia adaptation 

mechanisms in animals. In humans, four 2OG oxygenases (PHD1-3, FIH) are involved in 

regulation of the hypoxia inducible factor (HIF) in an oxygen dependent way. HIF is a 

heterodimeric transcription factor that activates the transcription of genes that are associated 

to the hypoxia response elements (HRE), including vascular endothelial growth factor 

(VEGF), erythropoietin (EPO) and glycolytic enzymes (Figure 1. 5).[24-26] Both subunits of 

heterodimeric HIF (α, β) belong to the basic helix-loop-helix (bHLH) PAS protein family and 

are constantly produced in cells (Figure 1. 5). Human HIFα exists in three isoforms HIF1α, 

HIF2α and HIF3α;[27, 28] while HIF1α is produced in most tissues, HIF2α and HIF3α have 

more restricted expression patterns.[29-34] In hypoxic conditions ([O2] < 1 %) the PHD and 

FIH activity is reduced, stabilising HIF1α/2α which is transported to the nucleus where it 

dimerises with HIFβ and binds the transcription cofactor p300/CBP (Figure 1. 5). It has been 

demonstrated that stabilisation of HIF1α and HIF2α protects against acute cardiac 

ischemia[35-37] and results in cardioprotection.[38] Moreover, upregulation of HIFα can be used 

in the treatment of anaemia.[39, 40] 
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Figure 1. 5 Increased transcription of genes with hypoxia response elements is mediated by HIF 

under hypoxic controls. 

 

Under normal physiological oxygen levels (normoxia), HIFα, which is present in the 

cytoplasm, undergoes proline hydroxylation by the Fe(II) and 2OG dependent HIF prolyl 

hydroxylases (PHD1-3) at the N- and C- terminal oxygen-dependent degradation domains 

(NODD and CODD, Figure 1. 6) in an oxygen dependent manner.[41] In an apparently 

complimentary mechanism, another 2OG oxygenase, factor inhibiting HIF (FIH), catalyses 

hydroxylation of an asparagyl residue in the C- terminal transactivation domain (CAD) of 

HIFα (Figure 1. 6).[1, 5] Hydroxylation at this position blocks binding of the transcriptional 

activator p300/CBP to the HIFα/β heterodimer, negating transcriptional activation of HIF 

target genes (Figure 1. 6). FIH catalysis is dependent on oxygen, enabling oxygen dependent 

regulation of p300/CBP binding.[42-45] However, FIH appears to be less sensitive to oxygen 
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levels than the PHD’s, suggesting that the two regulatory mechanisms respond differently to 

oxygen stress.[46]  

Proline-residue hydroxylation, which is catalysed by PHD1-3 leads to increased binding of 

HIFα isoforms to the von Hippel-Lindau complex, resulting in ubiquitination and degradation 

of HIFα via the proteasome pathway (Figure 1. 6). PHD1-3 share homology in the C-terminal 

catalytic domains, but differ in their N-terminal sequences[47] and functionally in terms of 

their expression, cellular localisation, tissue distribution, and catalytic activity.[48-50] Several 

lines of evidence have shown that PHD2, out of the three human isoforms (PHD1-3), is the 

most important in humans.[48, 51] siRNA studies indicate that decreased levels of PHD2 are 

sufficient for HIF1α upregulation (at least in some contexts),[52] whereas low expression of 

PHD1 and PHD3 results in upregulation of HIF2α.[53] Another siRNA study has also shown 

that PHD2 suppression is enough for HRE transcription even when FIH is still active.[52] 

Other studies imply that PHD2 has a more important role in normoxia and modest hypoxia, 

whereas FIH is a more important regulator of HIFα in severe hypoxia.[54] Overall, PHD2 is 

considered the key regulator of HIF1α levels under most conditions.[47, 52, 55] There are likely 

many more regulatory mechanisms that control HIF function. However, its hydroxylation by 

the PHDs, and especially PHD2 in the case of HIF1α, appears to be a fundamental regulatory 

mechanism. As a consequence, PHD2 has been targeted for pharmaceutical intervention. 

 



8 
 

 

Figure 1. 6 Oxygen dependent regulation of HIF1α by FIH and the PHDs. 

 

1.2.2 DNA/RNA modification 

 

Modifications of nucleic acid bases can cause cytotoxic/mutagenic DNA damage which has 

been associated with cancer, neurological disease and developmental defects.[56, 57] Post-

transcriptional modifications (PTMs) to RNA (mRNA, tRNA etc.) are also critical for proper 

RNA folding, stability, and function.[58] These RNA and DNA modifications include 

alkylation of the sugar or the base of the nucleoside by an alkylating agent and more complex 

modifications occurring after multiple enzymatic steps.[59-61] Base methylation is the most 

common modification observed.[59, 60] The repair mechanisms include excision of methylated 

DNA bases from glycosylases and transfer of alkyl groups from other lesions onto a cysteine 

residue by DNA methyltransferases in order to repair alkylated DNA.[62-64] A third repair 

mechanism identified is the oxidative demethylation of bases by nucleic acid oxygenases 
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(NAOXs), that are members of the 2OG oxygenase superfamily.[65] The E. coli demethylase 

AlkB,[57] the human AlkB homologues (AlkBH 1-8), the fat mass and obesity protein (FTO) 

and the ten-eleven translocation enzymes (TETs1-3) are members of this family.[66-68] 

NAOXs initially hydroxylate nucleic acid bases. In the case of N-methylated bases, 

hydroxylation forms unstable hemiaminals which degrade to the demethylated base and 

formaldehyde (Figure 1. 7). 

AlkB demethylates 1-methyladenine and 3-methylcytosine in single stranded DNA and RNA 

(ssDNA and ssRNA). AlkBH3 has been found to catalyse demethylation on a similar set of 

substrates as AlkB in humans. Another human analogue of AlkB, AlkBH2 demethylates 1-

methyladenine and 3-methylcytosine nucleosides on double stranded DNA (dsDNA) but 

apparently has no activity on RNA.[69] Another member of AlkBH family, AlkBH8 has no 

demethylase activity; it instead hydroxylates 5-methoxycarbonylmethyluridine on tRNA to 

form 5-methoxycarbonylhydroxymethyl uridine.[66] The differentiated function of AlkBH8 

compared to AlkBH2-3 implies that other members of the AlkBHs may have diverse roles.[61] 

FTO catalyses demethylation of 3-methylthymidine in ssDNA and 3-methyluracil and 6-

methyladenine in ssRNA (Chapter 3). Recently the TET enzymes have been reported to 

catalyse hydroxylation of 5-methylcytosine to give 5-hydroxymethylcytosine[70] and 5-

carbonylcytosine analogues (Figure 1. 7).[71] 
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Figure 1. 7 Exemplary modifications of nucleic acid bases by NAOXs and outline demethylation 

mechanisms. 

 

1.2.3 Epigenetic regulation 

 

The field of epigenetics can be defined as ‘the study of heritable phenotypes resulting from 

changes in a chromosome without alterations in the ‘ATGC’ DNA sequence’.[72, 73] DNA 

(~160 base pairs) is wrapped around 8 histones to form nucleosomes.[74] The modifications of 

amino acid residues on histone proteins are in part involved in epigenetic regulation of gene 

expression, and are currently of considerable interest. The N-terminal regions on histones 

have multiple basic and nucleophilic residues such as lysines and arginines that undergo 
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PTMs.[75-77] Methylation, which can occur on both lysines and arginines, has been identified 

on multiple sites on histones and is linked transcriptional activation and repression as well as 

the DNA damage response.[72, 78] The first class of histone demethylase (KDM) was 

discovered in 2004 followed by the identification of several KDMs.[79] This class, the lysine 

specific demethylases (LSDs), employ a flavin cofactor and catalyse removal of the methyl 

group via concomitant reduction of flavin adenine dinucleotide (FAD, Figure 1. 8).[80] The 

precise mechanism for this redox reaction is unclear, although it is likely to involve a hydride 

transfer process from the methyl group onto FAD (Figure 1. 8). The larger class of KDMs, 

the JmjC demethylases, are 2OG oxygenases; demethylation by these enzymes proceeds via 

an analogous mechanism to NAOX catalysis (Figure 1. 8). About 15 human 2OG dependent 

demethylases have been identified to date; they catalyse demethylation of different 

modification sites and can also accept mono-, di-, and trimethylated lysines as substrates 

(Table 1. 1). 

 

 

Figure 1. 8 Lysine demethylation by LSD (top) and JmjC (bottom) demethylases.  
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Table 1. 1 JmjC demethylases and some of their substrates. 

Lysine demethylases (KDMs) Substrate 

FBXL10/FBXL11 H3K36Me2/Me 

JMJD1A/JMJD1B H3K9Me2/Me 

JMJD2A/JMJD2B/JMJD2C H3K9Me3/Me2, H3K36Me3/Me2 

JMJD2D/JMJD2E H3K9Me3/Me2 

JARID1A/JARID1B/JARID1C/JARID1D H3K4Me3/Me2 

JMJD3/UTX H3K27Me3/Me2 

 

1.3     Non Denaturing Electrospray Ionisation Mass Spectrometry 

  

Electrospray Ionisation Mass Spectrometry (ESI-MS) is a well-established mild ionisation 

technique wherein sample protonation occurs at atmospheric pressure.[81] Samples flow 

through a capillary with an electrostatic charge at the tip, which enables charge separation in 

solution since molecules with the opposite charge to the capillary are withheld in the capillary 

while molecules with the same charge as the capillary are slowly released in the form of 

droplets (Figure 1. 9 A). These droplets, after traveling through a gradient of pressure and 

potential under desolvation gas (N2), decrease in size until the electrostatic repulsion within 

the droplets results in a coulombic explosion, during which formation of smaller droplets of 

multiple (different) charges occurs (Figure 1. 9 A). A big advantage of this technique is that 

the use of acidic solutions is often not necessary for the protonation of the sample because of 

the charge applied on the capillary.[82, 83] The ability to generate protonated species under 

physiological pH makes ESI-MS applicable to biomolecules and especially proteins. Usually 

protein mass spectrometry occurs in 1:1 water/organic solvent (MeOH, CH3CN) solution in 

the presence of 0.1-0.2% formic acid (to provide the required protonation for mass 

spectrometry) which results in partial and some cases complete denaturation of the protein. 

ESI-MS samples can be prepared in buffers; most buffers however (as salts) interfere with the 
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ionisation of the sample and broaden the MS peaks, and are therefore not compatible with 

mass spectrometry.  

Ammonium acetate and ammonium bicarbonate are volatile buffers that can often be used in 

ESI-MS without interfering with the ionisation/desolvation procedure. These buffers are not 

very commonly used in chemical biology; protein samples thus have to be desalted and buffer 

exchanged into a volatile buffer prior to MS experiments. 

The development of nanospray ESI sources has further advanced non denaturing ESI-MS 

further. In the nanospray technique, the rate of sample flow is decreased thus forming smaller 

droplets from the capillary, reducing sample consumption (Figure 1. 9 B). Sample signal is 

also improved even in the presence of small amounts of non-volatile cations such as salts.[84] 

Protonation of samples can take place in ESI-MS without extensive unfolding of the protein. 

The mass of the protein, as well as the mass of bound species, can be calculated using 

appropriate software from the pattern of charged states observed. Since proteins under these 

conditions maintain most of their tertiary structure, the observation of non-covalent 

interactions of a protein with small molecules, metals, peptides and other proteins is possible, 

as observed by mass difference.[85-89] Optimisation of the sample desolvation process may be 

required in order for these interactions to survive.[90, 91]    

 

 

Figure 1. 9 Schematic representation of A) electrospray ionisation (ESI) source and B) chip based 

nanospray ESI source. 
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1.4      Dynamic Combinatorial Chemistry 

 

1.4.1 History and principles of dynamic combinatorial chemistry 

 

Combinatorial Chemistry (CC) was first used in 1988 for the parallel one pot syntheses of 

multiple compounds.[92, 93] The libraries formed were then tested against biological targets to 

provide quick screening of inhibitors. The method immediately attracted the attention of the 

pharmaceutical industry for its ability to decrease compound preparation time. 

A new form of CC, dynamic combinatorial chemistry (DCC) was subsequently introduced. In 

DCC, the reacting compounds in a single vessel contain functional groups that take part in 

reversible reactions and are in dynamic equilibrium. These dynamic systems are substantially 

under thermodynamic control; by changing conditions the composition of the products in the 

library changes with the more energetically favourable products being stabilized and 

amplified.[94-97] Therefore, the content of the equilibrating systems is liable to external 

influences such as pressure, temperature, light, pH and the presence of templates.[94, 97, 98] The 

presence of a template, such as a metal[99] and a biomolecule[100] (such as a protein target) can 

bias equilibrium by stabilising dynamic species that bind the template (Figure 1. 10). DCC, in 

principle can be utilised to identify template binders from complex mixtures of building 

blocks.[101, 102] To be considered appropriate for DCC, reactions must be reversible on a 

reasonable time scale for assays (typically minutes to a day). Further, under the conditions 

used (such as solvent, pH, temperature), library members and products should be soluble and 

of similar energy for the reaction equilibrium not to be too biased before the addition of 

template.[101] When using a biomolecule target the conditions need to be compatible with the 

template. Over the years, several reactions that meet these conditions have been found.  
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Figure 1. 10 Principle of the dynamic combinatorial chemistry. 

 

1.4.2 Reversible reactions used in dynamic combinatorial chemistry 

 

Amide exchange[103, 104] was one of the first reactions to be applied in DCC experiments 

(Figure 1. 11). The presence of amide bonds in peptides led to the use of small peptide 

libraries in DCC.[103] For the use of these mixtures, however, proteolytic enzymes had to be 

used to cleave the amide bonds to form the reacting oligopeptides, which often led to the 

formation of biased libraries.[105, 106]  

Thioester exchange has been recently used in DCC.[107] The reaction between thiols and 

thioesters can take place in water and does not require an activation step to initiate and 

propagate the reaction.[101]  Thus, thioester exchange is a DCC reaction amenable for studies 

using biomolecules.[108] Hydrazone exchange is another reaction widely used in DCC; it has 

been successfully used with ions,[109] nucleic acids,[110] peptides[111] and proteins as 
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templates.[108, 112] The relative stability of product hydrazones derived from electron rich 

carbonyls precludes their use in DCC however; libraries can only be derived, in most cases, 

using electron poor carbonyls such as acylated derivatives. 

Imine exchange is also often used in DCC (Figure 1. 11).[100, 113] The imine bond is formed by 

reaction of carbonyl containing compounds with amines. The reactions of amines with 

aldehydes has been widely used.[114] The stability of the products is dependent on the 

substitution pattern and stereoelectronic effects; for this reason only amines of similar 

reactivity should be used to ensure formation of non-biased libraries.[115, 116] The analytical 

detection of imines is complicated by hydrolysis, which can occur under the acidic conditions 

of high performance liquid chromatography (HPLC) used for library analysis.[101] To 

overcome this problem, imines can be reduced to form stable amines under the incubation of 

the dynamic combinatorial library (DCL) with the template.  

Disulphide exchange reactions may take place in aqueous solution at physiological pH. As a 

consequence disulphide exchange has found application in DCC with many biological 

templates,[117-119] including metallo-enzymes.[120, 121] Other DCC systems have been reported, 

but their use is uncommon, either because the reactions need catalysts to ensure reversibility 

or are temperature and/or, organic solvent dependent.[101, 122] 

 

 

Figure 1. 11 Examples of reversible reactions used in DCC studies. 
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1.4.3 Protein directed dynamic combinatorial chemistry 

 

1.4.3.1 Reversible reactions 

The use of DCC with protein templates is highly attractive because the method potentially 

allows for fast and efficient identification of protein binders/inhibitors that may help to 

enable medicinal chemistry efforts.[117, 123-125] The sensitivity of proteins to pH, temperature 

and organic reagents/solvents, however, restricts the chemical reactions that may be used in 

protein directed DCC.[122] As described in the previous section, many of the reactions used in 

DCC take place in organic solvents or need an organic or biological catalyst.  

One of first applications of DCC with proteins involved the use of imine formation for the 

identification of binders of carbonic anhydrase (CA).[126] The aldehyde/amine reaction was 

pre-equilibrated in the absence of enzyme to give a dynamic combinatorial library (DCL). 

The DCL was then incubated with CA for two weeks in order for dynamic equilibrium to be 

reached and the amplified ligands to be detected.[126] This reaction has since been used with 

other protein targets such as neuraminidase and galactosyl-transferases.[100, 126-131] An acyl 

hydrazone library was also developed to identify inhibitors of acetyl choline esterase; this 

reaction later found use with CA and concanavalin A (ConA) proteins.[108, 112, 132-134] The 

reaction of acyl hydrazones occurs at acidic pH and is therefore not applicable for use with 

enzymes. The libraries are usually pre-equilibrated at acidic pH and after equilibrium they are 

incubated with the protein target under physiological conditions.[122, 132] The formation of 

disulphides by thiols was initially used in protein directed DCC for the identification of 

ligands for Con A.[118, 119]  The thiol/disulphide DCC has been applied for the identification of 

ligands and ‘hit’ structures for inhibitor development of other enzymes such as aurora A 

kinase, metallo-β-lactamases and CA.[120, 121, 135] 
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1.4.3.2 Analytical techniques 

The analytical method used is vital to the success of DCC. Multiple analytical techniques 

have been used to detect amplified products from protein directed DCC. The most widely 

used technique is HPLC coupled with mass[136] or UV detection.[126, 137] This method is based 

on the analysis of the compound library set before and after incubation with the template; 

therefore it is independent from the protein target used. Both disulphide[136, 138] and imine[130, 

139] containing DCLs have been screened with HPLC in experiments involving different 

templates. Another analytical technique for library analysis in DCC is NMR.[140] More 

recently, methods that directly investigate protein-ligand complexes have been developed. X-

ray crystallography[141] has provided significant structural information; however it typically 

requires large amounts of enzyme and is applicable only for studies with readily crystallisable 

enzymes.[122]  

Non-denaturing mass spectrometry of the template ligand complexes was introduced for 

DCC analyses in order to overcome the high sample consumption and the laborious and 

expensive analyses/processing required by the aforementioned techniques. Fourier transform 

mass spectrometry (ESI-FTMS) and quadrupole-time of flight mass spectrometry 

(QTOF/ESI-MS) have been used for hydrazine/hydrazone and thiol/disulphide reactions 

respectively against different protein targets [120, 121, 133, 134, 142, 143] The application of ESI-MS 

is further discussed in Chapter 2.  

 

1.5     Aims of work detailed in this thesis 

 

The overall aims of the studies outlined in this thesis were to: 

 Explore the use of non-denaturing ESI-MS in DCC and binding studies to identify 

inhibitors of the 2OG oxygenases AlkB and PHD2. 

 Develop and utilisation of new assay methods, crystallographic studies, and inhibitor 

design for the development of FTO inhibitors. 
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Chapter 2. Dynamic Combinatorial Mass Spectrometry for 
the identification of AlkB inhibitors 

 

 

2.1.1 AlkB 

 

AlkB is a bacterial (Escherichia coli) 2-oxoglutarate and Fe(II) dependent oxygenase that is 

involved in the repair of alkylated DNA and RNA bases.[1, 2] To date 9 homologues of AlkB 

have been found in humans: AlkBH1-8 (ABH1-8) and FTO.[3-5] AlkBH2 and AlkBH3 are the 

most similar to prokaryotic AlkB: they catalyse N-demethylation of nucleic bases including 

1-methyladenine and 3-methylcytosine.[2] Oxidative demethylation as catalysed by E. coli 

AlkB directly reverses DNA base damage, caused by SN2 type alkylating reagents. It is 

proposed that AlkBH2/AlkBH3 act in DNA repair in vivo, however, roles in the regulation of 

gene-expression are also possible for AlkBH1-8 and FTO.[2, 6-8] Recently it has been shown 

that AlkBH2 has a preference for double stranded DNA (dsDNA) with little activity on RNA, 

while AlkBH3 and AlkB demethylate nucleosides on single stranded DNA (ssDNA) and 

RNA.[1, 7] While AlkB is not a human protein, the ease of production and purification 

compared to the human analogues and its structural similarity to AlkBH2 and AlkBH3, 

makes it a useful model for pioneering studies on AlkBH inhibition.  

 

2.1     Introduction 
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Figure 2. 1 Demethylations catalysed by AlkB and the human analogues AlkBH2, AlkBH3. 

 

2.1.2 Dynamic combinatorial mass spectrometry 

 

The applicability of dynamic combinatorial methods is determined by the reversible 

reaction(s) used for the study, the target and the analytical method(s) used (Chapter 1). The 

potential advantage of DCC as a single vessel method for synthesis and screening is often 

over-shadowed by the long and sometimes costly analysis.[9] Traditional analytical techniques 

for dynamic combinatorial methods include HPLC[10, 11] and NMR,[12] which require separate 

analysis of the library with and without the target to identify potentially amplified products. 

These compounds are then synthesised and individually tested to validate the screen, often 

resulting in time and labour intensive analyses. Further, some binders in the mixtures may not 

be detected due to, for example, structural instability (in the case of HPLC analysis) or poor 

resolution. 

To overcome the problems of sample analysis using conventional methods, mass 

spectrometry (MS) has been investigated as an analytical method for DCC. MS is a quick and 

sensitive technique that requires relatively little sample, making it attractive for resolving 

complex mixtures of compounds.[13] For protein-directed DCC, it was envisaged that non-

denaturing MS methods could be used for the direct analysis of non-covalent native protein-

ligand interactions by observation of mass shift relative to the uncomplexed protein. Poulsen 

was the first to report the use of mass spectrometry for analysis of dynamic combinatorial 

libraries;[14] earlier work had shown that non denaturing ESI-MS can be used to select 
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peptides binding to proteases from mixtures. [15] Subsequently, the DCC-MS method had 

been applied to metallo-β-lactamases, using the thiol/disulphide exchange systems.[16-19] In 

our lab there was great interest in applying the DCC linked MS approach (termed DCMS) to 

identify inhibitors of 2OG oxygenases, including AlkB. Work on the development of the 

DCMS method and its use for the design of AlkB inhibitors is described in this chapter.   

 

 

 

Initial experiments focused on identifying a suitable AlkB template ligand for use in DCMS 

analyses. This ligand must bind to AlkB with reasonable affinity and must also possess (a) 

suitable reactive group(s) to allow reversible reactions with other fragments in the mixtures. 

It was envisaged that an appropriate functionalised analogue of the broad spectrum 2OG 

oxygenase inhibitor N-oxalyl glycine (NOG, 202a)[20] might be suitable. To investigate this 

hypothesis, various D and L N-oxalyl amino acids were synthesised and their ability to bind to 

recombinant AlkB was tested using non-denaturing electrospray ionisation mass 

spectrometry (ESI-MS). N-Oxalyl amino acids were synthesised from the corresponding 

amino acid methyl esters and monomethyl oxalyl chloride followed by saponification 

(Scheme 2. 1).  

 

 

Scheme 2. 1 Synthesis of N-oxalyl amino acids. 

Reagents and Conditions i) monomethyl oxalyl chloride, Et3N, CH2Cl2, r.t; ii) 1M NaOH, MeOH, r.t. 

2.2     ESI-MS binding of N-oxalyl amino acids to AlkB 
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Compounds 201c-201i and 202c-i were synthesised by Dr. Jasmin Mecinovic.  

 

Apo-AlkB was used for the non-denaturing electrospray ionisation mass spectrometry (nd 

ESI-MS) binding experiments. For complete formation of the AlkB·Fe complex, which is 

required for inhibitor binding,[21] five equivalents of Fe(II) were found to be required. This 

also resulted in partial formation of AlkB·2Fe and AlkB·3Fe species (Figure 2. 2). The 

binding experiments were then carried out using one equivalent of the appropriate N-oxalyl 

amino acids without pre-incubation. The binding of N-oxalyl amino acids with small side-

chains (alanine and cysteine) was observed to be strong with small differences in binding 

between the L and D isomers (Figure 2. 2). For analogues with larger side-chains (valine and 

phenylalanine), the L isoforms bound stronger to AlkB, implying that AlkB has selectivity for 

the L-amino acid derivatives (Figure 2. 2).  

 

Apo-AlkB was produced and purified by Dr. Eleanor A. L. Bagg. 
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Figure 2. 2 Non denaturing ESI-MS of AlkB·Fe(II) with 202a-i at cone voltage 50V. A: AlkB, B: 

AlkB·Fe, C: AlkB·2Fe, D: AlkB·3Fe, E: AkB·Fe·202a, F: AkB·Fe·202b/f, G: AkB·Fe·202c/g, H: 

AkB·Fe·202d/h, I: AkB·Fe·202e/i. 

 

The results obtained from the ESI-MS experiments were supported by those from differential 

scanning fluorimetry assays (DSF, for description of this method see Chapter 4).[22] AlkB 

displayed higher melting temperatures in the presence of the L-amino acid analogues 

compared to the D-isomers implying that N-oxalyl-L-amino acids significantly stabilize the 

enzyme, presumably due to stronger binding in the active site (Table 2. 1). Modelling of the 

compounds into the active site of AlkB (based on an AlkB-2OG·trinucleoside crystal 

structure PDB ID: 3I20)[23] suggest that there is more space surrounding the side-chains of the 

L-amino acid derivatives, whereas the D-amino acid derivatives have less space to expand in 

the active site (Figure 2. 3). Therefore, N-oxalyl-L-cysteine was selected as the template 

ligand due to its relatively high binding efficiency and its potential to form disulfides with 

fragments that may exploit that binding pocket.   
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Table 2. 1 Melting temperatures of AlkB and inhibition results with N-oxalyl amino acids. 

Compound ΔTm 

(ºC) 

IC50 

(µM) 

202a 2.9 32 

202b -1.2 >1000 

202c 3.8 35 

202e 4.3 75 

202f -1.1 >1000 

202h 2.9 149 

202i 1.0 260 

 

ESI-MS binding assays with N-oxalyl amino acids were carried out by Dr. Esther Woon. 

 

 

Figure 2. 3 Modelling of N-oxalyl cysteine into the active site pocket of AlkB·Fe(II)·2OG (gray 

surface, PDB ID: 3I20).[23] a) The cysteinyl thiol of N-oxalyl-D-cysteine appears sterically hindered; 

b) the thiol of N-oxalyl-L-cysteine appears to be positioned towards the extended pocket, implying that 

disulphides at this position bind with improved efficacy. 

 

 

To explore the AlkB active site using the DCMS approach, a library containing a variety of 

aliphatic, aromatic and heteroaromatic thiols was incubated with 202b (Figure 2. 4) and 

2.3     Non-denaturing ESI-MS using a disulphide dynamic combinatorial library  
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AlkB·Fe in a 1:1:1 ratio. Non-denaturing ESI-MS assays were carried out at different time 

points to investigate the equilibrium state of the reaction. 

 

 

Figure 2. 4 Thiols used in the dynamic combinatorial library. The mass of each compound is shown 

in parentheses (in Da). 

 

Without incubation (t= 0 h) the AlkB·Fe·202b complex (peak E) was the only adduct 

observed, presumably because disulphides were either not yet formed, or because any 

disulphides formed in solution did not bind to the protein. After 1 hour of incubation a 

species was observed at 17182 Da (peak F, + 124 Da relative to E). An additional peak 

appeared at 17211 Da (peak G, E + 153 Da) after 2 hours. In time the intensity of peak E 

decreased, giving higher intensity for the disulphide adduct peaks (F and G). This indicates 

the formation/binding of the same thiols over time (Figure 2. 5). Accordingly, N-oxalyl-D-

cysteine (202f) and the thiol library were mixed with AlkB·Fe and tested for binding after 2 

h. No AlkB disulphide complex peak was observed, demonstrating that disulphides formed 

with 202f did not bind to AlkB·Fe (Figure 2. 5 g). This demonstrates that the adducts 

identified by non-denaturing ESI-MS occur from binding of disulfides formed from the L-

enantiomer 202b and thiols of masses 124 and 153 Da. 
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Figure 2. 5 Non denaturing ESI-MS spectra of AlkB·Fe(II) (5 equiv.) with 202b (1 equiv.) and the 

DCL (1 equiv.) at a cone voltage of 40V showing z=10. A: AlkB, B: AlkB·Fe,C: AlkB·2Fe, D: 

AlkB·3Fe, E: AlkB·Fe·202b, F,G: AlkGB·Fe·[202bdisulphide]. 
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Within the library, 16 thiols with masses near 124 or 153 (±3 Da) were found and 

individually tested for binding with AlkB·Fe·202b by ESI-MS (after 10 min, Figure 2. 6a). 

Of these, three disulfides formed by 202b and 2-hydroxybenzothiol (1), 3-hydroxybenzothiol 

(2) and 3-nitrobenzothiol (3) were observed to bind to AlkB·Fe (Figure 2. 6 b). These results 

show a preference for binding of the ortho- and meta- substituted thiols with 202b and 

AlkB·Fe.  

 

 

Figure 2. 6. a) Thiols with molar masses of 153 ±3 Da and 124 ± 3 Da. b) Non denaturing ESI-MS 

spectra of AlkB·Fe(II) with 202b and individual diols at a cone voltage of 40V. A: AlkB, B: AlkB·Fe, 

C: AlkB·2Fe, C: AlkB·3Fe, E: AlkB·Fe·202b, F: AlkB·Fe·(1,2), G: AlkB·Fe·3. 

 

DCMS with 202b and further controls were carried out by Dr. Esther Woon. 
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Following the identification of ‘hits’ from DCMS inhibitors; analogues of the disulphides 

which lack the cleavable disulphide (S-S) bond were synthesised (via nucleophilic 

substitution reactions on the cysteinyl thiol, Scheme 2. 2). N-oxalyl thioethers were initially 

synthesised from 201b and tested against AlkB (208-210, Scheme 2. 2). The DSF assay (see 

Chapter 4) was first used to evaluate the effect of the potential inhibitors on the stability of 

AlkB. A capillary electrophoresis-based assay was then used to measure IC50 values for 

derivatives 208-210.[24, 25] The nitro containing compound 208 displayed the strongest 

binding and best inhibitory activity against AlkB (ΔTm= 4 ºC, IC50= 5.2 µM) compared to the 

hydroxyl analogues 209 (ΔTm= 1.3 ºC, IC50= 50.4 µM) and 210 (ΔTm= 1.8 ºC, IC50= 48 µM). 

 

 

Scheme 2. 2 Syntheses of N-oxalyl inhibitors. 

Reagents and Conditions: i) RCH2Br, Et3N, CH2Cl2, r.t; ii) 1M LiOH, 1,4-dioxane, r.t. 

 

Synthesis of compounds 203-205 and 208-210 was performed by Dr. Esther Woon. Dr. S.M. 

Krylova and Dr. Eleanor Bagg carried out IC50 measurements and the DSF assay 

respectively. 

 

  

 

The good inhibitory activity of 208 against AlkB and the small difference in activity between 

the 3-hydroxy thioether and the 2-hydroxy thioether suggests the presence of interactions 

2.4     Synthesis of stable N-oxalyl analogues 

2.5     Crystallography of N-oxalylcysteine derivatives 
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(presumably electrostatic and/or hydrogen bonding interactions) between the meta- position 

and side-chains in the AlkB active site.  

To investigate this hypothesis, and also to aid further optimisation of the inhibitor series, 

crystallographic analyses were undertaken. A crystal structure of AlkB complexed with 

Fe(III) and 208 was obtained (PDB ID 3T4H, Figure 2. 7, 1.65 Å); the structure reveals the 

active site iron is coordinated by the side chains of His131, Asp133, His187 and a putative 

water molecule located trans to His131, as observed with most other AlkB structures.[26] The 

iron is coordinated by the oxalyl group of 208 in a bidentate manner, with the carboxamide 

oxygen positioned trans to Asp133 (2.2Å) and one of the carboxylate oxygens of 208 (2.6Å) 

trans to His187. This arrangement has been observed in other structures of 2OG oxygenases 

in complex with N-oxalylglycine and derivatives. The C-1 carboxylate oxygen not chelating 

the iron is positioned to form hydrogen-bonds with the side chain NH2 of Arg210 (3.3Å) and 

the side chain oxygen of Asn120 (3.2Å). The carboxylic acid of 208 is positioned to form a 

salt bridge to Arg204 (2.9Å and 3.0Å), hydrogen-bonds with the hydroxyl group of Tyr122 

(2.7Å), and to the side-chain oxygen of Asn206 (2.7Å).  
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Figure 2. 7 View from the crystal structure of AlkB·Fe (beige) complexed with 208 (lilac). The image 

shows the salt bridge and hydrogen bonds of the carboxylic acid of 208 with amino acids side-chains 

and apparent π-π stacking of the 3-nitrophenol with the side chain of Trp178 in the hydrophobic 

pocket (contoured to 1.5σ). 

 
An overlay of this structure with that of AlkB·Mn in complex with 2OG (PDB ID 3I3Q)[27] 

reveals little difference in the overall conformation of the active site residues except for the 

side chain of Trp178, which is rotated slightly with respect to its position in the 2OG 

complex structure, to enable an apparent π-stacking interaction between the phenyl ring of 

208 and the side chains of His187 and Trp178 (Figure 2. 8). The navigation of the phenyl 

ring of 208 into the hydrophobic sub-pocket defined by Ile143, Phe154, Trp178, Ser182 and 

His187 is apparently made possible through the presence of the relatively flexible modified 

cysteinyl linker. The complex is further stabilized by apparent hydrogen-bonding interactions 

between the 3-nitro group of 208 and the backbone carbonyl oxygen of Ser182 (3.3Å) 

(Figure 2. 7). Modelling studies suggest that similar interactions are not possible when the 3-

nitro group is replaced with a hydroxyl group or with the 3-hydroxyl phenyl substituent, 

explaining the lower inhibitory potencies of 209 and 210 compared to 208.  
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Figure 2. 8 Superimposition of the crystal structure of AlkB·Fe (beige)·208 (lilac) with AlkB·Mn·2OG 

(yellow) (PDB ID: 3I3Q). The image shows the similarity  of binding of 208 and 2OG.[23] 

 

Crystallographic AlkB analyses with compound 208 were performed by Jerome Ma and Dr. 

Michael McDonough. 

 

From analysis of the crystal structure of AlkB with 208 it was proposed that larger 

hydrophobic substituents could be accommodated in the pocket in place of the 3-nitrobenzene 

group (Figure 2. 9). Compounds 211 and 212 were identified as potentially improved 

inhibitors synthesised via the same method as the other N-oxalyl analogues (Figure 2. 9, 

Scheme 2. 2). The 1-methylenenaphthalene analogue (211) showed very similar activity to 

208 (ΔTm= 3.8 ºC, IC50= 5.4 µM). In contrast, substitution with a 2-methylenenaphthalene 

(212) provided improved inhibitory activity relative to 208, lowering the IC50 tenfold (212, 

ΔTm= 7.8 ºC, IC50= 0.5 µM, Table 2. 2). The improved binding and inhibition potency of 212 

2.6     Optimisation of inhibitor scaffolds 
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in comparison with 211 is possibly due to better accommodation of the 2-

methylenenaphthalene ring in the hydrophobic active site pocket of AlkB (Figure 2. 9). 

 

Fe

208

 
Figure 2. 9 View of the AlkB·Fe (cyan) ·208 (pink) structure, showing the hydrophobic pocket area 

and the filling of this area when expanding with the 2-naphthyl ring 212 (purple dotted circles) and 

with the 1-naphthyl ring 211 (red dotted circles).  

 

Overlaying the structures of AlkB with 208 and AlkB with substrate (PDB ID: 2FD8)[23] 

shows that the binding site of the 3-methylthymidine substrate extends toward the side of the 

oxalyl group (Figure 2. 10). To occupy this site, compounds with the oxalyl group replaced 

by bulkier iron chealators were synthesized. Pyridyl (217-220, 228-234, Scheme 2. 3) and 

quinolinyl (239-241, Scheme 2. 4) inhibitors with the 2-methylenaphthyl and other amino 

acid side-chains were synthesized and tested against AlkB. 
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Figure 2. 10 Superimposition of crystal structures of AlkB·Fe (beige)·208 (lilac) with that of 

AlkB·Fe·202b·ssDNA (orange) (PDB ID: 2FD8). The image shows the area between 208 and 1MeA of 

the substrate which may result in improved inhibition if occupied.[23] 
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Scheme 2. 3 Syntheses of pyridyl inhibitors. 

Reagents and Conditions: i) 235, DIPEA, HOBT, EDCI, CH2Cl2, r.t; ii) 1 M LiOH, 1,4-dioxane, r.t; 

iii) glycine methyl ester hydrochloride, DIPEA, HOBT, EDCI, CH2Cl2, r.t; iv) L-alanine methyl ester 

hydrochloride or L-tryptophan methyl ester hydrochloride for compounds 226 and 227, respectively, 

DIPEA, HOBT, EDCI, CH2Cl2, r.t. 

 

Scheme 2. 4 Syntheses of quinolinyl inhibitors. 
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Reagents and Conditions: i) glycine methyl ester hydrochloride (235 for compound 237), DIPEA, 

HOBT, EDCI, CH2Cl2; ii) 1 M LiOH, 1,4-dioaxane.  

 

 

 

The inhibition and binding efficiencies of all compounds to AlkB were obtained. While the 

parent unsubstituted pyridine compound 228 is not an inhibitor of AlkB (IC50 > 1 mM), the 

compound with a substituted ring at C-6 and C-5 displayed reasonable inhibition activity 

(Table 2. 2). The aryl 6-substituted pyridyl compounds 230 and 231 inhibited the enzyme 

better than the 5-tertbutylthio substituted pyridyl 232 (IC50= 51.3 µM, IC50= 54.1 µM and 

IC50= 121 µM respectively). A substantial improvement in the potency of the pyridine-

scaffold was achieved by introducing a hydroxyl-group in position C-3 of the ring 229 (ΔTm= 

8.3 ºC, IC50= 3.4 µM). Surprisingly, the combination of the 3-hydroxy pyridyl scaffold with 

the 2-methylenenaphthyl side-chain (218) that provided the best N-oxalyl inhibitor did not 

result in an inhibitor as potent as either 212 or 229 (218, ΔTm= 10.6 ºC, IC50= 7.9 µM). 

However, 218 displayed better activity than the alanine- and tryptophan- substituted 3-

hydroxypyridyl analogues (233, IC50= 9.5 µM; 234, IC50= 14.1 µM). Moreover the cysteine-

2-methylenenaphthyl analogues of the unsubstituted and C-6 substituted pyridines showed 

significantly improved IC50 values (217, IC50= 17.8 µM; 219, IC50= 16.7 µM; 220, IC50= 14.7 

µM) in comparison with the corresponding glycine analogues (228, IC50> 1mM; 230, IC50= 

51.3 µM; 231, IC50= 54.1 µM).   

