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Developing small molecule ligands for the study of bromodomain-histone 

interactions 

Dynamic changes in DNA methylation, and post-translational modifications on histone 

proteins which DNA wraps around, form the basis of epigenetic transfer of information. 

The histone code refers to different combinations of epigenetic marks, each mediating 

transcription in a specific manner. Bromodomains are acetyl-lysine readers of the histone 

protein which interact selectively with acetylated lysine residues on histones. This 

protein-protein interaction alters gene expression levels, causing specific downstream 

effects. The human bromodomain family consists of 61 unique proteins, which are divided 

into eight subfamilies based on sequence similarity. Most research has been focused on 

the bromodomain and extra C-terminal (BET) family, which has yielded 14 compounds 

currently in clinical trials. However, only a few selective ligands and no compounds in 

clinical trials have been reported for other bromodomain families. 

Herein is reported, an extensive structure activity 

relationship of a potent CREBBP bromodomain 

ligand. The focus was on the cation-π interaction 

between R1173 and the tetrahydroquinaxolinone, 

and a good correlation between the 

computationally calculated electrostatic surface 

potential and the CREBBP bromodomain binding affinity was observed. Attempts to 

increase the selectivity of the ligand over the BET bromodomain were unsuccessful. The 

stability of the dihydroquinaxolinone headgroup was optimised by ring size expansion, 

which maintained CREBBP affinity and binding mode – the latter of which was confirmed 

by X-Ray crystallography. The propyl linker was modified by introducing a gem-difluoro 

group, and due to the conformational effect of the gauche-gauche interaction, a 3-fold 

affinity increase was observed. 

A second project in this dissertation reports the development of a small, modular 

photo-affinity based probe based on a 3,5-dimethylisoxazole acetyl lysine mimic. This 

probe could be crosslinked to purified bromodomain proteins with up to 30% efficiency 

and subsequently modified via CuAAc chemistry to attach a fluorophore or biotin tag. The 

probe can crosslink to BRD4(1), CREBBP, WDR9(2) and the parasitic bromodomain 

TcBDF3.  
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1. Introduction  

1.1 Epigenetics 

Epigenetics refers to heritable changes in gene expression or cellular phenotype 

transmitted without variation in the underlying DNA sequence.1 Instead, the phenotype is 

altered by changes in the chromatin conformation, regulated by DNA methylation or post-

translational modifications on the histone proteins. This controls the accessibility of the 

transcriptional machinery, which is recruited through reader domains.2–5 These markers 

lead to a number of biological effects that are not fully explored nor understood, and as 

such are of great interest. 

1.1.1 Post-Translational Modifications 

Post translational modifications (PTMs) are functional groups that are covalently attached 

to residues on proteins. These modifications are installed by enzymes, after the protein is 

synthesised by the ribosome, using information encoded in the mRNA sequence.6 Post-

translation modification is dynamic and reversible, diversifying the information encoded 

by the genome at any one time by controlling which genes are expressed and to what 

levels. Common PTMs include reversible phosphorylation on serine, threonine, histidine 

and tyrosine side chains, acetylation on the Ɛ-amine lysine, and in rare cases, serine and 

threonine, and methylation on lysine and arginine.7  

1.1.2 Histone Modifications  

Histone proteins consist of an H2A-H2B dimer and an H3-H4 tetramer.8 In the nucleus, the 

negative charge of the DNA phosphate backbone facilitates its interaction with positively 

charged histone proteins, causing DNA to wrap tightly around the histones in 1.7 super-

helical turns per nucleosome particle that is stabilised by electrostatic interactions (Figure 

1.1).7 This structure blocks the access of RNA polymerase, transcription factors, and 

cofactors to the DNA, and prevents the expression of genes encoded in this tightly bound 

region, also referred to as the heterochromatin region.9 To loosen the inactive 
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heterochromatin structure to the transcriptionally active euchromatin structure, the N-

terminal tail of histones undergo acetylation and lose their negative charge, thus 

weakening their interaction with the DNA.9 In case of the post-translational methylation of 

the histones, the DNA will be even tighter bound to the histone protein complex. 

Combinations of different PTMs on histones regulate the accessibility of genes located in 

proximity, and hence control the expression of these genes. These combinations translate 

into a number of phenotypes, including those linked to diseases, such as inflammation and 

cancer.9 This dynamic process is also known as the histone code and referred to as the ǲwrite, read, eraseǳ concept.10 There are numerous reviews on histone-modifying enzymes’9,11,12 and in this dissertation the focus is on acetylation of lysines found in 

histones. 

 
Figure 1.1 a) Chromosomes are compact structures comprising DNA wrapped around histone 

proteins forming electrostatic interactions. Figure adapted by permission from Macmillan 

Publishers Ltd: Nature,13 copyright (2006). b) Post-translational modifications of histone tails such 

as acetylation, phosphorylation, methylation or ubiquitination change the interactions between 

DNA and histones, thus altering the accessibility of transcription machineries to modulate gene 

expression. Figure adapted by permission from Future Science,5 copyright (2014). 
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The first reported lysine histone modification was by Allfrey and coworkers in 1964 

where they demonstrated lysine acetylation and methylation.14,15 Acetylation of lysine 

residues on histone proteins is a dynamic process that involves three different proteins. 

Histone Acetyl Tranferases (HATs) are responsible for acetylation of the lysines, whereas 

Histone Deacetylases (HDACs) remove the acetylation mark (Figure 1.2).16,17 

Bromodomains recognise acetylated lysines (KAc) and are present in a total of 46 diverse 

nuclear and cytoplasmic human proteins.3  

 

Figure 1.2 Schematic overview of the dynamic process of the lysine acetylation of the histones. 

Acetylation by histone acetyltransferases (HATs) or deacetylation by histone deacetylases (HDACs) 

can either weaken or strengthen the electrostatic interactions between DNA and histones, 

respectively, thus altering the access of transcription machineries to allow gene expression. The 

bromodomain selectively recognises acetylated lysine and recruits transcription factors to the 

chromatin. Figure provided with permission by Dr Laura Jennings. 

1.1.3 Epigenetic drugs 

In the last ten years, there has been much progress in the development of epigenetic drugs. 

VidazaTM was the first epigenetic drug approved by the FDA.18,19 VidazaTM is an irreversible 

DNA methyltransferase 1 (DNMT1) inhibitor used for the treatment of acute myeloid 

leukaemia (AML) and myelodysplastic syndrome (MDS).18 More recently, three HDAC 

inhibitors were approved for clinical treatment of cutaneous T cell lymphoma (CTCL) and 

peripheral T cell lymphoma (PTCL).20 This recent progress demonstrates that targeting 

epigenetic proteins is a promising alternative compared to the traditional treatments that 

target effector proteins. 
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1.2 Bromodomains 

1.2.1 Bromodomain introduction 

The first bromodomain-containing protein (BCP) was discovered in the early 90s and was 

named after the drosophila gene brahma, the species from which it was first isolated.21,22 

Haynes et al. speculated in the paper:21  

ǳWe speculate that the hydrophobic surfaces of the helices and the invariant hydrophobic 

residues could serve as sites of intramolecular or intermolecular protein-protein interaction. 

Such interactions could influence the assembly or activity of multicomponent complexes 

involved in transcription activation or other cellular processes.ǳ  
Over the next quarter of the century the authors were proven correct.  

There are now 61 known human bromodomains, identified by a genome-wide analysis 

found in 46 different proteins (Figure 1.3).23 The bromodomains are divided into 8 

different families according their sequence homology and structural similarity. 

 

Figure 1.3 Phylogenetic tree of the 61 bromodomains, divided into 8 families according to 

sequence similarity. The BET bromodomain family is highlighted with a dashed box. The CREBBP 

and EP300 bromodomain are highlighted in a red box. Reprinted with permission from Journal of 

Medicinal Chemistry.4 Copyright (2013) American Chemical Society. 
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To date, most research has focused on the family II, also known as the bromodomain and 

extra terminal domain (BET). However, since 2014, research on non-BET bromodomains 

has become more commonplace.24 The main focus on this dissertation will be on the non-

BET-bromodomain, cyclic adenosine monophoshate-response element-binding protein 

binding protein (CREBBP), and its close homolog E1A binding protein p300 (EP300). In 

the following section, the importance of this bromodomain and the discovery of early 

ligands will be discussed in more detail. 

1.2.2 Bromodomain structure 

The bromodomains are small, well-conserved domains (~110 amino acid residues) that 

selectively bind to ε-N-acetylated lysine. They are formed of four left-handed Ƚ-helices (ȽZ, ȽA, ȽB & ȽC), which are connected by two loop regions (ZA & BC) (Figure 1.4).23  

 

Figure 1.4 Structure of the CREBBP bromodomain. a) The CREBBP bromodomain crystal structure 

in complex with acetylated lysine (PDB: 3P1C). b) KAc binding pocket, showing the key interaction 

of acetylated lysine (carbon = magenta). The conserved water molecules in the binding site are 

shown as red spheres (labelled as 1-4). 

There is a low sequence homology for the ZA and BC loops.23 The well-defined KAc binding 

pocket consists of mainly hydrophobic amino acids and an asparagine residue (Figure 

1.4b).23,25 Most of the bromodomains contain this asparagine residue (48), which is a 

crucial recognition pattern for the protein-protein interaction (PPI) with acetylated lysine 

https://en.wikipedia.org/wiki/Cyclic_adenosine_monophosphate
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of the histone tail as well as the design for small molecule ligands. The acetylated lysine 

forms a hydrogen bond to the asparagine residue (N1168), as well as a water mediated 

hydrogen bond to the conserved water molecule (H2O 1, Figure 1.4) in the hydrophobic 

pocket. In all bromodomains, except PB1(5), there are four conserved water molecules 

inside the KAc binding pocket, and some bromodomains also contain an additional two 

water molecules in the ZA channel. In the CREBBP bromodomain there is one basic amino 

acid, an arginine (R1173), close to the KAc binding pocket (Figure 1.4). This can be an 

important handle for the design of small molecule ligands. 

1.2.3 Bromodomains as drug target 

Overexpression of BCPs is often implicated in diseases, such as cancer and inflammation, 

therefore bromodomains are an exciting therapeutic target.26 Unlike most PPIs,27 the 

bromodomain has a defined binding domain, which makes them more druggable by small 

molecules. Computational analysis of the 61 bromodomains revealed that family I and II 

bromodomains are the most druggable, whereas bromodomains in family V-VIII are more 

difficult to develop ligands for.28  

Since the discovery of the benzodiazapine BET bromodomain ligands (+)-JQ1 (1)29 and 

I-BET762,30 research on bromodomain ligands has exploded (Figure 1.5). Much research 

has been performed on the development of BET bromodomains, where ligands were found 

to exhibit antitumor activity, reduction of inflammation, treatment for viral infections, and 

male contraception.3–5,24,31 To date, 21 human clinical trials of 14 BET bromodomain 

ligands are currently in process, with RVX-208 (4) already recruiting for Phase III in order 

to treat cardiovascular diseases (NCT02586155).32,33 However, to our knowledge, no non-

BET bromodomain ligands are yet in clinical trials. 
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Figure 1.5 Selection of some BET bromodomain ligands. 

1.3 CREBBP  

1.3.1 CREBBP functions 

CREBBP is acetyltransferase enzyme composed of 2414 amino acids, which contains a KIX 

domain, a bromodomain, a PHD finger, and enzymatic HAT domains (Figure 1.6). This 

protein contains a high sequence homology (61%) to p300, and hence it is often referred 

to CREBBP/p300.7 In the bromodomain region there is a 97% sequence similarity 

between CREBBP and p300, which potentially makes it difficult to develop selective 

probes for either bromodomain.7 CREBBP/p300 are transcriptional coactivators for a 

number of important genes. Over 400 different protein interaction partners are known, 

which reflects the importance of CREBBP/p300 as key proteins in gene regulatory 

networks.34 Around 100 of these interactions are involved as CREBBP/p300 acetylation 

substrates.6,7 Furthermore, the CREBBP protein is associated with acetylation of the DNA 

damage response protein p53, which is linked with cancer.35,36 Furthermore it was found 

that homozygous and heterozygous mice lacking the CREBBP and/or p300 genes did not 

survive beyond the embryonic stage, indicating the importance of these proteins.37,38 

 

Figure 1.6 CREBBP protein sequence domains highlighted using Pfam version 29.39  
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1.3.2 CREBBP dysfunction in human diseases 

Cancer 

The controlled activity of lysine acetyltransferases is essential for maintaining cellular 

integrity, as for example the loss of p300 and CREBBP activity has been associated with 

carcinogenesis.40 A genetic screen of cancer cell lines including colon, breast, ovarian, 

leukaemia, lung, melanoma, renal, prostate and central nervous system cancer cell lines 

performed at the National Cancer Institute in America detected the deletion of DNA 

regions encoding for p300 and CREBBP.41 Furthermore, genetic mutations encoding 

truncated and non-functional p300 proteins have been detected in tumour tissues isolated 

from patients and in cancer cell lines.40 In addition, mutations in p300 and CREBBP 

causing the loss of lysine acetyltransferase activity, or suppressed expression and activity 

of p300 and CREBBP has also been observed.42 In cancers such as B cell lymphoma,42 a 

critical role of p300 and CREBBP in tumour suppression was identified, making lysine 

acetyltransferases good targets for cancer therapies. 

Inflammation 

Cells produce inflammatory cytokines such as tumour necrosis factor-Ƚ ȋTNFȽȌ in 
response to pathogenic infections.43 CREBBP facilitates signalling pathways downstream of TNFȽ by mediating the recruitment of proteins forming the transcriptional machinery 

and the binding of transcription factors NF-κB and AP-1 to enhancers of their target 

genes.43,44 This activates the expression of target genes involved in activation and 

recruitment of immune cells to clear off the invading pathogens. 

Neurodegenerative disease 

Rubinstein-Taybi Syndrome (RTS) is a rare genetic disorder disease characterised by 

facial abnormalities, short stature, broad thumbs, broad big toes, and learning 

difficulties.45 This disease is associated with partial deficiency of the CREBBP protein. 
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Further studies revealed that 56% of RTS patients can be accounted to CREBBP mutations 

and 5% to a p300 mutation.7,46 Another study demonstrated that cells from these patients 

show reduced histone acetylation.47 This observation confirms that mutation of the 

CREBBP gene results in histone acetylation deficiency. Furthermore, treating these 

patients` cell lines with HDAC inhibitors reversed the hypoacetylation, indicating a 

potential therapy.47 

Haploinsufficient CREBBP+/- mice show common RTS symptoms, including growth 

retardation and facial anomalies.48,49 These findings indicate clearly that CREBBP is a 

major factor for RTS. 

1.3.3 CREBBP as drug target 

Given the pivotal role of the CREBBP/p300 proteins and their association with diseases 

such as cancer, inflammation, and neurodegenerative diseases, it is important to design 

new, selective chemical probes. These compounds will enable the study of the biological 

role of these proteins by inhibiting individual domains, and could aid drug development by 

validation of a new target protein. This approach is especially relevant as gene knockout 

experiments for CREBBP are lethal at the embryonic stage. 

1.4 Current CREBBP bromodomain ligands 

1.4.1 Early research 

The pioneers in the development of CREBBP bromodomain ligands were Zhou and co-

workers. Having solved an NMR structure of a truncated K382Ac p53 peptide bound to the 

CREBBP bromodomain,50 they started a structure-based screening of ligands disrupting 

the p53-CREBBP bromodomain interaction.51 By screening a library of 200 compounds by 

2D 1H-15N HSQC NMR, they found 14 binding fragments, of which 13 were selective for the 

CREBBP bromodomain over the PCAF bromodomain. The ligand binding site was 

predicted by docking experiments, in combination with the chemical shift patterns of the 

2D NMR spectra, to be the KAc binding pocket. The highest affinity ligand was MS7972 (5) 
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(Table 1.1Ȍ with a dissociation constant of ͳ9.͸ μM. The authors demonstrated that 
MS7972 (5) can modulate the p53 protein in a cell-based assay.51 A second screening 

campaign tested 3000 ligands using a similar approach to that employed in the discovery 

of MS7972 (5). In this study, the azobenzene was seen to be a privileged scaffold.52 

Subsequently, this scaffold was further optimised by a structure activity relationship and 

tested by a cellular assay measuring the p53 activation in human osteosarcoma cells, 

which resulted in the active compound, Ischemin (6) (Table 1.1). The binding mode was 

evaluated using NMR techniques. The crucial interaction observed by NMR was the 

hydrogen bonding of the phenol in 6 to conserved N1168, and an electrostatic interaction 

between R1173 and the sulfonic acid in 6 (Figure 1.7a).52  

Additionally, Gerano-Navarro et al. designed a cyclic peptide (7) based on the linear p53 

peptide sequence binding to the KAc binding site in the CREBBP bromodomain using 

molecular dynamic simulations.53 They showed the importance of the Ⱦ-turn of the linear 

peptide sequence, by forming a cyclic peptide 7 via a disulfide bond of the cysteines, and 

increased the potency 24-fold compared to the linear p53 peptide (Table 1.1). The cyclic 

peptide 7 reduced the endogenous doxorubicin-induced p53-CREBBP binding in vitro. 

 

Figure 1.7 a) NMR crystal structure of CREBBP in complex with Ischemin (6) (PDB: 4L84)54 with 

the important interactions highlighted as dashed lines. b) X-ray crystal structure of CREBBP in 

complex with 8 (PDB: 3SVH)54. R1173 and N1168 are highlighted in bold.  

Hewings et al. developed dimethylisoxazole bromodomain ligands for the BET family and 

they observed that these compounds also bind well to CREBBP bromodomain.55 The X-ray 

crystal structure of 8 with CREBBP show that the carboxylic acid might form an 
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electrostatic interaction with R1173, giving rise to a potential feature for increasing 

selectivity of CREBBP ligands (Figure 1.7b). 

Table 1.1 Overview of the first CREBBP bromodomain ligands with affinity data shown. 

CREBBP ligands CREBBP affinities 

 

MS7972 (5) 

 

 

 

KD = 19.6 µM (tryptophan fluorescence)51 

 

Ischemin (6) 

 

KD = 19 µM (tryptophan fluorescence)52 

IC50 = 5.0 µM (cellular assay) 

7 
 

 

IC50 = 8.0 µM (fluorescence polarisation)53 

 

8 

 

 

 

KD = 32 µM (AlphaScreenTM)55 
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1.4.2 Optimisation of potent CREBBP ligands 

Since the discovery of the first BET bromodomain ligands and their interesting biological 

effects, the interest in non-BET bromodomain inhibitors has increased. The focus in this 

section is the discussion of the optimisation of potent CREBBP ligands. 

Dihydroquinaxolinone 

The dihydroquinaxolinone ligand was discovered by Rooney and co-workers.56 The 

discovery of the potent dihydroquinaxolinone (R)-12 started from a fragment-based 

screening approach, resulting from the observation of N-methyl pyrrolidone (NMP, 9) as a 

ligand efficient ligand for the CREBBP bromodomain (Figure 1.8a).56–58 Screening of NMP 

analogues identified 3,4-dihydro-3-methyl-2(1H)-quinazolinone and benzoxazinone 10 as 

an efficient ligand. However, the 3,4-dihydro-3-methyl-2(1H)-quinazolinone headgroup is 

unstable and prone to oxidation on the benzylic carbon and hence the work focussed on 

the optimisation of 10.55 X-Ray crystal structures of 10 bound to the CREBBP 

bromodomain showed the carboxylic acid of 10 points towards the ZA channel.56 Amide 

couplings with amine linkers connected to an aromatic ring were performed, but only 

slight affinity increases were observed. Rooney was concerned the interaction of the ether 

oxygen with the carbonyl backbone of P1110 may be unfavourable. Furthermore, he 

noticed that the internal hydrogen bond of the amide to the benzoxazinone in 11 resulted 

in the wrong direction of the linker (Figure 1.8a).56,57 Subsequently, the oxygen of the 

benzoxazinone 10 was changed to the amine, resulting in the internal hydrogen bond 

being inverted (Figure 1.8a). This led to the discovery of the dihydroquinaxolinone (DHQ) 

ligand (R)-12 for the CREBBP bromodomain. The important interactions were two 

hydrogen bonds of the DHQ amide to N1168, and a cation-π interaction between the 
tetrahydroquinolinone (THQ) and R1173 (Figure 1.8b and c). This cation-π interaction in 
the CREBBP bromodomain was observed for the first time during the development of (R)-

12.56 The compound (R)-12 is selective over multiple bromodomains and has a 4-fold 
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selectivity over the BET bromodomain BRD4(1). Furthermore, activity in fluorescence 

recovery after photobleaching (FRAP) assay was demonstrated in U2OS cells.56  

 

 
 

Figure 1.8 a) Overview of the optimisation of the NMP fragment 9 to the potent CREBBP ligand (R)-

12. b) and c) Two views of the crystal structure of (R)-12 (carbon = yellow) in complex with the 

CREBBP bromodomain (PDB: 4NYX)54 highlighting the important interactions with the ligand and 

the protein. The conserved water molecules are shown as red spheres. 