Similar trends were observed with the quinolinyl inhibitors (Scheme 2. 4). Even though the 

unsubstituted quinoline 239 was not a good inhibitor of AlkB (IC50= 165 µM), the addition of 

the 2-methylenenaphthyl side chain or a C-3 hydroxyl group improved the activity (240, 

IC50= 22.3 µM; 241, IC50= 42.5 µM) more than 4 fold. The higher IC50 values of the 

quinolinyl compared to pyridyl inhibitors together with the finding that the C-3 hydroxyl 

group with the cysteine-2-methylenenaphthyl did not improve activity in pyridyl inhibitors 

dissuaded us from investigating this scaffold any further.  

 

2.7     Inhibition of AlkB by heteroaromatic inhibitors 
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Table 2. 2 Melting temperatures of AlkB and inhibition results. 

Compound ΔTm 

(˚C) 

IC50 

(µM) 

Compound ΔTm 

(˚C) 

IC50 

(µM) 

208 4.0 5.2 229 8.3 3.4 

209 1.3 50.4 230 0.3 51.3 

210 1.8 48 231 -0.6 54.1 

211 3.8 5.4 232 0.6 121 

212 7.8 0.5 233 10.0 9.5 

217 3.1 17.8 234 3.7 14.1 

218 10.6 7.9 239 1.1 165 

219 0.4 16.7 240 2.0 22.3 

220 1.7 14.7 241 5.8 42.5 

228 0.7 >1000    

 

To investigate the selectivity of the AlkB inhibitors developed in this study, the three most 

potent inhibitors (208, 212, and 229) were tested for inhibition against three other 

physiologically important human 2OG oxygenases: Prolyl Hydroxylase Domain 2 (PHD2), 

Plant Homeo Domain finger protein 8 (mutations of which are linked to midline defects[28]), 

and an AlkB human homologue, Fat-mass and obesity associated (FTO, see Chapter 4).[29, 30] 

All three compounds displayed no inhibition (IC50> 1 mM) for all three enzymes investigated 

(except for 229 with FTO, see Chapter 4) showing a >200 fold selectivity towards AlkB. 

 

AlkB inhibition measurements were carried out by Dr. Svetlana M. Krylova; also PHF8 and 

PHD2 inhibition assays were performed by Louse J. Walport and Andrew Mun Chiang Chan, 

respectively. 
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A crystal structure of the most potent compound 212 (IC50= 0.5 µM) in complex with AlkB 

was obtained (PDB ID 3T4V). The oxalyl-group of 212 is observed to coordinate with the 

active site iron in an analogous manner to that of 208 as well as the N-oxalyl and main chain 

amino acid, salt bridge interactions and hydrogen bonding (Figure 2. 11). The cysteinyl linker 

of 212, however, adopts a different conformation from that of the 3-nitrobenzyl group, likely 

in order to preserve the π-stacking interactions of the 2-methylenenaphthalene side-chain of 

212 with the side chains of His187 and Trp178 (as in the case of 208). Analysis of the 

AlkB·Fe·212 complex structure suggests that the 1-methylenenaphthalene side-chain of 211 

is less able to fit into the hydrophobic sub-pocket due to steric constraints, accounting for its 

lower inhibitory activity (IC50= 5.4 µM) compared to 212.  

 

 

Figure 2. 11 View from the crystal structure of AlkB·Fe (beige) complexed with 212 (yellow). The 

image shows the salt bridge and hydrogen bonds of the carbonyl groups of 212 with amino acids side-

2.8     Further crystallographic analyses of AlkB inhibitors 
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chains and the π-π stacking of the 2-methylenaphthyl group in the hydrophobic pocket (contoured to 

1.5σ). 

 

A crystal structure of AlkB in complex with the pyridyl inhibitor 229 (PDB ID: 3T3Y) was 

also obtained. This interestingly revealed a different mode of binding from those of the N-

oxalyl inhibitors (208 and 212), where the pyridine ring, instead of occupying the same metal 

coordinating position as the oxalyl groups, is “flipped” with the pyridyl nitrogen (2.2 Å) trans 

to His131 and the carboxamide oxygen trans to Asp133 (Figure 2. 12). The different 

orientation of 229 resulted in partial occupation of the hydrophobic subpocket by the pyridine 

ring. This, may account for the difference in the AlkB inhibition potency between the 

heteroaromatic and N-oxalyl cysteinyl analogues, consistent with the decrease in potency of 

218. The side chain of Trp178 is rotated (approximately 90° about the Cα−Cβ bond and 

approximately 180° about the Cβ−Cγ bond) to form π-stacking interactions with the pyridine 

ring. The 3-hydroxyl group of 229 is positioned to participate in a hydrogen bond with the 

side chain hydroxyl group of Ser145 (2.1 Å), possibly accounting for the greater potencies of 

229 (IC50= 3.4 µM), 218 (IC50= 7.9 µM), and 241 (IC50= 42.5 µM) as compared to analogues 

without the 3-hydroxyl group (228, IC50 > 1 mM; 217, (IC50= 17.8 µM; 239, IC50= 165 µM 

respectively). 
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Figure 2. 12 View from the crystal structure of AlkB·Fe (beige) complexed with 229 (pink). The image 

shows the salt bridge and hydrogen bonds of 229 with amino acid side-chains and rotation of the 

pyridine ring chelating the iron differently from the oxalyl analogues which results in partial 

occupation of the hydrophobic pocket (contoured to 1.5σ). 

 

Crystals were grown and crystal structures were obtained and processed by Wei Shen Aik.  

 

 

 

Dynamic combinatorial mass spectrometry (DCMS) with thiol/disulphide interchange has 

been successfully used for the identification of lead compounds for the inhibition of AlkB. 

The results using ESI-MS in the gas phase correlated well with the solution phase binding 

DSF assay results and with inhibitory potency.[31] Inhibitors functionalised with L-amino 

acids have provided the first selective inhibitors for AlkB; for some oxygenases, inhibitors 

containing D-amino acids have been shown to be more selective.[20, 32] Overall the inhibitors 

identified in this study as well as the crystallographic studies shall be useful starting points 

2.9     Conclusions  
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for the development of even more potent inhibitors of human AlkB (AlkBH 1-8) 

homologues.     

 

 

 

Many thanks to Dr. Svetlana M. Krylova under the supervision of Dr. Sergey N. Krylov from 

York University in Torondo for the electrophoresis AlkB inhibition measurement, also 

Louise J. Walport and Andrew Mun Chiang Chan for the inhibition studies on PHF8 and 

PHD2. Special thanks to Dr. Esther Woon for the initial ESI-MS binding of the N-oxalyl 

amino acids, the DCMS of 202b with thiols, and the synthesis of the initial N-oxalyl 

inhibitors. Also thanks to Dr. Eleanor Bagg for providing AlkB and carrying out DSF 

experiments. Finally, many thanks to Wei Shen Aik and Jerome Ma for the crystallographic 

studies and analyses. 

 

  

 

AlkB expression and purification 

AlkB and ΔN11 AlkB proteins were expressed and purified as described.[23, 33] BL21 (DE3) 

E. coli transformed with pET24a AlkB or ΔN11 AlkB were grown at 37 ºC and 220 rpm to 

an OD600 of 0.6. Protein expression was induced by addition of 0.2 mM IPTG (Melford 

Laboratories Ltd). Growth was continued at 28 ºC for 4 h (AlkB) or 15 ºC for 16 h (ΔN11 

AlkB), then cells were harvested by centrifugation. The resulting cell pellet was stored at -

80ºC. Cell pellets were resuspended to homogeneity in 0.1 M MES, pH 5.8, 1 mM MgCl2, 1x 

Roche complete EDTA-free protease inhibitor cocktail. Cells were lysed on ice by sonication, 

and the lysate cleared by centrifugation and filtration. AlkB was purified from the crude cell 

lysate by cation exchange chromatography using a 50 mL S sepharose column, with elution 

achieved by application of a gradient to 1 M NaCl. Further purification was achieved by gel 

2.10 Acknowledgements  

2.11  Experimental details 
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filtration using a 300 mL Superdex 75 column (Pharmacia) in a buffer of 50 mM HEPES 

pH 7.5. 

 

Non-denaturing ESI-MS studies 

All 37 thiols used for DCL generation were from Sigma-Aldrich or Alfa Aesar. AlkB was 

desalted using a Bio-Spin 6 Column (Bio-Rad, Hemel Hempstead, U.K.) in 15 mM 

ammonium acetate (pH 7.5). The stock solution was diluted with the same buffer to a final 

concentration of 100 µM. Fe(NH4SO4)2·6H2O was dissolved in 20 mM HCl at a 

concentration of 100 mM. This was then diluted with Milli-Q water to give final working 

concentrations of 500 µM. The protein was mixed with Fe(II) and an inhibitor to give final 

concentrations of 15 µM AlkB, 75 µM Fe(II), and 15 µM inhibitor. The solution was then 

incubated for 30 min at room temperature prior to ESI-MS analysis.   

Mass spectrometric data were acquired using a Q-TOF mass spectrometer (Q-TOF micro, 

Micromass, Altrincham, U.K.) interfaced with a NanoMate (Advion Biosciences, Ithaca, NY) 

with a chip voltage of 1.70 kV and a delivery pressure of 0.25 psi. The sample cone voltage 

was typically 80 V with a source temperature of 40 ºC and with an acquisition/scan time of 

10 s/1 s. Calibration and sample acquisition were performed in the positive ion mode in the 

range of 500-5000 m/z. The pressure at the interface between the atmospheric source and the 

high vacuum region was fixed at 6.40 mbar. External instrument calibration was achieved 

using sodium iodide. Data were processed with the MassLynx 4.0 (Waters). 

 

Differential Scanning Fluorimetry (DSF)[22] 

DSF was performed using a MiniOpticon™ Real-Time PCR Detection System (Bio-Rad), 

monitoring protein unfolding using SYPRO orange (Invitrogen) according to reported 

method. [22] FAM (492 nm) and ROX (610 nm) filters were used for excitation and emission 

respectively. Reaction mixes contained 2 µM protein, 50 µM Mn(II), 200 µM compounds, 1x 

SYPRO orange in a final volume of 50 µL. Reagents were prepared in HEPES buffer except 

metals, which were dissolved as 100 mM stocks in 20 mM HCl, then further diluted in MilliQ 
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water. Compounds tested were prepared in 100% DMSO and added such that the final 

concentration of DMSO was 5 % (v/v).  

Fluorescence readings were taken every 1 ºC in the range 25-95 ºC, with the temperature 

increased linearly by 1 ºC min-1. The software provided was used to perform global minimum 

subtraction. The inflection point, representing Tm, was calculated by fitting the Boltzmann 

equation to the sigmoidal curves obtained; data were processed using GraphPad Prism 5.0™. 

The Tm shift caused by the addition of small molecules/ fragments was determined by 

subtraction of the “reference” Tm (protein incubated with metal and 5 % DMSO) from the Tm 

obtained in the presence of the compound.35 Conditions were tested in triplicate, with 

standard deviations typically < 1 ºC. 

 

Inhibition assays for AlkB[24, 25] 

Synthetic fluorescently labeled DNA substrate (5’-TTCmTTTTTTTTTTTT-3’-fluorescein), 

and product (5’-TTCTTTTTTTTTTTT-3’-fluorescein) were produced by ATDBio 

(University of Southampton, UK). All other chemicals were purchased from Sigma-Aldrich 

(Toronto, ON). An uncoated fused-silica capillary was purchased from Polymicro 

Technologies (Phoenix, AZ). All solutions were made using deionized water filtered through 

a 0.22 µm filter (Millipore, Nepean, ON).  

 

All experiments were conducted using an uncoated fused silica capillary with a total length of 

50 cm (40 cm to the detection window), inner diameter of 75 µm and outer diameter of 365 

µm. The capillary was mounted on a P/ACE MDQ capillary electrophoresis (CE) instrument 

(Beckman Coulter, Fullerton, CA) with temperature control to keep the capillary at 15 ºC. A 

sample was introduced into the capillary by a pressure pulse of 0.5 psi for 5 s. The reaction 

product (P) and substrate (S) were then separated by CE at 20 kV and quantitated with laser-

induced fluorescence (LIF) detection (fluorescence excitation at 488 nm and fluorescence 

detection at 520 nm). The CE run buffer for kinetic and inhibition studies was 20 mM Borax, 

60 mM SDS at pH 8.0. 
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The enzymatic reaction was initiated by the addition of AlkB protein to a mixture containing 

the incubation buffer (50 mM Tris-HCl pH 7.5), 4 mM AA, 160 µM 2OG, 80 µM 

Fe(NH4SO4)2·6H2O, 100 nM 5’-TTCmTTTTTTTTTTTT-3’-fluorescein, and 2154 units of 

catalase. The relative activity of AlkB was measured using 5 nM AlkB, and 100 nM 

oligonucleotide substrate, while varying the inhibitor concentration in the range 1 to 1000 

µM. The enzymatic reactions were incubated for 4.5 min at room temperature and stopped by 

adding a pre-chilled EDTA solution (5 mM final concentration). The demethylated DNA 

product formed was separated from the unreacted substrate by CE and quantified with LIF. 

The relative activity of AlkB at different inhibitor concentrations was plotted against the 

inhibitor concentration, and the IC50 values were calculated as the concentration of inhibitor 

reducing the enzymatic activity to half its maximal level, using the OriginPro 8.0 software. 

 

Inhibition Assays for PHF8[29] and PHD2 

Reaction mixtures consisted of PHF8 (2 µM), Fe(II) (10 µM), ascorbate (100 µM), 2OG (20 

µM) H3(1-14)K4me3K9me2 peptide (20 µM) and inhibitor (1mM) in 1% DMSO, 500 mM 

NaCl, 100 mM HEPES (pH 7.5). PHF8, Fe (II), ascorbate and inhibitors were preincubated at 

37 ºC for 15 min before addition of 2OG and peptide. Reactions were incubated at 37ºC for 

20 min prior to 1:1 quenching with methanol. Product formation was assessed by MALDI-

TOF; 1 µL quenched reaction was mixed with 1 µL α-cyano-4-hydroxycinnamic acid and 

spotted onto a MALDI-TOF plate for analysis.[29] Inhibition levels were measured relative to 

an inhibitor free reaction. Inhibition assay methods for PHD2 will be reported elsewhere. 

Details of the N-terminally truncated PHD2 was prepared as reported.[21]   

 

Protein crystallography 

Crystals of AlkB in complex with 208, 212, and 229 were grown in sitting drops at 293K 

using vapor diffusion methods. The ratio of protein to reservoir solution for the AlkB·208 

and AlkB·212 co-crystallization drops was 2:1 (300 nL total drop volume) and for AlkB·229 

was 1:1 (200 nL total drop volume) and the reservoir volume was 80 µL. The AlkB protein 
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solution contained 10.1 mg/mL protein, 50 mM HEPES pH 7.5, 2.2 mM ammonium iron (II) 

sulfate, and 5.7 mM 208 or 1 mM 212. The protein solution for the AlkB·229 complex 

contained the same except the ammonium iron (II) sulfate concentration was 0.44 mM and 

229 was 1 mM. The reservoir solution for AlkB·208 contained 0.2 M sodium chloride, 0.1 M 

HEPES pH 7.5 and 25% w/v polyethylene glycol (PEG) 3350; for AlkB:212, 0.2 M 

ammonium sulfate, 0.1 M tris-hydrochloride pH 8.5 and 25% w/v PEG 3350; for AlkB:229, 

0.1 M bis-tris pH6.5 and 25% w/v PEG 3350. The crystals were cryocooled using well 

solution diluted to 25% v/v glycerol and flash cooled in an Oxford Cryosystems nitrogen gas 

stream. Data were collected from a single crystal at 100K using a Rigaku FR E+ Superbright 

diffractometer equipped with a copper rotating anode, Osmic HF optics, and a Saturn 944+ 

CCD detector. The data were indexed, integrated, and scaled using HKL2000[34] and the 

structure was determined by molecular replacement using the AutoMR (PHASER) [35] 

subroutine in PHENIX[36] with PDB ID 2FDJ [23] as a search model for AlkB·208 and 3T4H 

(PDB ID) as a search model for AlkB·212 and AlkB·229. Iterative rounds of model building 

and refinement using COOT[37] and PHENIX[37] were performed until the decreasing R and 

Rfree no longer converged. The final R-factors for the models were; AlkB·208, R = 15.9% and 

Rfree=18.7%; AlkB·212, R = 16.1% and Rfree = 20.2%; AlkB·229, R = 18.2% and Rfree = 

22.1%. 
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Table 2. 3 Crystallographic data collection and refinement statistics. 

 AlkB·208 AlkB·212 AlkB·229 

PDB ID 3T4H 3T4V 3T3Y 

Resolution Range (Å) # 21.14 - 1.60 (1.66 - 

1.60) 

22.99 - 1.70 (1.76 - 

1.70) 

22.91 - 2.00 (2.07 - 

2.00) 

Space Group P1 P1 P1 

Unit Cell Dimensions (a 

Å, b Å, c Å, α°, β°, γ°) 

36.661, 38.830, 

40.274, 77.640, 

75.440, 66.420 

37.070, 39.234, 

40.261, 76.330, 

74.560, 65.280 

36.813, 38.594, 

40.487, 71.250, 

72.210, 66.700 

Total Number of 

Reflections Observed 

89589 90015 46973 

Number of Unique 

Reflections# 

24608 (2161) 20297 (1776) 12688 (1260) 

Redundancy# 3.6 (2.3) 4.4 (1.9) 3.7 (3.2) 

Completeness (%)# 95.6 (84.0) 93.2 (81.2) 99.2 (97.9) 

I/σ(I) # 14.2 (4.5) 9.3 (2.9) 25.2 (4.3) 

§Rmerge (%)# 8.2 (22.6) 10.7 (28.2) 4.3 (21.8) 

*Rcryst (%) 15.9 16.1 18.2 

† Rfree (%) 18.7 20.2 22.1 

¶RMS Deviation 0.010 (1.44°) 0.011 (1.49°) 0.010 (1.25°) 

‡Average B Factor (Å2) 26.4 (31.6) 27.7 (22.5) 37.8 (31.6) 

Number of Water 

Molecules 

226 282 129 

 

Chemical synthesis 

Reagents and solvents were from Aldrich or Alfa Aesar. Reactions were monitored by TLC, 

which was performed on precoated aluminum-backed plates (Merck, silica 60 F254). Melting 

points were determined using a Leica Galen III hot-stage melting point apparatus and 

microscope. Specific rotation was measured in a Perkin Elmer 341 Polarimeter at 20 ºC in 
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degdm-1cm3g-1. Infrared spectra were recorded from KBr discs or neat, on a Bruker Tensor 27 

FT-IR spectrometer. NMR spectra were acquired using a Bruker DPX500 NMR 

spectrometer. Chemical shifts (δ) are given in ppm, and the multiplicities are given as singlet 

(s), doublet (d), triplet (t), quartet (q), multiplet (m), broad (br). Coupling constants J are 

given in Hz (± 0.5 Hz). High resolution mass spectra (HRMS) were recorded using Bruker 

MicroTOF. The purity of all compounds synthesized were ≥95% as determined by analytical 

reverse-phase HPLC (Ultimate 3000). The synthesis and characterization of compound 241 

and 239 were as reported in [38] and, [39] respectively. 

 

General procedure A 

To a solution of the methyl ester (1 equiv.) in MeOH/EtOAc (1:1), 1M sodium hydroxide (6 

equiv.) was added dropwise at 0 ºC. The mixture was stirred for 1 h, then allowed to warm to 

room temperature overnight, after which, it was evaporated in vacuo. The resulting residue 

was resuspended in H2O, acidified with aqueous 1 M HCl to pH 2 and extracted with EtOAc. 

The organic layer was washed (saturated NaHCO3, H2O, brine), dried over Na2SO4 and 

evaporated in vacuo. 

 

General procedure B 

To a stirred solution of aromatic acid (1 equiv.) in dry CH2Cl2 (20mL) under N2, 

hyrdoxybenzotriazole (HOBT, 1.2 equiv.), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDCI, 1.2 equiv.) and diisopropylethylamine (DIPEA, 2 equiv.) were added. The mixture 

was stirred for 10 min and glycine methyl ester hydrochloride (1.1 equiv.) was added. The 

reaction mixture was stirred until consumption of starting material. The mixture was washed 

with water and the organic layer was dried over MgSO4 and concentrated in vacuo. The crude 

oil was chromatographed (Hexane/ EtOAc 7:3 to 5:5).  
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General procedure C 

To a solution of the methyl ester (1 equiv.) in 1,4-dioxane (5 mL), 1M lithium hydroxide  (2 

equiv.) was added. The mixture was stirred at room temperature for 24 h until consumption 

of starting material and then acidified with acetic acid to pH 3 and diluted with CH2Cl2. The 

solution was washed with water, dried over MgSO4 and concentrated in vacuo.  

 

Methyl-N-(3-methoxy-3-oxopropanoyl)-L-cysteinate 201b 

 

Monomethyl oxalyl chloride (2.94 mL, 32.0 mmol) was added dropwise to a mixture of L-

cysteine methyl ester hydrochloride (5.00 g, 29.1 mmol) and Et3N (8.9 mL, 64.0 mmol) in 

anhydrous CH2Cl2 (100 mL) at 0 ºC. The mixture was then stirred at room temperature for 

overnight, after which it was evaporated in vacuo. The resulting residue was dissolved in 

EtOAc, washed (sat. NaHCO3, H2O, brine), dried over Na2SO4 and evaporated in vacuo. 

Chromatography (hexane/EtOAc 1:1) afforded 201b (6.43 g, 100 %) as a pale yellow oil. Rf 

= 0.4. IR (neat) ν/cm-1: 3346 (NH), 1743 (MeOC=O), 1615 (NHC=O); 1H NMR (500 MHz, 

CDCl3) δ 7.88 (1H, br. s, NH), 4.75-4.70 (1H, m, CH), 3.93 (3H, s, COCO2CH3), 3.82 (3H, s, 

CO2CH3), 2.95 (1H, dd, J= 14.0 5.0, CH2SH), 2.90 (1H, dd, J= 14.0 5.0, CH2SH); 13C NMR 

(125 MHz, CDCl3) δ 169.3 (C=O), 160.2 (C=O), 155.9 (COCO2CH3), 54.1 (COCO2CH3), 

53.8 (CO2CH3), 53.1 (CH), 26.3 (CH2SH); HRMS (ESI+) calcd. for C7H11NNaO5S [M+Na]+ 

244.0250; Found 244.0253. 
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N-(carboxyacetyl)-L-cysteine 202b 

 

Following general procedure A, to a mixture of 201b (0.57 g, 1.7 mmol) in MeOH (20 mL), 1 

M NaOH (10.00 mL, 10.0 mmol) was added dropwise at 0 ºC. This afforded 202b (0.38 g, 

73%) as a white solid, mp 159-160 ºC. IR (neat) ν/cm-1 3010-3364 (NH and OH), 1645 

(NHC=O), 1524 (C=O); 1H NMR (500 MHz, MeOD-d4) δ 4.67 (1H, dd, J= 6.5 4.5, CH), 

3.09 (1H, dd, J= 14.0 5.0, CH2SH), 3.01 (1H, dd, J= 14.0 6.5, CH2SH); 13C NMR (125 MHz, 

MeOD-d4) δ 177.4 (C=O), 166.6 (C=O), 165.5 (C=O), 55.9 (CH), 35.4 (CH2SH); HRMS 

(ESI-) calcd. for C5H6NO5S [M-H]- 191.9972; Found 191.9968. 

 

Methyl N-(3-methoxy-3-oxopropanoyl)-S-(naphthalen-1-ylmethyl)-L-cysteinate 206 

 

Triethylamine (0.5 mL, 3.39 mmol) was added dropwise to a solution of 201b (0.5 g, 2.26 

mmol) and 1-bromomethylnaphthalene (0.55 g, 3.39 mmol) in anhydrous CH2Cl2 (20 mL) at 

0 ºC. The mixture was allowed to warm to room temperature overnight, after which, it was 

washed (H2O, brine), dried over MgSO4 and evaporated in vacuo. Chromatography (hexane 

/EtOAc 6:4 to 7:3) afforded 206 (0.30 g, 37%) as a white solid, mp 111-113 oC. Rf = 0.25. 

[α]D= -174.8 (c= 1.00 x 10-3, MeOH). IR (neat) ν/cm-1 3344 (NH), 1743 (MeOC=O), 1708 

(MeOC=O), 1618 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 8.09 (1H, d, J= 8.5, Ar CH), 

7.88-7.86 (1H, m, Ar CH), 7.80 (1H, dd, J= 3.5 2.0, Ar CH), 7.71 (1H, d, J= 7.5, Ar CH), 

7.58-7.50 (2H, m, Ar CH), 7.43-7.38 (2H, m, Ar CH), 4.87-4.83 (1H, m, CH), 4.21 (1H, d, J= 

13.0, CH2), 4.17 (1H, d, J= 13.0, CH2), 3.92 (3H, s, CO2CH3), 3.72 (3H, s, CO2CH3), 3.02 

(1H, dd, J= 14.0 5.0, SCH2), 2.95 (1H, dd, J= 14.0 5.0, SCH2); 13C NMR (125 MHz, CDCl3) 

δ 170.0 (C=O), 160.1 (CO2CH3), 155.9 (CO2CH3), 134.1 (Ar C), 132.5 (Ar C), 131.2 (Ar C), 
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128.8 (Ar CH), 128.5 (Ar CH), 127.5 (Ar CH), 126.2 (Ar CH), 125.9 (Ar CH), 125.1 (Ar 

CH), 123.9 (Ar CH), 53.8 (CO2CH3), 52.9 (CO2CH3), 52.2 (CH), 34.5 (SCH2), 33.5 (SCH2); 

HRMS (ESI+) calcd. for C18H19NNaO5S [M+Na]+ 384.0876; Found 384.0876. 

 

Methyl N-(3-methoxy-3-oxopropanoyl)-S-(naphthalen-2-ylmethyl)-L-cysteinate 207 

 

To a solution of 201b (0.50 g, 2.26 mmol) and 2-bromomethylnaphthalene (0.55 g, 2.49 

mmol) in anhydrous CH2Cl2 (40 mL) triethylamine (0.4 mL, 2.94 mmol) was added dropwise 

at room temperature. The mixture was stirred at room temperature for 18 h, washed (H2O), 

dried over MgSO4 and evaporated in vacuo. Chromatography (hexane/EtOAc 6:4) afforded 

207 (0.36 g, 43%) as a white solid, mp 87-90 ºC. Rf= 0.35. [α]D= -67.1 (c= 2.56x10-3). IR 

(neat) ν/cm-1 3303 (NH), 1735 (RNHC=O); 1H NMR (500 MHz, CDCl3) δ 7.83-7.81 (3H, m, 

ArCH), 7.71 (1H, d, J= 6.5, ArCH), 7.51-7.45 (3H, m, ArCH), 4.85-4.81 (1H, m, CH), 3.90 

(3H, s, COCO2CH3), 3.91-3.88 (2H, m, SCH2), 3.75 (3H, s, CO2CH3), 2.96 (1H, dd, J= 14.0 

5.0, SCH2), 2.89 (1H, dd, J= 14.0 6.0, SCH2); 13C NMR (125 MHz, CDCl3) δ 170.0 (C=O), 

160.2 (C=O), 155.9 (C=O), 134.6 (Ar C), 133.2 (Ar C), 132.6 (Ar C), 128.6 (Ar CH), 127.7 

(Ar CH), 127.7 (Ar CH), 127.6 (Ar CH), 126.8 (Ar CH), 126.3 (Ar CH), 126.0 (Ar CH), 53.8 

(COCO2CH3), 52.9 (CO2CH3), 52.0 (CH), 36.8 (SCH2), 32.85 (SCH2); HRMS (ESI+) calcd. 

for C18H19NNaO5S [M+Na]+ 384.0876; Found 384.0877. 
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N-(carboxyacetyl)-S-(naphthalen-1-ylmethyl)-L-cysteine 211 

 

Following general procedure A, to a solution of 206 (0.17 g, 0.47 mmol) in MeOH (10 mL) 1 

M NaOH (0.9 mL, 0.9 mmol) was added. Washing with Et2O (3 mL) afforded 211 (0.10 g, 

64%) as a white solid, mp >300 ºC. [α]D= -5.9 (c= 1.10 x 10-3, MeOH). IR (neat) ν/cm-1 3292 

(N-H), 3000 (COO-H), 1759 (HOC=O), 1728 (HOC=O), 1663 (NHC=O); 1H NMR (500 

MHz, MeOD-d4) δ 8.18 (1H, d, J= 8.5, Ar CH), 7.81 (1H, d, J= 8.0, Ar CH), 7.89-7.88 (1H, 

m, Ar CH), 7.56-7.40 (4H, m, Ar CH), 4.75 (1H, dd, J= 8.0 4.5, CH), 4.30 (1H, d, J= 12.5, 

SCH2), 4.27 (1H, d, J= 12.5, SCH2), 3.12 (1H, dd, J= 14.0 5.0, SCH2), 2.96 (1H, dd, J= 14.0 

5.5, SCH2); 13C NMR (125MHz, MeOD-d4) δ 172.9 (CO2H), 162.4 (CO2H), 160.1 (CONH), 

135.7 (Ar C), 134.6 (Ar C), 132.8 (Ar C), 129.7 (Ar CH), 129.3 (Ar CH), 128.6 (Ar CH), 

127.1 (Ar CH), 126.9 (Ar CH), 126.2 (Ar CH), 125.4 (Ar CH), 53.6 (CH), 34.9 (CH2), 34.0 

(CH2); HRMS (ESI-) calcd. for C16H14NO5S [M-H]- 332.0598; Found 332.0603. 

 

N-(carboxyacetyl)-S-(naphthalen-2-ylmethyl)-L-cysteine 212 

 

Following general procedure A, to a solution of 207 (0.17 g, 0.47 mmol) in MeOH (10 mL) 1 

M NaOH (0.9 mL, 0.9 mmol) was added. Washing with Et2O afforded 212 (0.07 g, 50%) as a 

white solid, mp 159-160 ºC. [α]D= -43.6 (c= 1.01x10-3). IR (neat) ν/cm-1 3309 (N-H), 3235 

(COO-H), 1748 (HOC=O), 1726 (C=O), 1639 (NHC=O); 1H NMR (500 MHz, MeOD-d4) δ 

7.84-7.81 (3H, m, Ar CH), 7.76 (1H, s, Ar CH), 7.51-7.46 (3H, m, Ar CH), 4.71-4.68 (1H, m, 

CH), 3.95 (2H, s, CH2), 3.04 (1H, dd, J= 14.0 4.5, SCH2), 2.92 (1H, dd, J= 14.0 5.0, SCH2); 
13C NMR (125MHz, MeOD-d4) δ 172.6 (C=O), 136.6 (Ar C), 134.7 (Ar C), 134.1 (Ar C), 
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129.5 (Ar CH), 129.3 (Ar CH), 128.7 (Ar CH), 128.2 (Ar CH), 127.3 (Ar CH), 127.1 (Ar 

CH), 126.9 (Ar CH), 53.9 (CH), 37.2 (SCH2), 33.1 (SCH2); HRMS (ESI-) calcd. for 

C16H14NO5S [M-H]- 332.0598; Found 332.0595. 

 

(R)-Methyl S-(naphthalen-2-ylmethyl)-N-(pyridin-2-ylcarbonyl)cysteinate 213 

 

Following general procedure B, picolinic acid (0.09 g, 0.73 mmol) in anhydrous CH2Cl2 (10 

mL) under N2, DIPEA (0.14 mL, 0.80 mmol), HOBT (0.12 g, 0.88 mmol), and EDCI (0.18 

mL, 0.88 mmol) were stirred for 10 min and 235 (0.20 g, 0.73 mmol) was added. The 

reaction mixture was stirred for 3 d until consumption of starting material. Chromatography 

(hexane/EtOAc 8:2 to 6:4) afforded 213 (0.16 g, 58 %) as yellow oil. Rf = 0.09. [α]D= -51.6 

(c= 2.09 x 10-3, MeOH). IR (neat) ν/cm-1 3380 (N-H), 1753 (MeOC=O), 1678 (NHC=O); 1H 

NMR (500 MHz, CDCl3) δ 8.73 (1H, d, J= 8.0, NH), 8.62-8.61 (1H, m, ArCH), 8.19-8.17 

(1H, m, Ar CH), 7.86 (1H, td, J= 7.5 1.5, Ar CH), 7.80-7.76 (3H, m, Ar CH), 7.81 (1H, s, Ar 

CH), 7.48-7.44 (4H, m, Ar CH), 5.07-5.03 (1H, m, CH), 3.93 (2H, s, SCH2), 3.77 (3H, s, 

CH3), 3.03 (1H, dd, J= 14.5 5.0, SCH2), 2.92 (1H, dd, J= 14.5 5.0, SCH2); 13C NMR 

(125MHz, CDCl3) δ 171.1 (C=O), 164.1 (C=O), 149.1 (Ar C), 148.3 (Ar CH), 137.3 (Ar C), 

134.8 (Ar CH), 133.2 (Ar CH), 132.55 (Ar CH), 128.5 (Ar CH), 127.65 (Ar CH), 127.6 (Ar 

CH), 127.0 (Ar CH), 126.5 (Ar CH), 126.2 (Ar CH), 125.8 (Ar C), 122.3 (Ar CH), 52.7 

(OCH3), 52.0 (CH), 36.8 (SCH2), 33.2 (SCH2); HRMS (ESI+) calcd. for C21H20N2NaO3S 

[M+Na]+ 403.1087; Found 403.1072. 
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(R)-Methyl N-[(3-hydroxypyridin-2-yl)carbonyl]-S-(naphthalen-2-ylmethyl)cysteinate 

214 

 

Following general procedure B, 3-hydroxy picolinic acid (0.10 g, 0.73 mmol) in anhydrous 

CH2Cl2 (10 mL) under N2, DIPEA (0.14 mL, 0.80 mmol), HOBT (0.12 g, 0.88 mmol), and 

EDCI (0.18 mL, 0.88 mmol) were stirred for 10 min and 235 (0.20 g, 0.73 mmol) was added. 

The reaction mixture was stirred for 3 d until consumption of starting material. The yellow oil 

was chromatographed (hexane/EtOAc 8:2 to 6:4). Chromatography afforded 214 (0.06 g, 21 

%) as a yellow oil. Rf = 0.19. [α]D= -65.6 (c= 1.17 x 10-3, MeOH). IR (neat) ν/cm-1 3351 (N-

H), 1765 (CH3OC=O), 1676 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 11.78 (1H, s, OH), 

8.69 (1H, d, J= 8.0, NH), 8.11 (1H, dd, J= 4.5 1.5, Ar CH), 7.81-7.76 (3H, m, Ar CH), 7.70 

(1H, s, Ar CH), 7.50-7.44 (3H, m, Ar CH), 7.37-7.30 (2H, m, Ar CH), 5.00-4.97 (1H, m, 

CH), 3.93 (2H, s, CH2), 3.78 (3H, s, SCH3), 3.04 (1H, dd, J= 14.0 5.0, SCH2), 2.95 (1H, dd, 

J= 14.0 5.5, SCH2); 13C NMR (125MHz, CDCl3) δ 170.6 (C=O), 168.6 (C=O), 157.8 (Ar C), 

139.9 (Ar CH), 134.6 (Ar C), 133.15 (Ar C), 132.6 (Ar C), 130.9 (Ar C), 128.95 (Ar CH), 

128.6 (Ar CH), 127.7 (Ar CH), 127.65 (Ar CH), 126.9 (Ar CH), 126.3 (Ar CH), 126.3 (Ar 

CH), 126.1 (Ar CH), 125.9 (Ar CH), 52.8 (OCH3), 51.6 (CH), 36.8 (SCH2), 32.9 (SCH2); 

HRMS (ESI+) calcd. for C21H20N2NaO4S [M+Na]+ 419.1036; Found 419.1024. 

 

 (R)-Methyl N-(2,2'-bipyridin-6-ylcarbonyl)-S-(naphthalen-2-ylmethyl)cysteinate 215 

 

Following general procedure B, [2,2'-bipyridine]-6-carboxylic acid dihydrochloride[40] 

(0.20g, 0.73 mmol) in anhydrous DMF (10 mL) under N2, DIPEA (0.34 mL, 2.26 mmol), 
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HOBT (0.12 g, 0.88 mmol), and EDCI (0.18 mL, 0.88 mmol) were stirred for 10 min and 235 

(0.20 g, 0.73 mmol) was added. The reaction mixture was stirred for 3 d until consumption of 

starting material. DMF was partially evaporated and the solution was further dissolved in 

EtOAc. The mixture was washed with sat. NaHCO3, brine and the organic layer was dried 

over MgSO4 and concentrated in vacuo. Chromatography (hexane/EtOAc 7:3 to 6:4) afforded 

compound 215 (0.03 g, 9 %) as a yellow oil. Rf = 0.10. [α]D= -30.3 (c= 1.10 x 10-3, MeOH). 

IR (neat) ν/cm-1 3377 (N-H), 1744 (CH3OC=O), 1678 (NHC=O); 1H NMR (400 MHz, 

CDCl3) δ 8.95 (1H, s, NH), 8.74 (1H, d, J= 4.5, Ar CH), 8.62 (1H, d, J= 8.0, Ar CH), 8.48 

(1H, d, J= 8.0, Ar CH), 8.20 (1H, d, J= 7.5, Ar CH), 8.00 (1H, t, J= 7.5, Ar CH), 7.87 (1H, t, 

J= 7.5, Ar CH), 7.76-7.68 (4H, m, Ar CH), 7.47-7.36 (4H, m, Ar CH), 5.10-5.08 (1H, m, 

CH), 3.97 (1H, d, J= 13.5, CH2), 3.94 (1H, d, J= 13.5, CH2), 3.80 (3H, s, CH3), 3.08-3.14 

(2H, m, SCH2) 3.04 (1H, dd, J= 14.0 4.5, SCH2), 2.92 (1H, dd, J= 14.0 5.0, SCH2); 13C 

NMR (100 MHz, CDCl3) δ 171.3 (C=O), 164.0 (C=O), 154.4 (Ar C), 149.1 (Ar CH), 138.4 

(Ar CH), 134.8 (Ar CH), 133.1 (Ar C), 132.5 (Ar C), 128.5 (Ar CH), 127.6 (Ar CH), 127.6 

(Ar CH), 126.9 (Ar CH), 126.2 (Ar CH), 125.8 (Ar CH), 124.3 (Ar CH), 123.9 (Ar CH), 

122.5 (Ar C), 121.1 (Ar C), 52.7 (OCH3), 51.9 (CH), 36.9 (SCH2), 33.4 (SCH2); HRMS 

(ESI+) calcd. for C26H23N3NaO3S [M+Na]+ 480.1352 Found 480.1335. 