3,5-Dimethylisoxazole 

The 3,5-dimethylisoxazole is an acetyl lysine mimic head group used for many BET 

bromodomain ligands.55,59–61 Hay et al. started the project from the unselective, but potent, 

3,5-dimethylisoxazole CREBBP ligand 13, which forms a hydrogen bond to the conserved 

N1168 (Figure 1.9).62,63 A library of over 100 substituted aryl bromides of substituted 

benzimidazole fragments were purchased, and Suzuki reactions were performed on the 

3,5-dimethylisoxazole to yield the most promising compound 14 (Figure 1.9). Further 

optimisation of the two substituents yielded a potent and moderately selective CREBBP 

ligand 15. Changing the substituents of the methoxy-benzene ring and introduction of the 

(S)-methyl group next to the morpholine resulted in a slightly more potent CREBBP ligand, 

with 40-fold selectivity over the BET bromodomains (Figure 1.9). The X-ray crystal 

a 
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structure of CREBBP in complex with 16 revealed the dimethylisoxazole forms one 

hydrogen bond to N1168, and a water mediated-hydrogen bond to P1110. They also 

observed a cation-π interaction between Rͳͳ͹͵ and the electron-rich aromatic ring 

(Figure 1.9). This compound 16 showed an increased recovery time in a fluorescence 

recovery after photobleaching (FRAP) assay on a GFP-CREBBP bromodomain construct in 

HeLa cells. Phenotypic analysis of 16 in a BioMAP profile on primary hematopoietic cells 

revealed that it has a different phenotype compared to the BRD4 bromodomain ligands at 

low compound concentrations (0.1-1.1 µM), however, at 10 µM it exhibits a similar 

phenotypic profile to (+)-JQ1.64 This indicates a 40-fold selectivity over BRD4 is not 

sufficient to overcome the strong BRD4 phenotype, and consequently more selective 

ligands are desired. 

 

Figure 1.9 Overview of the optimisation of the unselective 3,5-dimethylisoxazole 13 to selective 

CREBBP ligands 16 and 17. The X-ray crystal structure of 16 (carbon = green) in complex with the 

CREBBP bromodomain is highlighting the important interactions (PDB: 4NR7).54 

Pfizer developed a selective CREBBP ligand 17 based on Hay`s moderately selective ligand 

15, supported by X-ray crystal structures of CREBBP and BRD4.65 By increasing the size of 

the methoxy to a propoxy substituent on the benzyl group, they maintained the CREBBP 
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bromodomain affinity, whereas no BRD4 interaction was observed by ITC, resulting in a 

valuable and selective probe (Figure 1.9). This compound did not show any cytotoxicity on 

primary macrophage cells, indicating that it does not have a BRD4 phenotype. 

Furthermore, they demonstrated that the single cell transcriptional profiling is 

significantly different to the BET inhibitor I-BET151 (3).65  

Benzoxazepine CREBBP ligand 

The Structural Genomics Consortium (SGC) developed a 36-fold selective and cellularly 

active CREBBP bromodomain ligand, I-CBP112 (18) (Figure 1.10a).66,67 The X-ray crystal 

structure reveals the key interactions were the hydrogen bond of the acyl group with 

N1168 and the conserved water molecule, as well as a cation-π interaction of the electron-

rich aromatic ring with R1173 (Figure 1.10b and c). The methyl-piperidine group is likely 

to act as a solubilising group, and increasing the selectivity over the BET bromodomains. 

I-CBP112 (18), despite only having 36-fold selectivity over the BET bromodomains, did 

result in a distinctive non-BET phenotype using four hematopoietic cocultures.66  

a 

 

 

 
 

Figure 1.10 a) Structure of I-CBP112. b) and c) The X-ray crystal structure of 18 (carbon = green) 

in complex with the CREBBP bromodomain, highlighting the important interactions (PDB: 4NR6)54. 

A FRAP assay demonstrated chromatin can get displaced from the bromodomain by using 

18. Furthermore, I-CBP112 (18) was shown to significantly reduce the clonogenic growth 

in 12 human cell lines.66 This compound is a very promising structure to further evaluate 

in different biological systems. 

Popp et al. performed an SAR around the I-CBP112 scaffold investigating different acyl 

groups, solubility groups, and electron rich aromatic rings to increase the cation-π 
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interaction. However, no compound with increased affinity and selectivity over 18 was 

discovered.68,69 

Acylbenzene 

The discovery of the selective compound 21, was initiated by a computational high-

throughput compound docking into two different CREBBP X-ray crystal structures using 

two million compounds (Figure 1.11).70 Molecular dynamic simulations were performed 

on the promising docking poses, and 17 fragments were subsequently tested on CREBBP, 

resulting in two promising compounds, one of which is 19.71 Subsequently, three acetyl 

benzene analogues were purchased resulting in the ligand efficient, and potent ȋͷ μMȌ 
CREBBP ligand 20. The affinity increase can be attributed to an electrostatic interaction 

between the carboxylic acid of 20 and R1173. An SAR study of 20 revealed that the ethoxy 

substituent is important for the affinity to CREBBP as it forms a hydrophobic interaction in 

the KAc binding site. The fumaric acid moiety was replaced by benzoic acid, resulting in an 

increased affinity value. Finally, a small SAR study of this fragment resulted in a potent 

CREBBP ligand 21 (KD 300 nM), which is selective over the BET bromodomain. In cell-

based assays, compound 21 showed a cell growth reduction of leukemic cell lines.71 This 

compound is a valuable tool for further biological studies on the CREBBP bromodomain. 
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a 

 

 

 

 
 

Figure 1.11 a) Overview of the hit 19 to lead optimisation of a potent and selective CREBBP ligand 

21. b) and c) X-ray crystal structure of 21 (carbon = green) in complex with the CREBBP 

bromodomain (PDB: 4TQN)54 highlighting the important interactions with the ligand and the 

protein. The conserved water molecules are shown as red spheres. 

Acylpiperidine 

Recently, a collaboration between Genentech, Constellation, and Wuxi resulted in the 

selective CREBBP in vivo probe GNE-272 (24) with good pharmacokinetic properties. 72 

Fragment 22 was identified using differential scanning fluorimetry by screening a lead-

like compound set (Figure 1.12). They further validated this compound by time-resolved 

fluorescence resonance energy transfer (TR-FRET) on CREBBP and BRD4(1) and observed 

an IC50 of Ͳ.͸ʹ μM on CREBBP and ͳͲͲ-fold selectivity over the BRD4(1) bromodomain.72 

The X-ray crystal structure (PDB: 5KTU)54 of this ligand revealed hydrogen bonding 

between the acyl amide carbonyl of 22 and N1168, and a water-mediated hydrogen bond 

to P1110 via the conserved water molecule in the KAc binding pocket. The benzyl group of  

22 points into the hydrophobic LPF shelf. An extensive SAR study of this ligand 22 was 

performed. The acetyl amide group is the most potent acetyl lysine mimic headgroup. 
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Either decreasing the electron density of the acetyl group, or increasing the size, resulted 

in lower CREBBP bromodomain affinity. Adding a carboxamide substituent on the aniline 

increased the CREBBP affinity 5-fold. Small substituents were attached on the pyrazole. 

Hydrophobic substituents increased the binding affinity. The most potent ligand was 23 

with an IC50 value of Ͳ.Ͳ͵ μM for CREBBP, and over ͳͲͲ-fold selectivity over the BET 

bromodomains (Figure 1.12).72 At this stage, the authors focused on optimising the 

pharmacokinetic properties. The amide substituent on 23 contributed to a low in vitro 

permeability, and the cyclopropyl substituent is metabolised quickly. This issues were 

solved by replacing the cyclopropyl group with a tetrahydrofuran, and substituting the 

amide with the pyrazole isostere. Furthermore, a fluorine atom was incorporated on the 2-

position at the aniline to decrease the basicity and reduce the compound glucuronidation 

resulting in a potent, selective compound 24 with improved pharmacokinetics (Figure 

1.12).  

 

 

Figure 1.12 Optimisation process of the fragment 22 to the selective CREBBP in vivo probe GNE-

272 (24).  

Compound 24 was tested by a BromoScan assay on 35 different human bromodomains 

and was 160-fold selective over the BET family. 24 was tested on haematological cancer 

cell lines and reduced the expression of the MYC oncogene in a dose-dependent manner. 

Furthermore, this compound is antiproliferative on a broad panel of blood cancer cell 

lines.72 In an in vivo experiment, treating MOLM-16 xenograft mice with 24 showed a 

dose-dependent tumour growth inhibition with 46%, 65% and 102% at 12.5, 25 and 
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50 mg/kg, respectively.72 This result clearly indicates that selective CREBBP bromodomain 

ligand show a good potential as future cancer therapeutics. 

1.4.3 Comparison of the small molecule binding modes in CREBBP 

Having discussed the SAR of multiple CREBBP ligands, a few common interactions were 

observed. All potent small molecules ligands form a hydrogen bond to N1168 and a 

water-mediated hydrogen bond to P1110 (Figure 1.13). The KAc mimic headgroups are 

diverse, with a dimethylisoxazole (16 and 17), dihydroquinaxolinone ((R)-12) or acyl 

amides (18 and 24) being used, showing different groups can be tolerated in the 

hydrophobic KAc binding pocket. 

 

Figure 1.13 Analysis of the CREBBP KAc mimic a) (R)-12 (carbon = green) (PDB: 4NYX)54, b) 16 

(carbon = green) (PDB: 4NR7)54, c) 18 (carbon = green) (PDB: 4NR6)54 and d) 21 (carbon = green) 

(PDB: 4TQN)54 to N1168. The conserved water molecules are indicated as red spheres and N1168 is 

highlighted as sticks. 

The other common interaction involves R1173. The ligands (R)-12, I-CBP112 (18), 16 and 

17 form a cation-π interaction between Rͳͳ͹͵ and the electron-rich aromatic ring (Figure 

1.14a-c). 21 has an electrostatic interaction between the carboxylic acid and R1173 

(Figure 1.14d).  
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Figure 1.14 Analysis of the interaction between R1173 and the potent CREBBP ligands a) (R)-12 

(carbon = green) (PDB: 4NYX), b) 16 (carbon = green) (PDB: 4NR7), c) 18 (carbon = green) (PDB: 

4NR6) and d) 21 (carbon = green) (PDB: 4TQN) to N1168. The conserved water molecules are 

indicated as red spheres and R1173 is highlighted as sticks. 

Other ways to increase the ligand selectivity of CREBBP over the BET bromodomains was 

by attaching solvent-exposed, bulky groups on the ligand, such as the morpholine for 16 

(Figure 1.14b), propoxy ether for 17, or the piperidine moiety for I-CBP112 (18) (Figure 

1.14c). These groups are thought to cause a steric clash with the BRD4 bromodomain and 

results in decreased affinity. 

1.5 Project aim 

At the commencement of the discovery and optimisation of CREBBP ligands by Dr T. 

Rooney, there were no potent and selective CREBBP inhibitors reported. Dr T. Rooney in 

the course of his studies discovered a potent CREBBP ligand (R)-12 with a novel cation-π 

interaction previously not observed in this system.56,57 The main focus of this dissertation 

is the study of the cation-π interaction between the T(Q and Rͳͳ͹͵. Also, the ligand 

selectivity between CREBBP and the BET bromodomain family will be investigated.  
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Furthermore, the compound stability of the dihydroquinaxolinone acetyl lysine mimic 

should be optimised, while maintaining the CREBBP affinity.  

A second related project was on the development of a two-step photo-affinity probe for 

bromodomains, which will be introduced in more detail in Chapter 5.  
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Chapter 2 

 

Optimisation of the dihydroquinoxalinone acetyl lysine 

mimic. 
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2. Optimisation of the dihydroquinaxolinone acetyl lysine mimic 

2.1 Introduction and aims 

The dihydroquinoxalinone (DHQ) fragment 25 was discovered in our group as a ligand 

efficient acetyl-lysine mimic (KAc), which forms two hydrogen bonds to N1168.56 

Fragment 25 was further optimised to give a potent CREBBP ligand (R)-12 (Figure 2.1). 

The optimised ligand contained a propyl linker which directs the tetrahydroquinolinone 

(THQ) towards R1173 to form a cation-π interaction ȋFigure 2.1).  

 

Figure 2.1 Schematic overview of the binding interactions of the compound (R)-12 in complex with 

the CREBBP bromodomain. The dihydroquinaxolinone forms two hydrogen bonds to N1168 and 

the THQ forms a cation-π interaction with the positively charged Rͳͳ͹͵. The internal hydrogen 
bond between the aniline and the carbonyl amide linker is important in setting up the correct 

vector for the linker. The crystal structure of the compound (R)-12 in CREBBP bromodomain (PDB: 

4NYX)54 is shown on the right. The conserved water molecules are shown as red spheres. 

The drawback of the dihydroquinoxalinone headgroup is the moderate stability to 

oxidation. Therefore, we aimed to optimise this fragment towards a more stable, KAc 

mimic, by expanding the 6-membered DHQ ring to the 7-membered DHQ ring analogues 

((R/S)-26 and 27) to prevent oxidation (Figure 2.2). 

 

Figure 2.2 Proposed stable DHQ fragments by ring expansion. R = 7-MeO-THQ-(CH2)3NH-.  
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2.2 Synthesis of the 6-membered dihydroquinoxalinone (R)-12 

The 6-membered dihydroquinoxalinone (R)-12 was synthesised as reference compound 

for comparison to the ring extended analogues ((R/S)-26, 27) according to the optimised 

conditions from Dr Timothy Rooney starting from 2-fluoro-3-nitrobenzoic acid 28 

(Scheme 2.1).56 

Scheme 2.1 Synthesis of the dihydroquinoxalinone scaffold (R)-32. Reagents and conditions: i) BnBr, 

K2CO3, DMF, 60 °C, 3 h, 93%; ii) D-Alanine methyl ester hydrochloride, Cs2CO3, toluene, 85 °C, 18 h, 

90%; iii) Zn, NH4Cl, DMF, rt, 25 h, 82%; iv) 10% (w/w) Pd/C, H2, EtOAc, rt, 99%. 

The carboxylic acid of 28 was protected by benzylation in 93% yield to afford 29. The 

nucleophilic aromatic substitution of 29, with D-alanine methyl ester works well on the 

electron-poor aromatic ring, and compound (R)-30 was isolated in 90% yield. The nitro 

reduction of (R)-30 with Zn and ammonium chloride, followed by in situ cyclisation, gave 

the dihydroquinoxalinone (R)-31. The deprotection of the benzyl ester by hydrogenolysis 

gave the key intermediate (R)-32, in excellent yield.  

In addition to the 7-carboxy-DHQ derivative (R)-32, a brominated fragment was 

synthesised to enable the installation of other linkers to the KAc headgroup (Scheme 2.2). 

The nucleophilic aromatic substitution on 33 using caesium carbonate resulted in a 

complex mixture of products. However, upon changing the base to DIPEA, (R)-34 was 

isolated in 96% yield (Scheme 2.2). The reduction of the aromatic bromide (R)-34 was 

avoided using the Béchamp condition, with Fe(0) and acetic acid. The reaction was 

complete in 2 hours and the isolated crude material (R)-35 was fairly clean (Figure 2.3a). 
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Scheme 2.2 Synthesis of the 7-Br DHQ. Reagents and conditions: i) D-Alanine methyl ester 

hydrochloride, DIPEA, DMF, 85 °C, 18 h, 96%; ii) Fe, AcOH, EtOH, 50 °C, 2 h. Compound unstable. 

The crude material was purified by crystallisation from isopropanol and the obtained  

1H NMR spectrum contained the oxidised compound 36 in a 2:1 ratio to the desired 

7-Br-DHQ (R)-35 (Figure 2.3b). This demonstrates that (R)-35 is an unstable intermediate. 

In contrast, (R)-32 is more stable, even at elevated temperature (see Chapter 2.3.3). This 

difference is potentially due to the predicted hydrogen bonding of the aniline amine to the 

carbonyl, and hence the oxidation potential of compound (R)-35 is increased. 

 

Figure 2.3 1H NMR spectra of the crude compound (R)-35 (a) and the recrystallised compound 36 

(b) in D6-DMSO. The expanded region at 2.5 ppm shows the CH3 signal of 36 next to the D5-DMSO. 

The synthesis of the 7-methoxy-tetrahydroquinoline (7-MeO-THQ)-propyl amine 41 was 

performed by following the literature starting from 7-hydroxy-3,4-dihydroquinolin-2(1H)-

one 37 (Scheme 2.3).56,57 The phenol of 37 was methylated using iodomethane, and 38 
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was isolated in 50% yield. The amide reduction of 38 with lithium aluminium hydride 

yielded the 7-MeO-THQ 39 in 97%. Subsequently, the amine 39 was reacted with N-(3-

bromopropyl) phthalimide, to attach the N-propyl linker, followed by the phthalimide 

deprotection with hydrazine (Scheme 2.3) to give 41. The crude material was purified via 

an acid-base extraction to give 41 in high purity. 

 

Scheme 2.3 Synthesis of the THQ linker 41. Reagents and conditions: i) MeI, K2CO3, DMF, 60 °C, 17 h, 

50%; ii) LiAlH4, THF, rt, 97%; iii) K2CO3, N–(3-bromopropyl) phthalimide, DMF, 85 °C, 18_h, 60%; 

iv) hydrazine monohydrate, MeOH, CH2Cl2, 70 °C, 2 h, 96%. 

The final step in the synthesis of (R)-12 was an amide coupling with 7-MeO-THQ propyl 

amine 41 and the DHQ carboxylic acid (R)-32 using PyBOP to afford compound (R)-12 in 

77% yield (Scheme 2.4). 

 

Scheme 2.4 The amide coupling of 41 and (R)-32 to afford (R)-12: Reagents and conditions: 

i) PyBOP, Et3N, DMF, 20 °C, 15 h, 77%. 

2.3 7-membered ring DHQ analogues (R/S)-26 and 27 

2.3.1 Computational approach 

To establish whether the expanded DHQ ring could be accommodated in the CREBBP 

bromodomain KAc binding pocket, docking experiments into the apo-CREBBP X-ray 

crystal structure (PDB: 3P1C)54 were performed. Subsequently, extended molecular 

dynamic simulations were employed using the Amber forcefield to determine if the cation-π interaction between the T(Q and Rͳͳ͹͵ would be retained. These experiments were 
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carried out in collaboration with Wilian A. Cortopassi in the group of Prof. Robert S. Paton 

(University of Oxford). 

To validate the computational method, compound (R)-12 was docked into the apo X-ray 

crystal structure of CREBBP (Figure 2.4), using AutoDock Vina.73 The lowest energy 

conformation of the docking experiment was used for the quantum mechanics (QM) 

calculations, which were performed over 120 ns. The calculations showed that the lowest 

energy conformation is obtained after 40 ns, and a constant root mean square deviation of 

1.3 Å is reached (Figure 2.4c). The average structure by QM calculation of the 6-membered 

DHQ headgroup (blue) matches well with the crystal structure (PDB: 4NYX,54 yellow) 

(Figure 2.4b). The DHQ sits deeper in the binding pocket using the computational 

approach compared to the X-ray crystal structure. The propyl linker with the THQ is 

differently aligned between the computationally and the experimentally determined 

structures, but both of the protein-ligand complexes form the electrostatic driven cation-π 
interaction.  

 

Figure 2.4 a) The apo X-ray crystal structure of the CREBBP bromodomain (PDB: 3P1C)54 

highlighting the key amino acids N1168 and R1173 (carbon = grey). The conserved water 

molecules in the binding pocket are shown as red spheres. b) Overlaid structures of the molecular 

dynamics (carbon = blue) and X-ray crystal structure of (R)-12 (carbon = yellow). Root mean 

square deviation (RMSD) over 120 ns of the quantum mechanics calculations for (R)-12 (c) and (R)-

26 (f). (d) Simulated structure of (R)-26 by molecular dynamics (carbon = green) and the overlaid 

6- and 7-membered DHQ headgroup are shown (e). 
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The same method was performed for the 7-membered analogue (R)-26. The simulated 

molecular dynamic structure of the 7-membered ring (Figure 2.4d and e) matches well 

with the 6-membered analogue. The hydrogen bonds between the DHQ amide and N1168, 

as well as the internal hydrogen bond of the DHQ amine to the carbonyl linker were 

observed. Additionally, the cation-π interaction between Rͳͳ͹͵ and the T(Q is present, as 

during the MD simulations this interaction is formed. The computational data clearly 

indicates that the 7-membered DHQ ring (R)-26 is a promising analogue of (R)-12 with 

regards to the binding profile towards CREBBP. Consequently, the 7-membered DHQ 

analogues (R/S)-26 and 27 should be synthesised. 

2.3.2 Synthesis of (R/S)-26 and 27 

Ⱦ-Alanine is an important building block for the synthesis of the 7-membered ring DHQ fragment. The enantiopure Ⱦ-alanine can be synthesised by an Arndt-Eistert 

rearrangement74 or diastereoselective PtO2 catalysed hydrogenation under high 

pressure.75 To avoid using the toxic diazomethane or high pressurised reactions, the 

conjugate addition of a chiral lithium amide onto crotonic acid by Davies et al. shows a 

good alternative approach with a high substrate scope.76,77. Furthermore, having a tert-

butyl ester is helpful in enabling orthogonal ester hydrolysis at a later stage in the 

synthesis. 