 

(R)-Methyl S-(naphthale-2-ylmethyl)-N-[(6-phenylpyridin-2-yl)carbonyl]cysteinate 216  

 

Following general procedure B, 6-phenylpicolinic acid (0.15 g, 0.73 mmol) in anhydrous 

CH2Cl2 (10 mL) under N2, DIPEA (0.14 mL, 0.80 mmol), HOBT (0.12 g, 0.88 mmol), and 

EDCI (0.18 mL, 0.88 mmol) were stirred for 10 min and 235 (0.20 g, 0.73 mmol) was added. 

The reaction mixture was stirred for 3 d. Chromatography (hexane/EtOAc 8:2 to 6:4) 

afforded compound 216 (0.10 g, 33 %) as a yellow oil. Rf = 0.09. [α]D= -38.4 (c= 1.15 x 10-3, 

MeOH). IR (neat) ν/cm-1 3386 (N-H), 1743 (CH3OC=O), 1677 (NHC=O); 1H NMR (500 
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MHz, CDCl3) δ 8.94 (1H, d, J= 8.5, NH), 8.13 (1H, dd, J= 6.5 2.0, Ar CH), 8.11-8.07 (2H, 

m, Ar CH), 7.95-7.90 (2H, m, Ar CH), 7.77-7.68 (4H, m, Ar CH), 7.55-7.42 (6H, m, Ar CH), 

5.10-5.06 (1H, m, CH), 3.97 (1H, d, J= 13.5, CH2), 3.93 (1H, d, J= 13.5, CH2), 3.79 (3H, s, 

CH3), 3.07 (1H, dd, J= 14.0 5.0, SCH2), 3.03 (1H, dd, J= 14.0 5.5, SCH2); 13C NMR 

(125MHz, CDCl3) δ 171.2 (CO2CH3), 164.2 (CONH), 156.1 (Ar C), 148.9 (Ar C), 138.2 (Ar 

C), 138.1 (Ar CH), 134.8 (Ar C), 133.1 (Ar C), 132.5 (Ar C), 129.5 (Ar CH), 128.9 (Ar CH), 

128.5 (Ar CH), 127.6 (Ar CH), 127.6 (Ar CH), 127.0 (Ar CH), 126.9 (Ar CH), 126.1 (Ar 

CH), 125.8 (Ar CH), 123.2 (Ar CH), 120.7 (Ar CH), 52.7 (OCH3), 52.0 (CH), 36.9 (SCH2), 

33.3 (SCH2); HRMS (ESI+) calcd. for C27H25N2O3S [M+H]+ 457.1580; Found 457.1568. 

 

(R)- S-(naphthalen-2-ylmethyl)-N-(pyridin-2-ylcarbonyl)cysteine 217 

 

Following general procedure C, 213 (23 mg, 0.06 mmol) in 1,4-dioxane (2 mL), 1 M lithium 

hydroxide (0.12 mL, 0.12 mmol) was added. Concentration afforded compound 217 (16 mg, 

73 %) as a white solid, mp 124-126 ºC. [α]D= -35.2 (c= 1.36 x 10-3, MeOH). IR (neat) ν/cm-1 

3285 (N-H), 2917 (COO-H), 1743 (HOC=O), 1651 (NHC=O); 1H NMR (500 MHz, DMSO-

d6) δ 8.95 (1H, d, J= 8.5, NH), 8.70-8.69 (1H, m, ArCH), 8.09-8.02 (2H, m, Ar CH), 7.88-

7.80 (3H, m, Ar CH), 7.76 (1H, s, Ar CH), 7.67-7.64 (1H, m, Ar CH), 7.50-7.47 (3H, m, Ar 

CH), 4.79-4.75 (1H, m, CH), 3.95 (2H, s, SCH2), 3.06-3.00 (2H, m, SCH2); 13C NMR 

(125MHz, DMSO-d6) δ 171.8 (C=O), 163.6 (C=O), 149.15 (Ar C), 148.6 (Ar CH), 138.0 (Ar 

C), 135.6 (Ar C), 132.7 (Ar C), 132.7 (Ar C), 132.0 (Ar CH), 128.1 (Ar CH), 127.5 (Ar CH), 

127.45 (Ar CH), 127.2 (Ar CH), 127.1 (Ar CH), 126.9 (Ar CH), 126.2 (Ar CH), 125.8 (Ar 

CH), 122.0 (Ar CH), 51.6 (CH), 35.5 (SCH2), 32.2 (SCH2); HRMS (ESI-) calcd. for 

C20H17N2O3S [M-H]- 365.0965; Found 365.0955. 
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(R)- N-[(3-hydroxypyridin-2-yl)carbonyl]-S-(naphthalen-2-ylmethyl)cysteine 218 

 

Following general procedure C, 214 (24 mg, 0.06 mmol) in 1,4-dioxane (2 mL) reacted with 

1 M lithium hydroxide (0.12mL, 0.12 mmol). Concentration afforded compound 218 (10 mg, 

44 %) as off white solid, mp 159-161 ºC. [α]D= -40.6 (c= 1.05 x 10-3, MeOH). IR (neat) ν/cm-

1 3368 (ArO-H, N-H), 1724 (HOC=O), 1649 (NHC=O); 1H NMR (500 MHz, DMSO-d6) δ 

12.18 (1H, s, COOH), 9.25 (1H, d, J= 8.5, NH), 8.22 (1H, dd, J= 4.5 1.0, Ar CH), 7.88-7.81 

(3H, m, Ar CH), 7.77 (1H, s, Ar CH), 7.60-7.57 (1H, m, Ar CH), 7.51-7.46 (4H, m, Ar CH), 

4.75-4.72 (1H, m, CH), 3.95 (2H, s, SCH2), 3.06 (1H, dd, J= 14.0 7.0, SCH2), 2.92 (1H, dd, 

J= 14.0 5.0, SCH2); 13C NMR (125MHz, DMSO-d6) δ 171.3 (C=O), 168.5 (C=O), 157.2 (Ar 

C), 140.1 (Ar CH), 135.6 (Ar C), 132.7 (Ar C), 132.0 (Ar C), 130.7 (Ar CH), 129.5 (Ar CH), 

128.1 (Ar CH), 127.5 (Ar CH), 127.4 (Ar CH), 127.2 (Ar CH), 127.1 (Ar CH), 126.2 (Ar 

CH), 126.1 (Ar CH), 125.8 (Ar CH), 51.3(CH), 35.4 (SCH2) 31.7 (SCH2); HRMS (ESI-) 

calcd. for C20H17N2O4S [M-H]- 381.0915; Found 381.0910. 

 

(R)- N-(2,2'-bipyridin-6-ylcarbonyl)-S-(naphthalen-2-ylmethyl)cysteine 219 

 

Following general procedure C, to a solution of 215 (23 mg, 0.05 mmol) in 1,4-dioxane (2 

mL) 1 M lithium hydroxide (0.15mL, 0.15 mmol) was added. Concentration afforded 

compound 219 (14 mg, 65 %) as a white solid, mp 119-120 ºC. [α]D= -23.8 (c= 1.13 x 10-3, 

MeOH). IR (neat) ν/cm-1 3353 (N-H), 2922 (COO-H), 1728 (HOC=O), 1669 (NHC=O); 1H 

NMR (500 MHz, DMSO-d6) δ 10.15 (1H, s, CO2H), 9.20 (1H, d, J= 8.5, NH), 8.73-8.72 (1H, 

m, ArH), 8.67 (1H, d, J= 8.0, Ar CH), 8.60 (1H, dd, J= 8.0 1.0, Ar CH), 8.19-8.16 (1H, m, 
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Ar CH), 8.11-8.10 (1H, m, Ar CH), 8.01 (1H, td, J= 7.5 2.0, Ar CH), 7.88-7.74 (5H, m, Ar 

CH), 7.53-7.45 (4H, m, Ar CH), 4.76-4.74 (1H, m, CH), 3.95 (2H, s, SCH2), 3.04-3.06 (2H, 

m, SCH2) 3.04 (1H, dd, J= 14.0 4.5, SCH2), 2.92 (1H, dd, J= 14.0 5.0, SCH2); 13C NMR 

(125MHz, DMSO-d6) δ 171.9 (C=O), 163.6 (C=O), 154.3 (Ar C), 154.1 (Ar C), 149.1 (Ar 

CH), 148.8 (Ar CH), 139.2 (Ar CH), 137.5 (Ar CH), 135.6 (Ar C), 132.7 (Ar C), 131.9 (Ar 

C), 128.1 (Ar CH), 127.6 (Ar CH), 127.5(Ar CH), 127.4 (Ar CH), 127.2 (Ar CH), 126.4 (Ar 

CH), 126.3 (Ar CH), 124.8 (Ar CH), 123.4 (Ar CH), 122.3 (Ar CH), 121.1 (Ar C), 51.9 (CH), 

35.5 (SCH2), 32.2 (SCH2); HRMS (ESI-) calcd. for C25H20N3O3S [M-H]- 442.1231; Found 

442.1215. 

 

(R)- S-(naphthalen-2-ylmethyl)-N-[(6-phenylpyridin-2-yl)carbonyl]cysteine 220 

 

Following general procedure C, to a solution of 216 (0.028 g, 0.09 mmol) in 1,4-dioxane (2 

mL) 1 M lithium hydroxide (0.18 mL, 0.18 mmol) was added. Concentration afforded 

compound 220 (0.01 g, 52 %) as a light yellow solid, mp 260-261 ºC. [α]D= -11.4 (c= 1.22 x 

10-3, MeOH). IR (neat) ν/cm-1 3339 (N-H, COO-H), 1721 (HOC=O), 1635 (NHC=O); 1H 

NMR (500 MHz, DMSO-d6) δ 9.12 (1H, d, J= 8.5, NH), 8.31-8.23 (3H, m, ArCH), 8.12 (1H, 

t, J= 8.0, Ar CH), 8.03 (1H, d, J= 7.5, Ar CH), 7.87-7.77 (3H, m, Ar CH), 7.57-7.47 (7H, m, 

Ar CH), 4.77 (1H, s, CH), 3.98 (2H, s, SCH2), 3.08-3.06 (2H, m, SCH2); 13C NMR (125MHz, 

DMSO-d6) δ 171.9 (C=O), 163.6 (C=O), 155.0 (Ar C), 149.2 (Ar C), 139.1 (Ar CH), 137.5 

(Ar C), 135.7 (Ar C), 132.7 (Ar C), 132.0 (Ar C), 129.7 (Ar CH), 128.9 (Ar CH), 127.5 (Ar 

CH), 127.4 (Ar CH), 127.2 (Ar CH), 127.1 (Ar CH), 126.9 (Ar CH), 126.4 (Ar CH), 126.2 

(Ar CH), 125.8 (Ar CH), 123.1 (Ar CH), 120.7 (Ar CH), 51.9 (CH), 35.5 (SCH2), 32.3 

(SCH2); HRMS (ESI-) calcd. for C26H21N2O3S [M-H]- 441.1278; Found 441.1258. 
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Methyl N-(pyridin-2-yl)carbonylglycinate 221 

 

Following general procedure B, picolinic acid (0.44 g, 3.59 mmol) in anhydrous CH2Cl2 (20 

mL), and HOBT (0.58 g, 4.31 mmol), EDCI (0.76 mL, 4.31 mmol) and DIPEA (1.25 mL, 

7.18 mmol) with glycine methyl ester hydrochloride (0.45 g, 3.59 mmol) were stirred for 1 d. 

Chromatography (hexane/EtOAc 7:3 to 5:5) afforded compound 221 (0.50 g, 72 %) as yellow 

solid, mp 81-82 ºC. Rf = 0.18. IR (neat) ν/cm-1 3386 (NH), 1749 (MeOC=O), 1672 (NHC=O); 
1H NMR (500 MHz, CDCl3) δ 8.58 (1H, d, J= 0.5, Ar CH), 8.49 (1H, br. s, NH), 8.19-8.17 

(1H, m, Ar CH), 7.85 (1H, td, J= 7.5 2.0, Ar CH), 7.46-7.43 (1H, m, Ar CH), 4.28 (2H, d, J= 

6.0, CH2), 3.79 (3H, s, CH3); 13C NMR (125MHz, CDCl3) δ 170.1 (C=O), 164.6 (C=O), 

149.2 (Ar C), 148.25 (Ar CH), 137.3 (Ar CH), 126.4 (Ar CH), 122.3 (Ar CH), 52.4 (CH3), 

41.2 (CH2); HRMS (ESI+) calcd. for C9H10N2NaO3 [M+Na]+ 217.0584; Found 217.0582. 

 

Methyl N-[(3-hydroxypyridin-2-yl)carbonyl]glycine 222 

 

Following general procedure B, picolinic acid (0.50 g, 3.59 mmol) in anhydrous CH2Cl2 (20 

mL) and HOBT (0.58 g, 4.31 mmol), EDCI (0.76 mL, 4.31 mmol) and DIPEA (1.25 ml, 7.18 

mmol) with glycine methyl ester hydrochloride (0.45 g, 3.59 mmol) were stirred for 36 h 

until consumption of starting material. Chromatography (hexane/ EtOAc 7:3 to 5:5) afforded 

compound 222 (0.35 g, 47 %) as white needles, mp 54-55 ºC. Rf = 0.36. IR (neat) ν/cm-1 3355 

(O-H, N-H), 1749 (MeOC=O), 1651 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 11.76 (1H, s, 

OH), 8.46 (1H, s, NH), 8.07 (1H, dd, J= 4.0 1.5, Ar CH), 7.35-7.28 (2H, m, Ar CH), 4.23 

(2H, d, J= 6.0, CH2), 3.79 (3H, s, CH3); 13C NMR (125MHz, CDCl3) δ 169.6 (C=O), 169.0 

(C=O), 157.7 (Ar C), 139.8 (Ar CH), 131.0 (Ar C), 128.9 (Ar CH), 126.05 (Ar CH), 52.5 
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(CH3), 40.7 (CH2); HRMS (ESI+) calcd. for C9H10N2NaO4 [M+Na]+ 233.0533; Found 

233.0525. 

 

Methyl N-(2,2'-bipyridin-6-ylcarbonyl)glycinate 223 

 

A stirred solution of 2,2'-bipyridine-6-carboxylic acid dihydrochloride[40] (0.20 g, 0.73 mmol) 

in DMF (10 mL) with DIPEA (0.52 mL, 3.0 mmol), HOBT (0.12 g, 0.88 mmol), and EDCI 

(0.18 mL, 0.88 mmol) and glycine methyl ester hydrochloride (0.20 g, 0.73 mmol) was 

stirred for 2 d until consumption of starting material. DMF was partially evaporated and then 

dissolved in EtOAc. The mixture was washed with sat. NaHCO3 and brine and the organic 

layer was dried over MgSO4 and concentrated in vacuo. Chromatography (hexane/EtOAc 6:4 

to 2:8) afforded compound 223 (97 mg, 35 %) as white needles, mp 111-113 ºC. Rf = 0.10. IR 

(neat) ν/cm-1 3379 (N-H), 1749 (CH3OC=O), 1672 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 

8.67-8.66 (1H, m, Ar CH), 8.63 (1H, t, J= 5.0, NH), 8.54 (1H, dd, J= 8.0 1.0, Ar CH), 8.40 

(1H, d, J= 8.0, Ar CH), 8.18 (1H, dd, J= 7.5 1.0, Ar CH), 7.95 (1H, t, J= 8.0, Ar CH), 7.81 

(1H, td, J= 8.0 2.0, Ar CH), 7.35-7.31 (1H, m, ArCH), 4.31 (2H, d, J= 5.5, CH2), 3.79 (3H, s, 

CH3); 13C NMR (125MHz, CDCl3) δ 170.4 (C=O), 164.5 (C=O), 154.9 (Ar C), 154.8 (Ar C), 

149.2 (Ar C), 148.6 (Ar CH), 138.4 (Ar CH), 137.0 (Ar CH), 124.2 (Ar CH), 123.9 (Ar CH), 

122.3 (Ar CH), 121.0 (Ar CH), 52.4 (CH3), 41.3 (CH2); HRMS (ESI+) calcd. for 

C14H13N2NaO3 [M+Na]+ 294.0849; Found 294.0842. 

 

Methyl N-[(6-phenylpyridin-2-yl)carbonyl]glycinate 224 

 

To a stirred solution of glycine methyl ester hydrochloride (0.08 g, 0.60 mmol) and 

triethylamine (0.18 mL, 1.25 mmol) in anhydrous CH2Cl2 (20 mL), 6-phenylpicolinic acid 
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(0.10 g, 0.5 mmol) and PyBOP (0.29 g, 0.55 mmol) were added. The reaction mixture was 

stirred at room temperature overnight. The mixture was washed with water and the organic 

layer was dried over MgSO4 and concentrated in vacuo. Chromatography (hexane/ EtOAc 

6:4 to 5:5) afforded compound 224 (0.06 g, 44 %) as white needles, mp 106-108 ºC. Rf = 

0.29. IR (neat) ν/cm-1 3397 (N-H), 1742 (CH3OC=O), 1680 (NHC=O); 1H NMR (400 MHz, 

CDCl3) δ 8.64 (1H, t, J= 4.5, NH), 8.15 (1H, dd, J= 7.0 1.0, Ar CH), 8.06-8.04 (2H, m, Ar 

CH), 7.96-7.89 (2H, m, Ar CH), 7.54-7.45 (3H, m, Ar CH), 4.33 (2H, d, J= 5.5, CH2), 3.82 

(3H, s, CH3); 13C NMR (125MHz, CDCl3) δ 170.3 (C=O), 164.7 (C=O), 156.1 (Ar C), 149.0 

(Ar C), 138.2 (Ar CH), 129.5 (Ar CH), 128.9 (Ar CH), 126.95 (Ar CH), 123.2 (Ar CH), 

120.7 (Ar CH), 52.4 (CH3), 41.3 (CH2); HRMS (ESI+) calcd. for C15H14N2NaO3 [M+Na]+ 

293.0897; Found 293.0892. 

 

Methyl N-{[5-(tert-butylsulfanyl)pyridin-2-yl]carbonyl}glycinate 225 

 

A solution of 5-(tert-butylthio)picolinic acid[41] (0.91 g, 4.31 mmol) in SOCl2 (15 mL, 

excess) was stirred at room temperature for 2 h. The excess SOCl2 was removed in vacuo and 

co-evaporated twice with CH2Cl2. The crude product was then diluted (CH2Cl2) and glycine 

methyl ester hydrochloride (0.55 g, 4.32 mmol) was added. Triethylamine (1.20 mL, 8.62 

mmol) was then added dropwise over 10min and the mixture was stirred at room temperature 

for 4 h. The solution was washed with water, dried over MgSO4 and concentrated in vacuo. 

Chromatography (CH2Cl2 100%) afforded compound 225 (0.65 g, 52%) as white crystals, mp 

108-109 ºC. Rf = 0.30. IR (neat) ν/cm-1 3385 (NH), 1737 (CH3OC=O), 1676 (NHC=O); 1H 

NMR (500 MHz, CDCl3) δ 8.66 (1H, d, J= 1.5, Ar CH), 8.44 (1H, t, J= 4.5, NH), 8.15 (1H, d, 

J= 8.0, Ar CH), 8.00-7.98 (1H, m, Ar CH), 4.28 (2H, d, J= 5.5, CH2), 3.81 (3H, s, CH3), 1.32 

(9H, s, SC(CH3)3); 13C NMR (125MHz, CDCl3) δ 170.0 (C=O), 164.2 (C=O), 155.0 (Ar CH), 

148.8 (Ar C), 145.5 (Ar CH), 133.7 (Ar C), 121.9 (Ar CH), 52.4 (CH3), 47.2 (SC(CH3)3), 
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41.2 (CH2), 30.9 (CH3); HRMS (ESI+) calcd. for C13H18N2NaO3S [M+Na]+ 305.0936; Found 

305.0930. 

 

(S)-Methyl N-[(3-hydroxypyridin-2-yl)carbonyl]alaninate 226 

 

To a stirred solution of 3-hydroxypicolinic acid (0.50 g, 3.59 mmol) in anhydrous CH2Cl2 (20 

mL) under N2, HOBT (0.58 g, 4.31 mmol), EDCI (0.76 mL, 4.31 mmol) and DIPEA (1.25 

mL, 7.18 mmol) were added at 0 ºC. The mixture was stirred for 10 min and L-alanine methyl 

ester hydrochloride (0.50 g, 3.59 mmol) was added. The reaction mixture was stirred for 3 d 

until consumption of starting material. The mixture was washed with water and the organic 

layer was dried over MgSO4 and concentrated in vacuo. Chromatography (hexane/EtOAc 7:3 

to 4:6) afforded compound 226 (0.36 g, 45 %) as white needles, mp 60-61 ºC. Rf = 0.5. [α]D= 

-15.7 (c= 1.27 x 10-3, MeOH). IR (neat) ν/cm-1 3371 (ArO-H, N-H), 1741 (CH3OC=O), 1647 

(NHC=O); 1H NMR (400 MHz, CDCl3) δ 11.80 (1H, s, OH), 8.43 (1H, d, J= 7.0, NH), 7.98-

7.97 (1H, m, Ar CH), 7.28-7.19 (2H, m, Ar CH), 4.72-4.65 (1H, m, CH), 3.72 (3H, s, 

CO2CH3), 1.48 (3H, d, J= 7.5, CH3); 13C NMR (101MHz, CDCl3) δ 172.6 (C=O), 168.4 

(C=O), 157.7 (Ar C), 139.6 (Ar CH), 131.0 (Ar C), 128.7 (Ar CH), 125.9 (Ar CH), 52.5 

(CO2CH3), 47.6 (CH), 18.1 (CH3); HRMS (ESI+) calcd. for C10H12N2O4 [M+Na]+ 247.0689; 

Found 247.0687. 
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(S)- Methyl 3-(3a,7a-dihydro-1H-indol-3-yl)-N-[(3-hydroxypyridin-2-yl)carbonyl] 

alaninate 227 

 

To a stirred solution of 3-hydroxypicolinic acid (0.50 g, 3.59 mmol) in anhydrous CH2Cl2 (20 

mL) under N2, HOBT (0.58 g, 4.31 mmol), EDCI (0.76 mL, 4.31 mmol) and DIPEA (1.25 

mL, 7.18 mmol) were added at 0 ºC. The mixture was stirred for 10 min and L-tryptophan 

methyl ester hydrochloride (0.50 g, 3.59 mmol) was added. The reaction mixture was stirred 

for 2 d until consumption of starting material. The mixture was washed with water and the 

organic layer was dried over MgSO4 and concentrated in vacuo. Chromatography 

(hexane/EtOAc 7:3 to 4:6) afforded compound 227 (0.66 g, 54 %) as a yellow oil. Rf = 0.25. 

[α]D= -6.2 (c= 1.27 x 10-3, MeOH). IR (neat) ν/cm-1 3372 (ArO-H, N-H), 1737 (CH3OC=O), 

1648 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 11.94 (1H, s, OH), 8.59 (1H, d, J= 8.0, NH), 

8.46 (1H, s, Ar CH), 7.99-7.98 (1H, m, Ar CH), 7.60 (1H, d, J= 8.0, ArCH), 7.29-7.27 (2H, 

m, Ar CH), 7.18 (1H, t, J= 7.0, Ar CH), 7.11 (1H, t, J= 7.5, Ar CH), 7.02 (1H, d, J= 2.0, 

ArCH), 5.13-5.09 (1H, m, CH), 3.70 (3H, s, CO2CH3), 3.46-3.45 (2H, m, CH3); 13C NMR 

(125MHz, CDCl3) δ 171.9 (C=O), 168.6 (C=O), 157.7 (Ar C), 139.8 (Ar CH), 136.2 (Ar C), 

131.0 (Ar C), 128.8 (Ar CH), 127.3 (Ar CH), 126.0 (Ar CH), 123.1 (Ar CH), 122.2 (Ar CH), 

119.5 (Ar CH), 118.5 (Ar CH), 111.4 (Ar CH), 109.5 (Ar C), 52.6 (CH3), 52.6 (CH), 28.0 

(CH2); HRMS (ESI-) calcd. for C18H16N3O4 [M-H]- 338.1146; Found 338.1149. 
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N-(pyridin-2-ylcarbonyl)glycine 228 

 

Following general procedure C, to a solution of 221 (0.02 g, 0.10 mmol) in 1,4-dioxane (5 

mL) 1 M lithium hydroxide (0.2 mL, 0.2 mmol) was added. Concentration afforded 

compound 228 (8.07 mg, 45 %) as a white solid, mp 119-121 ºC. IR (neat) ν/cm-1 3354 (N-

H), 2933 (COO-H), 1743 (HOC=O), 1670 (NHC=O); 1H NMR (500 MHz, DMSO-d6) δ 8.99 

(1H, t, J= 6.0, NH), 8.67 (1H, d, J= 4.5, Ar CH), 8.06-8.00 (2H, m, Ar CH), 7.65-7.62 (1H, 

m, Ar CH), 4.00 (2H, d, J= 6.0, CH2); 13C NMR (125MHz, DMSO-d6) δ 171.05 (C=O), 

164.1 (C=O), 149.4 (Ar C), 148.5 (Ar CH), 137.85 (Ar CH), 126.7 (Ar CH), 121.9 (Ar CH), 

41.0 (CH2); HRMS (ESI-) calcd. for C8H7N2O3 [M-H]- 179.0464; Found 179.0462. 

 

N-[(3-hydroxypyridin-2-yl)carbonyl]glycine 229 

 

Following general procedure C, to a solution of 222 (0.02 g, 0.095 mmol) in 1,4-dioxane (5 

mL) 1 M lithium hydroxide (0.2 mL, 0.2 mmol) was added. Concentration afforded 

compound 229 (2.0 mg, 20 %) as a white solid, mp 169-170 ºC. IR (neat) ν/cm-1 3354 (O-H, 

N-H), 2950 (COO-H), 1745 (HOC=O), 1678 (NHC=O); 1H NMR (500 MHz, DMSO-d6) δ 

12.30 (1H, s, OH), 9.33 (1H, t, J= 6.0, NH), 8.20 (1H, dd, J= 4.5 1.5, Ar CH), 7.56 (1H, q, J= 

4.0, Ar CH), 7.45 (1H, dd, J= 8.5 1.5, Ar CH), 4.00 (2H, d, J= 6.0, CH2); 13C NMR 

(125MHz, DMSO-d6) δ 170.5 (C=O), 169.0 (C=O), 157.2 (Ar C), 140.0 (Ar CH), 130.9 (Ar 

C), 129.35 (Ar CH), 125.95 (Ar CH), 40.6 (CH2); HRMS (ESI-) calcd. for C8H7N2O4 [M-H]- 

195.0411; Found 195.0417. 
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N-(2,2'-bipyridin-6-ylcarbonyl)glycine 230 

 

Following general procedure C, to a solution of 223 (16 mg, 0.06 mmol) in 1,4-dioxane (2 

mL) 1 M lithium hydroxide (0.12mL, 0.12 mmol) was added. Concentration afforded 

compound 230 (8 mg, 52 %) as a white solid, mp 175-177 ºC. IR (neat) ν/cm-1 3360 (N-H), 

2989 (COO-H), 1743 (HOC=O), 1654 (NHC=O); 1H NMR (500 MHz, DMSO-d6) δ 12.60 

(1H, s, CO2H), 9.33 (1H, t, J= 6.0, NH), 8.82 (1H, d, J= 8.0, Ar CH), 8.73 (1H, d, J= 4.5, Ar 

CH), 8.60 (1H, dd, J= 8.0 1.0, Ar CH), 8.16 (1H, t, J= 7.5, Ar CH), 8.10 (1H, dd, J= 7.5 1.0, 

Ar CH), 8.02 (1H, td, J= 7.5 2.0, Ar CH), 7.53-7.52 (1H, m, Ar CH), 4.06 (2H, d, J= 6.0, 

CH2); 13C NMR (125MHz, DMSO-d6) δ 171.2 (C=O), 164.0 (C=O), 154.3 (Ar C), 154.2 (Ar 

C), 149.3 (Ar C), 149.1 (Ar CH), 139.0 (Ar CH), 137.3 (Ar CH), 124.7 (Ar CH), 123.0 (Ar 

CH), 122.1 (Ar CH), 121.3 (Ar CH), 41.1 (CH2); HRMS (ESI+) calcd. for C13H10N3O3 

256.0728; Found 256.0720. 

 

N-[(6-phenylpyridin-2-yl)carbonyl]glycine 231 

 

Following general procedure C, to a solution of 224 (20 mg, 0.07 mmol) in 1,4-dioxane (2 

mL) 1 M lithium hydroxide (0.14 mL, 0.14 mmol) was added. Concentration afforded 

compound 231 (15 mg, 82 %) as white solid, mp 132-134 ºC. IR (neat) ν/cm-1 3324 (N-H), 

2562 (COO-H), 1757 (HOC=O), 1634 (NHC=O); 1H NMR (500 MHz, MeOD-d4) δ 8.21-

8.19 (2H, m, Ar CH), 8.10-8.01 (3H, m, Ar CH), 7.54-7.46 (3H, m, Ar CH), 4.23 (2H, s, 

CH2); 13C NMR (125MHz, MeOD-d4) δ 173.0 (C=O), 167.1 (C=O), 157.6 (Ar C), 150.4 (Ar 

C), 139.7 (Ar C), 139.4 (Ar CH), 130.6 (Ar CH), 129.9 (Ar CH), 128.1 (Ar CH), 124.3 (Ar 

CH), 121.6 (Ar CH), 42.1 (CH2); HRMS (ESI-) calcd. for C14H11N2O3 [M-H]- 255.0775; 

Found 255.0771. 
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N-{[5-(tert-butylsulfanyl)pyridin-2-yl]carbonyl}glycine 232 

 

Following general procedure C, to a solution of 225 (0.20 g, 0.78 mmol) in 1,4-dioxane (15 

mL) 1 M lithium hydroxide (1.56 mL, 1.56 mmol) was added. Concentration afforded 

compound 232 (0.18 g, 85 %) as a white solid, mp 143-144 ºC. IR (neat) ν/cm-1 3366 (N-H), 

2959 (COO-H), 1748 (HOC=O), 1649 (NHC=O); 1H NMR (500 MHz, MeOD-d4) δ 8.66 

(1H, d, J= 2.0, Ar CH), 8.50 (1H, t, J= 4.5, NH), 8.17 (1H, d, J= 8.0, Ar CH), 8.01-7.99 (1H, 

m, Ar CH), 4.34 (2H, d, J= 5.5, CH2), 1.32 (9H, s, SC(CH3)3); 13C NMR (125MHz, MeOD-

d4) δ 173.7 (C=O), 164.6 (C=O), 155.0 (Ar CH), 148.4 (Ar C), 145.6 (Ar CH), 134.1 (Ar C), 

122.1 (Ar CH), 47.3 (SC(CH3)3), 41.3 (CH2), 30.9 (CH3); HRMS (ESI-) calcd. for 

C12H15N2O3S [M+Na]+ 267.0809; Found 267.0814. 

 

(S)- N-[(3-hydroxypyridin-2-yl)carbonyl]alanine 233 

 

Following general procedure C, to a solution of 226 (20 mg, 0.09 mmol) in 1,4-dioxane (2 

mL) 1 M lithium hydroxide (0.18 mL, 0.18 mmol) was added. Concentration afforded 

compound 233 (14 mg, 74 %) as an off white solid, mp 187-189 ºC. [α]D= -22.6 (c= 1.01 x 

10-3, MeOH). IR (neat) ν/cm-1 3354 (N-H), 2925 (COO-H), 1730 (HOC=O), 1628 (NHC=O); 
1H NMR (500 MHz, DMSO-d6) δ 12.28 (1H, s, OH), 9.18 (1H, d, J= 8.0, NH), 8.20 (1H, dd, 

J= 4.5 1.0, Ar CH), 7.57-7.55 (1H, m, Ar CH), 7.45 (1H, dd, J= 8.5 1.5, Ar CH), 4.50 (1H, 

quin, J= 7.5, CH), 1.46 (3H, d, J= 7.5, CH3); 13C NMR (125MHz, DMSO-d6) δ 173.2 (C=O), 

168.3 (C=O), 157.2 (Ar C), 140.0 (Ar CH), 130.9 (Ar C), 129.4 (Ar CH), 126.0 (Ar CH), 

47.5 (CH), 16.9 (CH3); HRMS (ESI-) calcd. for C9H9N2O4 [M-H]- 209.0568; Found 

324.0565. 
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(S)-3-(3a,7a-dihydro-1H-indol-3-yl)-N-[(3-hydroxypyridin-2-yl)carbonyl]alanine 234 

 

Following general procedure C, to a solution of 227 (20 mg, 0.06 mmol) in 1,4-dioxane (2 

mL) 1 M lithium hydroxide (0.12mL, 0.12 mmol) was added. Concentration afforded 

compound 234 (13 mg, 67 %) as a yellow solid, mp 109-111 ºC. [α]D= -24.7 (c= 1.03 x 10-3, 

MeOH). IR (neat) ν/cm-1 3279 (ArO-H, N-H), 2949 (COO-H), 1733 (HOC=O), 1647 

(NHC=O); 1H NMR (500 MHz, DMSO-d6) δ 12.17 (1H, s, CO2H), 10.87 (1H, s, OH), 8.94 

(1H, d, J= 8.0, NH), 8.13 (1H, dd, J= 4.5 1.0, Ar CH), 7.54-7.52 (2H, m, Ar CH), 7.42 (1H, 

dd, J= 8.5 1.0, ArCH), 7.33 (1H, d, J= 8.0, Ar CH), 7.16 (1H, d, J= 2.0, Ar CH), 7.04 (1H, t, 

J= 7.0, Ar CH), 6.95 (1H, t, J= 7.0, Ar CH), 4.79-4.75 (1H, m, CH), 3.43-3.35 (2H, m, CH3); 
13C NMR (125MHz, DMSO-d6) δ 172.4 (C=O), 168.3 (C=O), 157.1 (Ar C), 140.0 (Ar CH), 

136.1 (Ar C), 130.7 (Ar C), 129.4 (Ar CH), 127.2 (Ar CH), 126.0 (Ar CH), 123.7 (Ar CH), 

121.0 (Ar CH), 118.4 (Ar CH), 118.2 (Ar CH), 111.4 (Ar CH), 109.4 (Ar C), 52.6 (CH), 26.4 

(CH2); HRMS (ESI-) calcd. for C17H14N3O4 [M-H]- 324.0990; Found 324.0984. 

 

(R)-methyl S-(naphthalen-2-ylmethyl)cysteinate 235 

 

To a solution of L-cysteine methyl ester hydrochloride (2.14 g, 12.14 mmol) and 2-

bromomethylnaphthalene (2.50 g, 11.31 mmol) in anhydrous CH2Cl2 (60 mL), triethylamine 

(3.31 mL, 23.75 mmol) was added dropwise at room temperature. The mixture was stirred at 

room temperature for 2 d, washed (H2O), dried over MgSO4 and evaporated in vacuo. 

Chromatography (hexane/EtOAc 4:6) afforded 235 (2.50 g, 80%) as a yellow oil. Rf = 0.15. 

[α]D= -6.0 (c= 1.81 x 10-3, MeOH). IR (neat) ν/cm-1 3347 (NH2), 1738 (CH3C=O); 1H NMR 



81 
 

(500 MHz, CDCl3) δ 7.83-7.81 (3H, m, Ar CH), 7.71 (1H, s, Ar CH), 7.50-7.46 (3H, m, Ar 

CH), 3.89 (2H, s, SCH2), 3.69 (3H, s, CO2CH3), 3.63-3.61 (1H, m, CH), 2.84 (1H, dd, J= 

13.5 5.0, SCH2), 2.92 (1H, dd, J= 13.5 6.0, SCH2); 13C NMR (125MHz, CDCl3) δ 174.4 

(C=O), 135.2 (Ar C), 133.2 (Ar C), 132.6 (Ar C), 128.5 (Ar CH), 127.7 (Ar CH), 127.6 (Ar 

CH), 127.45 (Ar CH), 127.0 (Ar CH), 126.2 (Ar CH), 125.9 (Ar CH), 54.1 (CO2CH3), 52.2 

(CH), 36.9 (SCH2), 36.3 (SCH2); HRMS (ESI+) calcd. for C15H18NO2S [M+H]+ 276.1053; 

Found 276.1056. 

 

Methyl N-(quinolin-2-ylcarbonyl)glycinate 236 

 

To a solution of glycine methyl ester hydrochloride (0.13 g, 1.04 mmol) and quinaldoyl 

chloride (0.20 g, 1.04 mmol) in anhydrous CH2Cl2 (20 mL), triethylamine (3.31 mL, 23.75 

mmol) was added dropwise at room temperature. The mixture was stirred at room 

temperature for 2 d, washed (H2O), dried over MgSO4 and evaporated in vacuo. 