The synthesis towards the enantiopure (R)-45 started with the conjugate addition of the 

lithium amide of (R)-N-benzyl-N-ȋȽ-methylbenzyl)amide (R)-43 to the crotonic acid tert-

butyl ester 42 (Scheme 2.5a). This reaction proceeded in 84% yield and high 

enantioselectivity. The high enantioselectivity results from the proposed butterfly 

transition state of the chiral auxiliary (Scheme 2.5b). Computational calculations demonstrated the π-π stacking of the phenyl rings rigidifies the conformation of ȋR)-N-

benzyl-N-ȋȽ-methylbenzyl)amide and can only attack on the re face of the crotonic acid 

resulting in the R/R compound (Scheme 2.5b).78  
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Scheme 2.5 a) Enantioselective synthesis of the (R) and the (SȌ Ⱦ-alanine 45 according to S. Davies 

et al.. Reagents and conditions: i) 1) nBuLi, (R)- or (S)-N-benzyl-N-ȋȽ-methylbenzyl)amide (R)-43 or 

(S)-43 T(F, −͹ͺ °C, 2) 42, −͹ͺ°C, ʹ h, ͵Ȍ ͳͲ% N(4Cl (aq), 84% for (R/R)-44 and 69% for (S/S)-44; 

ii) Pd(OH)2, MeOH, AcOH, H2O, 91% for (R)-45 and 79% for (S)-45. b) The proposed transition state 

of the conjugate addition is shown resulting in a single diastereomeric product.78 

The hydrogenolysis of (R)-44 worked well using literature procedure79 to give (R)-45. The 

synthesis for the (S)-enantiomer worked in good yields using the same conditions.  

To shorten the synthesis compared to the previous route for (R)-12, it was thought to 

form the DHQ ring system at a later stage. Therefore the amide coupling with 7-MeO-THQ 

(41) was first performed on 28 to give 46 in moderate yield (Scheme 2.6). Subsequently, 

the SNAr was performed with the chiral Ⱦ-amino acid (R)-45. During the reaction, 

unidentified by-products were formed and the purification was difficult, and yielded only 

a small amount of impure 47.  

Scheme 2.6 Amide coupling of the carboxylic acid 28 and 7-MeO-THQ-propyl amine 41 followed by 

the SNAr. Reagents and conditions: i) PyBOP, 41, Et3N, DMF, ʹͲ ˚C, ͳͷ h, ii) (R)-45, Cs2CO3, toluene, 

85 °C, 18 h. 

It was decided that rather than optimising the conditions for these two reactions, it would 

be better to synthesise the benzyl-protected 7-membered DHQ fragment 51. The 

nucleophilic aromatic substitution with (R)-45 worked in excellent yield to afford (R)-48 

(Scheme 2.7). The nitro reduction of (R)-48, with Zn and ammonium chloride, went to 

completion, but the 7-membered ring cyclises less well compared to the 6-membered 

analogue (R)-30. Consequently, an amide coupling strategy was pursued. The tert- butyl 
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ester of (R/R)-48 was hydrolysed with formic acid in a first attempt, but the deprotection 

of the tert-butyl ester was slow and incomplete. By changing to the more acidic 

trifluoroacetic acid, the deprotection of (R)-48 went to completion in two hours. 

Compound (R)-49 was taken directly onto the nitro group reduction using Zn and 

ammonium chloride. Instead of purifying the zwitterionic species (R)-50, the reaction 

mixture was filtered through Celite®, the pH adjusted to 9, and PyBOP added for the DHQ 

ring formation to afford (R)-51 in a yield of 67% over 3 steps (Scheme 2.7). The final two 

steps were a hydrogenolysis of the benzyl ester, followed by an amide coupling to obtain 

(R)-26. The overall yield of the (R)-enantiomer was 31% over 8 steps. (S)-26 was 

synthesised using the same conditions as the (R)-enantiomer, and an overall yield of 8% 

was achieved. 

 

Scheme 2.7 Enantioselective synthesis of the 7-membered DHQ ring derivatives (R/S)-26. Reagents 

and conditions: i) Cs2CO3, (R)-45 or (S)-45, toluene, 85 °C, 14 h, 97% for (R) and 83% for (S), ii) 

TFA/dichloromethane 1:1, 20 °C, 2 h, iii) Zn, NH4Cl, DMF, 20 °C, 15 h, iv) PyBOP, Et3N, DMF, 67% 

over 3 steps for (R) and 65% for (S), v) H2, Pd/C, MeOH, 20 °C, 15 h, vi) PyBOP, 41, Et3N, DMF, 68% 

over 2 steps for (R) and 26% for (S). 
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The optical rotation for (R)-26 measured −ʹͳ.Ͳ, whereas that 
for the (S) enantiomer was 

+21.4. Besides the good match 

it was important to prove the 

stereochemistry by chiral 

HPLC. It was difficult to 

separate the enantiomers on 

the AD-H Chiralpak® column as the elution profile of the compounds were broad. Addition 

of either triethylamine or trifluoroacetic acid did not improve the separation. The best 

separation was achieved with an isocratic elution of 50% isopropanol in hexane (Figure 

2.5). It clearly shows that (R)-26 (black line) is enantiomerically pure. It can be assumed 

that the (S)-26 is also enantiomerically pure because the optical rotation value is inverted.  

In order to obtain the regioisomer of the 7-membered DHQ 26, the racemic Ⱦ2-amino acid 

is essential. The synthesis of the racemic Ⱦ2-amino acid was attempted using the lithium 

amide chemistry involving dibenzylamine and tert-butyl methyl acrylate, according to the 

synthesis above. However, multimeric species formed during the addition of the acrylate 

to the lithium amide, and none of the desired product could be isolated. An alternative 

approach involved the conjugate addition of dibenzylamine onto tert-butyl methyl acrylate 

53 in the presence of DBU, but surprisingly no conversion was observed at 90 °C. By 

changing the nucleophile to the less sterically demanding benzyl amine the reaction 

worked in 37% yield (Scheme 2.8). The yield was increased to 51% by performing the 

conjugate addition in solvent-free conditions. The secondary amine of 54 was deprotected 

by hydrogenolysis with Pd(OH)2 to afford the racemic tert-butyl protected Ⱦ2 amino acid 

55. The nucleophilic aromatic substitution, the cyclisation of the DHQ ring, and the amide 

couplings were performed in the same manner as for the regioisomer (R/S)-26 to afford 

the desired racemic 7-membered DHQ compound 27 (Scheme 2.8). 
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Figure 2.5 Chiral HPLC traces of (R)-26 (black line) and (S)-

26 (red) performed on an AD-H Chiralpak® column eluting 

with 50% IPA in hexane.  
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Scheme 2.8 Synthesis of the racemic Ⱦ2-DHQ 27. Reagents and conditions: i) BnNH2, DBU, 90 °C, 

16 h, 51%; ii) Pd(OH)2, MeOH, AcOH, H2O, 20 °C, 16 h; iii) Cs2CO3, 29, toluene, 85 °C, 14 h, 96% over 

2 steps; iv) 1) TFA/dichloromethane 1:1, 20 °C, 2 h, 2) Zn, NH4Cl, DMF, 20 °C, 15 h; 3) PyBOP, Et3N, 

DMF, 10% over 3 steps; v) 1) H2, Pd/C, MeOH, 20 °C, 15 h; 2) PyBOP, 41, Et3N, DMF, 34% over 

2 steps. 

The bromide substituted 7-membered DHQ (R)-58 was also synthesised as it can be used 

as a good building block for attaching different linkers (Scheme 2.9). The conditions used 

were the same as those for the 6-membered analogue (R)-34 via a nucleophilic aromatic 

substitution on 33, followed by the nitro reduction with Fe(0) in acetic acid (Scheme 2.9). 

Again, the 7-membered ring did not cyclise spontaneously at 50 °C. By changing the proton 

source from acetic acid to trifluoracetic acid, the desired fragment (R)-58 was obtained in 

35% yield. The tert-butyl ester of (R)-57 is likely too sterically hindered to cyclise with the 

aniline, which might be the reason why trifluoroacetic acid is needed as proton source for 

the reduction and deprotection of the ester followed by the ring formation. The crude 

material was crystallised in isopropanol to afford the compound (R)-58 in high purity. 

 

Scheme 2.9 Synthesis of the 7-Br 7-membered DHQ (R)-58. Reagents and conditions: i) (R)-45, 

DIPEA, DMF, 85 °C, 18 h, 96%; ii) Fe(0), TFA, 50 °C, 2 h, 35%. 

 



Chapter 2: Optimisation of the dihydroquinoxalinone acetyl lysine mimic 
_______________________________________________________________________________________________ 

34 
 

2.3.3 Stability study of (R)-12 and (R)-26 

The 7-Br-DHQ compound (R)-35 was extremely unstable at elevated temperature, 

whereas the 7-membered ring analogue (R)-58 seemed stable under the same 

crystallisation conditions. To systematically study the stability of the 6-membered DHQ 

compound (R)-12 in comparison to the 7-membered analogue (R)-26, the compounds 

were stirred in D6-DMSO at 50 °C over 5 days, and monitored by 1H NMR analysis (Figure 

2.6). After 20 hours, the oxidised compound 59 was detectable by the appearance of the 

singlet peak corresponding to the CH3-protons of the quinoxalinone (Figure 2.6). 

 
 

 

 

 

Figure 2.6 Stability monitoring of the 6-membered DHQ (R)-12 (a) and the 7-membered ring 

analogue (R)-26 (b) by 1H NMR over 5 days. R = 7-MeO-THQ-(CH2)2NH. 

Also, at the aromatic region 3 new signals belonging to the oxidised DHQ 59 appeared: 

three doublets of doublets (7.8, 7.6 and 7.4 ppm) (Figure 2.6a). These signals increased in 

intensity over 5 days resulting in 14% of the quinoxalinone 59. In comparison to the 7-Br 

DHQ (R)-35, this compound is still fairly stable. The 7-membered ring DHQ (R)-26 did not 
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undergo in any oxidation and was stable as had been hypothesised (Figure 2.6b) and it 

indicates a great improvement regarding stability.  

2.4 Biological evaluation of (R)-12, (R/S)-26 and 27 

2.4.1 Affinities for CREBBP and BRD4 bromodomain 

In order to evaluate the affinities and selectivities of the DHQ derivatives ((R)-12, (R)-26, 

(S)-26 and 27), differential scanning fluorimetry (DSF, Appendix A1) was performed 

using the CREBBP and BRD4(1) bromodomains (Table 2.1). The 6-membered ring 

compound (R)-12 showed a thermal shift of 3.4 °C with CREBBP. The 6-membered ring 

compound (R)-12 stabilised the CREBBP bromodomain, showing a thermal shift of 3.4  C. To our delight, the protein’s stability was greater when treated with the ͹-membered ring 

compound (R)-26 (ΔTm = 5.1 C), whilst its enantiomer (S)-26 showed no stabilisation 

(ΔTm = 0.2 C). The higher melting temperature of (R)-26 compared to the starting 

compound could be due to a combination of a higher affinity and the more hydrophobic 

nature of the compound.80 The racemic mixture of the Ƚ-methylated DHQ 7-membered 

ring 27 showed a lower protein stabilisation compared to (R)-12, indicating a lower 

CREBBP affinity. On the BET bromodomain BRD4(1), no significant protein stabilisation 

was observed for all the DHQ derivatives ((R)-12, (R)-26, (S)-26 and 27). In contrast, 

positive control compound 2 (BRD4(1) IC50 = 382 nM)59 stabilised the protein with a 

thermal shift of 5.6 C. This is surprising, since (R)-12 is reported to have an IC50 value of 

1.2 µM for BRD4(1).56  
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Table 2.1 DSF data measured on the CREBBP and BRD4(1) bromodomains using 2 µM of 

bromodomain, 10 µM ligand and 5 × SYPRO orange. R = 7-MeO-THQ-propylamine. (n = 4) 

Compounds Δ TM CREBBP 

[°C] 

Δ TM BRD4(1) 

[°C] 

 

(R)-12 

 

 

3.4 ± 0.2 

 

1.0 ± 0.5 

 

(R)-26 

 

 

5.1 ± 0.2 

 

0.5 ± 0.2 

 

(S)-26 

 

 

0.2 ± 0.8 

 

0.1 ± 0.2 

 

27 

 

 

1.7 ± 1.3 

 −0.4 ± 1.4 

 

2 

 

 

3.1 ± 0.7 

 

5.6 ± 1.7 

To obtain quantitative data, AlphaScreenTM assays (Appendix A2) were kindly performed 

on the CREBBP bromodomain by Dr Oleg Fedorov at the Structural Genomics Consortium 

(Oxford, UK). The trend observed by DSF was in good agreement with the IC50 values 

obtained from the AlphaScreenTM assay. The 6-membered DHQ (R)-12 and the 7-

membered (R)-26 showed similar affinity, whereas no ligand binding was observed for 

(S)-26 (Table 2.2). This is a striking result, demonstrating that altering the 

stereochemistry of the methyl group changes a potent ligand to an inactive compound. 

This compound could serve as an important negative control for future biological work. In 

comparison, changing the stereochemistry of (R)-12 only results in a 8-fold decrease in 

CREBBP affinity.56,57  
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Table 2.2 Affinity of the DHQ analogues (R)-12, (R/S)-26 and 27 on the CREBBP bromodomain. 

Measured by AlphaScreenTM R = 7-MeO-THQ-propylamine. 

Compounds IC50 CREBBP 

[µM] (n = 6) 

 

(R)-12 

 

 

1.6 ± 0.5 

 

(R)-26 

 

 

1.4 ± 0.2 

 

(S)-26 

 

 

> 50 

 

27 

 

 

10.2 ± 3.3 

 

The racemic Ⱦ2-DHQ analogue 27 also showed a lower potency of 10 µM. This is likely 

because the (R)-enantiomer has a higher affinity than the (S)-enantiomer, and hence the 

racemic mixture showed a decreased potency. It was noted that, in this assay, the IC50 

value of compound (R)-12 was significantly lower compared to the previously published 

affinity determined by AlphaScreenTM (IC50 323 nM).56 This shows some of the drawbacks 

of the AlphaScreenTM assay. This technique results in the correct trend of binding affinities 

if the compounds are measured on the same plate, however the reproducibility of 

quantitative data can be problematic.81 

The promising compounds (R)-26 and (S)-26 and the reference compound (R)-12 were 

measured by isothermal titration calorimetry (ITC, Appendix A3) on the CREBBP 

bromodomain (Figure 2.7). The published CREBBP affinity of (R)-12 was reproduced with 

a KD of 470 nM (Figure 2.7a). The 7-membered DHQ analogue (R)-26 showed a slightly 

lower affinity (903 nM) compared to the 6-membered ring analogue (R)-12 (Figure 2.7b). 
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More importantly, (S)-26 did not show any affinity by ITC and confirms the previously 

observed trends obtained by DSF and AlphaScreenTM (Figure 2.7c).  

 

Figure 2.7 ITC measurements of (a) (R)-12 and the 7-membered analogues (b) (R)-26 and (c) (S)-

26 on the CREBBP bromodomain. 

The dissociation constant of compounds (R)-12 and (R)-26 were then determined for the 

BET bromodomain BRD4(1) (Figure 2.8). Both compounds showed a low µM affinity for 

the BET bromodomain, resulting in only a 2 to 5-fold selectivity for CREBBP over BRD4(1), 

which is not sufficient for a probe. 

 

Figure 2.8 ITC measurements of (a) (R)-12 and the 7-membered analogues (b) (R)-26 on the 

BRD4(1) bromodomain. 
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To confirm the CREBBP bromodomain 

affinity of compounds (R)-12 and (R)-26, 

Car-Purcell-Meiboom-Gill (CPMG)-NMR 

was performed.82 This technique can be 

used to obtain quantitative binding data by 

titrating protein into a ligand solution and 

observing the peak broadening of the 

ligand signal.  

The peak half width (ɋ1/2) of an NMR signal 

correlates with the reciprocal value of the 

spin-spin relaxation time (T2) upon protein 

binding (Figure 2.9, Eq. 1). The spin-spin 

relaxation time (T2) of small molecules is longer lived as compared to macromolecules 

because the tumbling rate decreases with increasing size. This means ligand binding to the 

protein results in a decrease in the T2 relaxation time and a broader signal. The signal 

broadening can be quantified by measuring the relative peak height of the ligand to an 

internal standard that does not bind to the protein. Fumaric acid was chosen as internal 

standard because it gives a distinct singlet peak at 6.38 ppm, which does not interfere with 

the ligand and protein signals. CREBBP bromodomain was titrated into a solution of either 

(R)-12 (a) or (R)-26 (b) containing the internal standard fumaric acid (Figure 2.10). The 

broadening of the methoxy signal of (R)-12 was observed upon addition of 1 µM CREBBP 

bromodomain (Figure 2.10a). The decrease in peak height can be observed with 

increasing protein concentration and the methoxy peak of (R)-12 completely vanishes 

after adding 10 µM of the CREBBP bromodomain protein. The small molecule signals of 

(R)-12 were recovered when the solution of the ligand in 10 µM protein was denatured at 

95 ˚C, confirming the binding specificity. A KD value of 400 nM for (R)-12 was extracted, 

Figure 2.9 Visual representation of the peak half width ȋɋ1/2) and the mathematical 

correlation of the spin-spin (transverse) 

relaxation time �ଶ∗ (Eq. 1). The observed �ଶ∗ is a 

combination of the genuine relaxation process �ଶ  and the relaxation process caused by field inhomogeniousity ȋΔB0) (Eq. 2). 
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which is in good agreement with the ITC results (Figure 2.10c). The same experiment was 

performed with (R)-26 and the relative peak height decreased slightly slower (Figure 

2.10b and c) compared to (R)-12, which indicates a weaker affinity. A dissociation 

constant of 520 nM was calculated, which is slightly more potent compared to dissociation 

constant of 900 nM, measured by ITC. 

 

Figure 2.10 Titration spectra of the CREBBP bromodomain into 20 µM (a) (R)-12 and (b) (R)-26 

showing the signal of the internal standard fumaric acid and the methoxy-THQ group. c) The 

relative peak height is plotted against the CREBBP concentration. the KD value was determined 

according to Dalvit.82 The full NMR spectra are shown in Appendix C. 

2.4.2 19F- NMR on fluorine labelled tryptophan on CREBBP and BRD4(1) 

19F-labelled NMR studies are a powerful method to obtain binding information between a 

ligand and the protein.83 Incorporating 19F nuclei into a protein enables sensitive 

measurements of structural changes upon ligand binding. The advantage is that the 

fluorine nuclei do not interfere with any other signals of the protein as fluorine atoms are 

not present in natural biomolecules. Furthermore, the fluorine-19 nuclei has a similar 

magnetogyric ratio to the proton nuclei and with a 100% natural abundance it possesses 
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almost the same sensitivity as 1H NMR.84 This means short measurement times are 

required to obtain a good data. 

Pomerantz and co-workers expressed 19F-labelled tryptophan BRD4(1) and BPTF 

bromodomains and demonstrated that the wild type and the 19F-labelled protein showed 

similar affinities to the BET ligand (+)-JQ1 (1).85,86 Subsequently, they performed fluorine 

NMR studies of the fluorinated protein and observed a big chemical shift of the fluorinated 

W81 residue upon binding of (+)-JQ1 (1) (Figure 2.11). Furthermore, they demonstrated 

that this technique can be used to detect weak binders and is a good orthogonal binding 

technique to ITC or CPMG-NMR. 

 

Figure 2.11 X-ray Crystal structures of the CREBBP (left, PDB: 4NYX) and the BRD4(1) 

bromodomain (right, PDB 4J0S) in complex with compound (R)-12 (carbon = yellow). The 

tryptophan residues (carbon = green) are highlighted. 

We were thankful to collaborate with Prof. Wiliam Pomerantz and Gabriela Perell from the 

University of Michigan. They expressed a CREBBP bromodomain mutant carrying three fluorinated tryptophan residues located along the Ƚ-helix B. Upon ligand binding, W1165 

should show a change in chemical shift, whereas W1158 and W1151 are too far away to 

result in a chemical shift change (Figure 2.11). 

The 19F-NMR signals of the mutant CREBBP are observed between −ͳʹ͵ and −ͳʹ͹ ppm 
(Figure 2.12a and c). After the addition of 45 µM (R)-12, the 19F signal for W1165 shifted 



Chapter 2: Optimisation of the dihydroquinoxalinone acetyl lysine mimic 
_______________________________________________________________________________________________ 

42 
 

0.5 ppm upfield (Figure 2.12a). This result confirms ligand binding to the CREBBP 

bromodomain. The other signals of the fluorinated tryptophan did not result in a chemical 

shift change. While titrating in the 7-membered DHQ (R)-26 into the CREBBP 

bromodomain the same shift for W1165 was observed (Figure 2.12c).  

a)  

 

b) 

 

c) 

 

d) 

 

Figure 2.12 19F-NMR of the 6-membered DHQ (R)-12 (a and b) and 7-membered (R)-26 (c and d). 

On the left spectra (a and c) the mutant CREBBP bromodomains were titrated into the compound 

whereas on the right spectra (b and d) the mutant BRD4(1) bromodomain was used. R = 7-MeO-

THQ. 

More interestingly, the other fluorinated tryptophan residues (W1151 and W1158) also 

showed a slight shift, which indicates a structural change of the bromodomain. This 

observation suggests that the compound needs more space in the CREBBP binding site due 
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to the ring expansion of the DHQ. Consequently, the bromodomain undergoes a 

conformational change, which could explain the chemical shift difference.  

A crystal structure of the tandem bromodomain and PHD finger of CREBBP, obtained by 

Zhou and co-workers, showed that the PHD finger forms an interaction along the Ƚ-helices 

B and C of the bromodomain.87 As all of the fluorinated tryptophan residues are located on the Ƚ-helix B, we hypothesise that the conformational change of the bromodomain caused 

upon ligand binding may disrupt the domain-domain interaction between the CREBBP 

bromodomain and the neighbouring PHD finger, thus altering the function of CREBBP.  

For the titration experiment on BRD4(1), both 6- and 7-membered DHQ analogues 

showed a shift of the 19F signal of W81, which confirms binding to the BET bromodomain 

(Figure 2.12b and d). This results are in agreement with the ITC data. 

2.4.3 X-ray crystallography 

To further investigate the observation of the 19F-NMR experiments, Dr Sarah Picaud and 

Prof. Panagis Filippakopoulos from the Structural Genomics Consortium obtained a co-

crystal structure of the 7-membered DHQ (R)-26 in CREBBP. The overlaid X-ray crystal 

structures of (R)-26 and (R)-12 in complex with CREBBP shows that both compounds 

have the same binding mode. The hydrogen bonds of the DHQ amide to N1168 are 

observed for both compounds. Furthermore, a cation-π interaction between the T(Q and 
R1173 is present. These results are in good agreement with the molecular dynamics 

calculations discussed in chapter 2.3.1. 

In Figure 2.13b and c, it is apparent that the 7-membered DHQ ring (R)-26 requires more 

space in the binding pocket compared to (R)-12. Furthermore, the DHQ ring of (R)-26 is 

slightly twisted in the binding pocket. This might result in a slightly weaker internal 

hydrogen bond between the aniline amine and carboxyamide, which could explain the 

lower binding affinity. The selectivity of (R)-26 over (S)-26 can be explained by steric 

clashes in the KAc binding pocket and the S-enantiomer. 
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Figure 2.13 a) Overlaid crystal structure of (R)-12 (carbon = yellow, PDB: 4NYX)54 and (R)-26 

(carbon = purple) in the CREBBP bromodomain. The amino acid residues N1168 and R1173 are 

highlighted in bold and the conserved water molecules are shown as red spheres. (b) and (c) The 

ball representation shows more space is needed for (R)-26 to fit into the KAc binding pocket.  The Ƚ-helix B of the CREBBP bromodomain X-ray crystal structures in complex with (R)-

12 and (R)-26 seems identical, in contrast to the results from 19F-NMR experiment. This 

might be because the crystal structures are static whereas the NMR measurements are 

dynamic observations. It would be interesting to further investigate the domain-domain 

interaction between the CREBBP bromodomain and PHD finger. 

2.5 Conclusion and discussion 

A reliable and high yielding synthesis towards enantiopure (R)-26 and (S)-26 was 

developed. The ring-expanded DHQ ring of (R)-26 was demonstrated to be more stable 

compared to (R)-12. We have shown that the ring expansion of the DHQ headgroup can be 

tolerated and results in a 900 nM CREBBP bromodomain ligand (R)-26. (S)-26 does not 

show any binding affinity and could be a very useful negative control in future biological 

assays. The NMR study of 19F-tryptophan-labelled CREBBP indicates that (R)-26 changes the Ƚ-helix B structure and might affect the domain-domain interaction between the 

bromodomain and the neighbouring PHD finger, but the X-ray crystal structure did not 

confirm this result. 
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This work has been published independently by Genentech and Constellation in 2016.88,89 

Their researcher discovered the 7-membered DHQ fragment 60 by screening a fragment 

library. The authors optimised this hit 60 to a potent and selective CREBBP ligand 61 

(Figure 2.14). The compound (R)-26 was synthesised in July 2014 and it was included in 

my transfer of status report. 

 

Figure 2.14 Discovery and optimisation of the potent and selective CREBBP ligand 60 by 

Genentech, starting from the 7-membered DHQ fragment 61. 

 



 

46 
 

 

  



 

47 
 

 

Chapter 3 

 

Structure activity relationship of the cation-π 

interaction  
  



Chapter 3: SAR of the cation-π interaction 
_______________________________________________________________________________________________ 

48 
 

3.1 Introduction and aims 

The induced fit pocket on CREBBP formed by an electrostatic driven cation-π interaction 

between R1173 and the THQ ring 

of (R)-12 was discovered in our 

group (Figure 3.1).56 R1173 is 

only observed in 4 human 

bromodomains23 (CREBBP, 

EP300, PHIP(2) and BWRD3(2)) 

and can be an important handle 

to increase ligand selectivity over 

other bromodomains. To optimise CREBBP bromodomain selectivity and potency, a 

structure activity relationship (SAR) analysis of the THQ group was performed. The X-ray 

crystal structure of (R)-12 suggests only 7-position substitutions of the THQ ring are 

tolerated as other substitutions patterns will clash with the protein backbone (Figure 3.1). 

The main aims of this chapter are to: 

 Study the cation-π interaction between Rͳͳ͹͵ and the THQ. 

 Compare the electrostatic surface potential (ESP) of the THQ analogues with 

CREBBP bromodomain affinities. 

 Determine group efficiency of (R)-12. 

  

Figure 3.1 The cation-π interaction between R1173 and      

7-MeO-THQ (R-12) is highlighted (PDB: 4NYX)54 with dotted 

lines. The conserved water molecules are shown as red 

spheres.  
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3.2. Introduction to cation-π interactions 

Cation-π interactions in proteins were first observed in the early 1990s in the active site of 

acetylcholine esterase.90 The first evidence of this non-covalent interaction was the X-ray 

crystal structure of acetylcholine esterase, showing that the positively charged ammonium 

ion of acetylcholine was in proximity to 14 aromatic amino acids, and not as previously 

suggested to negatively charged amino acids (Figure 3.2a).91 Mutation studies of the 

aromatic amino acids in the binding site demonstrated that the Trp residue is extremely 

important for the active site, as complete enzyme activity was lost in a W86A mutant, 

whereas mutations of other amino acids had less of an effect. This observation underlined 

the importance of this cation-π interaction.92 Beene et. al. investigated reducing the 

electron density of tryptophans by incorporating mono-, di-, tri- and tetra-fluorinated Trp 

residues into the acetylcholine receptor. They observed that reduction of the electrostatic 

potential of the Trp residues the acetylcholine activity was substantially lowered (Figure 

3.2b).93 

 

Figure 3.2 a) X-ray crystal structure (PDB: 2ACE) of the acetylcholine esterase in complex with 

acetylcholine (carbon = marine). The amino acid residues within 5 Å around acetylcholine are 

highlighted as white lines and the important Trp residue for the cation-π interaction is shown in 
bold. b) Electrostatic surfaces of the Trp and tetra fluorinated Trp, where blue is positive and red is 

negative. Adapted with permission from Beene et al..93 Copyright (2002) American Chemical 

Society. 

Dougherty and others established the importance of the cation-π interaction 
experimentally and computationally.90,94–97 Calculations of the binding energy between a 

sodium ion and substituted benzene analogues produced a good correlation between the 
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calculated binding energy and the electrostatic potential.98 Further electrostatic surface 

potential (ESP) calculations of aromatic and heteroaromatic compounds demonstrated 

that amine substituents have the highest electrostatic surface potential, which means they 

are the most negatively polarised aromatic rings. They further discussed that Trp residues 

are the most prominent aromatic amino acids for cation-π interactions due to the highly 
negative ESP, whereas Phe residues are less involved.99 Gallavan et al. studied 600 

proteins of the Protein Data Bank for cation-π interactions. They observed that every ͹͹th 
amino acid residue in the protein contributes towards a cation-π interaction. The 
prevalence of this interaction implies that it plays an important role in protein 

stabilisation. The most common amino acid residue pairs was the strong interaction 

between the Trp and Arg residues.97  

The first report of a cation-π interaction between a small molecule ligand and a protein 
was discovered by Sorme et al. in galectin-3.100 During the optimisation of the low affinity Ⱦ-galactoside containing disaccharide 62, they discovered a 50-fold affinity increase by 

adding aromatic rings on the 3-position. A X-ray crystal structure of 63 in galactin-3 

revealed that the affinity increased due an induced fit pocket, formed by a cation-π 
interaction between R144 and the aromatic ring (Figure 3.3).101  

 

Figure 3.3 Crystal structures of the Ⱦ-galactoside-containing disaccharide XA (carbon = green, left) 

in galactin-3 (PDB: 1KJL)54 highlighting the R144 residue. The optimised Ⱦ-galactoside containing 

disaccharide XB (carbon = green, right)shows an induced fit pocket and the cation-π interaction is 
observed (PDB: 1KJR),54 which results in a high affinity compound.101 
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Cation-π interactions were also identified as being important for the design of potent 

Keap1 ligands to disrupt the PPI to Nrf2.102 As an example, the potent ligand 64 forms a 

cation-π interaction between RͶͳͷ and the naphthalene ሺFigure 3.4). The other two 

important interactions for the binding affinity was a π –π stacking between the benzene 

substituent and Y334 as well as the electrostatic interaction between R483 and the 

carboxylic acid of 64.103 

 

 
64 

 

Figure 3.4 Crystal structures of 64 (carbon = green)54  in Keap1 (PDB: 5CGJ) highlighting the 

residues R483, R415 and Y334. The cation-π interaction interaction is indicated with black dotted 

lines. 

As discussed in the introduction, Conway and coworkers observed the cation-π interaction 
between R1173 of the CREBBP bromodomain and the THQ ring of (R)-12. This interaction 

was also found to be important for the CREBBP ligands 16, 17, I-CBP112 (18), and 61. 

3.3 Electrostatic surface potential of THQ derivatives 

For a strong cation-π interaction, electron-rich THQ analogues were desired for our 

system. A collaboration with Wilian A. Cortopassi, from the Paton group (University of 

Oxford), was established to identify electron-rich THQ derivatives. A computational model 

was developed to calculate ESP of THQ derivatives both qualitatively and quantitatively.104 

The model computed the ESP of the THQ-analogues, where the guanidinium residue 

(mimicking the asparagine) was placed parallel to the THQ at a distance of 3.5 Å (Figure 

3.5). It was noted that the single variable ESP calculations (calculating only the π-system) 

were insufficient for a good binding energy prediction, as the electrostatic potential of the 

THQ substituent is important. Subsequently, a model containing calculations of the ESP of 
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the cation-π interaction and the cationic-electrostatic-interaction with the substituent was 

developed using density functional theory (DFT).104 

 

Figure 3.5 A 2D ESP isosurface generated at 3.5 Å of the 7-MeO-THQ and the guanidinium residue. 

Colour scale spans −͵Ͳ to ͳͲ kJ/mol, where red indicates negative polarised and blue positive 

polarised regions. Figure provided with permission by Willian A. Cortopassi. 

Qualitative and quantitative calculation of six different 7-substituted THQ analogues (64-

69) and 6-methoxyindole (70) were performed (Figure 3.6 and Table 3.1). With the 

unsubstituted THQ 64, an electron-rich π-system was observed. By introducing the 

mesomericaly electron donating methoxy 65 and amine 67 substituents, the electron 

density of the aromatic ring is increased. Furthermore the substituents also contribute to 

the electrostatic interaction with the guanidine residue. The acetamide 68 substituent has 

a lower electron density in the π-system, however, the amide is an electron-rich 

substituent, which enhances the electrostatic interaction with R1173. This effect means 

while the cation-π interaction is diminished, and the electrostatic interaction is 

maintained. The overall ESP of compound 68 is comparable to the methoxy substituted 

analogue 65, indicating they should have similar binding affinities for the CREBBP 

bromodomain (Table 3.1). 
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Figure 3.6 2D generated ESP isosurfaces of THQ analogues with different substituents on the 

7-position. Red indicates electron dense regions whereas blue is electron deficient. The calculated 

values of ESP for the cation-π and the substituents are shown in the table. 

Table 3.1 Calculated values of ESP for the cation-π interaction and the electrostatic interaction of 
the THQ 64-70. 

Compound ESP cation-π 

(Hartrees) 

ESP substituent 

(Hartrees) 

ESP total 

(Hartrees) 

64 −0.017 0 −0.017 

65 −0.021 −0.013 −0.034 

66 −0.004 −0.016 −0.020 

67 −0.025 −0.014 −0.039 

68 −0.016 −0.014 −0.030 

69 N/A N/A N/A 

70 −0.020 −0.012 −0.032 
 

The THQ with the electron-withdrawing nitro 66 and methyl sulfone 69 substituents 

contain almost no electron density in the aromatic system, but they contain highly 

polarised substituents. The overall electrostatic potential of the nitro compound 66 has a 

higher overall electron density compared to the unsubstituted THQ 64 and hence should 

result in a stronger affinity. The 7-methoxy indole 70 shows promising electrostatics on the π-system and the substituent. The structural change of the THQ to the indole system is 
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unlikely to affect the binding properties. Based on these data, we decided to synthesise the 

discussed THQ analogues. 

3.4 Synthesis of first generation THQ analogues 

3.4.1 Retrosynthetic analysis 

The general synthesis of the THQ analogues were based on the previous syntheses 

performed by Dr Timothy Rooney.57 To obtain 7-substituted-THQ analogues (R = H, OMe, 

NH2, NO2, NHAc, SO2Me), there was a need to protect the amine of the linker (Figure 3.7). 

The propyl linker can be disconnected at the THQ amine to give the THQ fragments (39, 

71, 73, 74) and the linker. 3-Bromo-N-propylphthalimide 72 is a cheap, commercially 

available building block and will be used for this synthesis. The brominated THQ 74 has a 

good reactive handle to introduce amines, thiols or sulfones, by transition metal-catalysed 

chemistry. The 7-Br-THQ 74 and 7-NO2-THQ 73 can be obtained by either a 

bromination105 or nitration,106 respectively, starting from THQ 71. The synthesis of the 7-

MeO-THQ 39 was discussed in Chapter 2. The 6-methoxy indole derivative can be 

synthesised in a similar manner as 41 starting with the commercial available 6-methoxy 

indole. 

 

Figure 3.7 Retrosynthetic analysis to access a library of 7-substituted THQ analogues. 

3.4.2 Synthesis of the THQ building blocks 72 and 73 

The bromination of THQ 71 was performed with bromine in sulfuric acid according to 

Kolmakov et al. (Scheme 3.2).105 The reaction resulted in a mixture of the desired 7-
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bromo- 74, 5-bromo-, and 5,7-dibromo-THQ. Two silica gel column chromatography 

purifications with different eluents were necessary to isolate the pure single isomer 74 in 

a 17% yield. The yield was low, due to partial co-elution of the regio-isomers. 

 
Scheme 3.2 Synthesis of 7-substituted THQ analogues 73 and 74. Reagents and conditions: i) Br2, 

Ag2SO4, H2SO4, Ͳ ˚C, ʹ h, 17%; ii) HNO3, H2SO4, −ͳͲ to Ͳ ˚C, ͵Ͳ min, 46%. 

The THQ 71 was nitrated using nitric acid and sulfuric acid and a mixture of the 5- and the 

desired 7-isomer 73 were obtained. Purifications by silica gel column chromatography 

enriched the desired compound 73 but could not be completely separated. A second 

purification using aluminium oxide as stationary phase yielded 46% of the pure 7-nitro-

THQ 73. 

3.4.3 Synthesis of the THQ analogues 86-88 and 96-97 

The different 7-substituted THQ analogues (39, 71, 73, 74) were reacted with 3-

bromopropyl-N-phthalimide (72) in the presence of potassium carbonate in DMF (Scheme 

3.3). The unsubstituted THQ 71 and the electron-rich 7-MeO-THQ 39 were isolated in      

49% and 60% yield, respectively (Table 3.2). The bromine analogue 74 showed a low 

conversion with only 11% isolated yield, and the electron-poor 7-nitro-THQ 73, did not 

result in any product. To overcome the low reactivity of 7-NO2-THQ 73 a more reactive 

electrophile was desired and/or the nucleophilicity of the THQ amine 73 has to be 

increased. To improve its nucleophilicity, 73 was deprotonated with sodium hydride or 

nBuLi, but still no reaction was observed. Compound 73 was reacted successfully with 

acetyl chloride to demonstrate its reactivity to a good electrophile. The electrophilicity of 

the 3-bromopropyl-N-phthalimide 72 was increased by introducing a better leaving group, 

through changing the bromide to an iodide. Repeating the previously established reaction 

conditions and adding NaI to the mixture resulted in a slow conversion towards 76. After 
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48 hours at 85 ˚C, 20% of the desired compound was isolated and the remaining 

compound was unreacted starting material 73. These reaction conditions were also 

applied to the brominated compound 74 and the yield for this system was increased to 

24%. Reduction of the 7-NO2-THQ 73 to the amine 78, followed by acetylation resulted in 

the acetylated-amine-THQ 79 in 51% yield over 2 steps. The 7-Br-THQ 74 was reacted 

using a Cu(I)-catalysed reaction with sodium methylsulfonate and proline as ligand, to 

install the methyl sulfone according literature procedures,107 but no conversion to 80 was 

observed. Other Cu(I)-catalysed reactions on the 7-Br-THQ with better nucleophiles, such 

as benzylamine (82) and methyl thiol (81), did not result in any conversion. Therefore, the 

investigation of the methyl sulfone was stopped. 

 

Scheme 3.3 Synthesis scheme for the introduction of different 7-substituted THQ analogues. 

Reagents and conditions: i) K2CO3, 3-bromopropyl-N-phthalimide, DMF, 85 °C, 16-48 h; 24-60% ii) 

R = NO2, H2, Pd/C, MeOH, CH2Cl2, rt, 3 h, 69%; iii) AcCl, Et3N, CH2Cl2, 0 to rt, 1 h, 74%.  
 

Table 3.2 Yield for the alkylation of the different 7-substituted THQ analogues (39, 71, 72, 73) with 

3-bromopropyl-N-phthalimide. 

Entry R Yield in % i) Additives 

1  H  49 (75) -- 

2 MeO  60 (40) -- 

3 NO2  20 (76) NaI 

4 Br  24 (77) NaI 
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The N-phthalimides (40, 75-76, 79) were deprotected with hydrazine and purified by an 

acid-base extraction to isolate the free amines (41, 83-85) (Scheme 3.4, Table 3.3). The 

amide couplings with the 7-substituted THQ analogues (41, 83-85) using the established 

PyBOP coupling conditions resulted in the desired compounds (12, 86-88). The nitro-

compound 87 was reduced to the amine 89 by a Pd/C-catalysed hydrogenolysis. This 

compound 89 was observed to be unstable in solution and no normal- or reversed-phase 

HPLC data could be obtained, despite having obtained clean 1H and 13C NMR spectra. For 

this reason 89 was excluded from the biological tests. 

 

Scheme 3.4 Synthesis scheme for the 7-substituted THQ analogues (12, 86-88). Reagents and 

conditions: i) Hydrazine monohydrate, MeOH, CH2Cl2, 70 °C, 2 h; ii) (R)-32, PyBOP, Et3N, DMF, rt, 

overnight; iii) R = NO2, H2, Pd/C, MeOH, CH2Cl2, rt, 3 h, 60%. 
 

Table 3.3 Yields for deprotection of the N-phthalimides (40, 75-76, 79) and the amide coupling of 
(41, 83-85) with (R)-32. 

Entry R Yield in % i) Yield in % ii) 

1  H 61 (83) 46 (86) 

2 MeO 96 (41) 77 (12) 

3 NO2  32 (84) 77 (87) 

4 NHAc 66 (85) 62 (88) 
 

 

The synthesis of the 6-methoxyindole derivative 96 commenced with compound 90 by 

nucleophilic substitution of the indole with 3-bromopropyl-N-phthalimide 72 (Scheme 

3.5). However, no conversion to 92 was observed, even with addition of NaI. This lack of 

reactivity can be explained by the fact that the amine of the indole is even more 

delocalized than the 7-NO2-THQ 73. To increase the reactivity, the indole 90 was reduced 
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with borane to 2H-indole 91 in 82% yield. This 2H-indole 91 reacted well to nucleophilic 

substitution for the installation of the propyl linker. Consequently the 2H-indole 93 was 

oxidised with MnO2 to 92 in 78% yield. The compounds 92 and 93 were reacted according 

tothe previously discussed procedures to isolate the indole derivatives 96 and 97 in 47% 

and 49%, respectively. 