Chromatography (hexane /EtOAc 7:3 to 6:4) afforded compound 236 (0.12 g, 50%) as a 

white solid, mp 98-99 ºC. Rf = 0.36. IR (neat) ν/cm-1 3328 (N-H), 1746 (CH3OC=O), 1653 

(NHC=O); 1H NMR (500 MHz, CDCl3) δ 8.71 (1H, t, J= 5.0, NH), 8.31 (2H, dd, J= 15.0 8.5, 

Ar CH), 8.15 (1H, dd, J= 9.0 1.0, Ar CH), 7.88 (1H, d, J= 4.0, ArCH), 7.80-7.76 (1H, m, Ar 

CH), 7.65-7.62 (1H, m, Ar CH), 4.35 (2H, d, J= 6.0, CH2), 3.83 (3H, s, CH3). 13C NMR 

(125MHz, CDCl3) δ 170.2 (C=O), 164.8 (C=O), 149.0 (Ar C), 146.5 (Ar C), 137.5 (Ar C), 

130.1 (Ar CH), 129.8 (Ar CH), 129.4 (Ar CH), 128.0 (Ar CH), 127.7 (Ar CH), 118.8 (Ar 

CH), 52.4 (CH3), 41.3 (CH2); HRMS (ESI-) calcd. for C13H12N2O3 [M+Na]- 267.0740; Found 

267.0731. 
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(R)- Methyl S-(naphthalen-2-ylmethyl)-N-(quinolin-2-ylcarbonyl)cysteinate 237  

 

To a stirred solution of quinaldoyl chloride (0.14 g, 0.73 mmol) in anhydrous CH2Cl2 (10 

mL) under N2, 235 (0.20 g, 0.73 mmol) was added followed by triethylamine (0.11 mL, 0.80 

mmol). The reaction mixture was stirred for 2 d until consumption of starting material. The 

mixture was washed with water and the organic layer was dried over MgSO4 and 

concentrated in vacuo. Chromatography (hexane/EtOAc 8:2 to 6:4) afforded compound 237 

(0.12 g, 37 %) as a yellow oil. Rf = 0.13. [α]D= -88.8 (c= 1.00 x 10-3, MeOH). IR (neat) ν/cm-

1 3397 (N-H), 1744 (CH3OC=O), 1677 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 8.98 (1H, d, 

J= 8.5, NH), 8.28-8.25 (2H, m, Ar CH), 8.17 (1H, d, J= 9.0, ArCH), 7.84 (1H, d, J= 8.5, 

ArCH), 7.77-7.71 (5H, m, Ar CH), 7.60 (1H, t, J= 8.0, ArCH), 7.49 (1H, dd, J= 8.5 2.0, 

ArCH), 7.46-7.40 (2H, m, ArCH), 5.15 (1H, d, J= 3.5, CH), 3.99 (1H, d, J= 13.0, CH2), 3.96 

(1H, d, J= 13.0, CH2), 3.79 (3H, s, CH3), 3.07 (1H, dd, J= 14.0 5.0, SCH2), 3.04 (1H, dd, J= 

14.0 6.0, SCH2); 13C NMR (125MHz, CDCl3) δ 171.2 (C=O), 164.3 (C=O), 148.9 (Ar C), 

146.5 (Ar C), 137.5 (Ar CH), 134.9 (Ar C), 133.2 (Ar C), 132.5 (Ar C), 130.1 (Ar CH), 130.0 

(Ar CH), 129.4 (Ar CH), 128.5 (Ar CH), 128.1 (Ar CH), 127.7 (Ar CH), 127.6 (Ar CH), 

127.6 (Ar CH), 127.0 (Ar CH), 126.2 (Ar CH), 125.8 (Ar CH), 118.7 (Ar CH), 52.7 (CH3), 

52.2 (CH), 36.9 (SCH2), 33.25 (CH2); HRMS (ESI+) calcd. for C25H23N2O3S [M+H]+ 

431.1424; Found 431.1413. 
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N-(quinolin-2-ylcarbonyl)glycine 239[39] 

 

Following general procedure C, to a solution of 236 (25 mg, 0.10 mmol) in 1,4-dioxane (3 

mL) 1 M lithium hydroxide (0.20 mL, 0.20 mmol) was added. Concentration afforded 

compound 239 (15 mg, 66 %) as a white solid, mp 183-184 ºC. IR (neat) ν/cm-1 3357 (N-H), 

2915 (COO-H), 1749 (HOC=O), 1624 (NHC=O); 1H NMR (500 MHz, MeOD-d4) δ 8.47 

(1H, d, J= 8.5, Ar CH), 8.19 (2H, t, J= 8.5, Ar CH), 8.00 (1H, d, J= 8.0, Ar CH), 7.85-7.82 

(1H, m, Ar CH), 7.71-7.68 (1H, m, Ar CH), 4.25 (2H, s, CH2); 13C NMR (125MHz, MeOD-

d4) δ 172.9 (C=O), 167.2 (C=O), 150.5 (Ar C), 148.1 (Ar C), 138.9 (Ar CH), 131.5 (Ar CH), 

130.9 (Ar C), 130.8 (Ar CH), 129.4 (Ar CH), 129.0 (Ar CH), 119.5 (Ar CH), 42.1 (CH2); 

HRMS (ESI-) calcd. for C12H10N2O3 [M-H]- 229.0619; Found 229.0611. 

 

(R)- S-(naphthalen-2-ylmethyl)-N-(quinolin-2-ylcarbonyl)cysteine 240 

 

Following general procedure C, to a solution of 237 (26 mg, 0.06 mmol) in 1,4-dioxane (2 

mL) 1 M lithium hydroxide (0.12 mL, 0.12 mmol) was added. Concentration afforded 

compound 240 (10 mg, 40 %) as a yellow solid, mp 225-226 ºC. [α]D= -15.2 (c= 1.05 x 10-3, 

MeOH). IR (neat) ν/cm-1 3375 (N-H), 2917 (COO-H), 1779 (CH3OC=O), 1674 (NHC=O); 
1H NMR (500 MHz, DMSO-d6) δ 13.14 (1H, s, CO2H), 9.11 (1H, d, J= 9.0, NH), 8.62 (1H, 

d, J= 9.0, ArCH), 8.19 (2H, d, J= 8.5, Ar CH), 8.13 (1H, d, J= 8.0, Ar CH), 7.93-7.89 (1H, 

m, Ar CH), 7.86-7.83 (2H, m, Ar CH), 7.81-7.75 (3H, m, Ar CH), 7.49-7.45 (3H, m, Ar CH), 

4.85-4.81 (1H, m, CH), 3.98 (2H, s, SCH2), 3.12-3.03 (2H, m, SCH2); 13C NMR (125MHz, 

DMSO-d6) δ 171.8 (C=O), 163.7 (C=O), 149.3 (Ar C), 146.0 (Ar C), 138.2 (Ar CH), 135.6 
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(Ar C), 132.7 (Ar C), 132.0 (Ar C), 130.7 (Ar CH), 129.2 (Ar CH), 129.0 (Ar CH), 128.3 (Ar 

CH), 128.2 (Ar CH), 128.1 (Ar CH), 127.5 (Ar CH), 127.4 (Ar CH), 127.2 (Ar CH), 127.1 

(Ar CH), 126.2 (Ar CH), 125.8 (Ar C), 118.6 (Ar CH), 51.8(CH), 35.5 (SCH2), 32.2 (CH2); 

HRMS (ESI+) calcd. for C24H20N2NaO3S [M+Na]+ 439.1087; Found 439.1081.  
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Chapter 3. Dynamic Combinatorial Mass Spectrometry for 
Inhibition of Prolyl Hydroxylase Domain 2  

 

3.1     Introduction 

 

3.1.1 Reversible reactions in dynamic combinatorial mass spectrometry (DCMS) 

 

Of the many reversible reactions that have been used for DCC, only two have found 

application in DCMS. Disulphide formation is the most used reaction in DCMS and has 

found application with various protein targets because of the reversibility of this reaction in 

aqueous solutions at physiological pH and the stability of disulphides under MS conditions.[1, 

2] In addition, hydrazone formation, which was the first reaction applied in protein DCMS 

with carbonic anhydrase (CA),[3, 4] has been used in recent studies to form a dynamic library 

of pseudo-oligopeptides[5] and to identify γ-aminobutyric acid (GABA) transporter 1 

binders.[6] One disadvantage of the hydrazone approach is that libraries have to be composed 

of electron poor hydrazides in order to enable reversibility of hydrazine formation.[7] Even 

though both of the thiol/disulphide and hydrazine/hydrazone systems have proved suitable for 

several enzymes, the slow progression in their application to other biomolecule targets 

implies limitations in their usability. Thus, there is still a need for a wider range of reversible 

reactions to be applied in DCMS with biomolecules.  

The application of boronate ester formation from boronic acids and alcohols in DCMS was 

considered because the reaction is reversible in aqueous solution at physiologically relevant 

pH.[8, 9] Boronic acids react with 1,2- and 1,3-cis-diols,[10] α-hydroxy carboxylic acids[11-14] 

and dicarboxylic acids (Figure 3. 1).[13] They also readily react with sugars[15] and have found 

application in sugar recognition.[15, 16] 
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Figure 3. 1 The reversible reaction of boronic acids with alcohols to form boronate esters. 

 

Two examples of boronate esters being involved in library formation have been reported. 

Boronate acid containing libraries were used to identify binders of glycoproteins[17] and 

DNA.[18] Moreover, a dynamic library based on boronate ester and imine formation has been 

used for the formation of macrocycles.[19] Proof of principle work with proteases, where 

boronic acids were shown to react with the nucleophilic serine to form a ‘mono’ boronate 

ester that could further react with alcohols, was carried out in our group. [20] This study has 

revealed that the use of reversibly reacting boronic acid/boronate ester systems for 

identification of enzyme inhibitors is possible.[20]  
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Figure 3. 2 Dynamic combinatorial chemistry employing the formation of boronate esters and 

identification of adducts with non-denaturing ESI-mass spectrometry. 

 

3.1.2 Prolyl Hydroxylase domain 2 (PHD2) inhibitors 

 

The role of the hypoxia inducible factor prolyl-hydroxylase, PHD2, in human oxygen sensing 

has led to a number of investigations to identify specific inhibitors. Studies with PHD2 

inhibition have led to promising results for the treatment of anaemia[21, 22] and ischaemic 

diseases[23] including heart disease[24, 25] and stroke.[26, 27] Therefore, achieving potent and 

selective PHD2 inhibitors is a biomedically important objective. Most PHD2 inhibitors that 

have been reported to date are co-substrate (2OG) analogues which contain iron chelating 

groups that bind in the active site of the enzyme (Figure 3. 3). Even though some very potent 

and active in vivo PHD2 inhibitors have been identified,[28] their selectivity over other 2OG 

oxygenases still remains an issue. The importance of developing selective PHD2 inhibitors 

and the fact that PHD2 has been extensively analysed using ESI-MS,[29-31] led to the selection 

of PHD2 as a model enzyme for the exploration of the boronic acid/boronate ester DCMS 

method.    
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Figure 3. 3 Examples of reported PHD2 inhibitor classes.[32]
 

 

3.2     Modelling of the scaffold  

 

Firstly, a ‘support ligand’ that would bind to PHD2 and enable reversible boronate ester 

formation was proposed. For DCMS, the ‘support ligand’ compound was required to 

incorporate both an iron chelating group for binding to the active site bound iron, as well as a 

boronic acid group to enable the formation of the boronate ester dynamic combinatorial 

library (DCL). Pyridine based inhibitors with weak inhibitory potency against PHD2 have 

been recently reported (Figure 3. 3, 3)[33] and were deemed suitable for this investigation as 

ligands for DCMS. Manual modelling based on existing crystal structures of PHD2 with 

inhibitors implied that the C-5 boronic acid (Figure 3. 4 B) would bind in such a way to direct 

the boronate ester formation into the ‘free space’ of the substrate binding site. The docking 

indicates that the C-6 boronic acid (Figure 3. 4 C) may also be able to offer access to the 

substrate binding site, but with likely less flexibility compared to the C-5 boronic acid as it is 

positioned very close to the iron chelating aspartic acid (Asp315). The boronic acid of the C-

4 substituted pyridine is predicted to make steric clash with the active site so prevent 

formation of PHD2-binding boronate esters (Figure 3. 4 A). 

 



94	
  
 

 

Figure 3. 4 Modelling of pyridyl-boronate acids (A-C) in the active site of PHD2·Fe·406 (PDB ID: 

3HQU).[34] 

 

3.3     Synthesis of boronic acids 

 

Based on the modelling studies, synthesis of the three pyridyl-boronic acids was attempted 

(A-C, Figure 3. 4). Following optimisation of the syntheses of the bromo-pyridines 301a-c, 

boronate esters were synthesised via a Suzuki-Miyura coupling by modifying literature 

conditions.[35] The boronate ester 303 was synthesised to provide the boronate salt 305a, as 

the stable pinane boronate esters are readily purified using column chromatography (Scheme 

3. 1).[36] However, sufficient hydrolysis of the pinane ester was not successful. Therefore, the 

pinacol esters 302a-c, which are less stable than pinane boronate esters, were formed and 

subsequently deprotected to form the trifluoroborate salts.[37] The borate salts 305 were 

hydrolysed in the presence of trimethylsilylchloride (TMSCl) to provide the final boronic 

acids (Scheme 3. 1).[37, 38]
 

 



95	
  
 

 

Scheme 3. 1 Synthesis of boronic acids. 

Reagents and conditions: i) SOCl2 (excess), reflux; ii) glycine methyl ester hydrochloride (1equiv.), 

NEt3 (2 equiv.), CH2Cl2, r.t; iii) (PinB)2 (1.6 equiv.), KOAc, Pd(dppf)Cl2 (10 mole %); iv) (PinaneB)2 

(1.6 equiv.), KOAc, Pd(dppf)Cl2 (10 mole %); v) 1 M LiOH (2 equiv.), 1,4-dioxane, r.t; vi) KHF2 (10 

equiv.), MeOH, r.t; vii) TMSCl (10 equiv.), CH3CN/ H2O 2:1, r.t.  

 

Despite some efforts hydrolysis of the boronate salt 305c to 6-boronic acid was not achieved, 

presumably because of the known instability of ortho substituted pyridine boronic acids.[39, 40] 

Investigation of the 6-boronate ester-pyridines was therefore abandoned, due to time 

constraints.  

 

3.4     Binding of boronic acids and esters by ESI-MS 

 

The next step was to investigate the ESI-MS best conditions for boronic acid/boronate ester 

binding to PHD2. The boronate ester 304 was used in binding optimisation experiments with 

PHD2 using non-denaturing mass spectrometry. The binding of 304 at different cone voltages 

was investigated. At cone voltages over 50V the boronate ester was cleaved leaving the 
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boronic acid, with 34 Da lower mass, being the major species observed bound to PHD2 

(Figure 3. 5). Similar observations have been made in studies of boronic acids with α-

chymotrypsin by non-denaturing ESI-MS.[41] Calculations have shown that this mass loss is 

likely due to cleavage of the two hydroxyl groups of the acid to give a trigonal species. The 

cleavage of the hydroxyl is dependent on the cone voltage, showing that it is a MS induced 

species formation. Because the boronate ester partially survives at low voltage, these 

conditions (cone voltage= 30V) were used throughout the study.  

 

Figure 3. 5 Mass spectra of 304 with PHD2·Fe(II) at different cone voltages. A: PHD2·Fe, B: 

PHD2·2Fe, C: PHD2·Fe·[304-pinane diol], D: PHD2·Fe·304. 

 

Before using 306 and 307 in DCMS, their binding to the active site of PHD2 was investigated 

using the PHD2·Fe(II) complex. 306 and 307 were mixed separately with PHD2·Fe and ESI-

MS was used to assess their binding affinity; the affinity was judged by competition with N-

oxalyl glycine (202a, NOG), a generic 2OG oxygenase inhibitor that binds in the active site 

by iron chelation, to identify the position of binding. Both boronic acids were found to form 

complexes with PHD2·Fe, confirming their ability to bind to PHD2. Also, the 

PHD2·Fe·boronate acid peaks disappeared in the presence of 202a, to give the 
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PHD2·Fe·202a adduct, proving that 306 and 307 bind to PHD2 by chelating the iron in the 

active site (Figure 3. 6). 

 

Figure 3. 6 Mass spectra of 306/307 in competition with 202a for PHD2·Fe(II). A: PHD2·Fe, B: 

PHD2·Fe·202a, C: PHD2·Fe·[306-2(OH)], D: PHD2·Fe·[307-2(OH)]. 

 

Since the rate of boronate ester formation is increased when the pH of the reaction is higher 

than the pKa of the boronic acids,[42] the pKa of the two boronic acids was measured by 

NMR. 306 and 307 were found to have pKa values close (306, pKa= 7.4) or lower (307 pKa= 

6.9) than the experimental conditions pH 7.5. 

 

NMR pKa experiments were acquired by Dr. Ivanhoe Leung. 
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3.5     Dynamic combinatorial library 

 

With the boronic acids in hand a library of diols was assembled to form the dynamic 

combinatorial library with 306 and 307 (DCL). The library contained alkyl and aromatic diols 

and aromatic 2-hydroxy carboxylic acids to allow the potential formation of five and six 

membered boronate esters (Figure 3. 7). 

  

 

Figure 3. 7 Library of diols used in this work. 

 

Many of the diols in the DCL have potential metal chelating functionalities; therefore it was 

envisaged that they might disrupt the binding of the boronic acid, or even the metal, to the 

active site of the protein. For this reason, and for analytical reasons, the 40 diols of the library 

were separated into four groups, in such a way that diols with different molecular weights 

were in each group (Figure 3. 7). 

 

 

 



99	
  
 

3.6     Non-denaturing ESI-MS studies on the DCL 

 

As the most promising scavenger from the modelling studies, the 5-boronic acid 306 was 

used for initial investigations with one of the 10-membered groups of diols (Figure 3. 7, 

group ii). In the first instance, time-course DCC experiments with 306, ii and PHD2 were 

conducted to determine the time needed for the reaction to reach apparent equilibrium under 

standard non-denaturing ESI-MS conditions. The standard conditions, use of equimolar 

reagents and mixing of compounds-binders prior to addition of Fe(II) and enzyme, usually 

result in immediate observation of PHD2·Fe·compound peaks. In the case of 306 with ii the 

reaction/binding equilibrium was reached after 1 h, as judged by the two boronate 

ester·PHD2 peaks, that remained constant for at least 5 h (Figure 3. 8). The two rate 

determining steps were the binding of iron and subsequent binding of 306 in the active site, 

possibly owing to the iron chelating properties of the diols.  
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Figure 3. 8 Deconvoluted non-denaturing ESI-MS of the reaction of PHD2 (1 equiv.) with Fe(II) 

(1equiv.), 306 (1 equiv.) and diols ii (1 equiv.) at cone voltage 30Vafter a) no incubation, b) 1 h, c) 3 

h, d) 5 h, e) 12 h  incubation. Dotted lines; red: ApoPHD2 (27650 ±  1 Da), blue:PHD2·Fe(II)·diol 

(27859 ± 3Da), pink: PHD2·Fe(II)·306 (27892 ± 2 Da), green: PHD2·Fe(II)·306-boronate 

ester1(28047 ± 3 Da), orange: PHD2·Fe(II)·306-boronate ester2(28081 ± 3 Da). 

 

To ensure that the active site was saturated with Fe(II), the analyses with 306 and ii were 

repeated with 2 and 5 equivalents of metal. While there was significant improvement in iron 

binding at 0 min, decrease of apoPHD2 peak (Figure 3. 9), with the use of 2 equivalents of 

Fe(II), the equilibrium was still not reached before 1 h. In the presence of 5 equivalents of 

iron the quality of the spectra was reduced; only one peak was observed, believed to 

correspond to a diol directly binding to PHD2·Fe (Figure 3. 9).  
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Figure 3. 9 Deconvoluted non-denaturing ESI-MS of the reaction of PHD2 (1 equiv.) with 306 (1 

equiv.) and diols ii (1 equiv.) and A. Fe(II) (1equiv.),  B. Fe(II) (2equiv.) and C. Fe(II) (5equiv.) at 

cone voltage 30V, after a) no incubation, b) 1 h, c) 5 h incubation. Dotted lines; red: apoPHD2 

(27650 ±  1 Da), blue:PHD2·Fe(II)·diol (27859  ±  3Da), pink: PHD2·Fe(II)·306 (27892 ±  2 Da), 

green: PHD2·Fe(II)·boronate ester1 (28047  ± 3 Da), orange: PHD2·Fe(II)·boronate ester2 (28081  

± 3 Da). 

 

To enable efficient formation of the PHD2·Fe·boronic acid adduct, the mixture of the three 

components (i.e. apoPHD2, Fe(II) and 306) was incubated for 1 min prior to addition of the 

diols. Indeed, this procedure led to immediate formation of the PHD2·Fe adduct as well as 

the PHD2·Fe·boronic acid adduct. The addition of diols to the pre-formed mixture of 

PHD2·Fe·306 led to observation of the same boronate ester peaks as observed in the previous 

experiments immediately; the complexes were apparently stable over a period of 2 h. The 

DCMS analysis was then set up under the same conditions for 306 with the four groups of 

diols. In total, six boronate ester peaks were observed by ESI-MS from all four groups of 

diols (Figure 3. 10; peaks D, F, G, J, K, N). In the DCMS with every library, peaks of similar 

masses as the PHD2·Fe·306 adduct were also present (Figure 3. 10; peaks C, E, H, I, L, M).  
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Figure 3. 10 Deconvoluted non-denaturing ESI-MS of 306 with PHD2·Fe(II) and diols c) i, d) ii, e) 

iii, f) iv at cone voltage 30V. A: PHD2·Fe, B: PHD2·Fe·306, C,E,H,I,L,M: PHD2·Fe·diols, 

D,F,G,J,K,N: PHD2·Fe·[boronate esters of 306]. 

 

The DCMS was then carried with 307 under the same conditions as the 306 experiments. No 

boronate ester hits were revealed, confirming the predicted steric hindrance, for 307 based 

boronate esters, from the modelling studies (Figure 3. 4, Figure 3. 11). The same peaks (and 

two more) observed in the case of 306 and diol groups i-iv with masses similar to 

PHD2·Fe·306, were also apparent in the DCMS with 307 (Figure 3. 11, peaks C-J). This 

implies that the species formed are not related with the boronic acid present in the DCMS. 

These may be peaks of diols directly binding to PHD2 (Figure 3. 10), likely by iron chelation. 
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Figure 3. 11 Deconvoluted non-denaturing ESI-MS of 307 with PHD2·Fe(II) and diols a) i, b) ii, c) 

iii, d) iv at cone voltage 30V. A: PHD2·Fe, B: PHD2·Fe·307, C-J: PHD2·Fe·diols. 

 

The binding of diols directly to PHD2 was investigated. Diols with masses corresponding to 

the formation of the PHD2·Fe·diol peak (peak mass – 27705 Da ± 3 Da) were thus tested 

individually for binding to PHD2·Fe. The same peaks with DCMS were observed when 

PHD2 was tested with diols 310, 313, 315-320 (Figure 3. 12 A).  

The next step was to identify which of the boronate esters formed in solution bound to 

PHD2·Fe. Diols with masses corresponding to the formation of boronate esters were tested 

with PHD2·Fe·306, which identified diols 309-315 as those forming boronate esters with 306 

(Figure 3. 12 B). A common structural feature was observed in the DCMS hits; five out of the 

seven hits were either 4-substituted benzene diols or 4-substituted 2-hydroxybenzoic acid 

(Figure 3. 13). These diols with 306 formed both five and six membered boronate ester rings, 

also the boronate esters consisted of two or three fused rings.  

It was noticed that some of the hit diols in DCMS were also binding directly to PHD2 (diols 

310, 313 and 315). To eliminate any suspicions that diols bind at another site of PHD2 at the 
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same time as boronic acids in the active site, and are responsible for the apparent masses of 

boronate esters observed, these diols were tested for binding to apoPHD2. No binding of 

diols was observed to the enzyme in the absence of iron, implying that diols bind directly to 

the PHD2·Fe complex. Thus it is not possible for both diols and boronic acids to bind to 

PHD2 together and the peaks observed in DCMS are due to binding of boronate esters 

formed in solution. 
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Figure 3. 12 Mass spectra of PHD2·FeII with A: diols, B: 306 and diols at cone voltage 30V. E-J, M, 

O,R: PHD2·Fe·diols, K,L,N,P,Q,S,T: PHD2·Fe·boronate ester. 
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Figure 3. 13 Diols forming boronate esters with 306 as identifield by DCMS.  

 

3.7     NMR binding studies 

 

Since ESI-MS is a gas phase technique, some interactions in solution may not be conserved 

resulting in false negative or positive results.[43] Thus, the confirmation of the ESI-MS results 

by a solution phase technique was necessary. Nuclear Magnetic Resonance (NMR) 

paramagnetic water experiments were carried out to investigate boronate ester formation and 

binding strengths in solution.[44] These experiments involve the use of paramagnetic Mn(II), 

substituting for Fe(II) as the active site metal for PHD2. The concentration of water in 

solution is measured in the absence and at increasing concentrations of ligand. Upon binding 

of ligands to the active site of the protein the access of water in the active site is restricted 

increasing the measured concentration of water in solution. Diols 308 and 321 were used as 

aromatic and aliphatic diol (negative) controls and the apparent binding affinity of the 

boronate esters, as well as the DCMS hits, formed with 306 were obtained ( Table 3. 1). The 

presence of diol 321 had little impact on the binding affinity of 306 (306, KD,app= 24.8 µM; 

306+321, KD,app= 18.2 µM), but the addition of catechol nearly halved the binding constant 

306+308 (KD,app= 13.2 µM). The improvement in binding was significant when hit diols were 

incubated with 306 (KD,app between 0.6 and 3.0 µM), especially the 4-substituted phenyl 

alcohols (306+312, KD,app = 1.3 µM; 306+311, KD,app = 0.8 µM; 306+313, KD,app = 0.6 µM) 
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 Table 3. 1 Apparent binding constants (KD,app) of boronate esters on PHD2 

No. KD,app 

(µM) 

No. KD, app 

(µM) 

306 24.8 ± 2.4 306+309 2.6 ± 0.4 

306+321 18.2 ± 0.9 306+315 2.2 ± 0.5 

306+308 13.2 ± 2.1 306+312 1.3 ± 0.1 

306+314 3.0 ± 0.4 306+311 0.8 ± 0.1 

306+310 3.0 ± 0.2 306+313 0.6± 0.2 

 

All NMR binding experiments were performed by Dr. Ivanhoe Leung. 

 

3.8     Stable analogue inhibitors  

 

Boronate esters are in equilibrium with their boronic acids and diols in solution; thus they are 

probably not suitable as inhibitors in vitro or in vivo. Consequently, compound 301 was 

reacted with commercial boronic acids in Suzuki couplings to form stable C-C analogues of 

the lead boronate esters (Scheme 3. 2). Although the stable analogues targeted are not perfect 

analogues of the boronate esters, boron chemistry enabled the ready preparation of the stable 

analogues by organo-palladium chemistry.[33] 
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Scheme 3. 2 Synthesis of stable compounds (analogues of inhibitors identified by DCMS).   

Reagents and conditions: i) RB(OH)2 (1 equiv.), 2 M aq.Na2CO3 (3 equiv.), Pd(PPh3)4 (10 mole %), 

THF, reflux; ii) 1 M LiOH (2 equiv.), 1,4-dioxane, r.t. 

 

Both five- and six- membered rings were explored as possible mimics of the boronate ester 

ring. Benzofuran-substituted and naphthalene-substituted compounds (326 and 327) were 

made as analogues of the boronate ester of 306 with 308. They both displayed negligible 

PHD2 inhibition (IC50> 500 µM), consistent with the DCMS and NMR binding results (Table 

3. 2). The binding constants of 326 and 327, as determined by NMR, were similar (326, KD= 

9.5 µM; 327, KD= 7.0 µM) suggesting that both five- and six- membered ring systems can be 

used as boronate ester mimics. All the 4-substituted benzene hits (309-313) were replaced by 

6-methoxy-2-naphthalene 328 (IC50= 107 µM, KD= 1.6 µM), showing significant 

improvement in the inhibition and binding compared to 326 and 327, as expected from the 

DCMS/NMR results.[14] 1-Dibenzofuran was introduced as an analogue of the bicyclic hits 

(314, 315); the inhibitory activity of 329 (IC50> 200 µM) was better than the catechol 

analogues 326 and 327 as indicated by DCMS and NMR. 328 was the best inhibitor from the 

DCMS assay, but its potency was still low. Therefore, improvement of the scaffold was 

attempted (see below).  
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Table 3. 2 Binding constants and PHD2 inhibition of stable analogues. 

No. KD 

(µM) 

IC50 

(µM) 

229 3.5 409 

306 24.7 126 

326 9.5 >500 

327 7.0 >500 

328 1.6 107 

329 8.7 >200 

 

PHD2 inhibition experiments were carried out by Andrew Mun Chan. 

 

3.9     Inhibitor optimisation 

 

Crystallographic studies on known PHD inhibitors suggested that the introduction of a 

hydroxyl group at position C-3 of the pyridine ring would induce hydrogen bonding of the 

compounds in the active site of PHD2 (Figure 3. 14).[34] Therefore the synthesis of 3-hydroxy 

substituted inhibitors was undertaken (Figure 3. 15). 
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Figure 3. 14 View from the crystal structure of PHD2 in complex with 406 (a potent PHD2 inhibitor), 

showing the hydrogen bonding of the hydroxyl group with Tyr303 (PDB ID: 3HQU).[34] 

 

 

Figure 3. 15 Retrosynthesis of proposed inhibitors. 

 

A benzyloxy substituent was introduced on the ring in a nucleophilic substitution of a nitro 

group at position C-3. This step had to be optimised to ensure selectivity of the reaction to 

position C-3 over C-2 and also against multi-substitution (Figure 3. 15). Literature 

conditions[45] for this reaction were initially used with low starting material conversion being 

observed (Table 3.3), but with a good ratio of the desired product over the side products. 

Increasing the amount of benzyl alcohol in the mixture, as well as performing the reaction at 

higher temperatures led to completion of the reaction; however the crude yield was low due 

to product decomposition. Forming the benzyloxy anion by prestirring at 40 ºC before adding 

the nitro compound at 20 ºC enabled the reaction to go to completion. By this procedure 

improved ratio of 330 over 331 and 332 was achieved; even though the yield of the product 

was still moderate (48 %, Table 3. 3).  
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Table 3. 3 Optimisation of nucleophilic substitution on 5-bromo-3-nitropicolinonitrile. 

 

BnOH  

(equiv.) 

Prestirring T 

(oC) 

Time 

(min) 

Temperature 

(oC) 

Time 

(h) 

s.m 

(%) 

330 

 (%) 

331 

 (%) 

332 

 (%) 

1.1 0 30 5→20 2 50 22 trace  8 

1.1 20 30 10→20 2 25 28 trace 9 

1.2 20 30 20→40 2.5 - 42 3 12 

1.1 40 20 20 1.5 - 48 trace 10 

 

After optimising the nucleophilic substitution reaction, 330 was carried through the following 

steps, using modified literature conditions in order to achieve preparation of the 5-

bromopyridyl compound 334 in moderate yields.[46] Compound 334 was used in Suzuki 

coupling reactions with substituted naphthalene-2-boronic acids. Deprotection of the products 

of this reaction 335-337 under palladium hydrogenation afforded the final 3-hydroxy-5-

substituted-pyridyl inhibitors (Scheme 3. 3). 
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Scheme 3. 3 Synthesis of stable analogues. 

Reagents and conditions: i) 30 % NaOH, MeOH, reflux; ii) glycine benzyl ester hydrochloride (1 

equiv.), EDCI (1.2 equiv.), HOBT (1.5 equiv.), DIPEA (3 equiv.), r.t; iii) R1naphthylB(OH)2 (1 

equiv.), 2 M aq. Na2CO3 (3 equiv.), Pd(PPh3)4 (10 mole %), THF, reflux; iv) Pd/C 10%, H2, THF, r.t.  

 

Compounds 338-339 displayed greatly improved inhibitory potency with PHD2; with their 

IC50 values being in the low nM range, representing a 10000 fold improvement in potency 

over compound 328 (Table 3. 2,      Table 3. 4). The presence of the hydroxyl group reduced 

the effect of introducing a methoxy group on the naphthalene ring; the naphthalene 338 

(IC50= 17 nM) is essentially equipotent with 6-methoxy naphthalene 339 (IC50= 14 nM). To 

improve the water solubility of the inhibitors, the methoxy group was replaced with a 

hydroxyl group which resulted in increased inhibition of PHD2 340 (IC50= 4 nM). 
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     Table 3. 4 Binding constants and PHD2 inhibition of stable analogues. 

No. PHD2 KD 

(µM) 

PHD2 IC50 

(nM) 

FTO IC50 

(µM) 

BBOX IC50 

(µM) 

JMJD2E inhibition 

@ 20uM (%) 

338 0.5 17 43 ~50 53 

339 0.8 14 >200  >200 58 

340 0.9 4 96 ~50 4 

406 < 1 353 2.8 18 40 

 

These inhibitors, as well as 406[47] (a PHD2 inhibitor that is currently in clinical trials for the 

treatment of anaemia), were tested for inhibition against other clinically relevant 2OG 

oxygenases. Compounds 338-340 displayed better IC50 values than 406 (IC50= 353 nM) for 

PHD2, however the opposite is observed for other proteins tested. 406 is a more potent fat 

mass and obesity-associated protein (FTO) and γ-butyrobetaine hydroxylase (BBOX) 

inhibitor (FTO IC50= 2.8 µM, BBOX IC50= 18 µM) compared to compounds 338-340 (     

Table 3. 4). For example, compound 339 is 1000 times more selective to PHD2 than 406. 

Worth noting is that the inhibition of PHD2 by compound 229, (IC50= 409 µM, Table 3. 2) a 

potent AlkB inhibitior, is improved 30000 times with the addition of the 6-methoxy naphthyl 

group identified by DCMS.   

 

BBOX and JMJD2E inhibition data were obtained by Anna Rydzik and Anthony Tumber 

respectively. 

 

3.10 Crystallographic studies 

 

To investigate the mode of binding of the highly potent inhibitors developed in this chapter, 

crystallographic studies were carried out. A crystal structure of PHD2 with Mn(II) 

(substituting iron) and 339 revealed that 339 binds to the PHD2 active site. 339 complexes 

the metal in a bidentate manner via the pyridyl nitrogen and the amide carbonyl at C-2 of the 

ring. The carboxylic acid has a salt bridge with Arg383 and the C-3 hydroxy group hydrogen 
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bonds with the side chain hydroxyl group of Tyr303. The naphthalene group of 339 is twisted 

relative to the pyridyl ring (torsion angle 53º) directing toward and partially occupying the 

substrate-binding site (Figure 3. 16).  

 

 

Figure 3. 16 View from a crystal structure of PHD2·Mn(II) (light blue) complexed with 339 (yellow) 

superimposed with a structure of PHD2·Mn(II) in complex with HIF1α residues 558-574 (“CODD”:  

red surface) (PDB ID 3HQR). The image shows the proximity of the C-5 substituent of 339 (6-

methoxynaphthalene) to the substrate binding site. The active site metal is in purple and Pro564 of 

HIF-1α, is labelled.[34] 

 

It is likely that the occupation of the substrate binding site combined with the hydrogen 

bonding for C-3 hydroxyl of 339 results in the high potency of the compound relative to 406 

(Figure 3. 17). 
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Figure 3. 17 View from a crystal structure of PHD2·Fe (blue) complexed with 406 (lilac) (PDB ID: 

3HQU) superimposed with a structure of PHD2·Mn(II) in complex with 339 (yellow) (contoured at 

3.0 σ).[34] 

 

 

Figure 3. 18 Stereoviews from the active site of a PHD2·Mn(II)·339 crystal structure showing the Fo-

Fc omit map around the ligand (contoured at 3.0 σ). 

 

Crystal structures were solved by Dr Rasheduzaman Chowdhury 
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3.11 Conclusions  

 

In this study the application of reversible boronate ester formation, from boronic acids and 

diols, in dynamic combinatorial chemistry with enzymes under mass spectrometric conditions 

was achieved. It was shown that the DCMS method can enable the development of selective 

inhibitors and provide structural insights. The combination of DCMS with previous 

knowledge of PHD2 SAR and structures made it possible to develop potent and selective 

PHD2 inhibitors. It was observed that the boronic acids undergo fragmentation under the MS 

conditions, while the boronate esters are stable. Even though this observation is a drawback 

of the method, the development of new mild-ionisation MS techniques may overcome this 

problem. The results from the DCMS assay were further validated by NMR binding 

experiments and boronate ester formation, demonstrating the utility of NMR as an analytical 

technique for DCC.  
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3.13 Experimental details 

 

Non-Denaturing ESI-MS studies 

The 40 diols used for DCL generation were from Sigma-Aldrich, Alfa Aesar or Acros. PHD2 

was desalted using a Bio-Spin 6 Column (Bio-Rad, Hemel Hempstead, U.K.) in 15 mM 

ammonium acetate (pH 7.5). The stock solution was diluted with the same buffer to a final 

concentration of 100 µM. Fe(NH4SO4)2·6H2O was dissolved in 20 mM HCl at a 

concentration of 100 mM. This was then diluted with Milli-Q water to give a final working 
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concentration of 100 µM. The protein was mixed with Fe(II) and boronic acids/diols to give 

final concentrations of 15 µM PHD2, 15 µM Fe(II), and 15 µM boronic acid and/or 15 µM 

diol. ESI-MS analysis was performed immediately with no incubation. 

Mass spectrometric data were acquired using a Q-TOF mass spectrometer (Q-TOF micro, 

Micromass, Altrincham, U.K.) interfaced with a NanoMate (Advion Biosciences, Ithaca, NY) 

with a chip voltage of 1.70 kV and a delivery pressure 0.5 psi. The sample cone voltage was 

typically 30 V with a source temperature of 100 ºC and with an acquisition/scan time of 1 s/1 

s. 

Calibration and sample acquisition were performed in the positive ion mode in the range of 

2000-4000 m/z. The pressure at the interface between the atmospheric source and the high 

vacuum region was fixed at 6.30 mbar. External instrument calibration was achieved using 

sodium formate. Data were processed with the MassLynx 4.0 (Waters). 

 

pKa NMR measurement 

pKa values were determined at 700 MHz using a Bruker Avance III spectrometer equipped 

with a 5 mm inverse cryoprobe. Standard 5 mm diameter NMR tubes (Norell, USA) were 

used. Nine samples containing 1 mM boronic acid at varying pH dissolved in D2O were 

measured by standard 1H experiments. The 1H chemical shift of the boronic acid/boronate 

ester was plotted against the solution pH and sigmoid curves were fitted using OriginPro 8.0 

(OriginLab, USA). 

 

Binding constant measurements 

Apparent binding constants (KD,app) and binding constants (KD) for PHD2 were determined by 

water relaxation experiments as described.[44] NMR experiments were conducted at 500 MHz 

using a Bruker Avance II spectrometer equipped with a standard 5 mm TXI probe at 298 K. 3 

mm diameter Bruker MATCH tubes (Hilgenberg, Germany) were used. Each sample 

contained 50 µM apo-PHD2, ~50 µM Mn(II) and 350 µM diols (where applicable). Ligand 

stock solution of 1 µL or 2 µL was titrated into NMR tubes. Solutions were buffered using 50 

mM Tris-D11 (pH 7.5) dissolved in 12.5% H2O and 87.5% D2O. Saturation recovery 
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experiments were performed with 1 transient with a relaxation delay of at least 5 times T1. KD 

curves were fitted using OriginPro 8.0 (OriginLab, USA) using a reported equation.[48] 

 

PHD2 expression and purification 

An N-terminally truncated form of PHD2 (PHD2181-426) was prepared as reported.[49, 50]   

 

Protein purification 

Fast Protein Liquid Chromatography: Protein purification using FPLC was carried out using 

Äkta™ FPLC systems (GE Healthcare) at 4°C. Purification procedures were followed by 

monitoring absorbance at 280 nm with a UPC-900 monitor on the FPLC and by SDS-PAGE. 