 

Scheme 3.5 Synthesis of the 6-substituted indole 96 and 97. Reagents and conditions: i) 1) BH3, THF 

0 ˚C, ͵Ͳ min, 2) TFA, 0 ˚C, Ͷͷ min, 82%; ii) K2CO3, 72, DMF, 85 °C, 15 h, 69%; iii) MnO2, CH2Cl2, 40 °C, 

16 h, 78%; iv) Hydrazine monohydrate, MeOH, CH2Cl2, 70 °C, 2 h, 53% for (94) and 67% for (95); v) 

(R)-32, PyBOP, Et3N, DMF, rt, overnight, 89% for (96) and 73% for (97). 

3.4.4 Biophysical analysis of 86-88 and 96-97 binding to the CREBBP bromodomain 

Subsequently, the synthesised THQ derivatives (86-88, 96-97) were tested using 

AlphaScreenTM on CREBBP, to probe the electronic effect of the cation-π interaction ȋTable 

3.4). The unsubstituted THQ 86 showed the weakest affinity of the THQ compound series 

with an IC50 value of 3.1 µM. The 7-methoxy 12 and 7-acetamide- THQ 88 resulted in the 

most potent ligands as predicted by the ESP calculations (Table 3.4). The 7-nitro-

substituted compound 87 has a slightly higher affinity compared to 86. The indole 

derivatives 96 and 97 resulted in the weakest affinities in the AlphaScreenTM assay with 

IC50 values of approximately 4.8 µM and 5.7 µM for the CREBBP bromodomain, 

respectively. The structural change of the THQ to the indole seems not tolerated, perhaps 

because of a potential clash with L1109 residue on the CREBBP bromodomain. The 

reduced CREBBP binding affinity of 96 compared to 12 was confirmed by ITC with a KD 

value of 1.7 µM. 
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Table 3.4 Overview of the AlphaScreenTM and ITC results on the CREBBP bromodomain with the 

THQ analogues 12, 86-88 and 96-97. 

Compounds 

 

AlphaScreenTM 

 

IC50 [µM] 

ITC 

CREBBP 
KD [µM] 

ITC 

BRD4(1) 
KD [µM] 

86 

 

 3.1± 0.7 N/A N/A 

12 

 

 1.6 ± 0.5 0.47 ± 0.06 3.59 ± 1.17 

87 

 

 2.5 ± 0.1 N/A N/A 

88 

 

 1.0 ± 0.4 1.18 ± 0.24 2.35 ± 0.52 

96 

 

 4.8 ± 0.3 1.70 ± 0.44 5.36 ± 1.39 

97 

 

 5.7 ± 0.5 N/A N/A 

 

The comparison of the ESP with the AlphaScreenTM data for the 7-substituted THQ 

analogues (12, 86-88) showed a good correlation, but the effect of the substituent is 

relatively small (Figure 3.8). An approximately 3-fold affinity increase was observed from 

the electron-rich analogue 12 compared to the unsubstituted THQ 86. 

 

Figure 3.8 Linear regression of the electrostatic potential and the CREBBP affinity of 12, 86-88 

shows a good correlation. 
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The dissociation constant of the acetamide 88 was determined for the CREBBP 

bromodomain using ITC and CPMG-NMR analysis, giving values of 1180 nM (Appendix B1) 

and 869 nM (Appendix C), respectively. This shows that 7-MeO-THQ 12 is a higher affinity 

ligand than the 7-acetamide substituent 88. Furthermore, the selectivity between the 

CREBBP and BRD4(1) bromodomain decreased from 7-fold to 2-fold between compounds 

12 and 88. This suggest having a more polarised substituent does not increase the 

CREBBP selectivity. 

19F-NMR of the fluorine-labelled tryptophan on CREBBP and BRD4(1) bromodomain in 

complex with ligand 88 showed a slight chemical shift on the tryptophan residues located 

close to the binding site (W1165 and W81, respectively) (Figure 3.9). A slow exchange rate 

with the CREBBP bromodomain was observed, indicating a long residence time for the 

ligand in the protein and hence the high affinity.  

a) 

 

b) 

 
Figure 3.9 19F-NMR of the acetamide 88. (a) 88 was titrated into mutant CREBBP bromodomain. (b) 

The mutant BRD4(1) bromodomain was used. 

3.5 Second generation of THQ analogues 

3.5.1 Rationale 

The first generation compounds (12 and 86-88) showed a good correlation between the 

electrostatic surface potential and the CREBBP affinity. In a second series, we studied the 

importance of the THQ ring and analysed the group efficiency (GE) by disassembling the 
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ligand into smaller fragments, with the following analogues (Figure 3.10). The aniline 98 

and the methylated aniline 99 are the smallest aromatic compounds that can interact with 

R1173. The 3-methoxy 100 and 3-(n-propoxy) anilines 101 were selected as electron-rich 

aromatic compounds. In particular, the propoxy substituent on 101 was chosen, as 

Chekler et al. demonstrated, an increase in CREBBP selectivity over the BET family with a 

similar compound 17.65 The 3-acetamide 102 and 3-methyl sulfone 103 have electron-

rich substituents, which could enhance the electrostatic component of the interaction with 

R1173. The methoxy derivate 104 should confirm the importance of the R1173 

interaction and a large affinity decrease is expected. The heteroatom was exchanged from 

an amine to an oxygen as the non-aromatic amine would be protonated at physiological 

pH, and might result in a different interpretation of the structure-activity relationship due 

to a repulsion of the ammonium ion with the positively charged R1173. 

 

Figure 3.10 Overview of the second generation THQ derivatives 98-104 and their corresponding 

electrostatic potential. 

We also hypothesised, that it would be possible to increase the CREBBP bromodomain 

affinity over the BET bromodomain, by attaching a bulky substituent on the aniline amine 

(Figure 3.11). The THQ amine of 12 is solvent exposed in the X-ray crystal structure and 

the binding should not be affected by adding a bulky substituent (Figure 3.11). In contrast, 

the overlaid BRD4(1) crystal structure in complex with 12 suggests the bulky aniline 

analogues should not be accommodated in the WPF shelf, and might clash with W81 

(Figure 3.11). Therefore, the tetrahydropyran was used as the bulky substituent as it was 
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hypothesised to increase compound solubility. Hence the electron rich aniline derivatives 

105-107 should be synthesised. 

 

 c) 

 
Figure 3.11 a) The X-Ray crystal structure of the CREBBP bromodomain (PDB: 4NYX)54 in complex 

with 12. b) The overlaid BRD4(1) X-Ray crystal structure (PDB: 4NR8, right)54 with 12 is shown 

with the steric clash between W81 and the THQ highlighted. The yellow vector shows the bulky 

THP group pointing out to the solvent in the CREBBP bromodomain, whereas a steric clash in BRD4 

is enforced to result in higher selectivity. c) The proposed selective CREBBP bromodomain small 

molecule structures 105-107. 

3.5.2 Synthesis of compounds 98-107 

The aniline analogues (118-122) were synthesised from 108-112 using the procedure 

discussed in Chapter 3.4.3 (Scheme 3.6, Table 3.5). Subsequently, the secondary aniline 

amines were methylated in moderate yields using MeI and K2CO3 (Scheme 3.6, Table 3.5). 

 

Scheme 3.6 Synthesis scheme for 7-substituted anilines analogues (118-123). Reagents and 

conditions: i) K2CO3, 3-bromopropyl-N-phthalimide, DMF, 85 °C, 16-19 h; ii) MeI, K2CO3, DMF, 85 °C, 

2-8 h; iii) R = MeS, 1) mCPBA, CH2Cl2, rt, 3 h, 2) B2(OH)4, MeOH, rt, 14 h, 75%.  
 

Table 3.5 Yields for the alkylation (113-117) and methylation (118-122) of the various 3-

substituted aniline analogues (108-112). (*) Yield over two steps. 

Entry R Yield in % i) Yield in % ii) 

1  H  47 (113) 74 (118) 

2  MeO 48 (114) 48 (119) 

3  nPrO 52 (115) 49 (120) 

4  NHAc  (116) 29* (121) 

5  MeS 58 (117) 71 (122) 
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The oxidation of the thioether 122 was problematic as both the thioether and the aniline 

oxidised using mCPBA. Kokatla and others reported the reduction of aliphatic N-oxides by 

treatment with diboron reagents at ambient temperature without affecting other 

substituents.108,109 The oxophilic nature of boron, and the large enthalpic increase by 

formation of two B-O bonds, makes diboron a suitable reducing agent. Applying these 

conditions to our substrate was successful using tetrahydroxydiboron in MeOH. Using 

bis(pinacolato)diboron, the reaction rate was slower and did not go to completion. The 

oxidation of the methyl thioether 122 was optimised and performed in a one-pot 

synthesis to isolate the desired compound 123. The reaction was monitored by 1H NMR. 

Two hours after the addition of mCPBA, both methyl groups of the starting material 

disappeared and appeared downfield (Figure 3.12). The methyl next to the N-oxide signal 

was observed at 3.9 ppm, whereas the methyl sulfone was at 3.1 ppm. After the addition of 

B2(OH)4 the N-oxide of 124 was reduced to 123. After 2 hours, there was still 10% of the 

N-oxide 124 left, which was reduced completely after 15 hours. The methyl sulfone 123 

was isolated in 75% yield over two steps. 

 
Figure 3.12 Reaction monitoring by 1H NMR analysis of the oxidation from 122 to 123. The CH3 

signals of the starting material 122, intermediate 124 and product 123 are assigned. 
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The aniline analogues with the N-phthalimide linker (113, 118-121 and 123) were 

deprotected and coupled using the previously optimised conditions to give (98-103) 

(Scheme 3.7, Table 3.6). 

 

Scheme 3.7 Synthesis scheme for 7-substituted aniline-DHQ derivatives (98-103). Reagents and 

conditions: i) Hydrazine monohydrate, MeOH, CH2Cl2, 70 °C, 2 h; ii) (R)-32, PyBOP, Et3N, DMF, rt, 

overnight. 

Table 3.6 Yields for deprotection of the N-phthalimides (125-130) and amide coupling with (R)-32 
to give (98-103). 

Entry R1 R2 Yield i) Yield ii) 

1 H H 96 (125) 43 (98) 

2 H CH3  64 (126) 47 (99) 

2 MeO CH3 85 (127) 49 (100) 

3 nPrO CH3 89 (128) 60 (101) 

4 NHAc CH3 50 (129) 62 (102) 

5 MeSO2 CH3 71 (130) 61 (103) 
 

The bulky THP electrophile 132 was synthesised starting from cyclohexylmethanol 131 

by mesylation followed by iodination in 43% yield (Scheme 3.8). The alkylations of the 

secondary anilines were performed in a similar manner as discussed before to isolate 

intermediates 133-135 (Scheme 3.8 and Table 3.7). Deprotection of the N-phthalimides 

(133-135), followed by the amide couplings with (R)-32 resulted in the desired 

compounds 105-107 (Scheme 3.8 and Table 3.7). 
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Scheme 3.8 Synthesis scheme for the electron-rich 7-substituted anilines with a THP group (105-

107). Reagents and conditions: i) 1) MsCl, Et3N, toluene, 0 to rt, 2) NaI, acetone, 60 ˚C, Ͷ h, Ͷ͵%, iiȌ  
114-116, K2CO3, DMF, 85 °C, 16 h; iii) Hydrazine monohydrate, MeOH, CH2Cl2, 70 °C, 2 h; iv) (R)-32, 

PyBOP, Et3N, DMF, rt, overnight. 

Table 3.7 Yields for the synthesis of the electron-rich 7-substituted anilines with a THP group 105-
107. 

Entry R Yield in % ii) Yield in % iii) Yield in % iv) 

1 MeO 48 (133) 85 (136) 49 (105) 

2 nPrO 58 (134) 51 (137) 38 (106) 

3 AcNH 29 (135) 50 (138) 60 (107) 

 

The 7-methoxy propyl linker 104 was synthesised by an amide coupling with the DHQ (R)-

32 and the commercial available 3-methoxy amine 139 in 82% yield (Scheme 3.9). 

 

Scheme 3.9 Synthesis scheme of the amide coupling to 104. Reagents and conditions: i) (R)-32, 

PyBOP, Et3N, DMF, rt, 17h, 82%.  
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3.5.3 Biophysical analysis of 98-107 binding to the CREBBP bromodomain 

Compounds 98-107 were tested on CREBBP using ITC. The ligand affinities of the ligands 

were in the low µM range with the exception of the non-aromatic compound 104, which 

had no measurable affinity for CREBBP (Table 3.8). This confirms the importance of the 

cation-π interaction between the aromatic ring and R1173 residue. The 3-methoxy 

substituent 100 increases the affinity approximately 2-fold over the unsubstituted aniline 

99, as previously observed with the THQ analogues (12 and 86). This affinity increase can 

be attributed to higher ESP. The propoxy substituent 101, despite having an electron-rich 

aromatic ring, resulted in a 5-fold decrease in affinity, indicating the increased size of the 

substituent is not tolerated. The electron-rich acetamide 102 and methyl sulfone 103 have 

similar affinities as the unsubstituted aniline 99, despite having an electron-rich 

substituent. The bulky THP group on the substituted anilines (105-107) is well tolerated 

and the dissociation constants are approximately the same as with the methyl amines 

(100-102). This proves our hypothesis correct, that the THP group will not affect the 

CREBBP binding affinities of 100-102. To determine the BET selectivity, the BRD4(1) 

bromodomain affinity was measured for the most potent CREBBP ligands 99 and 105, 

which showed KD values of 3.6 and 2.1 µM, respectively. Compound 99 has a 4-fold 

selectivity for the CREBBP bromdomain over the BRD4(1) bromodomain, which is similar 

to the values obtained for the 7-MeO-THQ substituent 12. Adding the bulky THP group 

onto the aniline amine resulted in similar affinity for the BRD4(1) bromodomain, despite 

our hypothesis. 
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Table 3.8 Affinity data for compounds 98-107 on CREBBP and BRD4(1) bromodomain of the 

substituted aniline derivatives. 

Compounds 

 

AlphaScreenTM 

CREBBP 
 

IC50 [µM] 

ITC 
CREBBP 

 
KD [µM] 

ITC 
BRD4(1) 

 
KD [µM] 

98 

 

8.3± 1.4 N/A N/A 

99 

 

4.3 ± 0.3 1.98 ± 0.19 N/A 

100 

 

N/A 0.86 ± 0.21 3.62 ± 0.74 

101 

 

N/A 5.20 ± 2.00 N/A 

102 

 

N/A 1.55 ± 0.40 N/A 

103 

 

N/A 1.85 ± 0.48 N/A 

104 MeO > 50 > 10.0 N/A 

105 

 

N/A 1.35 ± 0.25 2.08 ± 0.50 

106 

 

N/A 2.66 ± 1.32 N/A 

107 

 

N/A 2.10 ± 0.39 N/A 

 

The series of compounds that had been synthesised allowed the group efficiency of 

compound (R)-12 to be analysed. Group efficiency is a measure of a normalised binding 

affinity of molecules of different sizes.110 The binding affinity is ranked and compared by 

addition of the number of heavy atoms to identify important functionalities of the 

compound (Figure 3.13a Eq. 1). Large negative GE values represent important 

functionalities for the ligand affinity. The group efficiency and the Gibbs binding energy of 

the compounds were calculated with the measured dissociation constant (KD) or the IC50 
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for weak binding fragments (Figure 3.13a, Eq. 2). The KAc mimic head group resulted in a 

high group efficiency of −0.5 (Figure 3.13c).56 The propyl methoxy linker 104 resulted in a 

low group efficiency, indicating that it does not contribute to the binding properties. 

However, addition of the aniline 99 onto the linker, resulted in a large affinity increase and 

a high group efficiency of −Ͳ.͵͵. The methoxy group of 100 had a positive effect on the GE 

as the electron density of the aromatic ring is increased, resulting in a stronger cation-π 
interaction. Rigidifying the aniline by forming the THQ (R)-12 helps the aromatic ring to 

point towards the induced fit pocket and is represented by a group efficiency increase of −0.18.  

 

Figure 3.13 A) The group efficiency (GE) is calculated by the difference of the Gibbs binding energy ȋΔGȋBindingȌȌ divided by the increase of heavy atom counts ȋ(ACȌ ȋEq. ͳȌ. The correlation of the Gibb’s binding energy ȋΔGȋBindingȌȌ with the dissociation constant (KD). R is the gas constant and T 

is the temperature. B) Colour coded crystals structure of (R)-12 in the CREBBP bromodomain (PDB: 

4NYX) highlighting the different groups. DHQ forehead (carbon = marine), propyl linker (carbon = 

yellow), aniline (carbon = green) and THQ (carbon = red). C) Calculated group efficiencies for 

different fragments. The binding affinity of the benzoxazinone-carboxylic acid was used instead of 

the DHQ. 
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To conclude, compound (R)-12 is the most ligand efficient compound tested so far. 

Changing the THQ substituents results in affinity loss. Also, the ring opening of the THQ 

reduces the GE and potency.  

 

3.6 Conclusion 

The importance of the cation-π interaction between Rͳͳ͹͵ and the T(Q was studied, and 

a correlation between the electrostatic surface potential and the affinity on CREBBP was 

observed. However, the affinity difference between electron-rich and electron-poor 

analogues were small, resulting in a relatively flat SAR profile. It was shown that the THQ 

ring is essential for the compound potency. The affinity dropped substantially without 

aromatic ring. The most potent ligand contained a methoxy group. Other substituents are 

tolerated, but the affinity on the CREBBP bromodomain is decreased. 

The group efficiency revealed that the 7-MeO-THQ is the highest affinity substituent. 

Converting the THQ ring to an aniline derivative reduces the affinity 2-fold, indicating that 

the rigidified conformation is beneficial. Substituting the aniline derivatives with a bulky 

THP group did not affect the affinity on CREBBP, but no selectivity over BRD4(1) was 

gained. 
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Propyl linker rigidfication to increase CREBBP 

potency 
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4.1 Aims 

As discussed in the previous Chapter 3, the GE of the 

propyl linker was low, however, there were possible 

gains to be made. The crystal structure of (R)-12 in 

CREBBP shows the propyl linker connecting the DHQ 

and the THQ to be twisted (Figure 4.1). If it were 

possible to rigidify the flexibility of the propyl linker, 

an increase in affinity and selectivity might be 

achieved. Here we discuss a strategy to rigidify the 

linker by introducing a gem-difluorinated propyl linker. 

4.2 Gem-difluoro propyl linker 

4.2.1 Rationale 

Fluorine is commonly incorporated into drug molecules to increase their metabolic 

stability.111,112 The trend of fluorine-containing drugs has been increasing, with almost      

30% of the newly approved drugs containing at least one fluorine atom.112 

O`Hagan and others reported that fluorine can be used to rigidify conformations of 

aliphatic carbon chains.113,114 It was demonstrated that, in N–Ⱦ-fluorine ethyl-amide 140, 

the gauche conformation is preferred by 1.8 kcal/mol compared to the anti-conformation 

(Figure 4.2).115,116 This can be explained by the σ C-H orbital donating electrons into the 

very electron poor anti-bonding σ* C-F orbital, which stabilises the conformation.  

 

Figure 4.2 Illustration of the gauche effect of compound 140 by the Newman projection of the 

possible conformations. The gauche-gauche interactions are highlighted by a red arrow.115 

Figure 4.1 Crystal structure of (R)-12 

(carbon = yellow) in the CREBBP 

bromodomain showing the twisted propyl 

linker (PDB: 4NYX).54 
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It was hypothesised that the propyl linker of 86 could be rigidified by introducing a 

gem-difluoro group due to the gauche-gauche interactions (Figure 4.3). The three gauche-

gauche interactions should stabilise the X-ray crystal structure compound conformation 

and result in a higher compound affinity for the CREBBP bromodomain. 

 

Figure 4.3 Newman projection of the difluorinated compound 141 and the gauche-gauche 

interaction according the ligand conformation in the CREBBP bromodomain crystal structure. The 

gauche-gauche interactions are highlighted in red arrows. 

The retrosynthetic analysis of the THQ gem-difluorinated propyl amine linker 142 shows 

a disconnection of the THQ 71 and the difluorinated propyl linker 145, as previously 

discussed (Figure 4.4a). This compound 145 can be synthesised by reduction of the 

literature compound 144, which is obtained by a 2-step synthesis starting from 

dibenzylamine and bromo-difluoro ethylacetate 143.117 Alternatively, compound 142 

could be synthesised by a functional group conversion of the ester 148 to the amine. This 

compound 148 can be obtained by a Reformatsky reaction using 146 and 147 according 

to previous literature procedures.117  

 

Figure 4.4 Retrosynthetic analysis of the difluorinated propyl-THQ linker 142 using disconnection 

strategy a) or b).  
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4.2.2 Synthesis of the gem-difluorinated compound 141 

The synthesis of the gem-difluorinated propyl linker 142 commenced by using a Mannich 

reaction with 1H-benzotriazole 148 and dibenzylamine, giving compound 149a in 77% 

yield (Scheme 4.2). In the 1H and 13C NMR spectra, a mixture of the 1H 149a and 2H-

benzotriazoles 149b isomers were observed as previously reported in the literature.118 

The isomeric ratio between 149a and 149b was solvent dependent resulting in an 83:17 

mixture measuring the 1H NMR in CDCl3 and 73:27 in benzene, respectively.  

 

Scheme 4.2 Synthesis of the gem-difluoropropyl linker 150. Reagents and conditions: i) 

Dibenzylamine, 37% CH2O (aq.), MeOH, 40 ˚C, ͳ͸ h, 77%, ii) a) TMSCl, Zn, THF, rt, 10 min, b) 143, rt, 

10 min, c) 149a, rt, 4.5 h, 33%, iii) LiAlH4, THF, 0 ˚C to rt, 2 h, 83%. 

The Reformatsky reaction with 143 and 149a was performed according to a literature 

procedure117 and worked in 33% yield. Formation of the Reformatsky reagent for a longer 

time period and/or increasing the reaction temperature did not result in a higher yield. 

The ester reduction of 144 with lithium aluminium hydride went to completion within 

2 hours, and the alcohol 150 was isolated in 83% yield. The alcohol 150 was mesylated 

followed by nucleophilic substitution with THQ (Scheme 4.3, Table 4.1, Entry 1), however, 

no reaction for the nucleophilic substitution was observed. This is likely because the THQ 

is a poor nucleophile. 

Another approach was the Swern oxidation of alcohol 150 to the aldehyde followed by a 

reductive amination. However, no reaction for the reductive amination was observed 

(Table 4.1, Entry 2). The hydrogen borrowing reaction119 with the alcohol 150 and the 

THQ 71 using dichloro(p-cymene)ruthenium(II) did not result in any conversion either 

(Table 4.1, Entry 3). 
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Scheme 4.3 Reaction scheme of the gem-difluoropropyl linker 150 to obtain the difluorinated 

propyl linker 142. The reaction conditions are shown in Table 4.1. 

 

Table 4.1 Overview of different reaction conditions to connect to difluoropropyl linker 150 to 

the THQ 71. 
 

Entry Reactions Reagent and conditions Result 

1 Mesylate formation 

and SN reaction 

MsCl, Et3N, CH2Cl2, 5 h, 20 ˚C 

71, DMF, K2CO3, 16 h, 85 ˚C 

No product isolated. 

2 Oxidation and 

reductive amination 

1) (COCl)2, DMSO, Et3N, CH2Cl2, 

2) 71, NaBH(OAc3), (CH2Cl)2 

No product isolated. 

3 Hydrogen 

borrowing reaction 

[Ru(p-cymene)Cl2]2, DPEphos, 

toluene, 100 ˚C, 17 h. 

No product isolated. 

   

 

 

As a result of no conversion, the reaction sequence was changed as the non-nucleophilic 

THQ 71 is more likely to react in the Mannich reaction. The THQ 71 and 1H-benzotriazole 

148 reacted in excellent 92% yield to 146 (Scheme 4.4). The Reformatsky reaction with 

bromo-difluoro acetate 145 and 146 was low yielding, but the required gem-difluoro 

propyl linker was installed. The ethyl ester of 148 was reduced with LiAlH4 to the alcohol 

149, followed by mesylate formation to give 150 (Scheme 4.4). This compound 150 was 

reacted with sodium azide and reduced by hydrogenolysis to isolate the THQ-gem-

difluorinated propyl amine linker 142. The final step involved the amide coupling 

between (R)-32 and 142 to isolate the gem-difluoriated compound 141 in 68% yield 

(Scheme 4.4). 
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Scheme 4.4 Synthetic scheme for the difluorinated compound 141: Reagents and conditions i) 

1H-benzotriazole, 37% CH2O (aq.), MeOH, Et2O, 50 °C, 4 h, 92%; ii) 1) TMSCl, Zn, rt, 10 min; 2) 

BrF2CCO2Me, rt, 10 min; 3) 146, 60 °C, 75 min; iii) LiAlH4, THF, rt, 1 h, 27% over 2 steps; iv) MsCl, 

Et3N, CH2Cl2, rt, 3 h, 97%; v) NaN3, DMF, 110 °C, 16 h, 86%; vi) H2, Pd/C, EtOAc, rt, 16 h, 97%; vii) 

(R)-32, PyBOP, Et3N, DMF, rt, 20 h, 68%. 

To obtain the more electron-rich THQ, 7-MeO-THQ 39 was reacted with the previously 

established procedure for the Mannich reaction. As the NMR data for this intermediate 

were difficult to characterise due to the 1H- and 2H-benzotriazole isomers, the crude 

mixture was directly taken forward to the Reformatsky reaction. The only isolated product 

after the 2-step synthesis was the dimerised compound 152 in 22% yield (Scheme 4.5).  

 

Scheme 4.5 Synthetic scheme for the Mannich and Reformatsky reactions of 39: Reagents and 

conditions i) 1H-Benzotriazole, 37% CH2O (aq.), MeOH, Et2O, 50 °C, 4 h; ii) a) TMSCl, Zn, rt, 10 min; 

b) BrF2CCO2Me, rt, 10 min; c) 155, 60 °C, 3 h, 22% over 2 steps. 

The structure of 152 was characterised using 2D-NMR analysis. Evidence for the dimer 

formation came from the peak heights of the aliphatic carbon signals in the 13C NMR 

(Figure 4.5a). The carbon signal at 27.6 ppm, belonging to the benzylic CH2 group (C(15)) 
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connecting the two THQ rings, has only half the peak height compared to the other 

aliphatic THQ carbon signal (Figure 4.5a). Using 1H-13C HMBC-NMR (Figure 4.5b), the 

benzylic C(15)H2 only correlates to aromatic carbon signals, which confirmed the 

structure of 152. Furthermore, the dimeric structure was also observed by mass 

spectrometry analysis. 

 

Figure 4.5 Assignment of the dimeric structure 152 using a) 1H-13C HSQC NMR and b) 1H-13C HMBC 

NMR. 

To investigate the unexpected product 152, the first step of the synthesis was further 

analysed, and the NMR of the intermediate characterised. The 1H-13C HSQC-NMR spectrum 

of the aliphatic region revealed that the benzylic methyl group at 3.71 ppm correlates to 

the carbon signal at 27.8 ppm and shows this bond was formed during the first step of the 

synthesis. The electron-rich THQ 39 did react with reagent 153 to give the benzotriazole 

intermediate 154 (Figure 4.6). Subsequently, another THQ derivative 39 reacts to form 

the dimer 155. The 1H and the 13C-NMR were difficult to characterise because of the 

observed 1H- and 2H-benzotriazole isomers (155a-155c). Katritzky et al. reported similar 

reactions with the electron-rich 1,3,5-trimethoxybenzene and 153 in a low yield. However, 

the authors did not comment on forming dimeric compounds.120 To conclude, the electron-

rich aromatic ring of THQ 39 is more nucleophilic compared to the THQ-amine and hence 

only the dimer 155 was formed. Further synthesis towards the 7-MeO-THQ gem-difluoro 

propyl linker was stopped. 
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Figure 4.6 Proposed reaction mechanism for the Mannich reaction between 39 and 153. 

4.2.3 Conformational analysis of the gem-difluorinated small molecule 141 

To study conformational change due to the gauche effect, we analysed the coupling 

constants of compound 141 by 19F-NMR. A triplet of triplets splitting pattern was 

observed at a chemical shift of −ͳͲͷ.ͳ ppm ȋFigure 4.7a). Both coupling constants were 14 

Hz, suggesting the preferred solution based conformation is anti (Figure 4.7b) and the 

bond is freely rotatable.  

 

Figure 4.7 a) The 19F NMR splitting pattern is a triplet of triplets with 14 Hz coupling constant each. 

b) Suggested solution based conformation of 141. 
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A X-ray crystal structure of 141 was kindly solved by Prof. Richard Cooper (X-Ray service, 

Oxford (Figure 4.8) (Appendix D2). To our delight the propyl linker in the crystal structure 

of 141 was twisted. The THQ amine has a presumed gauche-gauche interaction with the 

fluorine F1 leading to a twisted propyl linker (Figure 4.8b). The amide (N5) is centred 

between the fluorine atoms and two gauche-gauche interactions were observed. 

Unfortunately, this crystal structure does not match our hypothesis, but we posit that the 

energy of the protein-bound conformation of the ligand is lower with the gem-

difluorinated compound 141 compared to non-fluorinated compound 86. Furthermore, 

the internal hydrogen bonding between the DHQ amine (N14) to the carbonyl (O7) is 

observed, as previously reported. 

 

Figure 4.8 Crystal structure of 141. Green = carbon, blue = nitrogen, red = oxygen, marine = 

fluorine. The C23 and C24 were disordered in a ratio of 23 to 77.  

4.2.4 Biological evaluation of 141 

The synthesised gem-difluoro compound 141 was tested in comparison to the 

non-fluorinated compound 86 by differential scanning fluorimetry, AlphaScreenTM, and 

ITC (Table 4.2). The compound solubility of the difluorinated compound 141 was 

problematic, but affinity data was obtained. The thermal shift on the CREBBP 

bromodomain with the fluorinated compound 141 measured 6 ˚C, which is an increase of 
2 ˚C compared to the non-fluorinated compound 86. This increased protein stabilisation 

could be attributed to a stronger binding affinity and/or increased lipophilicity of the 

fluorinated linker.80 The AlphaScreenTM data, provided by Dr Oleg Fedorov, confirmed the 
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DSF results. The gem-difluorinated compound 141 has an IC50 value of ͳ.ͳ ɊM, which is 
approximately a 3-fold affinity increase compared to 86. The dissociation constant of 

141 was determined by an ITC experiment with 920 nM. 

Table 4.2 Overview of the DSF, the AlphaScreenTM and ITC results on the CREBBP bromodomain 

with the gem- difluorinated propyl linker 141 and non-fluorinated compound 86. 

Compounds 

 

DSF CREBBP Thermal shift [˚ C] 

CREBBP 

IC50 [µM] 

CREBBP 

KD [nM] 

 

86 

 

 

4.3 ± 0.1 

 

3.1± 0.7 

 

N/A 

 

141 

 

 

6.0 ± 0.3 

 

1.1± 0.2 

 

918 ± 147 

 

Furthermore, the gem-difluorinated compound 141 was titrated into CREBBP or BRD4(1) 

with 19F-labelled tryptophan residues (Figure 4.9) (by Gabriella Perell, and Prof. William C. 

K. Pomerantz (University of Minnesota)). The titration experiment on the CREBBP 

bromodomain did not result in any chemical shifts of the labelled tryptophan residues, but 

the 19F signal intensity of W1165 broadened (Figure 4.9a). This is an indication of 

compound aggregation due to the low solubility. Compound titration into the labelled 

BRD4(1) bromodomain resulted in a slight chemical shift of the W81 residue, indicating 

binding. However, the signal intensity of W81 decreased drastically, which again confirms 

compound aggregation. 
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a) 

 

b) 

 

Figure 4.9 19F-NMR of the gem-difluorinated 142. (a) 142 was titrated into mutant CREBBP 

bromodomain whereas on b) the mutant BRD4(1) bromodomain was used. 

4.2.5 X-Ray crystallography 

Dr Sarah Picaud and Prof. Panagis Filipiakous (SGC, Oxford) obtained a X-ray crystal 

structure of the CREBBP bromodomain in complex with the gem-difluorinated compound 

141 (Appendix D1). The binding mode is the same as the previously discussed analogue 

(R)-12. The hydrogen bonds of the DHQ amide to the N1168 residue, and the cation-π 
interaction between R1173 and the THQ were observed (Figure 4.10a and b). 

Furthermore, there is possibly a hydrophobic interaction of the fluorine atom to P1110 

(Figure 4.10a). This interaction might stabilise the twisted propyl linker and increase the 

compound affinity. 

 

Figure 4.10 X-ray crystal structure of 141 (carbon = yellow) in the CREBBP bromodomain. The 

amino acid residues P1110, N1168 and R1173 are highlighted in bold and the conserved water 

molecules are shown as red spheres. 

A second X-ray crystal structure of CREBBP in complex with 141 was solved, showing a 

trimeric structure of the bromodomain in complex with five molecules of 141 (Appendix 
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D1). Three molecules were located in each acetyl lysine binding pocket and the other two 

molecules are binding at the interface between two protein modules. This structure 

confirms the tendency of compound 141 to aggregate. 

 

Figure 4.11 Observed trimeric bromodomain crystal structure containing five molecules of 141 

(carbon = yellow). 

4.3 Conclusion 

A synthesis of the gem-difluorinated compound 141 was developed, and a small molecule 

crystal structure was obtained confirming the gauche-gauche interaction. Adding the gem-

difluoro group on to the propyl linker increased the CREBBP affinity on three-fold, which 

could be attributed to the linker rigidification. Unfortunately, the compound solubility was 

decreased with the gem-difluorinated linker. Furthermore compound aggregation on the 

bromodomain was observed by the X-ray crystal structure as well as by 19F NMR of the 

19F-labelled tryptophan residues on CREBBP. Consequently, 141 does not represent a 

good probe.  
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5.1 Aims 

The 3,5-dimethylisoxazole BET bromodomain ligand 2 was 

developed by Hewings et al. and showed anti-proliferative effects 

on acute myeloid leukemia MV4;11 cancer cell lines 

(IC50 = 800 nM).59 However, the data obtained did not 

conclusively demonstrate that the anti-proliferative activity of 

this ligand was due to its inhibitory effect on BRD4 in vitro. 

Hence, the aim of this Chapter is to develop a modular photoaffinity probe, which could 

assist the study of interaction partners of the 3,5-dimethylisoxazole BET bromodomain 

ligand 2 in a biological context. Furthermore the selectivity of this BET bromodomain 

ligand 2 will be studied.  

5.2 Introduction  

5.2.1 Activity-based profiling 

Activity-based probes (ABPs) are used to identify protein targets of a ligand with a known 

biological activity.121–123 An activity-based probe usually consists of a headgroup, a photo-

affinity element, and a tag or ligation handle for the direct or two-step ABP, respectively 

(Figure 5.2a). The headgroup is essential for protein recognition. The photo-affinity 

element forms a covalent bond to the bound protein following UV irradiation, and hence 

the ligand’s interaction partners can be identified. This photoaffinity element is especially 

important for identification of weakly binding interaction partners.121–123 The tag of the 

ABP is used either for protein enrichment or visualisation of the target proteins. Usually a 

biotin tag is employed for pull-down experiments followed by mass spectrometry (MS) 

analysis. Alternatively, a fluorophore can be used for visualisation of the protein in the 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE). After the SDS-

PAGE gel or mass spectrometry the interacting partners can be identified (Figure 5.2b and 

c).122 The advantage of the ligation handle over the direct tag is to have a smaller, modular 

Figure 5.1 The 3,5-

dimethylisoxazole ligand  

2 with anti-proliverative 

effects on AML. 
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probe which can be modified after the crosslinking.  Furthermore, the two-step ABP is 

smaller in size and less likely to interfere with the ligand binding interaction to the protein 

than the direct ABP.  

 

Figure 5.2 Schematic overview of an activity based probe (ABP) and the target validation. A) 

Composition of a direct ABP (left) or two-step ABP (right). B) and C) Schematic cartoon of the target 

identification of a direct ABP (B) and a two-step ABP ȋCȌ. hɋ is UV irradiation. Figure adapted with 
permission from Bioconjugate Chemistry.122 Copyright (2014) American Chemical Society. 

5.2.2 Photo-reactive groups 

The three major photo-reactive groups used for protein crosslinking are arylazides 156a, 

benzophenones 157a, and diazirines 158a and 158d (Figure 5.3).124 Upon UV irradiation, 

the aryl azide group 156a generates a reactive phenyl nitrene 156b under the loss of 

nitrogen (Figure 5.3a). This reactive species 156b can either crosslink with protein or 

undergo ketenimine 156c formation, which results in a lower crosslinking efficiency.124 

The high energy UV irradiation (250-280 nm) needed for the aryl azide 156a to generate 

the aryl nitrene 156b can damage the proteins and cell lysates.125 Consequently, the 

preferred photo-reactive groups are benzophenone 157a and diazirines (158a, 158d) as 

they generate the reactive species following irradiation at 350-370 nm, and the UV 

irradiation at these wavelengths do not damage the proteins.  
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The benzophenone 157a can be readily synthesised, and hence is frequently used as a 

photo crosslinking group. Under UV irradiation at 350 nm the benzophenone generates a 

triplet carbonyl biradical 157b, which can insert into C-H bonds of the protein (Figure 

5.3b). Longer irradiation times are necessary for the benzophenone 157b to crosslink, as 

the radicals are not as reactive as the aryl azide radicals 156a. This can result in unspecific 

protein labelling.126 

Diazirines (158a, 158d) are the smallest photo-sensitive cross linking groups, but they 

are synthetically more challenging to incorporate into ligands. Upon UV irradiation, the 

diazirine (158a, 158d) forms by a loss of nitrogen a carbene (158b, 158e) (Figure 5.3c). 

The singlet carbenes 158b are obtained from diazirines that possess electron-donating 

substituents 158a, whereas the triplet carbene 158e is obtained from diazirines with 

electron-withdrawing groups 158d (Figure 5.3c). The disadvantage of an electron-

donating group on the diazirine 158a is that the singlet carbene 158b can photoisomerise 

to the diazo compound 158c (Figure 5.3c). Therefore, to overcome this issue the more 

stable trifluoro diazirine 158d is commonly used.124,127 

 

Figure 5.3 Photo crosslinking groups used in ABPs. a) Phenyl azide 156a generating an aryl nitrene 

156b and rearranges to the ketenimine 156c. b) Benzophenone 157a generates the triplet 

biradical 157b. c) Diazarines (158a, 158d) generate either singlet (158b) or triplet (158e) 

carbenes under UV irradiation, depending on the substituents.  
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5.2.3 Ligation chemistry 

Ligation chemistry for the two-step ABP is important to attach a tag of choice to the 

crosslinked probe. The requirement for the chemistry is that it must be modular, be high 

in substrate scope, high yielding, selective, and suitable for use in aqueous solution. Such 

conditions are met by click chemistry.128 The Copper-catalysed alkyne azide cycloadditon 

(CuAAC) developed by Sharpless and others fulfils all these requirements (Figure 5.4a).129–
131 For example, the Cu(I)-catalysed 1,3-dipolar cyclisation using an azide 159 and alkyne 

160a has fast reaction kinetics, excellent functional group tolerance, and is extremely 

efficient under physiological conditions. However, a disadvantage of this reaction is the 

use of the copper catalyst, which is toxic to cells.132 To overcome this issue, Bertozzi and 

co-workers have developed a copper-free click reaction using a strain-promoted alkyne-

azide cycloaddition (SPAAC) (Figure 5.4b).133,134 Due to the strain of the cyclooctanyne 

161a it reacts rapidly with azides 159 in aqueous solution.  

 

Figure 5.4 Overview of bioorthogonal ligation reactions. a) A copper-catalysed alkyne azide 

cycloadditon (CuAAC). b) Strain-promoted alkyne–azide cycloaddition (SPAAC). c) Staudinger 

ligation. 

The reaction rate was further accelerated by using a gem-difluoro substituted cyclooctyne 

161c, and the conditions demonstrated to be useful for in vivo work.133,135 Other 



Chapter 5: Development of photoaffinity labelling probes for bromodomains 

_______________________________________________________________________________________________ 

 88 

biorthogonal ligation reactions include the Staudinger reactions with azides 159 and 162a 

(Figure 5.4c),136 Diels-Alder reactions,137,138 or Pd catalysed cross couplings,139 which are 

less frequently used for ABPs. 

5.2.4 Examples of ABPs applied to epigenetic proteins 

ABPs have been applied to identify and study epigenetic proteins and some examples are 

outlined in this section. 

Compound LY294002 (163) was published in 1994 as a selective PI3PK inhibitor.140 Since 

then, 163 has been used as PI3PK probe, with over 8500 PubMed entries (Figure 5.5). 

Recent pull-down studies, however, have revealed that 163 is not a selective kinase 

inhibitor, and it binds to a number of different targets, one of which are the BET 

bromodomains.141,142  

Recently, Pfizer designed the pull-down probe 164, which is based on the 3,5-

dimethylisoxazole 16.143 The 3,5-dimethylisoxazole headgroup was substituted with a 

tropolone photoactivating group, without significantly affecting the CREBBP 

bromodomain affinity (Figure 5.5).143 They demonstrated 164 covalently bound to 

purified BRD4 bromodomain in K562 cell lysate, but they were not able to detect any full 

length BRD4 protein.143 

 

Figure 5.5 ABPs used to evaluate bromodomains as biological target. 

Yao and coworkers have developed a copper-free clickable diazirine linker attached to the 

(+)-JQ1 analogue 165 (Figure 5.5).144 This probe 165 was used to pull down full-length 

BRD4 in human liver cancer cell lysate HepG2. Additionally, they showed 165 pulled other 
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nuclear proteins out such as DDB1 and RAD23B. Furthermore they demonstrated the 

application of the ABP as an in vivo imaging agent.144
 

Other applications of photoaffinity ligands in epigenetics have included the use of 

truncated modified histone proteins, with incorporated photo-affinity groups to detect 

post translational modifications of the binding partners.145–147  

5.3 First generation photo-affinity probe 

5.3.1 Rationale 

The 3,5-dimethylisoxazole fragment 166 is an efficient BRD4 bromodomain ligand that 

was optimised to the potent bromodomain ligand 2.55,59 This compound has 800 nM anti-

proliferative effects on acute myeloid leukemia MV4;11 cancer cell lines. 