Sample fractions were collected using a Frac-920 fraction collector. 

Cation exchange column chromatography: A cation exchange column (SP Sepharose Fast 

Flow 50) was equilibrated with Milli-Q water (2CV), 1 M NaCl (2CV) and buffer A (0.1 M 

MES, pH 5.8) (2CV) prior to loading of the filtered supernatant. The column was washed 

with  buffer A (0.1 M Mes, pH 5.8) until the UV trace returned to its initial level. A gradient 

of 0-100%  buffer B (0.1 Mes, 1 M NaCl, pH 5.8) was then run over a period of 35 mins to 

elute the protein, and 5 mL fractions were collected. Following use the column was washed 

with 2CV each of Milli-Q water, 1 M NaOH, water, 1 M NaCl, 1 M AcOH and water. UV 

trace analysis and SDS PAGE were used to determine fractions containing the required 

protein which were then combined and concentrated to 2 mL using a 10 kDa MWCO 

concentrator in an S-4180 rotor in a Beckman Allegra™ 21R bench top centrifuge at 

4000 rpm and 4°C.  

Gel filtration column chromatography: Prior to use the 320 mL gel filtration Superdex 75 

column (Pharmacia) containing S75 gel filtration resin (Amersham Biosciences) was 

equilibrated by washing with Milli-Q water (1CV), and gel filtration buffer (0.1 M Tris, 0.1 

M NaCl, pH 7.5) (1CV). The concentrated protein was then loaded onto the column via a 

2 mL injection loop at 0.5 mL min-1, and subsequently run at 1.5 mL min-1. Protein was 

eluted with gel filtration buffer (1CV), with 5 mL fractions collected when the UV absorption 
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exceeded 40 mAU. Following use, the column was washed with Milli-Q water (2CV). SDS 

PAGE was used to identify the protein fractions with highest purity, which were then 

combined and concentrated. The resulting protein was desalted into 50 mM Tris pH 7.5 by 

further concentration. The concentration of the desalted protein was determined and stored at 

-80 °C. 

 

Preparation of apo-PHD2: For non-denaturing ESI-MS and relaxation NMR studies 

apoPHD2 was obtained by incubation with the iron chelator EDTA. PHD2 after the cation 

exchange chromatography was dissolved with 0.5 M EDTA pH 8, 20 mM NH4OAc pH7 to a 

final concentration of 1 mg/ mL protein, 0.2 M EDTA and 15mM NH4OAc step and was 

incubated overnight. The protein solution was concentrated to 2 mL as above prior to gel 

filtration column. 

 

PHD2 inhibition assays[51] 

Inhibition assays were carried out in 384-well white ProxiPlates (PerkinElmer) in 10 µL of 

reaction volume. Standard reaction mixtures consisted of the compound (in 2% DMSO final 

concentration), enzyme mix (0.001 µM of PHD2, 10 µM of Fe(II), 100 µM of ascorbate) and 

peptide mix (0.06 µM of biotinylated C-terminal oxygen dependent degradation domain 

(CODD) peptide, 2 µM of 2OG) in 50 mM HEPES pH 7.5, 0.01% Tween-20 and 0.1% BSA 

buffer. Compounds were preincubated with the enzyme mix for 15 min before being 

incubated with peptide mix for 10 min at 22 °C. Each reaction was quenched with 5 µL of 30 

mM EDTA. The bead mix containing AlphaScreen beads (AlphaScreen streptavidin-

conjugated donor and ProteinA-conjugated acceptor beads; PerkinElmer) was preincubated 

for 1h with a rabbit monoclonal antibody selective for hydroxy-HIF1α (Pro564) (Cell 

Signaling, Danvers, MA; 1:8000) and were added to the wells for a further 1 h at 22 °C. The 

plates were then analyzed with an Envision (PerkinElmer) plate reader. The IC50 values were 

calculated using nonlinear regression with normalized dose−response fit using GraphPad 

Prism (n ≥ 3). 
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In vitro Demethylation Assays for KDMs (AlphaScreen).  

These assays were carried out as described previously.[52] 

 

Protein crystallography 

Crystals of PHD2 in complex with 339 were grown in sitting drops at 293K using vapor 

diffusion methods at a protein to reservoir ratio of 1:1. The PHD2 protein solution contained 

19.0 mg/mL protein, 50 mM Tris·HCl pH 7.5, 1.0 mM MnCl2 and 1.2 mM 339. The reservoir 

solution contained 1.88 M ammonium sulfate, 0.1 M MES pH 6.5 and 5-7% dioxoane (v/v). 

The crystals were cryoprotected using well solution that was diluted to 30% v/v glycerol and 

flash frozen in liguid nitrogen. Data were collected from a single crystal at 100K using a 

Rigaku FR-E+ Superbright diffractometer equipped with a copper rotating anode, Osmic HF 

optics, and a Saturn 944+ CCD detector. The data were indexed, integrated, and scaled using 

HKL2000[53]. The structure was determined by molecular replacement using PHASER [54] 

and PDB ID: 2g19 as the search model. Iterative rounds of model building and refinement 

using COOT [55] and CNS [56] were performed until the decreasing R and Rfree no longer 

converged. 

 

 

 

 

 

 

 

 

 

 



121	
  
 

Table 3. 5 Crystallographic data processing, refinement statistics and further analysis for tPHD2 in 

complex with 339. 

Measurement                      tPHD2·MnII·339 

Data Collection  

Space Group P212121 

Cell dimensions a,b,c (Å) 

 

84.461 

103.011 

195.981 

Resolution (Å) 3.1 

No. of unique reflections 36167 (3454)* 

Completeness (%) 93.8 (91.3)* 

Redundancy 3.8 (3.5)* 

Rsym** 0.199 (0.826)* 

Mean I/σ(I) 7.3 (2.0)* 

  

Refinement  

Rfactor  0.250 

Rfree  0.291 

R.m.s. deviation  

  Bond length, Å 0.009 

  Bond angle, ° 1.24 

*Highest resolution shell shown in parenthesis. 

**Rsym = ∑|I-<I>|/∑I, where I is the intensity of an individual measurement and <I> is the 

average intensity from multiple observations.  
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Chemical synthesis 

 

General information 

Reagents and solvents were from Aldrich, Alfa Aesar or Acros. Reactions were monitored by 

TLC, which was performed on precoated aluminum-backed plates (Merck, silica 60 F254). 

Flash column chromatography was carried out using Biotage SP1 Purification system. 

Melting points were determined using a Leica Galen III hot-stage melting point apparatus and 

microscope. Infrared spectra were recorded from neat samples, on a Bruker Tensor 27 FT-IR 

spectrometer. NMR spectra were acquired using Bruker Avance II 500 MHz spectrometer 

equipped with a 5mm 13C(1H) dual cryoprobe or Avance 400 MHz spectrometer equipped 

with a 5mm z-gradient 1H/13C/19F/31P quad-nucleus probe. Chemical shifts (δ) are given in 

ppm, and the multiplicities are given as singlet (s), doublet (d), doublet doublet (dd), triplet 

(t), quartet (q), multiplet (m), broad (br). Coupling constants J are given in Hz (± 0.5 Hz). 

High resolution mass spectra (HRMS) were recorded using Bruker MicroTOF. The purity of 

all compounds synthesized were ≥98% as determined by analytical reverse-phase LCMS. 

 

General Procedures 

 

General Procedure A  

Potassium trifluoro(6-((2-methoxy-2-oxoethyl)carbamoyl)pyridin-3-yl)borates 

In a mixture of 302a/b/c (0.60 g, 1.87 mmol) in MeOH (15 mL), aqueous potassium 

hydrogen difluoride 4.5 M (4.2 mL, 18.70 mmol) was added and the reaction was stirred at 

room temperature for 1.5 hours. The solvent was removed in vacuo; the crude product was 

then washed with warm acetone 5 times and filtered. 

 

General procedure B  

2-[(Boronopyridin-2-yl)carbonyl]glycines 

305a/b (1 equiv.) was dissolved in the minimum volume of a CH3CN/H2O 2:1 mixture. 

Chlorotrimethylsilane (10 equiv.) was added dropwise over 5 min and the mixture was stirred 
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at room temperature overnight. The solvent was removed, H2O (1 mL) was added to the 

crude mixture which was then filtered. 

 

General procedure C  

Methyl N-2-{[5-(substituted)pyridin-2-yl]carbonyl}glycinates 

A mixture of 301 (0.50 g, 1.83 mmol), the boronic acid (1.83 mmol), 2 M sodium carbonate 

(2.3 mL, 5.49 mmol) and tetrakis(triphenylphosphino)palladium(0) (0.22 g, 0.18 mmol) in 

THF (40 mL) was heated at reflux until consumption of starting material (TLC). Solvent was 

removed in vacuo. The crude product was then diluted (CH2Cl2) and filtered. The filtrate was 

concentrated and the residue was purified by flash chromatography (hexane/EtOAc, 60: 40) 

afforded the methyl ester. 

 

General procedure D  

2-{[5-(substituted)pyridin-2-yl]carbonyl}glycines 

Solid obtained from the filtration (procedure C) was washed first with EtOAc (20mL) and 

then with water (10 mL). Washing afforded the acids as white solids.  

 

General procedure E  

Benzyl N-2-{[3-(benzyloxy)-5-(aryl)pyridin-2-yl]carbonyl}glycinates 

A mixture of 334 (0.30 g, 0.66 mmol), the boronic acid (1.32 mmol), 2 M sodium carbonate 

(1.0 mL, 1.97 mmol), triphenylphosphine (17.3 mg, 0.07 mmol) and 

tetrakis(triphenylphosphino) palladium(0) (76.0 mg, 0.07 mmol) in THF (20 mL) was heated 

at reflux until consumption of starting material (TLC). The solvent was removed in vacuo 

and the residue redissolved in CH2Cl2, washed with water, dried and concentrated. The 

residue was purified by flash chromatography (hexane/EtOAc 6:4 to 3: 7) afforded the 

purified product.  
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General procedure F  

2-{[3-hydroxy-5-(aryl)pyridin-2-yl]carbonyl}glycines 

To a solution of benzyl N-2-{[3-(benzyloxy)-5-(aryl)pyridin-2-yl]carbonyl}glycinates (0.02 

g, 0.04mmol) in THF (10 mL), 10% Pd/C (2.0 mg, 0.004 mmol) was added. The mixture was 

stirred at room temperature under a H2 atmosphere (1 atm) for 18 h. The suspension was 

filtered through celite and the filtrate was concentrated in vacuo. The oily residue was 

washed with diethyl ether afforded the desired acids.  

 

Methyl N-[(5-bromopyridin-2-yl)carbonyl]glycinate 301a 

 

To a solution of 5-bromopicolinic acid (2.46 g, 12.2 mmol) in SOCl2 (20 mL, excess), 2 

drops of DMF were added and the solution was stirred under reflux for 17 h. The excess 

SOCl2 was removed in vacuo and co evaporated twice with CH2Cl2. The crude product was 

then diluted in CH2Cl2 and glycine methyl ester hydrochloride (1.53g, 12.2 mmol) was 

added. Triethylamine (3.4 mL, 24.4 mmol) was then added dropwise over 30min and the 

resultant mixture was stirred at room temperature for 4 h. The solution was then washed with 

water, dried over MgSO4 and concentrated in vacuo. Chromatography (gradient 

CH2Cl2/EtOAc, 9:1 to 8:2) afforded compound 301a (2.87 g, 86%) as white crystals, mp 88-

89 ºC (from hexane). Rf= 0.45. IR (KBr) ν/cm-1 3345 (NH), 1728 (CH3OC=O), 1667 

(NHC=O); 1H NMR (500 MHz, CDCl3) δ 8.29-8.24 (1H, m, Ar CH), 7.59-7.53 (1H, app. m, 

NH), 7.49-7.42 (1H, m, Ar CH), 6.85 (1H, s, Ar CH), 4.97 (2H, d, J= 5.5, CH2), 3.29-3.19 

(3H, s, CH3); 13C NMR (125MHz, CDCl3) δ 170.0 (C=O), 163.8 (C=O), 149.5 (Ar C), 147.7 

(Ar C), 140.0 (Ar CH), 124.3 (Ar CH), 123.7 (Ar CH), 52.4 (CH3), 41.25 (CH2); MS (ESI+) 

m/z 273 ([M+H]+, 100%); HRMS calcd. for C9H9BrN2NaO3 [M+Na]+ 294.9689; Found 

294.9689. 
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Methyl N-[(4-bromopyridin-2-yl)carbonyl]glycinate 301b 

 

A solution of 4-bromopicolinic acid (1.00 g, 4.95 mmol) in SOCl2 (10mL, excess) was heated 

at reflux for 2 h. The excess SOCl2 was removed in vacuo and co evaporated twice with 

CH2Cl2. The crude product (0.5 g, 2.46 mmol) was diluted with CH2Cl2 (10 mL). To the 

stirred solution a mixture of glycine methyl ester hydrochloride (0.31g, 2.46 mmol), 

triethylamine (0.65 mL, 4.66 mmol) in CH2Cl2 (15 mL) was added dropwise over 20 min and 

was stirred at room temperature for 1 d. The solution was washed with water, dried over 

MgSO4 and concentrated in vacuo. Chromatography (CH2Cl2/EtOAc 9:1) afforded compound 

301b (0.87 g, 64 %) as white crystals, mp 74-75 ºC. Rf= 0.45. IR (neat) ν/cm-1 3348 (NH), 

1726 (CH3OC=O), 1668 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 8.49 (1H, d, J= 5.5, Ar 

CH), 8.40 (1H, t, J= 5.0, NH), 8.20 (1H, d, J= 2.0, Ar CH), 7.46 (1H, dd, J= 5.5 2.0, Ar CH), 

4.27 (2H, d, J= 5.5, CH2), 3.80 (3H, s, CH3); 13C NMR (125MHz, CDCl3) δ 169.9 (C=O), 

163.4 (C=O), 150.7 (Ar C), 149.2 (Ar C), 145.8 (Ar CH), 126.6 (Ar CH), 122.95 (Ar CH), 

52.4 (CH3), 41.3 (CH2); MS (FI+) m/z 271 (M+, 100%). 

 

Methyl N-[(6-bromopyridin-2-yl)carbonyl]glycinate 301c 

 

A solution of 6-bromopicolinic acid (5.00 g, 24.75 mmol) in SOCl2 (40mL, excess) was 

heated at reflux for 3 h. The excess SOCl2 was removed in vacuo and co evaporated twice 

with CH2Cl2. The crude product was diluted with CH2Cl2 (50 mL). To the stirred solution a 

mixture of glycine methyl ester hydrochloride (2.60g, 20.66 mmol) and triethylamine (5.80 

mL, 41.58 mmol) in CH2Cl2 (15 mL) was added dropwise over 20 min and was stirred at 

room temperature for 14 h. The solution was washed with water, dried over MgSO4 and 

concentrated in vacuo. Chromatography (CH2Cl2/EtOAc, 9:1) afforded compound 301c (3.50 

g, 52 %) as pale yellow crystals, mp 80-83 ºC. Rf = 0.45. IR (neat) ν/cm-1 3347 (NH), 1726 



126	
  
 

(CH3OC=O), 1668 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 8.25 (1H, br. s, NH), 8.18-8.11 

(1H, m, Ar CH), 7.82 (1H, t, J= 8.0, Ar CH), 7.59 (1H, d, J= 3.0, Ar CH), 4.27 (2H, d, J= 

6.0, CH2), 3.80 (3H, s, CH3); 13C NMR (125MHz, CDCl3) δ 169.9 (C=O), 163.2 (C=O), 

150.2 (Ar C), 149.7 (Ar C), 139.9 (Ar CH), 127.3 (Ar CH), 121.1 (Ar CH), 52.4 (CH3), 41.2 

(CH2); MS (FI+) m/z 271 (M+, 100%). 

 

Methyl N-{5-(3a,5,5-trimethylhexahydro-4,6-methanobenzo[d][1,3,2]dioxaborol 

pyridine-2-yl)carbonyl} glycinate 303 

 

A mixture of 301a (1.03 g, 3.77 mmol) with bis(pinane)diboron (2.01 g, 6.03 mmol) and 

anhydrous potassium acetate (1.17 g, 11.31 mmol) was purged with N2 for 5 min and then 

1,1'-bis(diphenylphosphino)ferrocene-palladium(II)dichloride (0.13 g, 0.16 mmol) was added. 

The mixture was stirred at 80 oC for 1 d and 1,1'-bis(diphenylphosphino)ferrocene-

palladium(II)dichloride (0.12 g, 0.15 mmol) were added. The mixture was stirred at 80 oC for 

18 h until consumption of starting material (TLC). The solvent was removed in vacuo and the 

residue was re dissolved in EtOAc followed by filtration through Celite. The filtrate was 

washed with brine. The organic phase was dried over MgSO4 and concentrated in vacuo. 

Chromatography (hexane/ EtOAc 4:6 to 3:7) afforded compound 303 (0.96 g, 69 %) as 

colourless oil. IR (neat) ν/cm-1 3382 (N-H), 1754 (CH3OC=O), 1675 (NHC=O); 1H NMR 

(500 MHz, CDCl3) δ 8.91 (1H, s, Ar CH), 8.53 (1H, br. s, NH), 8.20 (2H, dd, J= 8.0 1.5, Ar 

CH), 4.29 (2H, d, J= 6.0, CH2), 3.78 (3H, s, CH3), 2.47-1.86 (7H, m, pinane CH and CH2), 

1.52 (3H, s, CH3), 0.90 (6H, s, CH3); 13C NMR (125MHz, CDCl3) δ 171.0 (C=O), 164.7 

(C=O), 154.0 (ArC), 150.8 (ArCH), 143.8 (ArCH), 126.4 (ArC), 121.3 (ArCH), 69.3 (CCH3), 

52.6 (CH3), 51.5-51.3 (multiple peaks, CH), 41.3 (CH2), 39.9-39.4 (multiple peaks, CH), 35.6-

35.3 (multiple peaks, CH2), 28.6-28.4 (multiple peaks, CH3), 27.8-27.0 (multiple peaks, CH2), 



127	
  
 

26.5-26.3 (multiple peaks, C(CH3)2), 24.2-24.0 (multiple peaks, (CH3)2); MS (ESI+) m/z 395 

([M+Na]+, 90%); HRMS calcd. for C19H25BN2NaO5 [M+Na]+ 395.1752; Found 395.1735. 

 

N-{5-(3a,5,5-trimethylhexahydro-4,6-methanobenzo[d][1,3,2]dioxaborolpyridine-2-

yl)carbonyl}glycine 304 

 

In a solution of 303 (0.28 g, 0.752 mmol) in 1,4-dioxane (5 mL), 1 M lithium hydroxide (1.52 

mL, 1.52 mmol) was added. The mixture was stirred at room temperature for 10 h until 

consumption of starting material. The mixture was acidified with acetic acid to pH 3 and 

extracted with CH2Cl2/H2O. The solution was washed with water, dried over MgSO4 and 

concentrated in vacuo. Concentration afforded compound 304 (0.16 g, 59 %), as colourless 

oil. IR (neat) ν/cm-1 3382 (O-H), 3066 (N-H), 1751 (HOC=O), 1663 (NHC=O); 1H NMR (500 

MHz, CDCl3) δ 8.91 (1H, s, Ar CH), 8.58 (1H, br. s, NH), 8.23 (2H, dd, J= 7.0 1.5, Ar CH), 

4.29 (2H, d, J= 6.0, CH2), 2.38-1.83 (7H, m, pinane CH and CH2), 1.42 (3H, s, CH3), 0.83 

(6H, s, CH3); 13C NMR (125MHz, CDCl3) δ 173.4 (C=O), 164.9 (C=O), 153.9 (Ar C), 150.8 

(Ar CH), 143.9 (Ar CH), 121.6 (Ar CH), 69.3 (CCH3), 51.4-51.2 (multiple peaks, CH), 41.2 

(CH2), 39.5-39.4 (multiple peaks, CH), 35.6-35.3 (multiple peaks, CH2), 29.0-28.4 (multiple 

peaks, CH3), 27.9-27.3 (multiple peaks, CH2), 26.6-26.3 (multiple peaks, C(CH3)2), 24.2-23.9 

(multiple peaks, (CH3)2); MS (ESI-) m/z 357 ([M-H]-, 100%); HRMS calcd. for C18H22BN2O5 

[M-H]- 357.1631; Found 357.1628. 
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Methyl 2-[5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolanpyridine-2-yl)carbonyl]glycinate 

302a  

 

A mixture of 301a (1.51 g, 5.53 mmol) with bispinacolatodiboron (2.22 g, 8.85 mmol) and 

potassium acetate (1.74, 16.59 mmol) was purged with N2 for 5 min and then 1,1'-

bis(diphenylphosphino)ferrocene-palladium(II)dichloride (0.20 g, 0.08 mmol) was added. 

The mixture was stirred at 80 ºC for 3 h and bispinacolatodiboron (1.00 g, 8.85 mmol), 1,1'-

bis(diphenylphosphino)ferrocene-palladium(II)dichloride (0.20 g, 0.08 mmol) were added. 

The mixture was stirred at 80 ºC for 18 h until consumption of starting material (TLC). The 

solvent was removed in vacuo and the crude was redissolved in EtOAc followed by filtration 

through Celite. The filtrate was washed with brine. The organic phase was dried over MgSO4. 

Concentration in vacuo afforded compound 302a (1.00 g, 56 %) as a yellow oil. IR (neat) 

ν/cm-1 3387 (N-H), 1755 (CH3OC=O), 1680 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 8.87-

8.86 (1H, m, Ar CH), 8.57 (1H, app. s, NH), 8.22-8.19 (1H, m, Ar CH), 8.14-8.12 (1H, m, Ar 

CH), 4.26 (2H, d, J= 5.5, CH2), 3.77 (3H, s, CH3), 1.34 (12H, s, CH3); 13C NMR (125MHz, 

CDCl3) δ 170.1 (C=O), 164.7 (C=O), 153.9 (Ar CH), 150.8 (Ar C), 143.75 (Ar CH), 126.4 

(Ar CH), 121.3 (Ar CH), 52.4 (CH3), 41.2 (CH2), 36.5, 31.4, 25.0-14.1 (multiple peaks, CH3); 

MS (ESI+) m/z 243 ([M+Na]+, 70%); HRMS calcd. for C15H21BN2NaO5 [M+Na]+ 243.1436; 

Found 243.1443. 
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Methyl 2-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolanpyridine-2-yl)carbonyl]glycinate 

302b 

 

A mixture of 301b (1.00 g, 3.66 mmol) with bispinacolatodiboron (1.05 g, 4.13 mmol) and 

potassium acetate (1.08 g, 10.92 mmol) in dry 1,4-dioxane (30 mL) was purged with N2 for 5 

min and then 1,1'-bis(diphenylphosphino)ferrocene-palladium(II)dichloride (0.13 g, 0.16 

mmol) was added. The mixture was heated at reflux for 1 h before bispinacolatodiboron (0.50 

g, 1.97 mmol) and 1,1'-bis(diphenylphosphino)ferrocene-palladium(II)dichloride (0.10 g, 

0.012 mmol) were added. The mixture was heated at reflux for 17 h until consumption of 

starting material (TLC). The solvent was removed in vacuo and the crude was redissolved in 

EtOAc followed by filtration through Celite. The filtrate was concentrated in vacuo. 

Precipitation with Et2O (x 2) afforded compound 302b (0.30 g, 26 %) as white crystals, mp 

115-117 ºC. IR (neat) ν/cm-1 3384 (N-H), 1736 (CH3OC=O), 1673 (NHC=O); 1H NMR (500 

MHz, CDCl3) δ 8.60 (1H, d, J= 4.5, Ar CH), 8.54 (1H, s, Ar CH), 8.46 (1H, s, NH), 4.28 

(2H, d, J= 5.5, CH2), 3.79 (3H, s, CH3), 1.35 (12H, s, CH3); 13C NMR (125MHz, CDCl3) δ 

170.2 (C=O), 164.7 (C=O), 148.3 (Ar C), 147.65 (Ar C), 131.3 (Ar CH), 128.3 (Ar CH), 83.0 

(C(CH3)2), 52.3 (OCH3), 41.25 (CH2), 24.7 (multiple peaks, CH3); MS (FI+) m/z 320 

([M+H]+, 100%); HRMS calcd. for C15H21BN2NaO5 [M-H]- 320.1436; Found 320.1436. 

 

Methyl 2-[6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan pyridine-2-yl)carbonyl]glycinate 

302c 

 

To a solution of 301c (1.71 g, 6.27 mmol) with bispinacolatodiboron (2.10 g, 8.29 mmol) in 

anhydrous THF (40 mL), potassium acetate (2.08 g, 18.65 mmol) was added and the mixture 
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was purged with N2 for 5 min. Then 1,1'-bis(diphenylphosphino)ferrocene-

palladium(II)dichloride (0.20 g, 0.31 mmol) was added. The mixture was heated at reflux for 

3 h and bispinacolatodiboron (0.50 g, 1.97 mmol), 1,1'-bis(diphenylphosphino)-ferrocene-

palladium(II)dichloride (0.20 g, 0.31 mmol) were added. The mixture was heated at reflux for 

1 d until consumption of starting material (TLC). The solvent was removed in vacuo and the 

crude was redissolved in EtOAc followed by filtration through Celite. The filtrate was 

washed with brine, the organic phase was dried over MgSO4. Concentration in vacuo 

afforded compound 302c (1.07 g, 53 %) as a yellow oil. IR (neat) ν/cm-1 3387 (N-H), 1755 

(CH3OC=O), 1680 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 8.66 (1H, br. s, NH), 8.21 (1H, 

dd, J= 8.0 1.5, Ar CH), 7.95 (1H, t, J= 1.5, Ar CH), 7.85 (1H, t, J= 8.0, Ar CH), 4.28 (2H, d, 

J= 6.0, CH2), 3.80 (3H, s, CH3), 1.42 (12H, s, CH3); 13C NMR (125MHz, CDCl3) δ 170.2 

(C=O), 164.9 (C=O), 149.7 (Ar C), 136.0 (Ar CH), 133.2 (Ar CH), 123.6 (Ar CH), 84.8 

(C(CH3)2), 52.3 (CH3), 41.1 (CH2), 24.9 (CH3); MS (ESI+) m/z 243 ([M+Na]+, 70%); HRMS 

calcd. for C15H21BN2NaO5 [M+Na]+ 243.1436; Found 243.1443. 

 

Potassium trifluoro(6-(5-(2-methoxy-2-oxoethyl)carbamoyl)pyridin-3-yl)borate 305a 

 

Following procedure A the filtrate was concentrated in vacuo to afford compound 305a (0.20 

g, 36 %) as a white solid, mp 202-203 ºC. IR (neat) ν/cm-1 3388 (N-H), 1747 (CH3OC=O), 

1680 (NHC=O); 1H NMR (500 MHz, CD3COCD3) δ 8.67-8.64 (2H, m, Ar CH), 7.95-7.92 

(2H, m, NH), 4.21 (2H, d, J= 6.0, CH2), 3.72 (3H, s, CH3); 13C NMR (125MHz, CD3COCD3) 

δ 171.3 (C=O), 166.4 (C=O), 152.75 (Ar CH), 147.7 (Ar C), 141.0 (Ar CH), 121.08 (Ar CH), 

52.2 (CH3), 41.5 (CH2); 19F (470 MHz, CD3COCD3) -143.0; MS (ESI-) m/z 261 ([M-K]-, 

100%); HRMS calcd. for C9H9BF3N2O3 [M-K]- 261.0664; Found 261.0659. 
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Potassium trifluoro(6-(5-(2-methoxy-2-oxoethyl)carbamoyl)pyridin-3-yl)borate 305b 

 

Following procedure A the filtrate was concentrated in vacuo to afford compound 305b (0.45 

g, 77 %) as a white solid, mp 243-245 ºC. IR (neat) ν/cm-1 3374 (N-H), 1736 (CH3OC=O), 

1666 (NHC=O); 1H NMR (500 MHz, CD3COCD3) δ 8.68 (1H, app. s, NH), 8.34 (1H, d, J= 

4.5, Ar CH), 8.28 (1H, s, Ar CH), 7.58 (1H, d, J= 4.5, Ar CH), 4.21 (2H, d, J= 6.0, CH2), 

3.72 (3H, s, CH3); 13C NMR (125MHz, CDCl3) δ 171.3 (C=O), 166.7 (C=O), 148.2 (Ar C), 

147.0 (Ar C), 130.9 (Ar CH), 126.3 (Ar CH), 52.2 (CH3), 41.6 (CH2); 19F NMR (470 MHz, 

CD3COCD3) δ -144.7; MS (ESI-) m/z 261 ([M-K]-, 100%); HRMS calcd. for C9H9BF3N2O3 

[M-K]- 261.0664; Found 261.0657. 

 

Potassium trifluoro(6-(6-(2-methoxy-2-oxoethyl)carbamoyl)pyridin-3-yl)borate 305c 

 

Following procedure A the filtrate was concentrated in vacuo to afford compound 305c (0.35 

g, 60 %) as a white solid, mp 247-249 ºC. IR (neat) ν/cm-1 3388 (N-H), 1747 (CH3OC=O), 

1680 (NHC=O); 1H NMR (500 MHz, CD3COCD3) δ 8.77 (1H, br. s, NH), 7.84-7.81 (1H, m, 

Ar CH), 7.72-7.63 (2H, m, NH), 4.20 (2H, d, J= 6.0, CH2), 3.76 (3H, s, CH3); 13C NMR 

(125MHz, CD3COCD3) δ 170.9 (C=O), 166.0 (C=O), 148.1 (Ar C), 137.7 (Ar C), 134.7 (Ar 

CH), 127.7 (Ar CH), 118.5 (Ar CH), 51.7 (CH3), 40.9 (CH2); 19F (470 MHz, CD3COCD3) -

140.0; MS (ESI-) m/z 261 ([M-K]-, 100%); HRMS calcd. for C9H9BF3N2O3 [M-K]- 

261.0664; Found 261.0659. 
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2-[(5-Boronopyridine-2-yl)carbonyl]glycine 306 

 

According to procedure B, 305a (0.65 g, 2.17 mmol) was dissolved in CH3CN/H2O (6 mL) 

and chlorotrimethylsilane (2.8 mL, 21.79 mmol) was added. Washing of the solid with 

CH3CN afforded compound 306 (0.25 g, 51 %) as a white solid, mp > 250 ºC. IR (neat) ν/cm-

1 3218 (OH), 1724 (CH3OC=O), 1678 (NHC=O); 1H NMR (500 MHz, DMSO-d6) δ 8.87 

(1H, s, Ar CH), 8.63 (1H, t, J= 5.0, NH), 8.23-8.21 (1H, m, Ar CH), 7.97 (1H, d, J= 6.0, Ar 

CH), 3.97 (2H, s, OH), 3.6 (2H, s, CH2); 13C NMR (125MHz, DMSO-d6) δ 174.55 (C=O), 

172.0 (C=O), 163.0 (Ar CH), 153.45 (Ar C), 150.6 (Ar C), 143.1 (Ar CH), 120.5 (Ar CH), 

43.8 (CH2); MS (ESI-) m/z 223 ([M-H]-, 100%); HRMS calcd. for C8H8BN2O3 [M-H]- 

223.0533; Found 223.0523. 

 

2-[(4-Boronopyridine-2-yl)carbonyl]glycine 307 

 

According to procedure B, 305b (0.20 g, 0.67 mmol) was dissolved in CH3CN/H2O (4.5 mL) 

and chlorotrimethylsilane (1.2 mL, 9.45 mmol) was added. Crystallization (H2O) afforded 

compound 307 (0.02 g, 13 %) as white crystals, mp > 300 ºC. IR (neat) ν/cm-1 3071 (OH), 

1730 (HOC=O), 1603 (NHC=O); 1H NMR (500 MHz, DMSO-d6) δ 8.96 (1H, d, J= 6.0, Ar 

CH), 8.66 (1H, dd, J= 4.5 1.0, NH), 8.41 (1H, s, Ar CH), 7.90 (1H, dd, J= 4.5, 1.0, Ar CH), 

4.00 (2H, d, J= 6.0, CH2); 13C NMR (125MHz, DMSO-d6) δ 171.1 (C=O), 164.5 (C=O), 

148.6 (Ar C), 147.7 (Ar C), 131.3 (Ar CH), 126.4 (Ar CH), 41.0 (CH2); MS (FI+) m/z 208 

([M-OH]+, 30%).  
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Methyl N-{[5-(3a,7a-dihydro-1-benzofuran-2-yl)pyridin-2-yl]carbonyl}glycinate 322 

 

Following general procedure C, the reaction was heated at reflux for 1 d. Chromatography 

afforded compound 322 (0.33 g, 58 %) as yellow crystals, mp 126-127 ºC. Rf =0.35. IR 

(KBr) ν/cm-1 3403 (N-H), 1733 (CH3OC=O), 1681 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 

9.06 (1H, s, Ar CH), 8.47 (1H, t, J= 5.0, NH), 8.26-8.25 (2H, m, Ar CH), 7.65-7.56 (2H, m, 

Ar CH), 7.38-7.34 (1H, m, Ar CH), 7.30-7.27 (2H, m, Ar CH), 4.31 (2H, d, J= 6.0, CH2), 

3.81 (3H, s, CH3); 13C NMR (125MHz, CDCl3) δ 170.1 (C=O), 164.2 (C=O), 155.3 (Ar C), 

152.1 (Ar C), 148.3 (Ar C), 144.8 (Ar C), 132.8 (Ar CH), 128.5 (Ar C), 128.4 (Ar CH), 125.5 

(Ar CH), 124.3 (Ar CH), 123.7 (Ar CH), 121.35 (Ar CH), 111.4 (Ar CH), 104.3 (Ar CH), 

52.4 (CH3), 41.3 (CH2); MS (ESI+) m/z 309 ([M+H]+, 100%); HRMS calcd. for 

C17H14N2NaO4 [M+Na]+ 333.0846; Found 333.0843. 

 

Methyl N-{[5-(naphthalen-2-yl)pyridin-2-yl]carbonyl}glycinate 323 

 

Following general procedure C, the reaction was heated at reflux for 40 h. Chromatography 

afforded compound 323 (0.15 g, 26 %) as white needles, mp 155-156 ºC. Rf =0.40. IR (KBr) 

ν/cm-1 3360(NH), 1747 (CH3OC=O), 1673 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 8.95 

(1H, d, J= 2.0, Ar CH), 8.51 (1H, t, J= 5.0, NH), 8.30 (1H, d, J= 8.0, Ar CH), 8.17 (1H, dd, 

J= 6.0 2.0, Ar CH), 8.08 (1H, s, Ar CH), 7.99 (1H, d, J= 9.0, Ar CH), 7.96-7.90 (2H, m, Ar 

CH), 7.75 (1H, dd, J= 7.0 2.0, Ar CH), 7.57-7.55 (2H, m, Ar CH),4.33 (2H, d, J= 6.0, CH2), 

3.83 (3H, s, CH3); 13C NMR (125MHz, CDCl3) δ 170.2 (C=O), 164.5 (C=O), 149.5 (Ar C), 

147.9 (Ar C), 147.1 (Ar C), 139.3 (Ar C), 135.7 (Ar CH), 134.2 (Ar C), 133.5 (Ar CH), 133.1 

(Ar CH), 129.1 (Ar CH), 128.3 (Ar CH), 127.7 (Ar CH), 126.8 (Ar CH), 126.6 (Ar CH), 
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124.8 (Ar CH), 122.4 (Ar CH), 52.4 (CH3), 41.3 (CH2); MS (ESI+) m/z 343 ([M+Na]+, 

100%); HRMS calcd. for C19H16N2NaO3 [M+Na]+ 343.1053; Found 343.1051. 

 

Methyl N-{[5-(6-methoxynaphthalen-2-yl)pyridin-2-yl]carbonyl}glycinate 324 

 

Following general procedure C, after 1 d of reflux, tetrakis(triphenylphosphino)palladium(0) 

(0.11 g, 0.09 mmol) was added and the reaction was heated at reflux for 2 d more. 

Chromatography afforded compound 324 (0.13 g, 20 %) as colourless crystals, mp 162-163 

ºC. Rf = 0.40. IR (KBr) ν/cm-1 3390(N-H), 1752 (CH3OC=O), 1659 (NHC=O); 1H NMR (500 

MHz, CDCl3) δ 8.93-8.92 (1H, m, Ar CH), 8.50 (1H, t, J= 5.0, NH), 8.29-8.27 (1H, m, Ar 

CH), 8.15-8.135 (1H, m, Ar CH), 8.03 (1H, s, Ar CH), 7.89-7.83 (2H, m, Ar CH), 7.72-7.70 

(1H, m, Ar CH), 7.24-7.19 (2H, m, Ar CH), 4.32 (2H, d, J= 6.0, CH2), 3.97 (3H, s, OCH3), 

3.82 (3H, s, CO2CH3); 13C NMR (125MHz, CDCl3) δ 170.2 (C=O), 164.6 (C=O), 158.4 (Ar 

C), 147.6 (Ar C), 146.9 (Ar C), 139.4 (Ar C), 135.4 (Ar C), 134.5 (Ar CH), 131.9 (Ar C), 

129.9 (Ar CH), 129.0 (Ar CH), 127.9 (Ar CH), 126.35 (Ar CH), 125.3 (Ar CH), 122.4 (Ar 

CH), 119.7 (Ar CH), 105.6 (Ar CH), 55.4 (CH3), 52.4 (CH3), 41.3 (CH2); MS (ESI+) m/z 373 

([M+Na]+, 60%); HRMS calcd. for C20H18N2NaO4 [M+Na]+ 373.1159; Found 373.1157. 