The X-ray crystal structure of 2 bound to the first bromodomain of BRD4 (PDB: 4JOS)54 

reveals two solvent-exposed hydroxyl groups, which could be modified to attach a 

photoaffinity crosslinker (Figure 5.6). 

 
 

Figure 5.6 a), b) X-Ray crystal structure of 2 (carbon = green) bound to BRD4(1) (PDB: 4J0S)54. The 

conserved water molecules are highlighted as red spheres.  

The design of a first generation photo-affinity probe targeted inclusion of a photoaffinity 

group, capable of crosslinking at 360 nm, so the protein does not degrade upon UV-

irradiation. For example, the benzophenone 168 is promising as the basis for a photo-

affinity probe compound as previous data showed a 540 nM affinity on BRD4(1) of the 

non-acetylated compound.59  
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Alternatively, attaching a small diazirine linker on 167 might be another strategy. Based 

on the X-ray crystal structure (Figure 5.6a and b), the benzylic hydroxyl group on 167 is 

solvent-exposed and well suited to attach a small diazirine linker. Consequently, the 

affinity of 169 for BRD4(1) should not be affected, making compound 169 an ideal 

synthetic target. 

 

Figure 5.7 Photoaffinity probe design of the dimethyl isoxazole 167. 

The retrosynthetic analysis of 168 shows it can be obtained by oxidation from the 

dimethylisoxazole 167, which could be synthesised according to Hewings59 et al. starting 

from 170 and 171 (Figure 5.8a). The diazirine-containing dimethylisoxazole 169 could be 

obtained by a nucleophilic substitution of the benzylic alcohol 167 with the diazirine 174. 

This short diazirine linker could be synthesised from 4-hydroxybutan-2-one 173. 

 

Figure 5.8 Retrosynthetic analysis of (a) the benzophenone 168 and (b) the diazirine 169 photo-

affinity based probe. 

5.3.2 Synthesis of the first generation probe 

5.3.2.1 Synthesis of the benzophenone 168 

The synthesis of the 3,5-dimethylisoxazole ligand 168 was performed according to the 

literature.59 Reduction of the carboxylic acid 171 to the alcohol 175 with borane worked 
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well in 95% yield (Scheme 5.2). Previous work on the oxidation of the alcohol 175 used 

the very toxic and environmental damaging pyridinium chlorochromate (PCC).59 To avoid 

producing chromium waste, a greener alternative for the alcohol oxidation to the aldehyde 

was investigated (Table 5.1). The mild oxidation of the alcohol 175 to the aldehyde 172 

with MnO2 in dichloromethane resulted in a clean conversion, but the reaction rate was 

slow. After 9 days, 82% of the aldehyde 173 was isolated (Table 5.1, Entry 1). To increase 

the oxidation rate, the mild TEMPO-catalysed NaOCl oxidation developed by Anelli et al. 

was used (Table 5.1, Entry 2).148 Despite having adjusted the pH to 9.5, the alcohol 175 

overoxidised to the carboxylic acid 171. Alternatively, employing the Dess-Martin-

periodane oxidation on the substrate 175 did not result in any conversion (Entry 3).149 To 

increase the reaction rate of MnO2 reaction conditions, the temperature was increased to 

40 ˚C and the reaction was complete after Ͷ͹ hours ȋEntry ͶȌ. The solvent was changed to 
the higher boiling solvent, chloroform, and the reaction temperature increased to 70 ˚C. 
After 2 hours the reaction went to completion and 74% of the purified aldehyde 172 was 

isolated (Table 5.1, Entry 5). 

 

Scheme 5.2 Synthesis of 3-bromo-5-hydroxybenzaldehyde 172. Reagents and conditions: i) BH3, 

THF, 20 °C, 20 h, 95%; ii) MnO2, CHCl3, 70 °C, 2 h, 74%. 

Table 5.1 Reaction optimisation for the oxidation of 176 to 172. 

Entry Reagents and conditions for ii) t [h] Comments/Yields 

1 MnO2, CH2Cl2, 20 °C 216 82% 

2 TEMPO, NaOCl, KBr, NaHCO3, 0 °C 1 Oxidised to CO2H 

3 Dess-Martin-periodane, H2O, CH2Cl2, 20 °C 2 No conversion 

4 MnO2, CH2Cl2, 40 °C 47 70% 

5 MnO2, CHCl3, 70 °C 2 74% 
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As the Suzuki coupling between 172 and (3,5-dimethylisoxazol-4-yl)boronic acid 170 

results in a fast protodeborylation, the trifluoroborate 176 was needed. Lennox et al. 

demonstrated that aromatic trifluoroborates slowly release the corresponding boronic 

acid and hence result in less protodeborylation.150 The (3,5-dimethylisoxazol-4-yl) 

trifluoro borate 176 was obtained by treating 170 with KHF2 following the literature151 

(Scheme 5.3). The desired compound 176 was purified by a Soxhlett extraction followed 

by a crystallisation. The Suzuki coupling between 172 and 176 using Pd(OAc)2 and 

RuPhos as the ligand resulted in 76% of the dimethylisoxazole 173. A Grignard reaction 

with this intermediate 173 and phenyl magnesium bromide gave 2 in 81% yield (Scheme 

5.3).  

 

Scheme 5.3 Synthesis of the bromodomain ligand 2. Reagents and conditions: i) KHF2, MeOH, H2O, rt, 

10 min, 83%, ii) 172, Pd(OAc)2, RuPhos, Na2CO3, EtOH, 70 °C, 2.5 h, 76%, iii) PhMgBr, THF, rt, 1 h, 

81%. 

The selective acetylation of the phenol 2 worked well, following the procedure of 

Srivastava et al. and 167 was isolated in 85% yield.152 The benzylic alcohol of 167 was 

oxidised with PCC to the benzophenone 168 to give the desired benzophenone photo-

affinity probe 168 in 36% yield. 

 

Scheme 5.4 Synthesis of the benzophenone photo-affinity probe 168. Reagents and conditions: i) 

Ac2O, IPA, rt, 1 h, 85%, ii) PCC, CH2Cl2, rt, 3 h, 36%. 
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5.3.2.2 Synthesis of the diazirine 

The diazirine linker 174 was synthesised according to literature procedures, starting from 

4-hydroxybutan-2-one 173 (Scheme 5.5).153,154 The synthesis of the diazirine 174 

commenced by forming the imine using liquid ammonia, followed by diaziridine formation 

with hydroxylamine-O-sulfonic acid, which subsequently was oxidised with iodine to give 

177. The crude material was purified by a Kugelrohr distillation to give 177 in 26% yield. 

The alcohol of 177 was converted to an iodide using an Appel reaction to obtain the 

electrophilic diazirine linker 174.  

 

Scheme 5.5 Synthesis of the diazirine linker 174. Reagents and conditions: i) 1) NH3 ȋlȌ, −ͶͲ °C, ͵ h. 
2) NH2OSO3(, MeO(, −ͶͲ °C rt. ͵Ȍ )2, Et3N, Et2O, 0 °C, 30 min, 26%; ii) 1H-Imidazole, PPh3, I2, CH2Cl2, 

0 C, 4 h, 50%. 

The alkylation of the benzylic hydroxyl group by treating 167 with sodium hydride, 

followed by the addition of the electrophilic diazirine 174, did not result in any of the 

desired compound (Scheme 5.6, Table 5.2 Entry 1). Analysis using 1H-13C HMBC-NMR 

suggested that the acetyl group migrated from the phenol to the benzylic hydroxyl group. 

Using the weaker base tBuOK, both deacetylation and acetyl group migration was 

observed suggesting the O-alkylation of 167 does not work under basic conditions 

(Scheme 5.6, Table 5.2, Entry 2). An alternative approach was using silver(I) oxide to 

mediate ether formation, but these conditions did not result in any conversion with our 

substrate (Table 5.2, Entry 3). Forming the mesylate of the secondary alcohol 167, 

followed by a nucleophilic substitution with the deprotonated 177, did not result in any 

product either (Table 5.2, Entry 4). To overcome the acetyl group migration on 167, a test 

reaction for the double deprotonation of 2 using NaH was performed. After the addition of 

methyl iodide only O-alkylation on the phenolic hydroxyl was observed by 1H-13C HMBC 

NMR (Table 5.2, Entry 5). It is likely that the dianion is insoluble in THF and as a result 
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only the single deprotonated alcohol was reacting. An alternative approach involved a 

Dean-Stark condensation with 177 and 167. Some conversion of the starting material was 

seen, but the diazirine was unstable at this temperature and decomposed, something 

which has been observed in previous studies.155,156  

 

Scheme 5.6 Synthesis strategies for the installation of the diazirine linker. 

Table 5.2 Different reaction conditions for the alkylation of the benzylic alcohol of 167 

Entry R Reagents and conditions  Comments/Yields 

1 Ac 1) NaH, DMF, 30 min, 2) 174, 20 ˚C, ͳͺ h. Acetyl group migration 

2 Ac tBuOK, 174, DMF, 60 ˚C, ͵ h. Acetyl group migration and 

deacetylation 

3 Ac Ag2O, 174, CH2Cl2, 20 ˚C, 18 h then 40 ˚C, 4 h. No conversion 

4 Ac 1)MsCl, Et3N, CH2Cl2, 20 ˚C, ͳ͸ h, No product observed 

  2) 177, NaH, THF, 0 ˚C, Ͳ.ͷ h.  

5 H 1) nBuLi (2 eq.), THF, −78 ˚C,  
2) MeI, −78 ˚C to ʹͲ ˚C, ͳͷ h. Methylation on the phenolic 

alcohol 

6 Ac 4-TsOH, 177, toluene, 120 ˚C, ʹ h. The diazirine decomposed at 

120 ˚C 

 

To avoid the deacetylation and acetyl group migration, the methylated phenol 180 was 

synthesised as this compound still shows acceptable binding affinity for the BRD4 

bromodomain (IC50 = ͳ.͵͸ ɊMȌ.59 The phenol of 173 was alkylated with MeI to give 179 in 

74% yield. Subsequently, the Grignard reaction with phenyl magnesium bromide was 

performed, to give 180 in 99% yield (Scheme 5.7). Efforts to alkylate the benzylic alcohol 

of 180 with 174 using NaH as base were unsuccessful and no reaction to 181 was 

observed. 
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Scheme 5.7 Synthesis scheme towards the methylated diazirine probe 181. Reagents and 

conditions: i) MeI, Cs2CO3, DMF, rt, 2.5 h, 74%; ii) PhMgBr, THF, rt, 1.5 h, 99%. 

As the ether formation of the diazirine 174 with the 3,5-dimethylisoxazoles 167 and 180 

were unsuccessful, a more reactive diazirine linker was desired. The more electrophilic 

diazirine linker 183 was synthesised from levulinic acid 182 following the literature 

procedure (Scheme 5.8).157 The acid chloride of 183 was prepared using thionyl chloride, 

followed by the addition of the 3,5-dimethylisoxazole 167, leading to the desired diazirine 

probe 184 in 68% yield. 

 

Scheme 5.8 Synthesis of the diazirine probe 184. Reagents and conditions: i) 1) 7 M NH3 in MeOH, 

0 °C, 3 h, 2) NH2OSO3H, MeOH, 0 °C to rt, 3) I2, Et3N, , 0 °C, 30 min, 47%; ii) 1) SOCl2, 40 °C, 15 min, 2) 

183, CH2Cl2, 2 h, rt, 68%. 
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5.3.3 Biological evaluation 

5.3.3.1 BRD4(1) affinities of compounds 168 and 184 

The AlphaScreenTM IC50 on BRD4(1) of the 3,5-dimethylisoxazole probes 2¸ 168 and 184 

were provided by Larissa See (Table 5.3). In this AlphaScreenTM assay, both of the affinity 

probes show a low µM BRD4(1) IC50 value. Compared to compound 2, the benzophenone 

probe 164 has approximately a 10-fold decrease in affinity, whereas the diazirine probe 

184 shows approximately a 5-fold reduction. This observation shows that slight 

modifications of the compound result in a decrease of affinity, but it is still sufficient to 

evaluate the crosslinking efficiency of the compounds. 

Table 5.3 BRD4(1) AlphaScreenTM IC50 values of the first generation photo-affinity probes (168, 

184). In parentheses the 95% confidence level is shown. 

Compound IC50 on BRD4(1) 

[µM] 

2 

 

0.24 (0.19-0.30) 

168 

 

2.6 (1.8-3.9) 

184 

 

1.3 (1.0-1.7) 

 

5.3.3.2 Crosslinking experiments with compounds 168 and 184 

Next, the UV/VIS spectra of the benzophenone 168 and the diazirine 184 were measured. 

Both of the compounds show a minimal absorbance around 350 nm. The small absorbance 

of the benzophenone 168 is the n to π* transition, generating the triplet biradical, which 
subsequently reacts with the protein via a sequential abstraction-recombination 

mechanism. The absorbance of the diazirine 184 at ͵ͷͲ nm is the n to π* transition, which 
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subsequently generate a singlet state carbene. This can then react with the protein 

backbone to form a covalent bond. 

  

  

Figure 5.9 UV/VIS spectrum of 50 µM solution of 168 (a-b) and a 1 mM solution of 184 (c-d) in 

MeOH. (a, c)The full absorbance spectrum is shown, whereas on the right a zoomed version (b, d) 

between 300 and 400 nm is shown. 

Initial crosslinking experiments were performed with 10 µM purified BRD4(1) 

bromodomain, and 20 µM of the photo-affinity probe, in HEPES buffer. This solution was 

irradiated with eight 8 W light bulbs emitting at 350 nm for 1 hour, then analysed by LC-

MS. The deconvoluted BRD4(1) bromodomain mass peak was observed at 17.54 kDa, 

which is in good agreement with the expected mass (Figure 5.10a). Irradiation for 

60 minutes of the benzophenone probe 168 in presence of BRD4(1) bromodomain did not 

result in any change of the mass spectrum, suggesting no crosslinking occurred (Figure 

5.10b). The diazirine probe 184 showed 30% crosslinked BRD4(1) protein after 1 hour 

UV irradiation, with a mass increase of 420 Dalton (Figure 5.10c).  
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Figure 5.10 Deconvoluted protein mass spectra of (a) the BRD4(1) bromodomain, (b) UV 

irradiated benzophenone 168 for 1 hour in presence of BRD4(1) bromodomain. (c) UV irradiated 

diazirine 184 for 1 hour in BRD4(1) bromodomain. 

To elucidate the cross-linking efficiency of the probes and the behaviour in different 

buffers, a time course experiment in TRIS and HEPES buffer were performed. Irradiation 

of the benzophenone 168 did not result in any crosslinking after 1 hour in either buffer. 

This result showed that this probe 168 is not suited for crosslinking at 350 nm. However, 

irradiation of the diazirine probe 184 in HEPES or TRIS buffer led to approximately 30% 

crosslinking to BRD4(1) after 30 min (Figure 5.11). This observations indicates that the 

crosslinking of the diazarine 184 is independent of the buffer conditions. In subsequent 

experiments only HEPES buffer was used, as the protein was stored in this buffer. 



Chapter 5: Development of photoaffinity labelling probes for bromodomains 

_______________________________________________________________________________________________ 

 99 

 

Figure 5.11 Crosslinking time course of the diazirine probe 184 in TRIS and HEPES buffer showing 

the amount of crosslinked BRD4(1) bromodomain (n = 1). 

5.4 Second generation photo-affinity probe 

5.4.1 Rationale 

The second generation probes are an extension to the first generation probes (168, 184) 

containing a modular handle, which can be modified after crosslinking to the protein. 

Despite the poor crosslinking performance of the benzophenone 164, it was thought that a 

modular compound based on the benzophenone scaffold (Figure 5.12) would be useful. 

According to the BRD4(1) X-ray crystal structure in complex with 2 (Figure 5.6), a PEG 

linker can be attached on the phenolic hydroxyl to add a solvent exposed linker without 

affecting the protein-ligand interaction. The Boc-protected amine 185 can be coupled to 

biotin, a fluorophore, or an alkyne functionality, to obtain a functionalised ABP. 

Having demonstrated the ability of the diazirine compound 184 to crosslink to the 

BRD4(1) bromodomain, a modular pull-down probe with a photo-affinity tag and a 

clickable linker was designed 186 (Figure 5.12). The reported minimalist alkyne-

containing diazirine linker158 is the perfect attachment for a versatile clickable probe, as it 

should not change the binding affinity compared to the previous probe 184, because the 

linker is solvent exposed. 
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Figure 5.12 Design of the modular second generation photo-affinity probes (185 and 186). The 

photo-reactive group (red), acetyl lysine mimic (blue) and the modular handle (green) are 

highlighted. 

5.4.2 Synthesis of the second generation probe 

5.4.2.1 Synthesis of the benzophenone 185 

The synthesis of the PEG linker started with a Boc-protection of the amine 187 using Boc-

anhydride (Scheme 5.9). 188 was then converted to the mesylate 189 in 74% yield. 

 

Scheme 5.9 Synthesis of the PEG linker starting from Reagents and conditions: i) Boc2O, THF, rt, 3 h, 

96%; ii) MsCl, Et3N, THF, 0 to rt, 15 min, 74%. 

Previous work in the group159 indicated that substitution on the phenolic alcohol of 2 with 

PEG-linkers does not result in any conversion due to the electron withdrawing 3,5-

dimethylisoxazole. However, this reaction was successful with the brominated phenol 190. 

Compound 190 was obtained in a similar manner to the previously described Grignard 

reaction using phenyl magnesium bromide and 172 in 100% yield. The PEG linker 189 

was attached to the phenolic alcohol 190 to isolate 191 in 53% yield (Scheme 5.10).  

 

Scheme 5.10 Attachment of the PEG linker 189 to 190: Reagents and conditions: i) PhMgBr, THF, rt, 

1.5 h, 100%: ii) 189, Cs2CO3, DMF, 60 ˚C, ͳ h, 53%. 



Chapter 5: Development of photoaffinity labelling probes for bromodomains 

_______________________________________________________________________________________________ 

 101 

The oxidation from the benzylic alcohol 191 to the benzophenone 192 using PCC worked 

in 44% yield. The final step for the synthesis of compound 185 was the Suzuki coupling of 

192 and 176, which was performed in a similar manner as previously discussed yielded 

185 in 67% (Scheme 5.11). 

 

Scheme 5.11 Attachment of the PEG linker: Reagents and conditions: i) PCC, CH2Cl2, rt, 6 h, 44%, ii) 

176, Pd(OAc)2, RuPhos, Na2CO3, EtOH, 70 °C, 3 h, 67%. 

5.4.2.2 Synthesis of the diazirine compound 186 

The synthesis of the diazirine cross linker 200 was based on the procedures from Liu et 

al.158 The double deprotonation of 193 with LDA, followed by the selective alkylation with 

propargyl bromide proceeded smoothly (Scheme 5.12). Purification of 194 by distillation 

was necessary to separate the starting material 193 and the product 194, as by column 

chromatography these compounds were co-eluting. The acetal formation to give 195 was 

achieved by heating 194 under reflux in toluene with a substoichiometric amount of 

4-TsOH in a Dean-Stark apparatus. The ester of compound 195 was reduced using LiAlH4 

to isolate the alcohol 196. 

 

Scheme 5.12 i) 1) Diisopropylamine, n-BuLi, ͵Ͳ min, −͹ͺ °C, ʹȌ 193, −͹ͺ °C - 0 °C, 3) propargyl 

bromide, 3 h, 0 °C, 56%; ii) 4-TsOH, ethylene glycol, toluene, Dean-Stark apparatus, 16 h, 110 °C; iii) 

LiAlH4, THF, 3 h, 60% over 2 steps. 

The reaction sequence was shortened from the previous reported procedure158 by 

performing an Appel reaction on 196 to obtain 197. Subsequently, compound 197 was 

reacted with potassium cyanide to introduce an additional carbon atom to give 198 in 70% 

yield over 2 steps. The nitrile of 198 was hydrolysed to the carboxylic acid under basic 
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conditions, followed by the acidic acetal hydrolysis to give propagyl levulinic acid 199 

(Scheme 5.13).  

 

Scheme 5.13 i) 1H-Imidazole, PPh3, I2, CH2Cl2, 1 h, 40 °C; ii) KCN, DMF, 3 h, 70 °C, 70% over 2 steps; 

iii) 10% NaOH (aq.), 3 h, 100 °C; iv) 5 M HCl (aq) adjusted pH to 1, 3 h, rt, 66%. 

The diazirine formation of 200 was achieved by applying the conditions previously used 

to form the diazirine 183. However, this reaction resulted in an unknown minor impurity, 

which could not be purified. By changing the reaction conditions for the imine formation 

using liquid ammonia, instead of 7 M ammonium in methanol, solved the problem and 

compound 200 was isolated in acceptable purity. The esterification of the diazirine linker 

200 with the 3,5-dimethylisoxazole 167 gave compound 186 in 31% yield (Scheme 5.14).  

 

Scheme 5.14 i) 1) NH3, ͷ h, −ͶͲ °C, ʹȌ (2N-OSO3(, MeO(, −ͶͲ °C - 0 °C, 3) I2, Et3N, Et2O, 0 °C, 1 h, 

38%; ii) 167, CH2Cl2, 2 h, rt, 31%. 