 

Methyl N-{[5-(dibenzo[b,d]furan-4-yl)pyridin-2-yl]carbonyl}glycinate 325 

 

Following general procedure C, reaction was heated at reflux for 1 d. Addition of Et2O in the 

colourless oil obtained from chromatography afforded compound 325 (0.20 g, 30 %) as white 

crystals, mp 143-144 ºC. Rf = 0.35. IR (KBr) ν/cm-1 3392 (N-H), 1734 (CH3OC=O), 1672 

(NHC=O); 1H NMR (500 MHz, CDCl3) δ 9.16-9.16 (1H, m, Ar CH), 8.56 (1H, t, J= 1.0, 

NH), 8.41-8.34 (2H, m, Ar CH), 8.04-8.00 (2H, m, Ar CH), 7.66-7.61 (2H, m, Ar CH), 7.53-



135	
  
 

7.47 (2H, m, Ar CH), 7.42-7.385 (1H, m, Ar CH), 4.34 (2H, d, J= 6.0, CH2), 3.83 (3H, s, 

CH3); 13C NMR (125MHz, CDCl3) δ 170.2 (C=O), 164.5 (C=O), 156.1 (Ar C), 153.3 (Ar C), 

149.5 (Ar C), 148.1 (Ar C), 137.0 (Ar C), 135.0 (Ar C), 127.7 (Ar CH), 126.5 (Ar C), 125.3 

(Ar CH), 123.8 (Ar CH), 123.7 (Ar CH), 123.5 (Ar CH), 123.5 (Ar CH), 121.4 (Ar CH) 

121.2 (Ar CH), 120.8 (Ar CH), 111.9 (Ar CH), 52.4 (CH3), 41.3 (CH2); MS (ESI+) m/z 383 

([M+Na]+, 50%); HRMS calcd. for C21H16N2NaO4 [M+Na]+ 383.1002; Found 383.0999.  

 

N-{[5-(3a,7a-dihydro-1-benzofuran-2-yl)pyridin-2-yl]carbonyl}glycine 326 

 

Following general procedure D, washing afforded compound 326 (0.20 g, 36 %) as white 

crystals, mp > 250 ºC; IR (KBr) ν/cm-1 3385 (O-H), 3307 (N-H), 1659 (NHC=O); 1H NMR 

(500 MHz, MeOD-d4) δ 9.18 (1H, s, Ar CH), 8.42-8.40 (1H, m, Ar CH), 8.20-8.18 (1H, m, 

Ar CH), 7.70-7.60 (2H, m, Ar CH), 7.51 (1H, s, Ar CH), 7.40-7.31 (2H, m, Ar CH), 4.02 

(2H, d, J= 6.0, CH2); 13C NMR (125MHz, MeOD-d4) δ 176.0 (C=O), 165.7 (C=O), 156.8 

(Ar C), 153.5 (Ar C), 150.3 (Ar C), 146.1 (Ar C), 141.4 (Ar C), 134.0 (Ar CH), 130.3 (Ar 

CH), 126.7 (Ar CH), 124.6 (Ar CH), 124.5 (Ar CH), 123.1 (Ar CH), 112.3 (Ar CH), 105.8 

(Ar CH), 44.7 (CH2); MS (ESI-) m/z (ES-) 295 ([M-H]-, 100%); HRMS calcd. for 

C16H11N2O4 [M-H]- 295.0724; Found 295.0718. 

 

N-{[5-(naphthalen-2-yl)pyridin-2-yl]carbonyl}glycine 327 

 

Following general procedure D, washing afforded compound 327 (0.20 g, 36 %) as white 

crystals, mp >250 ºC. IR (KBr) ν/cm-1 3385 (COO-H), 1660 (NHC=O); 1H NMR (500 MHz, 

MeOD-d4) δ 9.06 (1H, d, J= 1.0, Ar CH), 8.34-8.32 (1H, m, Ar CH), 8.25-8.21 (2H, m, Ar 

CH), 8.04-8.00 (2H, m, Ar CH), 7.94-7.92 (1H, m, Ar CH), 7.87-7.85 (1H, m, Ar CH), 7.58-
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7.56 (1H, m, Ar CH), 4.25 (2H, s, CH2); 13C NMR (125MHz, MeOD-d4) δ 176.0 (C=O), 

166.1 (C=O), 149.75 (Ar C), 148.4 (Ar C), 140.4 (Ar C), 136.8 (Ar C), 135.4 (Ar C), 135.1 

(Ar CH), 134.7 (Ar CH), 130.1 (Ar CH), 129.5 (Ar CH), 128.75 (Ar CH), 127.9 (Ar CH), 

127.6 (Ar CH), 125.8 (Ar CH), 123.1 (Ar CH), 118.25 (Ar CH), 44.8 (CH2); MS (ESI-) m/z 

305 ([M-H]-, 100%); HRMS calcd. for C18H13N2O3 [M-H]- 305.0932; Found 305.0925. 

 

N-{[5-(dibenzo[b,d]furan-4-yl)pyridin-2-yl]carbonyl}glycine 328 

 

Following general procedure D, washing afforded compound 328 (0.15 g, 23 %) as white 

powder, mp 181-182 ºC. IR (KBr) ν/cm-1 3518 (O-H), 3353 (N-H), 1672 (NHC=O); 1H NMR 

(500 MHz, DMSO-d6) δ 9.25-9.24 (1H, m, Ar CH), 8.72 (1H, t, J= 4.0, NH), 8.53 (1H, dd, 

J= 8.0 2.0, Ar CH), 8.27 (1H, dd, J= 7.5 1.0, Ar CH), 8.24 (1H, d, J= 7.5, Ar CH), 8.22 (1H, 

dd, J= 8.0 0.5, Ar CH), 7.88 (1H, dd, J= 7.5 1.0, Ar CH), 7.81 (1H, d, J= 8.0, Ar CH), 7.60-

7.56 (2H, m, Ar CH), 7.48-7.45 (1H, m, Ar CH), 3.51 (2H, d, J= 4.0, CH2); 13C NMR 

(125MHz, DMSO-d6) δ 169.4 (C=O), 162.1 (C=O), 155.5 (Ar C), 152.6 (Ar C), 149.3 (Ar 

C), 148.0 (Ar C), 137.1 (Ar C), 133.5 (Ar C), 128.0 (Ar C), 127.0 (Ar CH), 124.6 (Ar CH), 

123.9 (Ar CH), 123.4 (Ar CH), 123.3 (Ar CH),121.7 (Ar CH), 121.45 (Ar CH), 121.35 (Ar 

CH), 121.0 (Ar CH), 112.0 (Ar CH), 44.2 (CH2); MS (ESI-) m/z 345 ([M-H]-, 100%); HRMS 

calcd. for C20H14N2NaO4 [M+Na]+ 369.0846; Found 369.0842 

 

N-{[5-(6-methoxynaphthalen-2-yl)pyridin-2-yl]carbonyl}glycine 329 

 

In a solution of 324 (0.02 g, 0.06 mmol) in 1,4-dioxane (1 mL), 1 M lithium hydroxide (0.12 

mL, 0.12 mmol) was added. The mixture was stirred at room temperature for 10 h until 

consumption of starting material. The mixture was acidified with acetic acid to pH 3 and 
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extracted with CH2Cl2/H2O. The solution was washed with water, dried over MgSO4 and 

concentrated in vacuo. Concentration afforded compound 329 (0.01 g, 52 %), mp 183-184 

ºC. IR (KBr) ν/cm-1 3385 (O-H), 3066 (N-H), 1749 (HOC=O), 1664 (NHC=O); 1H NMR 

(500 MHz, MeOD-d4) δ 9.06 (1H, s, Ar CH), 8.33 (1H, dd, J= 8.5 2.0, Ar CH), 8.22-8.19 

(2H, m, Ar CH), 7.95-7.90 (2H, m, Ar CH), 7.83 (1H, dd, J= 8.5 2.0, Ar CH), 7.32 (1H, d, J= 

2.5, Ar CH), 7.22 (1H, dd, J= 9.0 2.5, Ar CH), 4.21 (2H, s, CH2), 3.96 (3H, s, CH3); 13C 

NMR (125MHz, MeOD-d4) δ 173.3 (C=O), 167.0 (C=O), 160.0 (Ar C), 149.0 (Ar C), 148.2 

(Ar C), 140.9 (Ar C), 136.55 (Ar C), 136.2 (Ar C), 133.0 (Ar CH), 131.0 (Ar CH), 130.6 (Ar 

CH), 129.1 (Ar CH), 127.4 (Ar CH), 126.2 (Ar CH), 123.3 (Ar CH), 120.6 (Ar CH), 106.6 

(Ar CH), 55.9 (CH3), 43.5 (CH2); MS (ESI-) m/z 335 ([M-H]-, 100%); HRMS calcd. for 

C19H15N2O4 [M-H]- 335.1037; Found 335.1037. 

 

3-(benzyloxy)-5-bromopyridine-2-carbonitrile 330 

 

To a mixture of benzyl alcohol (2.95 mL, 28.5 mmol) in dry THF (90 mL) at 0 ºC sodium 

hydride 60% (1.32 g, 32.9 mmol) was added and the mixture was left to warm to room 

temperature and then it was warmed to 35 ºC for 20 min. The mixture was added dropwise in 

a solution of 5-bromo-3-nitropicolinonitrile (5.00 g, 21.9 mmol) in anhydrous THF (60 mL) 

at room temperature over 20 min and was stirred at this temperature for 1 h. The solvent was 

removed in vacuo and the resulting residue was dissolved in CH2Cl2. This was washed with 

water, dried over MgSO4 and concentrated in vacuo. Chromatography 

(hexane/CH2Cl2/EtOAc 80:12:8) afforded compound 330 (3.00 g, 47 %) as white needles, mp 

133-134 ºC. Rf = 0.40. IR (neat) ν/cm-1 2300 (C-N); 1H NMR (500 MHz, CDCl3) δ 8.35 (1H, 

d, J= 2.0, Ar CH), 7.55 (1H, d, J= 1.5, Ar CH), 7.46-7.38 (5H, m, Ar CH), 5.25 (2H, s, O 

CH2); 13C NMR (125MHz, CDCl3) δ 157.5 (CN), 144.15 (Ar C), 134.0 (Ar C), 129.0 (Ar 

CH), 128.9 (Ar CH), 127.2 (Ar CH), 125.05 (Ar CH), 123.7 (Ar CH), 122.6 (Ar CH), 114.45 

(Ar CH), 71.4 (CH2); MS (ESI+) m/z 311 ([M+Na]+, 30%); HRMS calcd. for C13H9BrN2NaO 

[M+Na]+ 310.9790; Found 310.9788. 
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2,6-bis(benzyloxy)-3-bromo-5-nitropyridine 331 

 

Chromatography afforded 331 (0.02 g, 0.2 %) as yellow needles, mp 126-128 ºC. Rf = 0.48. 

IR (neat) ν/cm-1 1523, 1366 (NO2); 1H NMR (500 MHz, CDCl3) δ 8.45 (1H, s, Ar CH), 7.46-

7.36 (10H, m, Ar CH), 5.25 (4H, s, O CH2); 13C NMR (125MHz, CDCl3) δ 149.3 (Ar CH), 

131.4 (Ar C), 129.2 (Ar CH), 129.1 (Ar CH), 129.0 (Ar CH), 128.8 (Ar CH), 128.7 (Ar CH), 

76.0 (CH2); MS (ESI+) m/z 419 ([M+Na]+, 100%). 

 

3,6-bis(benzyloxy)-5-bromopyridine-2-carbonitrile 332 

 

Chromatography afforded 332 (0.12 g, 10 %) as yellow needles, mp 60 ˚C dec.. Rf = 0.46. IR 

(neat) ν/cm-1 2258 (C-N); 1H NMR (500 MHz, CDCl3) δ 8.60 (1H, s, Ar CH), 7.49-7.28 

(10H, m, Ar CH), 5.55 (2H, s, O CH2), 5.45 (2H, s, O CH2); 13C NMR (125MHz, CDCl3) δ 

160.5 (CN), 155.3 (Ar C), 141.0 (Ar CH), 135.7 (Ar C), 135.5 (Ar C), 128.7 (Ar CH), 128.7 

(Ar CH), 128.4 (Ar CH), 128.2 (Ar CH), 127.4 (Ar CH), 127.2 (Ar CH), 96.2 (Ar CH), 70.2 

(CH2), 69.5 (CH2); MS (ESI+) m/z 437 ([M+Na]+, 90%). 

 

3-(benzyloxy)-5-bromopyridine-2-carboxylic acid 333 

 

To a stirred suspension of 330 (2.00 g, 6.9 mmol) in methanol (25 mL), 30% w/v NaOH 

(24.0 mL, 180 mmol) was added and the reaction mixture was heated at reflux overnight. The 

solvent was removed in vacuo and the suspension was acidified with conc. HCl to pH= 2. 

The resulting precipitate was filtrated and washed with cold water. Filtration afforded 

compound 333 (1.75 g, 82 %) as pale yellow needles, mp 106-108 ºC. IR (neat) ν/cm-1 3056 

(NH), 1716 (HOC=O); 1H NMR (500 MHz, DMSO-d6) δ 8.31 (1H, s, CO2H), 8.03 (1H, s, Ar 
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CH), 7.51-7.29 (6H, m, Ar CH), 3.90 (2H, s, O CH2); 13C NMR (125MHz, DMSO-d6) δ 

165.9 (C=O), 152.7 (Ar C), 141.1 (Ar C), 140.4 (Ar C), 136.4 (Ar CH), 128.5 (Ar C), 128.4 

(Ar CH), 128.1 (Ar CH), 127.85 (Ar CH), 127.4 (Ar CH), 127.3 (Ar CH), 124.45 (Ar CH), 

70.2 (OCH2); MS (ESI-) m/z 306 ([M-H]-, 100%); HRMS calcd. for C13H9BrNO3 [M-H]- 

305.9771; Found 305.9776. 

 

Benzyl N-{[3-(benzyloxy)-5-bromopyridin-2-yl]carbonyl}glycinate 334 

 

To a stirred suspension of 333 (1.50 g, 4.85 mmol) in anhydrous CH2Cl2 (50 mL) under N2, 

DIPEA (2.13 mL, 12.18 mmol), HOBT (1.12 g, 7.31 mmol) were added and stirred for 10 

min before EDCI (1.39 mL, 7.31 mmol) was added. After 10 min glycine benzyl ester 

hydrochloride (1.18 g, 5.84 mmol) was added and the reaction mixture was stirred for 3 d 

until consumption of starting material. The mixture was washed with sat. NaHCO3, brine and 

H2O. The organic layer was dried over MgSO4 and concentrated in vacuo. Chromatography 

(hexane/EtOAc 4:6 to 3:7) afforded compound 334 (1.10 g, 50 %) as white needles, mp 107-

109 ºC. Rf = 0.35. IR (neat) ν/cm-1 3362 (NH), 1755 (BnOC=O), 1659 (NHC=O); 1H NMR 

(500 MHz, CDCl3) δ 8.29 (1H, d, J= 1.5, Ar CH), 8.17 (1H, t, J= 5.0, NH), 7.56 (1H, d, J= 

2.0, Ar CH), 7.51 (2H, dd, J= 7.0 2.5, Ar CH), 7.42-7.32 (8H, m, Ar CH), 5.24 (2H, s, 

OCH2), 5.22 (2H, s, OCH2), 4.30 (2H, d, J= 5.5, CH2); 13C NMR (125MHz, CDCl3) δ 169.7 

(C=O), 163.4 (C=O), 155.0 (Ar C), 141.6 (Ar C), 137.2 (Ar C), 135.2 (Ar C), 135.0 (Ar C), 

128.8 (Ar CH), 128.5 (Ar CH), 128.35 (Ar CH), 127.1 (Ar CH), 125.4 (Ar CH), 123.6 (Ar 

CH), 71.4 (OCH2), 67.1 (OCH2), 65.8 (CH2); MS (ESI+) m/z 477 ([M+Na]+, 60%); HRMS 

calcd. for C22H19BrN2NaO4 [M+Na]+ 477.0420; Found 477.0408. 
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Benzyl N-{[3-(benzyloxy)-5-(naphthalen-2-yl)pyridin-2-yl]carbonyl}glycinate 335 

 

Following general procedure E, the reaction was heated at reflux for 40 h. Chromatography 

afforded compound 335 (0.15 g, 45 %) as white needles, mp 155-156 ºC. Rf = 0.55. IR (neat) 

ν/cm-1 3293 (NH), 1749 (BnOC=O), 1659 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 8.61 

(1H, d, J= 1.5, Ar CH), 8.45 (1H, t, J= 5.5, NH), 7.99-7.83 (2H, m, Ar CH), 7.66-7.62 (2H, 

m, Ar CH), 7.57-7.54 (4H, m, Ar CH), 7.43-7.34 (8H, m, Ar CH), 5.37 (2H, s, CH2), 5.24 

(2H, s, CH2), 4.36 (2H, d, J= 5.5, CH2); 13C NMR (125MHz, CDCl3) δ 169.8 (C=O), 164.1 

(C=O), 155.0 (Ar C), 140.5 (Ar C), 139.6 (Ar C), 137.0 (Ar C), 135.7 (Ar C), 135.3 (Ar C), 

133.75 (Ar C), 133.4 (Ar C), 133.2 (Ar C), 129.1 (Ar CH), 128.8 (Ar CH), 128.7 (Ar CH), 

128.6 (Ar CH), 128.5 (Ar CH), 128.4 (Ar CH), 128.35 (Ar CH), 128.3 (Ar CH), 127.7 (Ar 

CH), 127.3 (Ar CH), 126.9 (Ar CH), 126.8 (Ar CH), 126.7 (Ar CH), 126.6 (Ar CH), 125.4 

(Ar CH), 124.7 (Ar CH), 121.15 (Ar CH), 71.3 (CH2), 67.1 (CH2), 41.6 (CH2); MS (ESI+) 

m/z 503 ([M+H]+, 100%); HRMS calcd. for C32H26N2NaO4 [M+Na]+ 525.1785; Found 

525.1779. 

 

Benzyl N-{[3-(benzyloxy)-5-(6-methoxynaphthalen-2-yl)pyridin-2-yl]carbonyl}glycinate 336 

 

According to general procedure E, after 6 h tetrakis(triphenylphosphino)palladium(0) (60.0 

mg, 0.06 mmol) was added and was heated at reflux for further 14 h. Chromatography 

afforded compound 336 (0.16 g, 46 %) as white needles, mp 104-106 ºC. Rf = 0.25. IR (neat) 

ν/cm-1 3412 (NH), 1751 (BnOC=O), 1657 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 8.59 

(1H, d, J= 1.5, Ar CH), 8.38 (1H, t, J= 5.5, NH), 7.93 (1H, d, J= 5.0, Ar CH), 7.84 (2H, dd, 

J= 16.0 9.0, Ar CH), 7.65-7.56 (4H, m, Ar CH), 7.43-7.33 (8H, m, Ar CH), 7.24-7.18 (2H, m, 
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Ar CH), 5.37 (2H, s, CH2), 5.24 (2H, s, CH2), 4.36 (2H, d, J= 5.5, CH2), 3.97 (3H, s, CH3); 
13C NMR (125MHz, CDCl3) δ 169.9 (C=O), 164.0 (C=O), 158.4 (Ar C), 155.1 (Ar C), 140.5 

(Ar C), 139.4 (Ar C), 136.9 (Ar C), 135.8 (Ar C), 135.3 (Ar CH), 134.55  (Ar CH), 131.6 (Ar 

C), 129.9 (Ar CH), 128.9 (Ar CH), 128.8 (Ar CH), 128.6 (Ar CH), 128.4 (Ar CH), 128.35 

(Ar CH), 128.2 (Ar CH), 127.85 (Ar CH), 127.2 (Ar CH), 126.45 (Ar CH), 125.2 (Ar CH), 

121.0 (Ar CH), 119.75 (Ar CH), 105.6 (Ar CH), 71.3 (CH2), 67.1 (CH2), 65.8 (OCH3), 55.4 

(CH2); MS (ESI+) m/z 533 ([M+H]+, 20%); HRMS calcd. for C33H29N2O5 [M+H]+ 533.2071; 

Found 533.2070. 

 

Benzyl N-{[3-(benzyloxy)-5-(6-hydroxynaphthalen-2-yl)pyridin-2-yl]carbonyl}glycinate 337 

 

Following general procedure E, the reaction was finished after 12 h. Chromatography 

afforded compound 337 (65 mg, 29 %) as white needles, mp 146-148 ºC. Rf = 0.15. IR (neat) 

ν/cm-1 3235 (NH), 1756 (BnOC=O), 1653 (NHC=O); 1H NMR (500 MHz, CDCl3) δ 8.53 

(1H, d, J= 1.5, Ar CH), 8.41 (1H, t, J= 5.5, NH), 7.85 (1H, s, Ar CH), 7.77-7.72 (3H, m, Ar 

CH), 7.57-7.52 (5H, m, Ar CH), 7.42-7.33 (8H, m, Ar CH), 7.18 (1H, s, Ar CH), 7.17-7.17 

(1H, m, Ar CH), 5.33 (2H, s, CH2), 5.24 (2H, s, CH2), 4.36 (2H, d, J= 6.0, CH2); 13C NMR 

(125MHz, CDCl3) δ 170.1 (C=O), 164.2 (C=O), 155.0 (Ar C), 154.7 (Ar C), 140.5 (Ar C), 

139.4 (Ar C), 136.6 (Ar C), 135.7 (Ar CH), 135.3 (Ar CH), 134.6 (Ar CH), 132.1 (Ar C), 

131.3 (Ar CH), 130.2 (Ar CH), 128.8 (Ar CH), 128.7 (Ar CH), 128.6 (Ar CH), 128.5 (Ar 

CH), 128.5 (Ar CH), 128.4 (Ar CH), 128.3 (Ar CH), 127.5 (Ar CH), 127.3 (Ar CH), 126.5 

(Ar CH), 125.2 (Ar CH), 120.7 (Ar CH), 119.0 (Ar CH), 109.4 (Ar CH), 71.2 (OCH2), 67.2 

(OCH2), 41.6 (CH2); HRMS (ESI-) calcd. for C32H25N2O5 [M-H]- 517.1769; Found 517.1759; 
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N-{[3-hydroxy-5-(naphthalen-2-yl)pyridin-2-yl]carbonyl}glycine 338 

 

Following general procedure F, washing afforded compound 338 (8.0 mg, 62 %) as white 

solid, mp > 260 ºC dec. IR (neat) ν/cm-1 3355 (O-H), 2950 (N-H), 1750 (HOC=O), 1665 

(NHC=O); 1H NMR (500 MHz, DMSO-d6) δ 12.47 (1H, s, CO2H), 9.28 (1H, t, J= 5.5, NH), 

8.69 (1H, d, J= 2.0, Ar CH), 8.45 (1H, s, Ar CH), 8.09-8.03 (2H, m, Ar CH), 8.01-7.96 (2H, 

m, Ar CH), 7..88 (1H, s, Ar CH), 7.62-7.58 (2H, m, Ar CH), 3.96 (2H, d, J= 6.0, CH2); 13C 

NMR (125MHz, DMSO-d6) δ 170.3 (C=O), 168.5 (C=O), 157.3 (Ar C), 140.8 (Ar C), 138.1 

(Ar C), 133.1 (Ar C), 133.0 (Ar C), 132.9 (Ar CH), 129.9 (Ar C), 128.8  (Ar CH), 128.5 (Ar 

CH), 127.6 (Ar CH), 126.9 (Ar CH), 126.7 (Ar CH), 126.65 (Ar CH), 124.8 (Ar CH), 123.2 

(Ar CH), 54.9 (CH2); MS (ESI-) m/z 321 ([M-H]-, 100 %); HRMS calcd. for C18H13N2O4 [M-

H]- 321.0881; Found 321.08872. 

 

N-{[3-hydroxy-5-(6-methoxynaphthalen-2-yl)pyridin-2-yl]carbonyl}glycine 339 

 

Following general procedure F, washing afforded compound 339 (13.0 mg, 98 %) as white 

solid, mp >280 ºC dec.. IR (neat) ν/cm-1 3375 (O-H), 3058 (N-H), 1731 (HOC=O), 1652 

(NHC=O); 1H NMR (500 MHz, DMSO-d6) δ 12.67 (1H, s, CO2H), 8.99 (1H, t, J= 5.5, NH), 

8.66 (1H, d, J= 2.0, Ar CH), 8.37 (1H, s, Ar CH), 7.97-7.92 (3H, m, Ar CH), 7.81 (1H, d, J= 

2.0, Ar CH), 7.41 (1H, d, J= 1.5, Ar CH), 7.25 (1H, dd, J= 9.0 2.5, Ar CH), 3.92 (3H, s, 

CH3), 3.70 (2H, d, J= 4.5, CH2); 13C NMR (125MHz, DMSO-d6) δ 169.3 (C=O), 167.65 

(C=O), 158.0 (Ar C), 157.2 (Ar C), 140.7 (Ar C), 138.2 (Ar C), 134.4 (Ar C), 130.7 (Ar CH), 

130.1 (Ar C), 129.9 (Ar C), 128.6 (Ar CH), 127.65 (Ar CH), 126.4 (Ar CH), 125.2 (Ar CH), 

122.6 (Ar CH), 119.3 (Ar CH), 105.8 (Ar CH), 55.3 (CH3), 54.9 (CH2); MS (ESI-) m/z 351 

([M-H]-, 100%); HRMS calcd. for C19H15N2O5 351.0986; Found 351.0986. 
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N-{[3-hydroxy-5-(6-hydroxynaphthalen-2-yl)pyridin-2-yl]carbonyl}glycine 340 

 

Following general procedure F, washing afforded compound 340 (11.0 mg, 85 %), mp 260 ºC 

dec.. IR (neat) ν/cm-1 3341 (N-H), 3100 (O-H, COO-H), 1743 (HOC=O), 1645 (NHC=O); 1H 

NMR (500 MHz, DMSO-d6) δ 12.54 (1H, s, CO2H), 10.01 (1H, s, OH), 9.14 (1H, t, J= 5.0, 

NH), 8.64 (1H, d, J= 2.0, Ar CH), 8.31 (1H, s, Ar CH), 7.90-7.79 (4H, m, Ar CH), 7.19-7.15 

(2H, m, Ar CH), 3.86 (2H, d, J= 5.5, CH2); 13C NMR (125MHz, DMSO-d6) δ 170.0 (C=O), 

168.3 (C=O), 157.3 (Ar C), 157.2 (Ar C), 156.3 (Ar C), 141.0 (Ar C), 138.2 (Ar C), 134.7 

(Ar CH), 130.2 (Ar C), 129.7 (Ar C), 127.7 (Ar CH), 127.0 (Ar CH), 126.5 (Ar CH), 124.9 

(Ar CH), 122.5 (Ar CH), 119.4 (Ar CH), 108.5 (Ar CH), 41.7 (CH2); HRMS (ESI-) calcd. for 

C18H13N2O5 [M-H]- 337.0830; Found 337.0832. 
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Chapter 4. Inhibition studies on FTO 

 

4.1     Introduction 

 

The fat mass and obesity associated protein (FTO) is a 2OG and iron dependent oxygenase, 

which belongs to the subfamily of nucleic acid oxygenses (NAOXs) and which is a homolog 

of E.coli AlkB and the human subfamily AlkBHs1-8.[1-4] Mutations to the fat mass and 

obesity associated (fto) gene have been linked to increased risk of obesity.[5, 6] It is currently 

believed that the FTO protein is involved in energy metabolism and homeostasis in mice.[7, 8] 

FTO was first found to demethylate 3-methylthymidine in ss-DNA and 3-methyluridine in ss-

RNA, though the most abundant FTO substrate in RNA probably is 6-methyladenosine 

(Figure 4. 1).[9, 10] FTO can also demethylate 3-methylthymidine and 6-methyladenosine in 

isolated forms, although activity on these bases in ds-DNA or ds-RNA is negligible.[2, 3, 10] 

Mice possessing an inactive FTO variant (single mutation from the wild-type protein) display 

a lean phenotype, suggesting that selective inhibition of FTO by small molecules might be 

used to target obesity and related diseases (e.g. heart disease, diabetes).[7] 

 

 

Figure 4. 1 FTO mediated demethylation of nucleosides. 

 

Until recently, few inhibitors for FTO have been reported.[2] In 2012, an in silico study 

identified a family of natural product anthraquinones as the first inhibitors of FTO.[11] 
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However, there is limited structure-activity relation (SAR) data available for this class of 

FTO inhibitors, or indeed, for any other potential classes. A major hindrance to FTO inhibitor 

discovery/development has been the lack of suitably robust and high-throughput activity 

assays; common assays for demethylases used in our laboratory [matrix assisted laser 

desorption ionisation mass spectrometry (MALDI) assay, formaldehyde dehydrogenase 

(FDH) assay and NMR assay] are unsuitable due to either the poor activity of FTO, poor 

detection resolution, or the requirement for expensive oligonucleotide substrates. Therefore, 

in this study the development of a new activity assay for FTO was required before the 

inhibition studies could be carried out. It was then envisaged that this assay would be used 

together with the DSF binding assay for identification of FTO inhibitors. SAR of the 

identified inhibitors and crystallographic information for FTO in complex with these 

compounds will be imperative for the rational design of potent and selective FTO inhibitors.     

 

4.2     Development of screening methods 

 

A library of compounds prepared for inhibition of other 2OG oxygenases (ca. 150 

compounds) was initially tested against FTO in order to identify scaffolds for future 

development of FTO inhibitors (Figure 4. 2). The compounds were screened either by a 

differential scanning fluorimetry (DSF) or a liquid chromatography (LC) inhibition assay to 

identify those with potential to inhibit FTO. 
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Figure 4. 2 Library of compounds tested, number of compounds in each family in parentheses. 

 

4.2.1 Differential scanning fluorimetry (DSF) screening 

 

The DSF assay is based on the fluorescence of a dye with affinity to hydrophobic parts of 

proteins. With increasing temperature, protein unfolds, allowing for more hydrophobic parts 

to interact with the dye.[12] The presence of a bound small ligand usually stabilises the 

protein, therefore increasing the melting temperature (Tm) of the enzyme. The stronger a 

compound binds to that enzyme the higher the Tm.[13] Hence, the DSF assay can be a useful 

and efficient method for identifying strong binders that will possibly be good inhibitors of 

FTO. While the DSF technique is simple and quick, the stabilising ability of a compound 

does not necessarily translate to inhibition activity. Another drawback of this method is the 

interference of fluorescent compounds observed during fluorescence read out.[12] Selected 

isoquinolines, hydroxythiazoles, hydroxamides and 2-oxoglutarate analogue compounds, 

which display no intrinsic fluorescence, were screened using the DSF-assay prior to the 

development of an FTO inhibition assay based on catalysis.  

 

4.2.2 Liquid chromatography (LC) inhibition assay 

 

For the quantification and correlation of compound inhibitory potencies, a FTO inhibition 

assay for the IC50 measurement of compounds was developed. The same assay was also used 
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to determine the activity of the pyridyl and quinolinyl compounds, which were not initially 

screened using the DSF assay due to their intrinsic fluorescence (see above).  

Liquid chromatography (LC) analysis was first optimised to ensure that separation and 

quantification of the substrate and the product of FTO catalysis would be possible. Separation 

of oligonucleotide substrates and products was unsuccessful, and therefore attention was 

focused on nucleoside substrates. After screening a number of different columns, an Ethylene 

Bridged Hybrid C18 column (Waters ACQUITY UPLC BEH) gave the desired resolution of 

the substrate and product peaks (as determined by UV detection, Figure 4. 3). 3-

Methylthymidine (3MeT) was the substrate chosen for the assay since it was better separated 

from thymidine (T) (Δt= 0.57 mim) compared to 6-N-methyladenosine (6MeA) and 

adenosine (A) (Δt= 0.32 mim). Using samples of known concentrations of 3MeT and T, it 

was demonstrated that the quantities of the two species in the mixture could be determined by 

integrating the peak intensities. The reaction conditions used for AlkBH inhibition assays 

were initially employed, however the conditions were later optimised for FTO (see below). 

 

 

Figure 4. 3 LC chromatogram of 3-methylthymidine (MeT), thymidine (T), 6-N-methyladenosine (6-

N-MeA) and adenosine (A) showing the resolution of the methylated and nonmethylated substrate 

peaks with a BEH column. UV (λ=266nm). 
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To allow for a minimal amount of FTO to be used without losing sensitivity, the 

concentration of FTO was varied and tested over time at room temperature. In the presence of 

1 and 2 µM FTO, insufficient thymidine was formed to enable UV detection. 3 µM and 5µM 

FTO showed similar thymidine formation rates during initial stages of the assay; 

consequently, 3 µM of FTO was used in the assay thereafter (Figure 4. 4 a). At this enzyme 

concentration, the reaction time was set to 1 h to ensure the reaction would be quenched 

during the linear range (Figure 4. 4 b).  

 

 
Figure 4. 4 Thymidine concentration with time at a) varying FTO concentrations and b) 3µM of FTO. 

 

To estimate the appropriate concentrations of the other reagents, KM values for the substrate 

(3MeT) and 2OG for FTO were obtained and the required concentrations of L-ascorbic acid 

and iron were optimised using 3 µM FTO and a 1 h incubation at 20 ºC (Figure 4. 5). 
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Figure 4. 5 Rates of 3MeT demethylation at varying concentrations of a) 2OG, b) 3MeT, c) Fe(II), d) 

L-ascorbic acid with 3 µM of FTO at 20 ºC after 1 h. 

  

The KM values for 2OG and 3MeT were calculated as 151 µM and 63 µM respectively 

(Figure 4. 5). Consequently, the concentrations of 3mT and 2OG in the assays mixture were 

set to 160 µM and 70 µM respectively, close to the KM values (Table 4. 1). Accordingly, 

lower concentrations of iron and L-ascorbic acid (100 µM and 500 µM respectively) were 

selected for the assay to ensure optimised reaction rates (Figure 4. 5, Table 4. 1).  
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Table 4. 1 Optimised conditions of in vitro inhibition assay based on the KM of reagents. 

Component KM 

(µM) 

Optimised conditions 

Enzyme  3 µM 

3meT nucleoside 63 70 µM 

2OG 151 160 µM 

L-ascorbate  500 µM 

Fe(II)  100 µM 

Buffer  50mM MES (pH 6.3) 

Incubation time at 20 ˚C  1 h 

 

FTO inhibition assay was originally developed by Muhamad Hamdan, a Part II student in the 

Chemistry Department.  

 

4.3     IC50 measurement of selected compounds 

 

Compounds that displayed less than 25 % remaining FTO activity at 200 µM in the LC assay 

or higher melting temperature than Tm= 8 ºC in the DSF assay were selected for IC50 

measurements (Figure 4. 6). The majority of selected compounds were pyridyl and 

isoquinolinyl inhibitors, which have been previously found to be PHD2 and AlkB inhibitors 

(Chapter 2 and 3).[14, 15] Compound 406 is a potent PHD2 inhibitor currently in clinical trials 

for the treatment of anemia; the very high Tm shift of 406 and other isoquinolines with FTO 

suggested that analogues of 406 may be FTO inhibitors. Compound 413, which is a structural 

homologue of 406 that is a PHD2 inhibitor and clinical candidate for anaemia, was also tested 

using the FTO assay. 
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Figure 4. 6 Lead FTO inhibitors as identified by DSF and end point inhibition screening. 

 

Further, two of the anthraquinone natural products recently identified as potent and cell 

permeable inhibitors of FTO (416 and 417, Figure 4. 7) were also tested.[11] All the 

compounds were tested in the range of 1µM-1mM in triplicate (Table 4. 2).  

 

 

Figure 4. 7 Natural product FTO inhibitors. 
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The broad-spectum 2OG oxygenase inhibitors NOG (202b) and 2,4-pyridinedicarboxylic 

acid (401) displayed moderate and good potencies for FTO respectively, (202b, IC50= 44 µM; 

401, IC50= 8 µM), indicating that the pyridyl scaffold might be favourable for FTO inhibition. 

The potent AlkB inhibitor 229 (IC50= 8 µM against AlkB) also had a good inhibitory activity 

against FTO (IC50= 15 µM); however, pyridyl inhibitors substituted at either the pyridine ring 

or the amino acid side chain, showed moderate to low inhibition of FTO (218, IC50= 92 µM; 

338, IC50= 43 µM; 340, IC50= 96 µM; 402, IC50= 120 µM). The isoquinolinyl inhibitors[16] 

behave similarly, displaying relatively high (409, IC50= 120 µM; 411, IC50= 110 µM; 412, 

IC50= 160 µM) and moderate (407, IC50= 38 µM; 408, IC50= 60 µM; 410, IC50= 84 µM) IC50 

values. The values indicate that the D-amino acid side chain analogues are better inhibitors 

than the L-amino acid derived substituted isoquinolines. Interestingly, the two clinical 

(PHD2-inhibiting) candidates (406, IC50= 3 µM; 413, IC50= 10 µM) displayed very good 

potencies against FTO, implying common features between FTO and PHD2 inhibition.[17, 18] 

403, a potent lysine demethylase inhibitor,[19] gave the lowest IC50 value against FTO along 

with 406 (403, 406 IC50= 3 µM), while the sulfonamide derivatives of 403, were less potent 

(404, IC50= 23 µM; 405, IC50= 18 µM). The hydroxythiazoles 414 and 415 were also good 

inhibitors with IC50 values of 132 µM and 17 µM respectively. Further, both anthraquinone 

compounds 416 and 417 appear to inhibit FTO well (416, IC50= 9 µM; 417, IC50= 11 µM), in 

agreement with previous studies.  
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Table 4. 2 DSF, end point screening data for selected compounds and in vitro inhibition of FTO. 

No. ΔTm/ remaining activity 

at 200 µM (ºC/%) 

IC50 

(µM) 

No. ΔTm/ remaining activity 

at 200 µM (ºC/%) 

IC50 

(µM) 

202a  44 ± 1 407 29 ºC 38 ± 1 

218 9 ºC 92 ± 1 408 26 ˚C 60 ± 1 

229 25 % 15 ± 1 409 23 ºC 120 ± 1 

338 19 % 43 ±1 410 29 ºC 84 ± 1 

340 16% 96 ± 1 411 23 ºC 110± 1 

401  8 ± 1 412 17 ºC 160 ± 1 

402 25 % 120 ± 1 413  10 ± 1 

403  3 ± 1 414 10 ºC 132 ± 1 

404 14 % 23 ± 1 415 14 ºC 7 ± 1 

405 17 % 18 ± 1 416  9 ± 1 

406 12 ºC 3 ± 1 417  11 ± 1 

 

Compound 403 was synthesised by Jacob Bush, 404, 405, 414 and 415 were prepared by Dr. 

Clarisse Lejeune and 407-412 by Dr. Kar Kheng Yeoh. 

 

4.4     Crystallography 

 

Crystals of FTO in the presence of inhibitors were obtained to investigate the observed 

inhibition profiles and to assist in the design of future potent and selective FTO inhibitors. A 

structure of 401 in complex with FTO·Zn shows the C-4 carboxylate of 401 positioned to 

form electrostatic and hydrogen-bonding interactions with the side chains of Arg316, Ser318 

and Tyr295. 401 chelates the zinc in a bidentate manner, with the C-2 carboxylate positioned 

trans to the imidazole side chain of His307 and the pyridyl nitrogen trans to the Asp233 side 

chain carboxylate (Figure 4. 8). 
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Figure 4. 8 View from the crystal structure of FTO·Zn (silver) in complex with 401 (cyan) (contoured 

to 3.0σ).  

 

A structure of FTO·Zn in complex with 403 (PDB ID: 4IE4, 2.5Å resolution) reveals the iron 

chelation to be similar to 401; the 8-hydroxyl group is positioned trans to His307 in place of 

the carboxylate group (Figure 4. 9). Also the C-5 carboxylate of 403 is placed to interact 

similarly to the C-4 carboxylate of 401, rationalising the reduced potencies of 404 and 405, 

which lack this interaction.  

 

 

Figure 4. 9 View from the crystal structure of FTO·Zn (silver) in complex with 403 (green) 

(contoured to 3.0σ).  
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A structure of FTO·Zn with 229 (PDB ID: 4IE5, 2.0 Å resolution) shows the 229 glycine side 

chain positioned in the 2OG pocket of FTO with its carboxylate positioned to interact with 

the side chains of Ser318 and Tyr295 and a salt bridge interaction with Arg316. 229 chelates 

iron in a similar manner to 401 and forms a hydrogen bond between the 3-hydroxyl oxygen 

and the side chain of Asn205 (Figure 4. 10). The pyridine ring of 229 is positioned close to 

the substrate binding site of FTO. Superimposition of the FTO·Zn·229 and 

FTO·Fe·NOG·3meT structures shows that the C-5 carbon of the pyridine ring is positioned 

~1.4 Å from the position of the 3MeT carbonyl in the FTO·Fe·NOG·3meT structure, 

suggesting that 229 may sterically hinder binding of the FTO substrate (Figure 4. 11).[20] 

 

 

Figure 4. 10 View from the crystal structure of FTO·Zn (silver) in complex with 229 (pimk) 

(contoured to 3.0σ).  
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Figure 4. 11 Superimposition of FTO·Zn·229 (pink) (PDB ID: 4IE5) and FTO·Fe·NOG·3MeT (green) 

(PDB ID: 3LFM) showing the proximity of C-5 and C-6 of 229 to the substrate.[20]   

 

A structure of FTO complexed with the known PHD2 inhibitor 406 was acquired (PDB ID: 

4IE6, 2.50 Å resolution). 406 is observed to bind to FTO in a similar manner to 229; the 

chlorine of 406 sits in the substrate binding site forming additional hydrophobic and 

potentially halogen bonding interactions with FTO. The planarity of the isoquinoline relative 

to the C-4 carbamide is distorted upon metal coordination (O10C9C3N2 dihedral angle 60°, 

Figure 4. 12), presumably resulting in a significant energy cost upon binding. This puckering 

may be attributed to the proximity of the side chain of Arg96 to the isoquinoline (Figure 4. 

12).  
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Figure 4. 12 View from the crystal structure of FTO·Zn (silver) in complex with 406 (lilac) 

(contoured to 3.0σ).  

 

Previous biochemical and modelling studies suggested that 416 binds in the 2OG binding site 

of FTO, interacting with Arg316.[11] However, without crystallographic or other structural 

information, it is impossible to be confident of the correct binding mode of these compounds. 

In order to clarify the nature of 416 binding, an FTO·Zn·416 complex structure was 

determined (PDB ID: 4IE7, 2.6 Å resolution). Under the crystallization conditions 416 is 

observed to bind in the substrate binding site not as predicted, in the 2OG binding pocket.[11] 

The C-2 carboxylate of 416 is positioned to form a hydrogen bond with the Ser229 side chain 

hydroxyl group (2.7 Å). One of the rings (ring C, Figure 4. 13) of 416 is positioned to form 

partial π-π interactions with His231 and 416 is positioned to form hydrogen bonds between 

the hydroxyl group of the A-ring and the Arg96 side chain (Figure 4. 13). A citrate molecule 

from the crystallisation buffer is observed in the 2OG binding site. One of the citrate 

carboxylates is positioned to interact with the active site metal, similar to succinate binding 

observed in other 2OG oxygenase structures.[21] The second citrate carboxylate is positioned 

in the 2OG side chain binding pocket, interacting with the side chain of Arg316, whilst the 

third citrate carboxylate is positioned to form hydrogen bonding interactions with the side 

chain of Asn205 (Figure 4. 13). Even though citrate binds on the FTO active site, it is not (at 

least a good) FTO inhibitor (IC50= 297 µM), suggesting that the binding is a result of the high 

concentration of citrate in the crystallisation buffer (100mM). Other tricarboxylic acid (TCA) 
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cycle intermediates have shown no inhibition of FTO (IC50> 1mM) with the only exceptions 

being fumarate (IC50= 154 µM) and L-2-hydroxyglutarate (IC50= 319 µM). While these 

values are relatively high, the possibility that FTO can be inhibited by endogenous small 

molecules like TCA cycle intermediates and related compounds may be of physiological or 

pathophysiological relevance, as proposed for other 2OG oxygenases.[22, 23]  

 

 

Figure 4. 13 View from the crystal structure of FTO·Zn (silver) in complex with 416 (yellow) in the 

substrate binding site and citrate in the co-substrate binding site (contoured to 3.0σ). 
 

Crystallisations of FTO with inhibitors and crystallographic data analysis were performed by 

Wei Shen Aik. 

 

4.5     Structure activity relation studies for the design of new inhibitors  

 

The high potency of the 8-hydroxyquinoline derivative 403, together with the fact that the 

glycine analogues of both pyridyl and isoquinolinyl inhibitors (229 and 406) displayed the 

best potencies in their respective structural families imply that future FTO inhibitors could 

contain simple side-chains at the carbonyl. However, the same compounds (403, 406 and 
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229) are also good inhibitors for other 2OG oxygenases. Therefore, to acquire sufficient 

selectivity, as well as inhibitory potency, substitution of the aryl ring was deemed necessary. 

It was envisaged that an inhibitor based on the pyridyl or isoquinolinyl inhibitors that also 

occupied the substrate binding site may provide good selectivity for FTO over other 2OG 

oxygenases. To investigate the potential of 406 and/or 229 derivatives to occupy both sites, 

the crystal structure of 416, which occupies the substrate binding site, was aligned with the 

structures of 406 and 229. As mentioned above (Section 4.4) 406 is not planar when bound in 

the active site of FTO (Figure 4. 12), something that results in part of the isoquinoline ring to 

be in the substrate site (Figure 4. 14). The orientation and proximity of 406 to 416 implies 

that addition of a substituent on 406 that will be directed towards the substrate binding site 

(Figure 4. 14 A) is not possible. In contrast, the pyridine ring of 229 has a more favourable 

positioning in the active site of FTO (Figure 4. 14 B). Manual modelling studies in the 

superimposed structures of 416 and 229 have shown that substitution at the C-6 of 229 may 

result in partial occupation of the substrate site as well as the 2OG binding pocket (Figure 4. 

14 C, D). Therefore the synthesis of 6-aryl substituted analogues of 229 was sought.     
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Figure 4. 14 A) Superimposition of the images of FTO·Zn·416 (cyan) (PDB ID: 4IE7) and 

FTO·Zn·406 (pink) (PDB ID: 4IE6), B) Superimposition of the images of FTO·Zn·416 (cyan) (PDB 

ID: 4IE7) and FTO·Zn·229 (yellow) (PDB ID: 4IE5), C,D) Modelling of novel inhibitors (426, 428) 

aiming to occupy the co-substrate and substrate binding sites based on FTO·Zn·416 and FTO·Zn·229 

structures. 

 

4.6     Synthesis of new inhibitors 

 

The synthesis of 6-substituted 3-hydroxy-pyridyl compounds (426-429) was attempted via 

Suzuki coupling;[24] this route required the incorporation of a bromine atom to the pyridine 

ring. However, following literature conditions,[25] in the bromination reaction (using N-

bromosuccinimide, NBS) a major side product was observed, i.e. the dibromo substituted 

compound 419, as well as unreacted starting material. Single bromination and starting 

material consumption were achieved by portion-wise addition of NBS and longer reaction 

times (Table 4. 3).   
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Table 4. 3 Optimization for the synthesis of 6-bromo-3-hydroxypicolinonitrile from 3-

hydroxypicolinonitrile. 

 

No. NBS 

(Equiv.) 

Temperature 

(˚C) 

Time 

(h) 

Recovered 

s.m (%)a 

Yield 418 

(%)a 

Yield 419 

(%)a 

1 1.6 20 2 20 20 60 

2 1.2 0 3 19 42 39 

3 1.3 -10-(-2) 9 20 50 30 

4 1.1 -30-(-10) 3 15 47 38 

5 1.1 -7-3 7 16 46 38 

6 1.1 -5-2 7 12 46 42 

7 1.1 -5-(-2) 3 d 1 53 46 
a as identified by LC-MS 

 

For the amide coupling of 420 with glycine, the usual coupling agents HOBT/EDCI (Figure 

4. 15) did not give desired product; consequently, other coupling reagents were investigated. 

HATU gave the desired product in very low yield but T3P (Figure 4. 15) gave sufficient yield 

(25 %) of 421. The reaction with T3P was further investigated; it was found that heating in a 

microwave reactor (mw) and increasing the amount of base (from 3 to 4 equivalents) 

improved the yield of 421 (42 %, Scheme 4. 1). 
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Figure 4. 15 Coupling reagents used for the reaction of 420 with glycine tert-butyl hydrochloride. 

 

 

 

Scheme 4. 1 Synthesis of inhibitors. 

Reagents and conditions: i) 30 % NaOH, MeOH, reflux; ii) glycine tert-butyl ester hydrochloride (1.5 

equiv.), T3P (1.5 equiv.), DIPEA (4 equiv.), mw, 150 ºC; iii) RB(OH)2 (1.3 equiv.), K2CO3 (4 equiv.), 

Pd(PPh3)4 (10 mole %), mw, 130 ºC. 

 

Compounds 422-429 were synthesised by Caitlin Clunie-O’Connor. 
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4.7     In vitro assays for first generation of FTO inhibitors 

 

The LC assay was used to determine the IC50 values of the designed inhibitors for FTO. The 

most potent FTO inhibitors identified from screening, 403 and 406, are also potent and cell 

permeable inhibitors of KDMs and PHD2 respectively. Hence, inhibitors 426-429 were also 

tested for inhibition against other 2OG oxygenases to determine their relative selectivity for 

FTO (Table 4. 4). 

 

Table 4. 4 Inhibition data for inhibitors against FTO, PHD2, JMJD1A, JMJD2C and JMJD3. 

No. FTO IC50 

(µM) 

PHD2 IC50 

(µM) 

JMJD1A 

IC50 (µM) 

JMJD2C 

IC50 (µM) 

JMJD3 

IC50 (µM) 

403 3 ± 1 14.3 0.2 0.6 0.1 

406 3 ± 1 0.3 >20 >20 >20 

426 35 ± 1 > 100 >100 >100 >100 

427 4 ± 1 > 100 >100 >100 76 

428 25 ± 1 > 100 >100 >100 >100 

429 15 ± 1 > 100 13 27 40 

 

The presence of a phenyl group at C-6 resulted in improved inhibitory potency relative to the 

C-5 substituted and other C-2 carbonyl substituted pyridines discussed above (426, IC50= 35 

µM); however, compound 229 showed greater inhibitory potency (IC50= 15 µM). The 

addition of a biphenyl ring (429, IC50= 15µM) resulted in very good inhibition. The 1-

naphthalene substituted compound 427 (IC50= 4 µM) was a very potent inhibitor ranking very 

close to the clinical candidate 406 (IC50= 3 µM). Further, the quinoline substituted compound 

428 was introduced as a more basic and water soluble analogue of 427, in order to be used in 

future cell studies but this resulted in a 6 fold decrease in potency (428, IC50= 25 µM). 

As anticipated the compounds, with the exception of 429, displayed no inhibition of the JmjC 

KDMs, revealing improved selectivity for FTO. Compound 427 is 5 times more selective for 
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FTO than 406 and 7 times more selective for FTO than 403. Regarding PHD2, 427 is 5 times 

more selective for FTO than 403 and 200 times more than 406. 

 

4.8     Crystallography of FTO with 427 

 

Crystallographic studies of FTO in the presence of 427 were carried out. The structure of 427 

complexed with FTO·Zn shows similarity with the observed binding of 229 in the 2OG 

binding site of FTO (Figure 4. 16). The 1-naphthyl side chain of 427 extends, as predicted, to 

occupy the substrate binding site. The position of ring B of the naphthyl group enables the 

formation of partial π-π interactions with His231 as observed with compound 416. 

Compound 427 lacks the hydrogen bonding of the ring A hydroxyl of 416 (Figure 4. 13). 

However, the electrostatic interactions of the 3-hydroxypyridine part of 427 with the side 

chains of Arg316, Ser318, Tyr295, Asn205 and Arg96, as compound 229, apparently results 

in the improved inhibitory activity of 427 (Figure 4. 17). 

 

 

Figure 4. 16 View from the crystal structure of FTO·Zn (silver) in complex with 427 (cyan). 
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Figure 4. 17 Superimposition of the images of FTO·Zn·416 (yellow) (PDB ID: 4IE7), FTO·Zn·229 

(pink) (PDB ID: 4IE5) and FTO·Zn·427 (cyan) showing 427 occupies both the substrate and co-

substrate binding sites of FTO. 
 

4.9     Conclusions  

 

An assay was developed and used for the assessment of FTO inhibition from a library of 

compounds. A combination of the inhibition and binding studies has led to the identification 

of novel inhibitor templates for FTO that display unprecedented properties of inhibitory 

potency and selectivity. Crystallographic studies also revealed the binding modes of a 

number of the identified inhibitors, and allowed the rational design of the first generation of 

FTO inhibitors with improved activities. Inhibitors of FTO with improved selectivity for FTO 

over other 2OG oxygenases were identified. For example, compound 427 which is a potent 

inhibitor of FTO displayed ~ 6 times better selectivity for FTO over other 2OG oxygenases 

compared to 406 and 403. A crystal structure of 427 with FTO revealed that this compound 

indeed occupies both substrate and 2OG binding sites of FTO. Notably, two of the most 

potent FTO inhibitors that were identified are in clinical trials as HIF prolyl-hydroxylase 

inhibitors. Thus, clinical use of these compounds should take into account their propensity to 

inhibit FTO.  
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4.11 Experimental details 

 

Differential scanning fluorimetry (DSF)[13] 

DSF was performed using a MiniOpticon™ Real-Time PCR Detection System (Bio-Rad), 

monitoring protein unfolding using SYPRO orange (Invitrogen) according to reported 

method. [13] FAM (492 nm) and ROX (610 nm) filters were used for excitation and emission 

respectively. Reaction mixes contained 2 µM protein, 50 µM Mn(II), 200 µM compounds, 1x 

SYPRO orange in a final volume of 50 µL. Reagents were prepared in HEPES buffer except 

metals, which were dissolved as 100 mM stocks in 20 mM HCl, then further diluted in MilliQ 

water. Compounds tested were prepared in 100% DMSO and added such that the final 

concentration of DMSO was 5 % (v/v).  

Fluorescence readings were taken every 1 °C in the range 25-95 °C, with the temperature 

increased linearly by 1 °C min-1. The software provided was used to perform global minimum 

subtraction. The inflection point, representing Tm, was calculated by fitting the Boltzmann 

equation to the sigmoidal curves obtained; data were processed using GraphPad Prism 5.0™. 

The Tm shift caused by the addition of small molecules/ fragments was determined by 

subtraction of the “reference” Tm (protein incubated with metal and 5 % DMSO) from the Tm 

obtained in the presence of the compound. Conditions were tested in triplicates, with standard 

deviations from the mean typically < 1 °C. 
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In vitro demethylation assay 

For catalytic assays, a 50 µL reaction mixture containing final concentrations of 3 µM FTO, 

70 µM 3meT nucleoside, 160 µM 2OG, 500 µM L-ascorbate, 100 µM diammonium iron(II) 

sulfate complex, 200 µM  test compound (2% DMSO in control reaction) and 50 mM 2-(N-

morpholino)ethanesulfonic acid (MES), pH 6.3 was incubated at room temperature for 1 h. 

The reaction was quenched with methanol (50 µL) then centrifuged to remove precipitated 

protein. The supernatant was then dried using an Eppendorf Speedvac concentrator and 

reconstituted with (50 µL) water. The product (thymidine) and substrate (3meT) were 

separated using Waters Acquity Ultra Performance Liquid Chromatography (UPLC) BEH 

C18 column, 130 Å, 1.7 µm, 2.1 mm x 50 mm with a gradient of 95% A (H2O with 1% 

formic acid) to 80% B (methanol with 0.1% formic acid) over 5 min. UV detection 

wavelength was set to 266 nm room temperature (thymidine) = 0.95 min, room temperature 

(3meT) = 1.48 min (Liquid chromatography method was modified from previously 

reported[20]).The peaks were identified using a positive ion mode in the ESI-TOF mass 

spectrometry (Waters LCT Premier XE machine). Peaks were integrated using MassLynx 

software (Agilent) and the percentage conversion of 3meT to thymidine was used to quantify 

the activity of FTO in the presence of inhibitors. For IC50 determinations, assays were carried 

out in triplicate with a range of compound concentration (0 µM, 10 µM, 30 µM, 100 µM, 300 

µM, 1 mM, 3 mM, and 10 mM). IC50 values were calculated from dose-response curve 

plotted using GraphPad Prism® 5. 

 

Protein crystallization and X-ray crystallography 

Crystals of hFTOΔ31 in complex with 401, 403, 229, 406, 416 or 427 were grown in hanging 

drops at 293 K by the vapour diffusion method using 24 well pre-greased VDX plates and 

round plastic coverslips (HR8-082, Hampton Research). The protein solution and reservoir 

solution (200 µL) conditions are listed in Table S4 (see below). Hanging drops were set up by 

adding protein solution to reservoir solution with 2:1 ratio (total volume 3 uL). The resultant 

crystals were cryo-protected using the well-solution diluted with 15%-20% v/v glycerol  
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 (cryoprotectant solution for the FTO·418 crystal contains an additional 1mM 418) then flash 

cooled in liquid nitrogen. Data were collected at 100 K for single crystals of FTO:403 and 

FTO·406 complexes using a Rigaku FR-E+ Superbright diffractometer equipped with a 

copper rotating anode, osmic HF optics, and a Saturn 944+ CCD detector. Data were 

collected at 100 K for FTO·401, FTO·229, and FTO·418 using a single crystal at Diamond 

Beamline I03 equipped with a Pilatus 6M-F detector. All data were indexed, integrated, and 

scaled using HKL2000.[26] The structures were solved by molecular replacement using the 

MR-PHASER[27] subroutine in PHENIX[28] using FTO·Ni+2·202b·3meT (PDB ID: 3LFM) as 

a search model. Iterative cycles of model building and refinement were performed using 

COOT[29] and PHENIX until decreasing R and Rfree no longer converged.  

 

Table 4. 5 Crystallisation conditions for protein and reservoir solution. 

 FTO·401 FTO·403 FTO·229 FTO·406 FTO·416 FTO·427 

PDB ID 4IE0 4IE4 4IE5 4IE6 4IE7  

Protein 

Solution 

Conditions 

~8 mg/mL 

hFTOΔ31, 

1 mM 

ZnSO4, 1 

mM 401 

~8 mg/mL 

hFTOΔ31, 

1 mM 

ZnSO4, 2 

mM 403 

~8 mg/mL 

hFTOΔ31, 

1 mM 

ZnSO4, 1 

mM 229 

~8 mg/mL 

hFTOΔ31, 1 

mM ZnSO4, 

1.5 mM 406 

~8 mg/mL 

hFTOΔ31, 

1 mM 

ZnSO4, 2 

mM 416 

~8 mg/mL 

hFTOΔ31, 

1 mM 

ZnSO4, 2 

mM 427 

Reservoir 

Solution 

Conditions 

 

100 mM 

trisodium 

citrate pH 

5.6, 11% 

PEG3350, 

4% tert-

butanol 

100 mM 

trisodium 

citrate pH 

5.6, 13% 

PEG3350, 

4% tert-

butanol 

100 mM 

trisodium 

citrate pH 

5.6, 9% 

PEG3350, 

4% tert-

butanol 

100 mM 

trisodium 

citrate pH 

5.6, 11.5% 

PEG3350, 

4% tert-

butanol 

100 mM 

trisodium 

citrate pH 

5.6, 11.5% 

PEG3350, 

4% tert-

butanol 

100 mM 

trisodium 

citrate pH 

5.6, 11.5% 

PEG3350, 

4% tert-

butanol 

6meA – N6-methyladenosine 

PEG3350 – polyethylene glycol 3350 
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Chemical Synthesis 

 

General information 

Reagents and solvents were from Aldrich, Alfa Aesar or Acros. Compound 401 was 

purchased from Sigma Aldrich and 413 was purchased from Selleckbio; compounds 416, 417 

and 1-chloro-4-hydroxyisoquinoline-3-carboxylic acid were purchased from TCI UK and 

from Reddy Chemtech respectively. Reactions were monitored by TLC, which was 

performed on precoated aluminum-backed plates (Merck, silica 60 F254). Flash column 

chromatography was carried out using Biotage SP1 Purification system. Melting points were 

determined using a Stuart automatic melting point apparatus (SMP40). Infrared spectra were 

recorded from neat samples, on a Bruker Tensor 27 FT-IR spectrometer. NMR spectra were 

acquired using Bruker Avance II 500 MHz spectrometer equipped with a 5mm 13C(1H) dual 

cryoprobe or Avance 400 MHz spectrometer equipped with a 5mm z-gradient 1H/13C/19F/31P 

quad-nucleus probe. Chemical shifts (δ) are given in ppm, and the multiplicities are given as 

singlet (s), doublet (d), doublet doublet (dd), triplet (t), quartet (q), multiplet (m), broad (br). 

Coupling constants J are given in Hz (± 0.5 Hz). High resolution mass spectra (HRMS) were 

recorded using Bruker MicroTOF. The purity of all compounds synthesized were ≥98% as 

determined by analytical reverse-phase LCMS. 

 

General procedure A  

tert-butyl glycinates 422-425 

To a stirred mixture of 421 (1 equiv.), K2CO3 (3 equiv.) and the requisite boronic acid (1.2 

equiv.) in CH3CN/H2O (3:1), purged with N2 for 5 min, Pd(PPh3)4 (10 % mole) was added. 

The mixture was heated at 135 ºC under microwave radiation for 3 h and basified with 1 M 

NaOH. The mixture was washed with EtOAc (3 x 10 mL), the combined organics were dried 

over MgSO4 and concentrated in vacuo. The crude mixture was chromatographed 

(C6H12/EtOAc 8:2 to 7:3) to provide pure tert-butyl glycinates.  
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General procedure B  

Purification of glycines 426-429 

The basic aqueous layer (procedure A) was acidified with 1 M HCl to pH 3 and washed with 

EtOAc (3 x 10 mL). The organic layers were combined, dried over MgSO4 and concentrated 

in vacuo to provide the aryl glycines. 

 

 

Scheme 4. 2 Synthesis of 402. 

Reagents and conditions: i) RB(OH)2 (1.5 equiv.), 2 M Na2CO3 (4 equiv.), Pd(PPh3)4 (10 mole %), 

THF, reflux; ii) NH2NH2·H2O, (3 equiv.), MeOH, reflux; iii) 433 (1.1 equiv.), EtOAc/THF 1:1, iv) 1 

M NaOH (3 equiv.), MeOH. 

 

Methyl 5-(2-phenoxyphenyl)picolinate 430 

 

To a solution of 5-bromo-pyridine-2-carboxylic acid methyl ester[30]	
   (0.50 g, 2.29 mmol) in 

THF, 2-phenoxyphenyl boronic acid (0.73 g, 3.43 mmol), 2 M Na2CO3 (2.3 mL, 4.60 mmol) 

and Pd(PPh3)4 (0.22 g, 0.23 mmol) was added. The reaction was refluxed for 14 h; the solvent 
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was then removed in vacuo. The crude was dissolved in EtOAc and washed with water. The 

organic phase was dried over MgSO4 and concentrated in vacuo. Chromatography (CH2Cl2/ 

EtOAc 9:1) afforded compound 430 (0.55 g, 72 %) as yellow solid, mp 60-61 ºC. Rf = 0.45. 

IR (KBr) ν/cm-1 1677 (MeOC=O); 1H NMR (500 MHz, CDCl3) δ 8.95 (1H, s, Ar CH), 8.04 

(2H, dd, J= 1 0.5, Ar CH), 7.49 (1H, d, J= 0.5, Ar CH), 7.47-7.37 (1H, m, Ar CH), 7.29-7.25 

(3H, m, Ar CH), 7.06-7.03 (2H, m, Ar CH), 6.92-6.90 (2H, m, Ar CH), 4.00 (3H, s, CH3); 
13C NMR (500MHz, CDCl3) δ 165.6 (C=O), 156.95 (ArC), 153.95 (ArC), 149.9 (ArC), 146.1 

(ArCH), 137.35 (ArCH), 136.9 (ArCH), 130.9 (ArC), 130.4 (ArCH), 129.8 (ArCH), 128.8 

(ArCH), 124.6 (ArCH), 124.3 (ArCH), 123.3 (ArCH), 120.0 (ArCH), 118.2 (ArCH), 52.8 

(CH3); HRMS calcd. for C19H15NNaO3 [M+Na]+ 328.0944; Found 328.0946. 

 

5-(2-phenoxyphenyl)picolinohydrazide 431 

 

To a solution of 430 (0.55 g, 1.80 mmol) in MeOH, hydrazine monohydrade (0.26 mL, 5.40 

mmol) was added. The reaction was stirred at 65 ºC until consumption of starting material. 

After 9 h the reaction was allowed to cool and the desired product crystallised. Sanction 

filtration afforded compound 431 (0.44 g, 80 %) as yellow needles, m.p 127-128 ºC. IR 

(KBr) ν/cm-1 1673 (NHC=O); 1H NMR (500 MHz, MeOD-d4) δ 8.80-8.79 (1H, m, ArCH), 

8.13-8.05 (2H, m, Ar CH), 7.57 (1H, dd, J= 1.0, 0.5, Ar CH), 7.48-7.45 (1H, m, Ar CH), 

7.35-7.28 (3H, m, Ar CH), 7.08-7.04 (2H, m, Ar CH), 6.91-6.89 (2H, m, Ar CH), 4.61 (2H, s, 

NH2); 13C NMR (125MHz, MeOD-d4) δ 165.5 (C=O), 158.7 (Ar C), 155.1 (Ar C), 150.05 

(Ar CH), 149.0 (Ar C), 138.0 (Ar CH), 137.85 (Ar CH), 132.2 (Ar CH), 131.6 (Ar CH), 

130.9 (Ar C), 130.7 (Ar CH), 125.8 (Ar CH), 124.2 (Ar CH), 122.6 (Ar CH), 121.4 (Ar CH), 

118.9 (Ar CH); HRMS calcd. for C18H15N3NaO2 [M+Na]+ 328.1060; Found 328.1056. 

 

(E)-ethyl 4-oxo-4-(2-(5-(2-phenoxyphenyl)picolinoyl)hydrazinyl)but-2-enoate 432 
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To a stirred suspension of 431 (0.50 g, 3.6 mmol) in THF: EtOAc (1:1) (50 mL), compound 

433[31]	
   (1.24 g, 4.0 mmol) was added and the reaction mixture was stirred at room 

temperature overnight. The organic solvents were removed in vacuo, the resulting solid 

residue was washed with EtOAc (50 mL). Concentration of the filtrate in vacuo and co-

evaporation with Et2O afforded 432 (0.10 g, 28 %) as a white solid, mp 170-172 ºC. IR (KBr) 

ν/cm-1 3374 (CON-H), 3204 (COO-H), 1719 (EtOC=O), 1622 (NHC=O); 1H NMR (500 

MHz, CDCl3) δ 8.83 (1H, d, J= 0.5, Ar CH), 8.33 (1H, d, J= 1.0, Ar CH), 8.16 (1H, dd, J= 

1.0 0.5, Ar CH), 7.49 (1H, dd, J= 1.0 0.5, Ar CH), 7.42-7.37 (2H, m, Ar CH), 7.32-7.26 (3H, 

m, Ar CH), 7.09-7.04 (2H, m, Ar CH), 7.005-6.93 (3H, m, Ar CH), 4.24 (2H, q, J= 1.0, CH2), 

1.28 (3H, t, J= 1.0, CH3); 13C NMR (125MHz, CDCl3) δ 165.3 (C=O), 159.2 (C=O), 159.05 

(C=O), 156.8 (Ar C), 154.1 (Ar C), 148.4 (Ar C), 145.45 (Ar CH), 138.4 (Ar CH), 137.3 (Ar 

CH), 133.2 (Ar CH), 131.7 (Ar CH), 130.9 (Ar C), 130.5 (Ar CH), 129.9 (CH=CH), 128.5 

(CH=CH), 124.25 (Ar CH), 123.5 (Ar CH), 122.55 (Ar CH), 119.75 (Ar CH), 118.4 (Ar CH), 

61.2 (CH2CH3), 14.1 (CH3); HRMS calcd. for C24H21N3NaO5 [M+Na]+ 454.1373; Found 

454.1383.	
  

	
  	
  

 (E)-4-oxo-4-(2-(5-(2-phenoxyphenyl)picolinoyl)hydrazinyl)but-2-enoic acid 402 

 

A mixture of 432 (0.06 g, 0.15 mmol) with LiOH·H2O (0.02 g, 0.44 mmol) in THF/H2O 2:1 

(1 mL) was stirred at room temperature for 3 h. The reaction mixture was then washed with 

EtOAc (3 x 10 mL). The aqueous layer was acidified with 1 M HCl to pH 3. The white 

precipitate was filtered and washed with H2O. Drying afforded compound 402 (0.04 g, 71 %) 

as off white needles, mp 274-275 ºC. IR (KBr) ν/cm-1 3365 (CON-H), 3218 (COO-H), 1709 
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(HOC=O), 1632 (NHC=O); 1H NMR (500 MHz, DMSO-d6) δ 10.75 (1H, s, CO2H), 8.84 

(1H, d, J= 0.5, Ar CH), 8.21-8.19 (1H, m, Ar CH), 8.07 (1H, d, J= 1.0, Ar CH), 7.65 (1H, dd, 

J= 1.0 0.5, Ar CH), 7.52-7.48 (1H, m, Ar CH), 7.38-7.33 (3H, m, Ar CH), 7.11-7.01 (5H, m, 

Ar CH), 6.97-6.64 (1H, m, Ar CH); 13C NMR (125MHz, DMSO-d6) δ 166.1 (C=O), 162.3 

(C=O), 161.9 (C=O), 156.7 (Ar C), 153.2 (Ar C), 148.4 (Ar C), 147.4 (Ar CH), 137.9 (Ar 

CH), 136.0 (Ar CH), 134.2 (Ar CH), 131.3 (Ar CH), 131.2 (Ar CH), 130.7 (Ar C), 130.1 

(CH=CH), 128.6 (CH=CH), 124.7 (Ar CH), 123.3 (Ar CH), 122.1 (Ar CH), 119.9 (Ar CH), 

118.0 (Ar CH), 117.9 (Ar CH); HRMS calcd. for C22H17N3NaO5 [M+Na]+ 426.1060; Found 

426.1058. 

 

6-bromo-3-hydroxypyridine-2-carbonitrile 418 

 

To a solution of 2-cyano-3-hydroxypyridine (2.40 g, 20 mmol) in CH3CN/H2O (60mL / 

10mL), NBS (3.9 g, 22 mmol) was added portion-wise over 3 d at -4 ºC. The mixture was 

washed with 5 % sodium bisulfate (50 mL), H2O (20 mL), dried over MgSO4 and 

concentrated in vacuo. The crude was chromatographed (C6H12/CH2Cl2/ EtOAc 7:2:1 to 

5:3:2). Recrystallisation (EtOAc) afforded 418 (1.10 g, 28 %) as off white crystals, mp 135 

ºC dec.. Rf= 0.19. IR (neat) ν/cm-1 3150 (b, ArO-H), 2290 (C-N); 1H NMR (400 MHz, 

CD3CN) δ 7.60 (1H, appt. d, J= 9.0, Ar CH), 7.37 (1H, appt. d, J= 9.0, Ar CH); 13C NMR 

(125MHz, CD3CN) δ 156.6 (CN), 142.5 (ArC), 132.9 (ArCH), 130.4 (ArC), 128.15 (ArC), 

127.5 (ArCH), 123.9; MS (ESI-) m/z 197 ([M-H]-, 80%); HRMS (ESI-) calcd. for 

C6H2BrN2O [M-H]- 196.9356; Found 196.9350. 
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6-bromo-3-hydroxypyridine-2-carbonitrile 419 

 

Chromatography of crude from above (CH2Cl2/ EtOAc 7:3 to 6:4) afforded 419 (2.00 g, 36 

%) as white solid, mp >200 ºC. Rf= 0.16. IR (neat) ν/cm-1 3133 (b, ArO-H), 2298 (C-N); 1H 

NMR (400 MHz, CDCl3) δ 9.09 (1 H, br. s, Ar OH), 7.77 (1 H, s, Ar CH); 13C NMR 

(101MHz, CDCl3) δ 157.4 (CN), 154.6 (Ar C), 135.4 (Ar CH), 131.5 (ArC), 124.4 (Ar C), 

120.9 (Ar C); MS (ESI-) m/z 275 ([M-H]-, 60%); HRMS (ESI-) calc. for C6H2Br2N2O [M-H]- 

274.8461; Found 274.8458. 

 

6-bromo-3-hydroxypyridine-2-carboxylic acid 420 

 

To a stirred suspension of 418 (2.80 g, 14.07 mmol) in methanol (50 mL), 30% w/v NaOH 

(44.0 mL, 351.8 mmol) was added and the reaction mixture was heated at reflux overnight. 

The solvent was removed under reduced pressure and the suspension was acidified with conc. 

HCl to pH 2. The resulting precipitate was filtrated and washed with cold water (5mL). 

Filtration afforded compound 420 (3.10 g, 100 %) as white needles, mp 122-124 ºC. IR (neat) 

ν/cm-1 3100 (b, ArO-H), 2850 (b, COO-H), 1716 (HOC=O); 1H NMR (400 MHz, DMSO-d6) 

δ 7.75-7.33 (1H, m, Ar CH), 7.10-7.05 (1H, m, Ar CH); 13C NMR (125MHz, DMSO-d6) δ 

169.1 (C=O), 160.2 (C=O), 143.3 (Ar C), 137.9 (Ar C), 135.8 (Ar CH), 133.7 (Ar CH), 131.2 

(Ar C); MS (ESI-) m/z 216 ([M-H]-, 50%); HRMS calcd. for C6H3BrNO3 [M-H]- 215.9302; 

Found 215.9298. 
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tert-butyl N-[(6-bromo-3-hydroxypyridin-2-yl)carbonyl]glycinate 421 

 

To a mixture of 6-bromo-3-hydroxypicolinic acid (0.20 g, 0.917 mmol), DIPEA (0.48 mL, 

2.75 mmol) and T3P (0.71 mL, 1.19 mmol) in EtOAc (2 mL) was added glycine tert-butyl 

ester hydrochloride (0.2 g, 1.20 mmol). The reaction was heated under microwave irradiation 

at 150 ºC for 45 min. H2O (10 mL) was added to the mixture and was washed with EtOAc (2 

x 10 mL). Organics were combined, dried over MgSO4 and concentrated in vacuo. 

Chromatography (C6H12/EtOAc, 9:1 to 6:4) afforded (0.13 g, 42 %) as a pale yellow solid, mp 

105-106 ºC. Rf = 0.42. IR (neat) ν/cm-1 3349 (NH), 1748 (tBuOC=O), 1675 (NHC=O); 1H 

NMR (500 MHz, CDCl3) δ 11.83 (1 H, s, Ar OH) 8.10 (1 H, br. s., NH), 7.40 (1 H, d, J= 8.5, 

Ar CH) 7.13 (1 H, d, J= 9.0, Ar CH), 4.04 (2 H, d, J= 5.5, CH2), 1.44 (9 H, s, C(CH3)3); 13C 

NMR (125MHz, CDCl3) δ 168.0 (C=O), 167.7 (C=O), 157.3 (Ar C), 133.2 (Ar CH), 131.3 

(Ar C), 129.4 (Ar CH), 129.0 (Ar C), 82.7 (C(CH3)3), 41.5 (CH2), 28.0 (C(CH3)3); MS (ESI+) 

m/z 353 ([M+Na]+, 100%); HRMS calcd. for C12H15BrN2NaO4 [M+Na]+ 353.0107; Found 

353.0095. 

 

tert-butyl N-[(3-hydroxy-6-phenylpyridin-2-yl)carbonyl]glycinate 422 

 

Following general procedure A, 421 (0.20 g, 0.604 mmol) was reacted with phenylboronic 

acid (88 mg, 0.725 mmol), K2CO3 (0.25 g, 1.18 mmol) in CH3CN/H2O (4 mL) with 

Pd(PPh3)4 (70 mg, 0.060 mmol). Chromatography afforded compound 422 (35 mg, 21 %) as 

a colourless oil. IR (neat) ν/cm-1
 3400 (N-H), 3090 (C-H), 1737 (tBuOC=O), 1652 (NHC=O); 

1H NMR (400 MHz, CDCl3) δ 11.95 (1H, s, OH), 8.59 (1H, t, J= 5.0, NH), 7.97-7.94 (2H, m, 

Ar CH), 7.84 (1H, d, J= 9.0, Ar CH), 7.52-7.47 (2H, m, Ar CH), 7.45-7.40 (2H, m, Ar CH), 

4.19 (2H, d, J= 5.5, CH2), 1.56 (9H, s, C(CH3)3); 13C NMR (101MHz, CDCl3) δ 168.2 
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(C=O), 160.9 (C=O), 156.9 (Ar C), 147.7 (Ar C), 138.1 (Ar C), 130.3 (Ar C),  128.8 (2 Ar 

CH), 128.6 (2Ar CH), 127.1 (Ar CH), 126.3 (2 Ar CH), 126.0 (Ar CH), 82.6 (C(CH3)3), 41.6 

(CH2), 28.1 (C(CH3)3); MS (ESI+) m/z 329 ([M+H]+
, 100 %); HRMS calcd. for 

C18H20N2NaO4 [M+Na]+ 351.1321; Found 351.1315. 

 

tert-butyl N-{[3-hydroxy-6-(naphthalen-1-yl)pyridin-2-yl]carbonyl}glycinate 423 

 

Following general procedure A 421 (0.20 g, 0.604 mmol) was reacted with, naphthalen-1-

ylboronic acid (0.13 g, 0.725 mmol), K2CO3 (0.25 g, 1.18 mmol) in CH3CN/H2O (4 mL) with 

Pd(PPh3)4 (70 mg, 0.060 mmol). Chromatography afforded compound 423 (61 mg, 27 %) as 

a yellow oil. IR (neat) ν/cm-1  3400 (N-H), 2978 (C-H), 1740 (tBuOC=O), 1652 (NHC=O); 
1H NMR (400 MHz, CDCl3) δ 12.03 (1H, s, OH), 8.42 (1H, t, J= 6.0, NH), 8.09-8.06 (1H, m, 

Ar H), 7.96-7.93 (2H, m, Ar H), 7.67 (1H, d, J= 8.5, Ar H), 7.60-7.50 (4H, m, Ar H), 7.49 

(1H, d, J8.5, Ar H), 4.14 (2H, d, J6.0, CH2), 1.52 (9H, s, C(CH3)3); 13C NMR (101MHz, 

CDCl3) δ 169.1 (C=O), 168.1 (C=O), 156.7 (Ar C), 149.2 (Ar C), 137.3 (Ar C), 133.9 (Ar C), 

131.5 (Ar C), 130.5 (Ar CH), 130.4 (Ar C), 128.9 (Ar CH), 128.5 (Ar CH), 127.4 (Ar CH), 

126.6, (Ar CH), 126.6 (Ar CH), 125.9 (Ar CH), 125.4 (Ar CH), 125.3 (Ar CH), 82.5 

(C(CH3)3), 41.5 (CH2), 28.0 (C(CH3)3); MS (ESI+) m/z 379 ([M+H]+
, 100 %); HRMS calcd. 

for C22H22N2N2NaO4 [M+Na]+ 401.1472; Found 401.1462. 

 

tert-butyl N-{[3-hydroxy-6-(quinolin-5-yl)pyridin-2-yl]carbonyl}glycinate 424 

 

Following general procedure A 421 (0.25 g, 0.757 mmol) was reacted with, quinolin-5-

ylboronic acid (0.156 g, 0.906 mmol), K2CO3 (0.313 g, 2.27 mmol) in CH3CN/H20 (4 mL) 

with Pd(PPh3)4 (87 mg, 0.076 mmol). Chromatography afforded compound 424 (70 mg, 24 
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%) as a white solid, mp 197-200 °C. IR (neat) ν/cm-1  3200 (N-H), 1749 (tBuOC=O), 1646 

(NHC=O); 1H NMR (400 MHz, CDCl3) δ 12.05 (1H, s, OH), 8.94-8.89 (1H, m, Ar H), 8.51-

8.47 (2H, m, Ar H and NH), 8.16 (1H, d, J= 8.5, Ar H), 7.74-7.78 (1H, m, Ar H), 7.64-7.68 

(2H, m, Ar H), 7.52-7.56 (1H, m, Ar H), 7.40 (1H, dd, J= 8.5, 4.0, Ar H), 4.12 (2H, d, J= 6.0, 

CH2), 1.46 (9H, s, C(CH3)3); 13C NMR (101MHz, CDCl3) δ 168.9 (C=O), 168.1 (C=O), 

157.0 (Ar C), 150.4 (Ar CH), 148.5 (Ar C), 147.9 (Ar C), 137.35 (Ar CH), 134.1 (Ar CH), 

132.9 (Ar C), 130.3 (Ar CH), 130.2 (Ar CH), 128.8 (Ar CH), 127.6 (Ar CH), 127.1 (Ar CH), 

121.5 (Ar CH), 82.6 (C(CH3)3), 41.4 (CH2), 28.0 (C(CH3)3); MS (ESI+) m/z 380 ([M+H]+ 

100 %); HRMS calcd. for C21H22N3O4 [M+H]+ 380.1605; Found 380.1603. 

 

tert-butyl N-{[6-(biphenyl-2-yl)-3-hydroxypyridin-2-yl]carbonyl}glycinate 425 

 

Following general procedure A 421 (0.20 g, 0.604 mmol) was reacted with, [1,1'-biphenyl]-2-

ylboronic acid (0.10 g, 0.725 mmol), K2CO3 (0.25 g, 1.18 mmol) in CH3CN/H2O (4 mL) with 

Pd(PPh3)4 (70 mg, 0.0604 mmol). Chromatography afforded compound 425 (66 mg, 27 %) as 

a yellow oil. IR (neat) ν/cm-1
 3400 (N-H), 2978 (Ar C-H), 1743 (tBuOC=O), 1653 (NHC=O); 

1H NMR (400 MHz, CDCl3) δ 11.89 (1H, s, OH), 8.18 (1H, t, J= 6.0, NH), 7.73-7.69 (1H, m, 

Ar CH), 7.49-7.46 (3H, m, Ar H), 7.38-7.26 (4H, m, Ar H), 7.22-7.12 (3H, m, Ar H), 4.07 

(2H, d, J= 6.0, CH2), 1.55 (9H, s, (C(CH3)3); 13C NMR (101MHz, CDCl3) δ 160.1 (C=O), 

168.7 (C=O), 168.1 (Ar C), 156.2 (Ar C), 148.1 (Ar C), 141.6 (Ar C), 140.8 (Ar C), 167.6 

(Ar C), 137.1 (Ar C), 133.8 (Ar CH), 130.65 (Ar CH), 130.8 (Ar CH), 130.2 (Ar CH), 130.2 

(Ar CH), 129.5 (Ar CH), 128.8 (Ar CH), 128.5 (Ar CH), 128.2 (Ar CH), 127.7 (Ar CH), 

126.75 (Ar CH), 82.45 (C(CH3)3), 41.47 (CH2), 28.1 (C(CH3)3); MS (ESI+) m/z 405 ([M+H]+, 

100 %), 427 ([M+Na]+ 50%), HRMS calcd. for C24H24N2NaO4 [M+Na]+ 427.1634; Found 

426.1628. 
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tert-butyl N-[(3-hydroxy-6-phenylpyridin-2-yl)carbonyl]glycinate 426 

 

Following general procedure B, concentration in vacuo afforded compound 426 (50 mg, 30 

%) as a white solid, mp 141-145 ºC. IR (neat) ν/cm-1 3400 (O-H), 3200 (N-H), 3070 (C-H) 

1708 (HOC=O), 1652 (NHC=O); 1H NMR (400 MHz, DMSO-d6) δ 12.38 (1H, s, OH), 9.48 

(1H, t, J= 6.0, NH), 8.25-8.23 (2H, m, Ar H), 8.18 (1H, d, J= 9.0, Ar H), 7.59-7.54 (3H, m, 

Ar H), 7.46-7.41 (1H, m, Ar H), 4.07 (2H, d, J= 6.0, CH2); 13C NMR (101MHz, DMSO-d6) δ 

171.1 (C=O), 169.5 (C=O), 156.9 (Ar C), 147.0 (Ar C), 137.7 (Ar C), 134.5 (Ar C), 130.5 

(Ar CH), 129.2 (Ar CH), 129.1 (Ar CH), 127.8 (Ar CH), 127.5 (Ar CH), 126.7 (Ar CH), 

126.3 (Ar CH), 41.2 (CH2); MS (ESI-) m/z 271 ([M-H]- 100 %); HRMS calcd. for 

C14H11N2O4 [M−H]- 271.0719; Found 271.0719. 

 

N-{[3-hydroxy-6-(naphthalen-1-yl)pyridin-2-yl]carbonyl}glycine 427 

 

Following general procedure B, concentration in vacuo afforded compound 427 (67 mg, 34 

%) as a white solid, mp 179-182 ºC. IR (neat) ν/cm-1 3361 (O-H), 3200 (N-H), 1749 

(HOC=O), 1658 (NHC=O); 1H NMR (400 MHz, DMSO-d6) δ 12.44 (1H, s, OH), 9.17 (1H, t, 

J= 6.0, NH), 8.04 (2H, dd, J= 8.0 1.0, Ar H), 7.96-7.94 (1H, m, Ar H), 7.80 (1H, d, J= 8.5, 

Ar H), 7.67-7.54 (5H, m, Ar H), 4.02 (2H, d, J= 6.0, CH2); 13C NMR (101MHz, DMSO-d6) δ 

170.9 (C=O), 169.4 (C=O), 156.7 (Ar C), 149.2 (Ar C), 137.5 (Ar C), 133.8 (Ar C), 121.15 

(Ar C), 131.1 (Ar CH), 130.8 (Ar C), 129.1 (Ar CH), 128.8 (Ar CH), 127.95 (Ar CH), 127.2 

(Ar CH), 127.1 (Ar CH), 126.5 (Ar CH), 125.85 (Ar CH), 125.6 (Ar CH), 41.2 (CH2); MS 

(ESI-) m/z 321 ([M-H]-, 100 %), HRMS calcd. for C18H13N2O4 [M−H]- 321.0881; Found 

321.0877. 

 



185	
  
	
  

N-{[3-hydroxy-6-(quinolin-5-yl)pyridin-2-yl]carbonyl}glycine 428 

 

Following general procedure B, concentration in vacuo afforded compound 428 (114 mg, 47 

%) as an off white oil. IR (neat) ν/cm-1 3376 (N-H), 1730 (HOC=O), 1654 (NHC=O); 1H 

NMR (400 MHz, DMSO-d6) δ 12.45 (1H, s, OH), 9.20 (1H, t, J= 6.0, NH), 8.95 (1H, dd, J= 

4.0 1.5, Ar H), 8.43 (1H, ddd, J= 8.5 1.5 1.0, Ar H), 8.13-8.11 (1H, m, Ar H), 7.90-7.84 (2H, 

m, Ar H), 7.78 (1H, dd, J= 7.0 1.0, Ar H), 7.63 (1H, dd, J= 8.5 2.0 Ar H), 7.54 (1H, dd, J= 

8.5 4.0 Ar H), 4.00 (2H, d, J= 6.0, CH2); 13C NMR (101MHz, DMSO-d6) δ 172.6 (C=O), 

171.0 (C=O), 169.40 (Ar C), 156.9 (Ar C), 151.0 (Ar CH), 148.3 (Ar C), 148.0 (Ar C), 

137.75 (Ar C), 134.3 (Ar CH), 131.2 (Ar CH), 130.8 (Ar CH), 130.1 (Ar CH), 128.2 (Ar 

CH), 127.5 (Ar CH), 126.3 (Ar C), 122.5 (Ar CH), 41.9 (CH2); MS (ESI-) m/z 322 ([M-H]- 

100 %), HRMS calcd. for C17H12N3O4 [M−H]- 322.0833; Found 322.0828. 

 

N-{[6-(biphenyl-2-yl)-3-hydroxypyridin-2-yl]carbonyl}glycine 429 

 

 Following general procedure B, concentration in vacuo afforded compound 429 (16 mg, 8 

%) as an off white oil. IR (neat) ν/cm-1  3402 (N-H), 2913 (Ar C-H), 1750 (HOC=O), 1657 

(HNC=O); 1H NMR (400 MHz, DMSO-d6) δ 4.09 (2H, s, CH2), 7.09-7.15 (4H, m, Ar H), 

7.24-7.30 (3H, m Ar H), 7.40-7.43 (1H, m, Ar H), 7.45-7.49 (2H, m, Ar H), 7.71 (1H, dd, J= 

6.0, 3.0, Ar H); 13C NMR (101MHz, DMSO-d6) δ 171.1 (Ar C), 169.2 (Ar C), 155.9 (Ar C), 

149.5 (Ar C), 141.8 (Ar C), 140.9 (Ar C), 138.0 (Ar C), 132.4 (Ar C), 131.7 (Ar CH), 130.2 

(Ar CH), 130.0 (Ar CH), 129.9 (Ar CH), 129.2 (Ar CH), 128.6 (Ar CH), 128.2 (Ar CH), 

127.9 (Ar CH), 127.3 (Ar CH), 126.4 (Ar CH), 125.3 (Ar CH), 39.9 (CH2); MS (ESI-) m/z 

347 ([M-H]-, 100 %); HRMS calcd. for C20H15N2O4
- [M-H]- 347.1037; Found 347.1023. 
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Overall conclusions 

 

As described in Chapter 1, 2OG oxygenases are a large superfamily of human enzymes that 

are involved in important biological processes. A number of 2OG oxygenases are linked to 

disease onset and progression, and are consequently considered therapeutic targets. Work in 

this thesis describes studies to identify inhibitors of three 2OG oxygenases; dynamic 

combinatorial chemistry methods using mass spectrometric detection (DCMS) were 

optimised and applied for the discovery of AlkB and PHD2 inhibitors. Work on FTO 

inhibition resulted in the development of a new inhibition assay, which led to the 

development of the first designed selective inhibitors of FTO. 

For studies with AlkB, DCMS was applied using a library of thiols. N-oxalyl-L-cysteine was 

selected as the ‘support ligand’ and was used in conjunction with a library of 37 thiols to 

provide a dynamic combinatorial library (DCL). The DCL, which contained thiols and 

disulphides in dynamic equilibrium, was analysed using non-denaturing ESI-MS. The MS 

studies identified three AlkB binders, of which all three contained disulphide bonds (Figure 

2. 6). Synthesis of structural analogues of the three binders, which lack the labile disulphide 

group, resulted in the identification of stable inhibitors. One of the identified inhibitors was 

successfully crystallised with AlkB, which enabled structure based design of a fourth AlkB 

inhibitor with improved inhibitory activity (sub-micromolar IC50, Table 2. 2). Changing the 

iron chelating group from oxalyl- to pyridyl- and quinolinyl- did not yield better AlkB 

inhibitors, although one pyridyl- inhibitor displayed good potency against AlkB. No 

inhibition was observed for the three most potent AlkB inhibitors against three other 2OG 

oxygenases (PHD2, FTO and PHF8), revealing selectivity for AlkB.  

Hydroxylation of hypoxia inducible factor (HIF1α) by 2OG oxygenases (PHD1-3 and FIH) 

promotes HIF1α degradation under normal levels of oxygen. Inhibition of prolyl hydroxylase 

domain 2 (PHD2), at low oxygen levels, leads to survival of HIF1α and transcription of 

hypoxia response elements (HREs). Transcription of HREs promotes increased vasculature 

which results in cardioprotection and erythropoiesis. Therefore inhibition of PHD2 under 
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normal oxygen levels has a potential to be used for the treatment of conditions such as 

anaemia. For studies with PHD2, a novel reversible reaction was applied for the development 

of a DCL; the formation of boronate esters from boronic acids and alcohols/diols occurs in 

aqueous solution at physiological pH and is therefore biomolecule compatible. Two boronic 

acid substituted pyridyl compounds with iron chelating properties were identified as suitable 

‘support ligands’ for DCMS. Optimisation of the boronic acid/diol reaction for DCMS 

analysis showed that the diol library should be reacted with the PHD2·Fe·boronic acid 

complex to enable rapid formation of a DCL. Incubation of a 5-substituted pyridyl boronic 

acid with the library of diols resulted in the identification of seven ‘hit’ structures for 

development of PHD2 inhibitors (Figure 3. 10). NMR binding experiments confirmed the 

DCMS results showing the stronger binding of the 7 boronate esters to PHD2 compared to 

the parent boronic acid and boronate esters formed with other diols from the library. 

Synthesis of stable carbon analogues of the boronate ester hits, that were active PHD2 

inhibitors, validated the boronate ester DCMS approach. These pyridyl inhibitors were 

modified in order to introduce a hydrogen bond with PHD2 active site residues and hence 

improve their binding strength. The new inhibitors were highly potent against PHD2; their 

activity over PHD2 was improved 10000 times compared to the lead compounds. Moreover, 

the improved inhibitor derived from the DCMS hit structure was found to be roughly 1000 

times more selective for PHD2 over other 2OG oxygenases compared to a PHD2 inhibitor 

used in clinical trials against anaemia. The use of boronic acids/esters for DCMS studies has 

proved to be a powerful tool for the identification of selective inhibitors for PHD2. In the 

future this method may be applied to inhibition studies with other enzymes, including other 

2OG oxygenases (Table 3. 4). 

Taken together, the work in this thesis demonstrates the applicability of DCMS for inhibitor 

design. Moreover, boronic acid/boronate ester formation has been successfully used for the 

first time in protein DCMS. Limitations of this method, such as the cleavage of boronate 

esters during MS analysis and direct binding of alcohols to PHD2 were identified and solved. 

New MS techniques which will allow milder sample ionisation/desolvation may be used 

without significant ester cleavage.  
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The fat mass and obesity associated (FTO) protein belongs in the same subfamily as the 

AlkBHs (human homologues of AlkB). Mice studies have linked FTO levels with risk of 

obesity; inhibition of FTO can prevent obesity related diseases such as diabetes and heart 

disease. Small molecule induced inhibition of FTO is therefore desirable for prevention of 

diet related obesity and diseases. An inhibition assay for FTO was developed and used with a 

DSF binding assay to enable the screening of a library of ~150 compounds against FTO, 

including inhibitors identified in the DCMS studies of AlkB and PHD2 (Figure 4. 2). 21 

compounds were selected for IC50 determination, with 8 library members displaying good 

potency. Out of these 8 inhibitors, 4 compounds were found to be potent inhibitors of other 

2OG oxygenases including PHD2 and lysine demethylases. Crystal structures were obtained 

for 5 of the 8 inhibitors with FTO (Figure 4. 8-13). Information from the inhibition assay was 

used in an SAR study and, in combination with the crystallographic data, enabled the design 

of more potent FTO inhibitors. One of these inhibitors displayed great potency against FTO; 

crystallographic studies revealed that the high potency of this compound is likely due to 

partial occupation of the substrate binding site. Inhibition studies of this compound with other 

2OG oxygenases revealed that it has improved selectivity for FTO compared to the initially 

screened compounds (Table 4. 4). Overall, the combined inhibition and crystallographic 

studies have led to the formation of the first designed FTO inhibitors, and will hopefully 

result in the development of analogues to provide even more potent and selective inhibitors. 

Overall, this thesis describes studies to identify selective inhibitors of three 2OG oxygenases, 

which was achieved with the use of DCMS, SAR and crystallographic analyses. The DCMS 

method was enriched with the development of a novel DCL using the reversible reaction 

between boronic acids and diols, which may be applied for future DCC studies with multiple 

templates.  
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Appendix. Syntheses of modified aminoacids 

 

Chemical synthesis 

Reagents and solvents were from Aldrich or Alfa Aesar. Reactions were monitored by TLC, 

which was performed on precoated aluminum-backed plates (Merck, silica 60 F254). Melting 

points were determined using a Leica Galen III hot-stage melting point apparatus and 

microscope. Specific rotation was measured in a Perkin Elmer 341 Polarimeter at 20 ºC in 

degdm-1cm3g-1. Infrared spectra were recorded from neat samples, on a Bruker Tensor 27 FT-

IR spectrometer. NMR spectra were acquired using a Bruker DPX500 NMR spectrometer. 

Chemical shifts (δ) are given in ppm, and the multiplicities are given as singlet (s), doublet 

(d), triplet (t), quartet (q), multiplet (m), broad (br). Coupling constants J are given in Hz (± 

0.5 Hz). High resolution mass spectra (HRMS) were recorded using Bruker MicroTOF. The 

purity of all compounds synthesized were ≥95% as determined by analytical reverse-phase 

HPLC (Ultimate 3000). 

 

 

Scheme A. 1 Synthesis of 3-substituted L-proline. 

Reagents and conditions: i) benzyl chloroformate, sat. NaHCO3, THF, r.t; ii) benzyl bromide, 

tetrabutyl ammonium iodide, NEt3, THF; iii) tosyl chloride, py, r.t; iv) NaN3, DMF; v) PPh3, H2O, 

THF, reflux; vi) PPh3, H2O, CH2Cl2, r.t; vii) Pd/C, H2, THF, r.t.   
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(2S,3R)- 1-[(benzyloxy)carbonyl]-3-hydroxyproline A1 

 

To a stirred suspension of cis-3-hydroxy-L-proline (1.50 g, 11.4 mmol) in sat. NaHCO3/THF 

3:2 (70 mL), benzyl chloroformate (2.13 mL, 14.91 mmol) was added dropwise over 10 min 

at 0 ºC and the reaction mixture was at room temperature. After 3 h Et2O was added and 

removed. The mixture was acidified with 3 M HCl and washed with EtOAc. The solvent was 

removed in vacuo to afford compound (3.5 g, quantitative) as yellow oil. [α]D= -38.6 (c= 1.36 

x 10-3, CH2Cl2). IR (neat) ν/cm-1 3400 (OH), 3035 (NH), 1678 (HOC=O), 1735 (BnOC=O); 
1H NMR (500 MHz; CDCl3) δ 7.33-7.28 (5H, m, Ar CH), 5.18-5.09 (2H, m, OCH2Bn), 4.58 

(1H, q, J = 7.0, CH), 4.45-4.39 (1H, m, CH), 3.68-3.49 (2H, m, NCH2), 2.22-1.96 (2H, m, 

CH2); 13C NMR (125MHz, CDCl3) δ 173.7 (C=O), 173.1 (C=O), 155.6, 136.7, 128.6, 128.2, 

127.9, 127.1, 71.2 (CH), 67.6 (OCH2), 63.9 (CH), 44.6 (CH2), 31.9 (CH2); MS (ESI-) m/z 

288 ([M+Na]+, 100%); HRMS calcd. for C13H15NNaO5 [M+Na]+ 288.0842; Found 288.0841. 

 

(2S,3R)- dibenzyl 3-hydroxypyrrolidine-1,2-dicarboxylate A2 

 

To a solution of (2.9 g, 10.93 mmol) in anhydrous THF (40 mL) under N2, NEt3 (5.7 mL, 

40.89 mmol), tetrabutylammonium iodide (4.80 g, 13.2 mmol) were added and stirred for 10 

min before benzyl bromide (2.0 mL, 16.4 mmol) was added. After 1 d tetrabutylammonium 

iodide (2.50 g, 6.88 mmol) and benzyl bromide (1.8 mL, 14.76 mmol) was added and the 

mixture was stirred for further 2 d until consumption of starting material. The mixture was 

washed with water; the organic layer was dried over MgSO4 and concentrated in vacuo. 

Chromatography (hexane/EtOAc 2:8 to 5:5) gave compound A2 (2.47 g, 64 %) as colourless 
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oil. Rf = 0.13. [α]D= -35.4 (c= 2.56 x 10-3, CH2Cl2). IR (neat) ν/cm-1 3435 (NH), 1749 

(BnOC=O), 1706 (HNC=O); 1H NMR (400 MHz; CDCl3) δ 7.24-7.15 (2H, dd, J = 7.0 2.5, 

Ar CH), 5.18-4.91 (4H, m, O CH2), 4.53-4.51 (1H, m, CH), 4.49-4.37 (1H, m, CH), 3.66-3.41 

(2H, m, CH2), 3.66-3.41 (2H, m, CH2) 2.03-1.92 (2H, m, CH2); 13C NMR (101MHz, CDCl3) 

δ 170.0 (C=O), 169.2 (C=O), 154.9 (Ar C), 154.0 (Ar C), 136.4 (Ar CH), 135.5 (Ar CH), 

128.5 (Ar CH), 128.4 (Ar CH), 128.3 (Ar CH), 128.2 (Ar CH), 128.1 (Ar CH), 128.0 (Ar 

CH), 127.9 (Ar CH), 127.8 (Ar CH), 82.2 (CH), 72.0 (OCH2), 67.2 (OCH2), 63.9 (CH), 44.3 

(CH2), 32.1 (CH2); MS (ESI+) m/z 378 ([M+Na]+, 100%); HRMS calcd. for C20H21NNaO5 

[M+Na]+ 378.1312; Found 378.1313. 

 

(2S,3R)- dibenzyl 3-{[(4-methylphenyl)sulfonyl]oxy}pyrrolidine-1,2-dicarboxylate A3 

 

To a solution of A2 (0.98 g, 2.76 mmol) in pyridine (5 mL), tosyl chloride (0.74 mL, 3.86 

mmol) was added at room temperature and stirred for 1d. The mixture was washed with 1M 

HCl, the organic layer was dried over MgSO4 and concentrated in vacuo. Chromatography 

(hexane/EtOAc 1:9 to 4:6) gave compound A3 (0.95 g, 64 %) as light yellow oil. Rf = 0.60. 

IR (neat) ν/cm-1 3060 (NH), 1747 (BnOC=O), 1708 (HNC=O); [α]D= 2.95 (c= 11.2 x 10-3, 

CH2Cl2). 1H NMR (500 MHz; CDCl3) δ 7.74-7.68 (1 H, m, Ar CH), 7.68-7.62 (1 H, m, Ar 

CH), 7.40-7.27 (9 H, m, Ar CH), 7.26-7.20 (3 H, m, Ar CH), 5.21-5.14 (2H, m, O CH2), 

5.21-5.01 (4 H, m, O CH2), 4.96-4.85 (1 H, m, CH), 4.54 (1 H, t, J = 7.5, CH), 3.76-3.64 (1 

H, m, CH2), 3.57 (1 H, dq, J = 10.5, 7.0, CH2), 2.42 (3H, d, J = 9.0, CH3), 2.34-2.26 (2H, m, 

CH2); 13C NMR (125MHz, CDCl3) δ 167.8 (C=O), 167.6 (C=O), 154.5 (Ar C), 153.8 (Ar C), 

145.3 (Ar C), 145.2 (Ar C), 136.2 (Ar CH), 136.0 (Ar CH), 135.1 (Ar CH), 133.1 (Ar CH), 

133.0 (Ar CH), 129.9 (Ar CH), 128.5 (Ar CH), 128.4 (Ar CH), 128.3 (Ar CH), 128.3 (Ar 

CH), 128.2 (Ar CH), 128.1 (Ar CH), 128.0 (Ar CH), 127.8 (Ar CH), 78.7 (CH), 78.0 (OCH2), 
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67.4 (OCH2), 61.8 (CH), 44.0 (CH2), 30.1 (CH2), 21.4 (CH3); MS (ESI+) m/z 532 ([M+Na]+, 

100%); HRMS calcd. for C27H27NNaO7S [M+Na]+ 532.1400; Found 532.1417. 

 

(2S,3S)- dibenzyl 3-azidopyrrolidine-1,2-dicarboxylate A4 

 

To a solution of above (1.10 g, 2.16 mmol) in DMF (6 mL), sodium azide (0.56 g, 8.64 

mmol) was added and the mixture was heated at 61 ºC for 18 h. The mixture was diluted with 

EtOAc and was washed with water, the organic layer was dried over MgSO4 and concentrated 

in vacuo. Chromatography (hexane/EtOAc 1:9 to 2:8) gave compound A4 (0.68 g, 83 %) as 

oil. Rf = 0.86. [α]D= 24.3 (c= 6.07 x 10-3, CH2Cl2).  IR (neat) ν/cm-1 3081 (NH), 2106 (N3), 

1735 (BnOC=O), 1705 (HNC=O); 1H NMR (500 MHz; CDCl3) δ 7.37-7.24 (10H, m, Ar 

CH), 5.26-5.04 (4H, m, O CH2), 4.42 (1H, d, J= 57.0, CH), 4.19-4.17 (1H, m, CH), 3.75-3.57 

(2H, m, CH2), 2.20-2.00 (2H, m, CH2); 13C NMR (125MHz, CDCl3) δ 169.9 (C=O), 169.7 

(C=O), 154.8 (Ar C), 154.1 (Ar CH), 128.7 (Ar CH), 128.6 (Ar CH), 128.5 (Ar CH), 128.4 

(Ar CH), 128.3 (Ar CH), 128.2 (Ar CH), 128.1 (Ar CH), 128.1 (Ar CH), 127.9 (Ar CH), 

120.5 (Ar CH), 67.7 (CH), 67.3 (OCH2), 64.7 (OCH2), 63.4 (CH), 44.4 (CH2), 30.1 (CH2); 

MS (ESI+) m/z 403 ([M+Na]+, 100%); HRMS calcd. for C20H20N4NaO4 [M+Na]+ 403.1377; 

Found 403.1373. 

 

(2S,3S)- dibenzyl 3-aminopyrrolidine-1,2-dicarboxylate A5 

 

A solution of A4 (0.68 g, 1.79 mmol) with triphenylphosphine (0.94 g, 3.58 mmol) in THF (8 

mL) was refluxed for 3 h before water (130 µL, 7.15 mmol) was added. After 6 h water (130 

µL, 7.15 mmol) and refluxed for 14 h. The solvent was removed and the crude diluted in 
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Et2O and was washed with 0.1 M HCl. The aqueous layer was neutralized with 10 % Na2CO3 

and washed with CH2Cl2, the organic layer was dried over MgSO4 and concentrated in vacuo. 

Chromatography (EtOAc/MeOH 10:1 to 8:2) gave compound A5 (0.30 g, 47 %) as yellow 

oil. Rf = 0.33. [α]D= -10.0 (c= 0.41 x 10-3, CH2Cl2). IR (neat) ν/cm-1 2954 (d. NH2), 1743 

(BnOC=O), 1700 (HNC=O); 1H NMR (500 MHz; CDCl3) δ 7.46-7.17 (10 H, m, Ar CH), 

5.30-5.15 (2 H, m, O CH2), 5.14-5.01 (2 H, m, O CH2), 4.20-4.04 (1 H, m, CH), 3.81-3.70 (1 

H, m, CH), 3.67-3.58 (2 H, m, CH2), 2.27-1.65 (2 H, m, CH2); 13C NMR (125MHz, CDCl3) δ 

171.3 (C=O), 171.1 (C=O), 155.0 (Ar C), 154.4 (Ar C), 135.4 (Ar CH), 128.6 (Ar CH), 128.4 

(Ar CH), 128.4 (Ar CH), 128.3 (Ar CH), 128.1 (Ar CH), 128.1 (Ar CH), 128.0 (Ar CH), 

127.9 (Ar CH), 127.8 (Ar CH), 68.2 (CH), 67.0 (OCH2), 66.8 (OCH2), 55.8 (CH), 44.7 

(CH2), 32.6 (CH2); MS (ESI+) m/z 355 ([M+H]+, 100%); HRMS calcd. for C20H23N2O4 

[M+Na]+ 355.1652; Found 355.1639. 

 

(2S,3S)-dibenzyl 3-{[tert-butoxy(oxo)acetyl]amino}pyrrolidine-1,2-dicarboxylate A6 

 

To a solution of A5 (0.30 g, 0.85 mmol) with triethylamine (0.30 mL, 2.12 mmol) in CH2Cl2 

(10 mL), tertbotoxy oxalyl chloride (0.17 g, 1.02 mmol) was added dropwise at room 

temperature under N2. After 20 h the mixture was washed with water the organic layer was 

dried over MgSO4 and concentrated in vacuo. Chromatography (C6H12/EtOAc 9:1 to 5:5) 

gave compound A6 (0.42 g, 90 %) as colourless oil. Rf = 0.22. [α]D= 2.53 (c= 1.01 x 10-3, 

CH2Cl2). IR (neat) ν/cm-1 3350 (NH), 1749 (MeOC=O), 1678 (HNC=O); 1H NMR (500 

MHz; CDCl3) δ 7.51-7.74 (1 H, m, NH) 7.32 (6 H, m, Ar CH), 7.22 (4 H, m, Ar CH), 5.15 (2 

H, d, J = 16.0, O CH2), 4.92-5.09 (2 H, m, O CH2) 4.55 (1 H, br. s., CH), 4.48-4.24 (1 H, m, 

CH), 3.76-3.51 (2 H, m, CH2), 2.30-1.82 (3 H, m, CH2), 1.60-1.41 (9 H, m, C(CH3)3); 13C 
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NMR (125MHz, CDCl3) δ 170.1 (C=O), 169.8 (C=O), 159.0 (C=O), 157.0 (C=O), 154.5 (Ar 

C), 153.9 (Ar C), 136.0 (Ar CH), 135.8 (Ar CH), 134.9 (Ar CH), 128.3 (Ar CH), 128.2 (Ar 

CH), 128.1 (Ar CH), 128.0 (Ar CH), 127.8 (Ar CH), 127.6 (Ar CH), 127.5 (Ar CH), 84.5 

(C(CH3)3)), 67.1 (O CH2), 64.3 (O CH2), 64.0 (CH), 54.1 (s), 53.1 (CH), 44.7 (s), 44.2 (CH2), 

30.1 (s), 29.2 (CH2), 27.4 (C(CH3)3); HRMS calcd. for C26H30N2NaO7 [M+Na]+ 505.1945; 

Found 505.1942. 

 

 

Scheme A. 2 Synthesis of L-vinyl glycine. 

Reagents and Conditions: i) benzyl chloroformate, sat. NaHCO3, THF, r.t; ii) BBDI, benzyl alcohol, 

Boc2O, CH2Cl2; iii) H2O2, py, CH2Cl2, reflux.    

 

(S)- N-[(benzyloxy)carbonyl]selenomethionine A7 

 
To a stirred suspension of L-selenomethionine (2.50 g, 12.75 mmol) in 1M NaHCO3/THF 

20:1 (55 mL), benzyl chloroformate (2.0 mL, 14.02 mmol) was added dropwise over 10 min 

at 0 ºC and the reaction mixture was warmed to room temperature. After 6 h the mixture was 

washed with Et2O and then was acidified with 3 M HCl and washed with EtOAc. The solvent 

was removed in vacuo to afford compound (3.6 g, 85 %) as yellow oil. [α]D= -2.0 (c= 1.36 x 

10-3, MeOH). IR (neat) ν/cm-1 2928 (NH), 1710 (HOC=O); 1H NMR (400 MHz; DMSO-d6) δ 

8.43 (1H, b, COOH), 7.37-7.29 (5H, m, Ar CH), 5.60 (1H, m, Ar CH), 5.16-5.08 (2H, m, 

OCH2), 4.52-4.43 (1H, m, OCH2), 2.58-2.55 (2H, m, CH2), 2.27-2.01 (2H, m, CH2), 1.98 

(3H, s, CH3); 13C NMR (101MHz, DMSO-d6) δ 175.5 (C=O), 163.6 (C=O), 156.2 (Ar C), 

136.1 (Ar CH), 128.5 (Ar CH), 128.2 (Ar CH), 128.1 (Ar CH), 128.0 (Ar CH), 67.2 (CH2), 
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53.9 (OCH2), 32.9 (CH2), 20.4 (CH3); MS (ESI-) m/z 330 ([M-H]-, 100%); HRMS calcd. for 

C13H16NO4Se [M-H]- 330.0250; Found 330.0239. 

 

(S)- benzyl N-[(benzyloxy)carbonyl]selenomethioninate A8 

 
To a solution of above (3.5 g, 10.51 mmol) in CH2Cl2 (50mL) Boc2O (2.75 mL, 12.62 

mmol), BBDI (0.48 g, 1.58 mmol) were added and stirred for 15 min before benzyl alcohol 

(1.3 mL, 12.62 mmol) was added and left to stir for 1 d until consumption of starting 

material. The mixture was washed with water, the organic layer was dried over MgSO4 and 

concentrated in vacuo to give compound A8 (4.64 g, quantitative) as yellow oil. [α]D= -0.9 

(c= 1.36 x 10-3, MeOH).  IR (neat) ν/cm-1 2929 (NH), 1714 (BnOC=O), 1659 (HNC=O); 1H 

NMR (500 MHz; CDCl3) δ 7.40-7.29 (10H, m, Ar CH), 5.50 (1H, b, NH), 5.25-5.14 (2H, m, 

OCH2), 5.12 (2H, s, OCH2), 4.59-4.54 (1H, m, CH), 2.55-2.45 (2H, m, CH2), 2.27-2.02 (2H, 

m, CH2), 1.95 (3H, s, CH3); 13C NMR (125MHz, CDCl3) δ 155.9 (C=O), 146.8 (C=O), 141.0 

(Ar C), 136.2 (Ar CH), 135.2 (Ar C), 128.7 (Ar CH), 128.6 (Ar CH), 128.6 (Ar CH), 128.4 

(Ar CH), 128.3 (Ar CH), 128.2 (Ar CH), 127.6 (Ar CH), 127.0 (Ar CH), 85.2 (OCH2), 67.4 

(OCH2), 67.1 (CH), 54.1 (CH2), 33.1 (CH2), 27.4 (CH3); MS (ESI+) m/z 444.1 ([M+Na]+, 

40%); HRMS calcd. for C20H23NNaO4Se [M+Na]+ 444.0685; Found 444.0690. 

 

(S)-benzyl 2-{[(benzyloxy)carbonyl]amino}but-3-enoate A9  

 
To a solution of A8 (1.56 g, 3.70 mmol) in CH2Cl2 (130 mL), 30% hydrogen peroxide (9.5 

mL, 92.20 mmol) and pyridine (9.5 mL, 117.70 mmol) were added and refluxed for 1 d until 

consumption of starting material. The mixture was washed with water, sat. CuSO4, 2 M HCl 

and sat. NaHCO3, the organic layer was dried over MgSO4 and concentrated in vacuo. 

Chromatography (hexane/EtOAc 85:15 to 6:4) gave compound A9 (1.00 g, 78 %) as white 
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solid, mp 61-64 oC. Rf= 0.60. [α]D= -3.4 (c= 5.9 x 10-3, CH2Cl2).  IR (neat) ν/cm-1 3329 (NH), 

2980 (br, COO-H) 1721 (BnOC=O); 1H NMR (500 MHz; CDCl3) δ 7.39-7.34 (10H, m, Ar 

CH), 5.97-5.90 (1H, m, CH2=CH), 5.52 (1H, b, NH), 5.37 (1H, dd, J= 5.0 , HC=CH2), 5.37 

(1H, dd, J= 5.0, HC=CH2), 5.21-5.11 (4H, m, OCH2), 5.01 (1H, appt t, J= 5.5, CH); 13C 

NMR (125MHz, CDCl3) δ 171.7 (C=O), 170.3 (C=O), 155.6 (Ar C), 153.5 (Ar CH), 136.1 

(Ar C), 135.6 (Ar CH), 135.1 (Ar CH), 132.2 (Ar CH), 128.7 (Ar CH), 128.6 (Ar CH), 128.5 

(Ar CH), 128.4 (Ar CH), 128.3 (Ar CH), 117.8 (HC=CH2), 82.3 (HC=CH2), 68.7 (OCH2), 

67.1 (OCH2), 56.2 (CH2); MS (ESI+) m/z 348 ([M+Na]+, 100%); HRMS calcd. for 

C19H19NNaO4 [M+Na]+ 348.1206; Found 348.1216. 
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