5.4.3 Biological evaluation of 185 and 186 

5.4.3.1 BRD4(1) affinities of compounds 185 and 186 

The compounds 185 and 186 were tested by AlphaScreenTM on the BRD4(1) 

bromodomain (Table 5.4). The benzophenone compound 185 showed a low IC50 value 

(> ͷͲ ɊMȌ on BRDͶȋͳȌ, indicating the PEG linker is not tolerated. (owever, the diazirine 
186 is a relatively potent BRD4(1) ligand with approximately a 4-fold decrease compared 

2.  
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Table 5.4 BRD4(1) AlphaScreenTM IC50 values of the second generation photo-affinity probes (185 

and 186). In parentheses the 95% confidence level is shown. 

Compound IC50 on BRD4(1) 

[µM] 

2 

 

0.24 (0.19-0.30) 

185 

 

> 50 

186 

 

0.91 (0.62-1.24) 

 

5.3.3.2 Crosslinking experiments on purified bromodomains with 186 

The UV/VIS spectrum of compound 186 shows an intense absorption band between 

250  nm and ʹ͸Ͳ nm, which results from the π-π* transition of the aromatic rings ȋFigure 

5.13Ȍ. At a shorter wavelength the n to π* transition of the diazirine is observed with a ɉmax 

at 345 nm. The molar extinction coefficient is very low (62 M-1 cm-1), but is in agreement 

with published extinction coefficient of aliphatic diazirine compounds.160 The absorbance 

between 280 to 320 nm might indicate the presence of some diazomethane, which can be 

formed by decomposition of the diazirine.161 

  
Figure 5.13 a) and b) UV/VIS spectrum of 1 mM solution of 186 in MeOH. a) the full absorbance 

spectrum is shown whereas b) a zoomed version between 300 and 400 nm is shown. 
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Crosslinking experiments between the diazirine 186 and purified BRD4(1) bromodomain 

were performed and analysed by mass spectrometry (Figure 5.14). Incubation of diazirine 

186 with BRD4(1) did not result in any crosslinking without UV-irradiation (Figure 5.14b), 

but after 10 minutes of irradiation, the crosslinked protein can be clearly observed by 

mass spectrometry (Figure 5.14c). A time-course experiment showed that in HEPES buffer 

probe, 186 crosslinks with BRD4(1) after 2 minutes UV irradiation. After 20 minutes 

irradiation, a plateau is formed with 25% crosslinked protein observed (Figure 5.14d). 

Pleasingly, the crosslinking efficiency is similar to the first generation probe 184. The 

selective binding in the KAc binding site of the probe 186 was confirmed by a competition 

experiment with 10 equivalents of the potent BRD4 ligand I-BET151 (3), in which no 

crosslinking was observed (Figure 5.14e). To modify the crosslinked protein, copper-

catalysed alkyne azide cyclisation (CuAAc) with azide PEG3-biotin (201) was performed. 

The click chemistry was performed using CuSO4, the reducing agent TCEP and the ligand 

TBTA.162 After 1 hour incubation at room temperature, the corresponding mass to the 

attached biotinylated BRD4(1) bromodomain was observed (Figure 5.14f). This 

experiment demonstrates a functional in vitro probe, which is able to crosslink to BRD4(1) 

bromodomain, and subsequently the linker can be modified by using CuAAc chemistry to 

attach a biotin linker. 
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Figure 5.14 Deconvoluted protein mass spectra of (a) the BRD4(1) bromodomain, (b) incubated 

diazirine probe 186 with BRD4(1) without UV irradiation; (c) with 10 min UV irradiation showing 

it only crosslinks upon UV light emission. (d) Time course of the crosslinking efficiency of the probe 

186 to BRD4(1) bromodomain. (e) Competition experiment with 10 eq of I-BET151 and 1 hour UV 

irradiation showing the probe does not crosslink. (f) CuAAc between the cross linked protein and 

PEG3-biotin azide showing the mass spec adduct of the biotin azide. 

In further investigations, BRD4(1) crosslinked to probe 186 was reacted with either the 

commercial biotin azide 201 or the fluorescent 5-carboxytetramethylrhodamine-azide 

202 (Figure 5.15).  

 

Figure 5.15 Commercially available azides containing a biotin 201 or fluorescent group 202. 
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After running the SDS-PAGE, the protein band was stained using Ponceau stain. The 

protein seems stable under UV irradiation following CuAAc chemistry as no other bands 

were detected on the gel (Figure 5.16a and c). Western-blot analysis using streptavidine-

HRP conjugated antibody shows the biotin adduct in lane 2 (Figure 5.16b). The other lanes 

also show a weak signal, which might be due to the nature of the unselective antibody. 

However, it clearly demonstrates that the competition experiment with (+)-JQ1 (1) 

(Lane 3), did not result in any crosslinking as well as the experiment without UV 

irradiation (Lane 4).  

  
Figure 5.16 SDS-PAGE gel of purified BRD4(1) bromodomain crosslinked with probe 186. a) and c) 

The membrane was visualised with Ponceau stain. b) Western-blot with streptavidine HRP 1:500 

and enhanced chemiluminsence staining (ECL) staining. d) Fluorescence (Ex 532 nm, Em: 605 nm) 

visualisation. 

Similarly, the rhodamine-labelled BRD4(1) bromodomain protein was visualised through 

fluorescence (Ex 532 nm, Em: 605 nm), with an intense band on lane B confirming the 

CuAAc chemistry worked with 202 (Figure 5.16d). The negative controls in lane C and D 

show very faint bands, indicating the probe might have slightly crosslinked, despite the 

competition with (+)-JQ1 (1).  

To understand the selectivity of probe 186, crosslinking to other bromodomains was 

studied (Figure 5.17). It was demonstrated that the probe 186 has a strong affinity to the 

CREBBP bromodomain. While competing the probe 185, with the 3,5-dimethylisoxazole 2, 
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the fluorescent intensity was reduced to 24% in CREBBP, demonstrating selective binding. 

Surprisingly, the probe 186 crosslinked weakly to the WDR9(2) bromodomain. This 

bromodomain does not have the conserved asparagine residue in the active site, which is 

the important amino acid for most of the small molecule bromodomain ligands. To our 

knowledge this is the first observed small molecule ligand to WDR9(2) bromodomain. 

Previous efforts from other groups discovered a weak ligand (112 µM) for the atypical 

bromodomain PHIP(2), which also contains a threonine instead of the conserved 

asparagine residue.163 No selective crosslinking was observed on the TRIM24 

bromodomain with a PHD finger (Figure 5.17). Crosslinking on the family I bromodomain 

FALZ was observed, albeit weak. The parasitic bromodomains TcBDF2 and TcBDF3, which 

are present in the Trypanosoma cruzi showed some crosslinking to the TcBDF3, whereas 

the other parasite bromodomain was unaffected. This is a very interesting observation as 

the BET inhibitors I-BET151 (3) and (+)-JQ1 (1) show similar efficacies to the approved 

drug benznidazole for Chagas disease treatment.164 This might indicate that the 3,5-

dimethylisoxazole ligand 2 could be a potential binding molecule for the TcBDF3 

bromodomain.  

 

Figure 5.17 SDS PAGE gel of different crosslinked bromodomains and visualised by Coomassie blue 

stain (left) and fluorescence (right). The relative band intensity between the lane with and without 

competitor ligand (2) is shown. 
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3.4.3.3 Crosslinking experiments on cell lysates 

Having established a functioning modular cross linking probe 186, we evaluated the probe 

on the colon cancer cell lysate RKO, which overexpresses BRD4.165 The cell lysate was kindly provided by Dr Liam O’Connor ȋProf. Ester (ammond lab, OxfordȌ. The compound 
was incubated for 30 minutes in the cell lysate, before it was irradiated for 20 minutes. 

The CuAAc with 202 was performed according the previous established method.166 The 

Ponceau stain demonstrates that the cell lysate is not degraded under UV irradiation 

following the crosslinking reaction. However, no fluorescence of the crosslinked cell lysate 

could be detected (Figure 5.18). This could be due to a variety of reasons, such as low 

expression level of BRD4, detection limit of the probe is too low, failure of CuAAc 

chemistry, or hydrolysis of probe 202 due to esterase activity. However, the probe 

stability of compound 202 was analysed in E. coli cell lysate over 24 hours by HPLC and it 

was found partially stable (Appendix E). After 24 h in the E. coli cell lysate, still 34% of 186 

was detected. 

 

Figure 5.18 Membrane of the RKO cell lysate and visualised by Ponceau stain (left) and 

fluorescence (right).  

In an additional experiment, the RKO cell lysate was spiked with purified BRD4(1) 

bromodomain and the analysis was repeated (Figure 5.19). A Western-blot using a BRD4-

HRP antibody could not detect any BRD4 protein in the RKO cell lysate. This result 

explains why in the previous experiment, no fluorescence was detected due of a low 
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abundance of BRD4. However in this experiment the probe crosslinked to the purified 

BRD4(1) bromodomain indicating the probe is partially stable in the cell lysate and the 

CuAAc chemistry functional (Figure 5.19b). 

 

Figure 5.19 PVDF membrane of the RKO cell lysate spiked with purified BRD4(1) bromodomain 

and visualised by a) Coomassie blue stain and b) fluorescence. 

5.5 Conclusion 

Two photoaffinity probes containing a benzophenone 185 or a diazirine crosslinking 

group 186 were synthesised. The modular diazirine 186, was demonstrated to be a useful 

probe with 30% crosslinking efficiency to the BRD4(1) bromodomain. Furthermore, new 

bromodomain targets for the unselective bromodomain probe 186 were discovered. The 

compound bound weakly to WDR9(2), an atypical human bromodomain, and the parasitic 

TcBDF3 bromodomain. In order to optimise the probe stability the ester bond linking the 

probe and the modular linker should be changed to the amide 203 (Figure 5.20). In 

summary, we demonstrated that probe 186 can be a tool to evaluate biological targets of 

the 3,5-dimethylisoxazole 2 in either human or parasitic cell lines. 

 
Figure 5.20 Optimistion of probe 186 to increase the stability in cell lysate. 
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6.1 Summary 

This dissertation discussed two projects on developing and understanding bromodomain ligands 

for CREBBP and BRD4.  

Chapter 2 detailed the optimisation of the dihydroquinaxolinone acetyl lysine head group, which 

tends to oxidise to an aromatic compound. By expanding the 6-membered DHQ ring to a 

7-membered ring a stable ligand was obtained, while maintaining a sub-micro molar affinity for 

the CREBBP bromodomain. Furthermore, it was shown that only the (R)-enantiomer has affinity 

to the bromodomain, whereas no affinity was observed for the (S)-enantiomer. The crystal 

structure confirmed the identical binding mode of the 6- and 7-membered DHQ ring. 

Chapter 3 discussed the cation-π interaction between R1173 of the bromodomain and the THQ 

ring. Calculations of the electrostatic surface potential of THQ analogues with different 

substituents were compared to the CREBBP binding affinities and a good correlation, albeit weak, 

was observed. Attempts to increase the selectivity of the CREBBP ligand by adding the bulky THP 

substituent on the aniline were unsuccessful. The evaluation of the group efficiency of the ligand 

revealed that the DHQ headgroup and the THQ ring are contributing most towards the binding 

affinity. 

Chapter 4 explored the rigidification of the propyl linker by introducing a gem-difluoro group, 

and a 3-fold affinity increase was measured. A small molecule and protein X-ray crystal structure 

confirmed the gauche-gauche effect on conformation. However, introduction of the fluorines 

decreased compound solubility. 

Chapter 5 discussed the development of a photoaffinity labelled activity probe based on a BRD4 

bromodomain ligand. Attaching a clickable diazirine linker to the ligand slightly reduced the 
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BRD4(1) affinity. This probe crosslinked to the BRD4(1) bromodomain in 30% efficiency. 

Subsequently, the crosslinked compound to BRD4(1) could be modified with either a biotin or a 

fluorophore tag using CuAAc. Furthermore, this compound was tested on various human and 

parasitic bromodomains and crosslinked to CREBBP, WDR9(2) and the parasitic bromodomain 

TcBDF3. The probe was further investigated in RKO colon cancer cell lysate, but no crosslinking 

to any cell lysate proteins could be detected, except the exogenously added BRD4(1) 

bromodomain.  
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7.1 General Experimental 

7.1.1 Physical Methods 

Molecular Dynamics (MD) and Density Functional Theory (DFT) calculations (by 

Wilian A. Cortopassi and Prof. Robert S. Paton (Department of Chemistry, University 

of Oxford): 120 ns MD simulations were performed of the 6- and 7- membered DHQ ring 

system using the Amber force field and following the same methodology as described in 

the literature.56 Electrostatic surface potentials (ESPs) of the aniline and THQ derivative 

were obtained from DFT densities at the B3LYP/6- 31G(d,p) level of theory (gas and 

solution-phase); with B3LYP/6-31G++(d,p) and M06-2X/6- 31G(d,p). Calculations used 

the Solvation Model Density (SMD) and SM8 Minnesota implicit solvation models38 of diethyl ether ȋɂ = Ͷ.ʹͶȌ to mimic the hydrophobic environment of the binding site of 

CREBBP, with little effect upon the resulting ESP. 

X-Ray crystal structure diffraction pattern (by Prof. Richard Cooper, CRL Oxford): 

was collected at the Oxford Diffraction (Agilent) SuperNova Diffractometer with 

microfocus Cu-KȽ radiation using standard procedures at ͳͷͲ K.167 The crystal structure 

was refined by Prof. Richard Cooper. 

7.1.2 Biochemical and biophysical methods 

Protein expression and purification (by Dr Anthony K. N. Chan, CRL Oxford): Briefly, 

the CREBBP (Addgene plasmid # 38977) and BRD4(1) bromodomain (Addgene plasmid 

# 38942) constructs were transformed into E. coli BL21 (DE3) cells for expression. The 

proteins were purified using Immobilized Metal Affinity Chromatography with a 

HisTrapTM column (GE Healthcare) followed by gel filtration chromatography with 

Superdex 75 resin (GE Healthcare). The protein purity was assessed by SDS-PAGE. 

Differential scanning fluorimetry. Thermal melting experiments were carried out using 

the Mx3005p real-time PCR machine (Agilent) employing a protein concentration of 2 µM, 

small molecule concentration of 10 µM, and 5 x SyproOrange (Invitrogen, CA). Buffer 
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conditions were 50 mM HEPES, 500 mM NaCl, pH 7.5. The fluorescence were taken 

between 25-85 ˚C, in one degree increment, with a ͵Ͳ sec hold for each step. Ͷͻʹ nm and 
610 nm were used for excitation and emission, respectively. The melting temperature (TM) 

was calculated using the Boltzmann equation (Eq. 1): 

y=�� + ௎�−��ଵ+���−��  

Equation 7.1: Boltzmann equation: LL and UL minimum and maximum intensities, a corresponds 

to the slope of the curve 

 

Data processing performed using Prism 6.0 (GraphPad Software, La Jolla, California, USA) 

and the TM shift was calculated relative to the reference sample on the same plate. 

Experiments were performed in triplicates; average values are reported. 

AlphaScreenTM assay (by Larissa See and Dr Oleg Federov, Oxford) on BRD4(1) was 

performed by Larissa See (Department of Chemistry, University of Oxford) using the 

following method: AlphaScreenTM buffer (25 mM HEPES, 100 mM NaCl, 0.05% w/v% 

CHAPS, 0.1% w/v BSA; pH 7.6) was filter sterilised through a Ͳ.ʹʹ Ɋm filter. Biotinylated 
peptides employed a final assay concentrations were: his6BRD4(1) 20 nM, H4[1-20](KAc)4 

4 nM, donor beads 5 Ɋg/mL; acceptor beads ͷ Ɋg/mL; DMSO < Ͳ.ͷ%. Small molecules were 
prepared as 25 mM DMSO stock solutions with a 1:50 pre-dilution step inot buffer before 

addition to the assay. Data processed by fitting a four-parameter equation to calculate IC50 

values using Prism 6.0h (GraphPad Software, La Jolla, California, USA). Dose-response 

curves against BRD4 were performed in triplicate with a serial 1:2 dilutions, on a 

ProxiPlate-384 Plus (Perkin Elmer), which was read using a SynergyTM 2 MultiMode 

Microplate Reader. For incubation steps, the plate was sealed, shaken for 10 seconds at 

600 rpm, and incubated at room temperature in the dark for 1 h. CREBBP affinity was 

measured by Dr Oleg Fedorov, (Structural Genomics Consortium, University of Oxford) as 

described previously.  

Isothermal calorimetry. All calorimetric experiments were performed on a MicroCal 

iTC200 or MicroCal PEAQ-ITC Automated (Malvern) and analysed with the MicroCal 
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PEAQ-ITC Analysis software (Malvern 1.1.0.1262) using a single binding site model. The 

first data point was excluded from the analysis. BRD4(1) and CREBBP bromodomains 

were dialysed at 4 °C overnight in a Slide-A-Lyzer® MINI Dialysis Device (3500 MWCO; 

Thermo Scientific Life Technologies) into 50 mM HEPES, 150 mM NaCl containing 0.2% 

DMSO; pH 7.4. Proteins were centrifuged to remove aggregates (5 min, 3,000 rpm, 25 °C). 

Protein concentration were determined by measuring the absorbance at 280 nm using a 

Nanodrop® ND-1000 spectrophotometer (Nanodrop® Technologies Inc.) or a NanoDrop 

Lite spectrophotometer (Nanodrop® Technologies Inc.) by using the predicted protein 

absorbance168 ȋCREBBP: Ɛ280: 26930 M-1 cm-1 and BRDͶȋͳȌ: Ɛ280: 28545 M-1 cm-1). Small 

molecules ligand were dissolved as 10 to 20 mM DMSO stock solution and diluted to the 

required concentration using dialysis buffer. The cell was stirred at 750 rpm, reference 

power set to 3 µcal/sec and temperature held at ͳͷ ˚C. After an initial delay of ͸Ͳ sec, 
20×2 µL injections (first injection 0.4 µL) were performed with a spacing of 180 sec. 

Heated dilutions were measured under the same conditions and subtracted for analysis. 

Small molecule solutions in the calorimetric cell (250 µL, ȋʹͲ to ͵Ͳ ɊMȌȌ were titrated with 
the protein solutions in the syringe (60 µL, 200-͵ͲͲ ɊMȌ. 
1H CPMG-NMR data were obtained in collaboration with Prof. Timothy D. W Claridge 

(Department of Chemistry, University of Oxford). The NMRs were measured in Match NMR 

tube 3.0 mm (Bruker) on a Bruker AVIII 700 MHz equipped with an inversed TCI 

cryoprobe and data were processed and analysed using TopSpin Version 3.2. The PROJECT 

CPMG pulse sequence (Figure 7.1) as described by Aguilar et al.169 was used to remove the 

broad resonances of the protein. The CPMG filter time was at 60 ns. 

 

Figure 7.1: Pulse sequence for the CPMG experiment. Figure adapted with permission.169 
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ͳ͸Ͳ ɊL samples were made up with a constant concentration of the small molecule ligand ȋʹͲ ɊM, from a ͳ mM DMSO stock solutionȌ and fumaric acid ȋʹͲ ɊMȌ as internal standard 
in deuterated phosphate buffer (50 mM sodium phosphate, 150 mM NaCl, D2O; pH 7.4). 

CREBBP bromodomain was titrated into the sample until complete saturation of the ligand 

signal was achieved. The relative signal intensity of the ligand in comparison to the 

internal standard was calculated upon the addition of the CREBBP bromodomain was 

calculated using the shown in Equation 7.2. 

Decrease of relative peak intensity = �ሺݏ�݉�݈݁ሻ�ሺ�݊݀ݐݏ  .ݐ. ሻ�ሺݏ�݉�݈݁ሻ�=଴�ሺ�݊݀ݐݏ  .ݐ. ሻ�=଴  

 

Equation 7.2 The equation used to calculate the decrease in signal intensity of the ligand upon 

addition of the CREPPB bromodomain. I(sample)c=O and I(int. std)c=O are the peak heights in the 

absence of CREBBP whereas I(sample) and I(int. std) are the peak heights in the presence of 

CREBBP at a given concentration. 

 

The titration data was fitted using Prism 6.0 (GraphPad Software, La Jolla, California, USA) 

and KD values were extracted using the equation described by Dalvit.82 (Equation 7.3). 

y = A × [P் ] + [L்] + K� − √ሺ[P் ] + [L்] + K�ሻଶ − 4ሺ[P் ][L்]ʹ[L்]  

Equation 7.3 The equation used to determine KD values from titration data, where y is the decrease 

in ligand signal intensity; A the maximum loss in the signal intensity; [PT] is the total protein 

concentration; [LT] is the total ligand concentration; KD is the dissociation constant. 

 

Crystallisation (by Prof. Panagis Filippakopoulos, Dr Sarah Picaud, SGC, Oxford). 

Aliquots of the purified protein were set up for crystallization using a mosquito® 

crystallization robot (TTP Labtech, Royston UK). Coarse screens were typically setup onto 

Greiner 3-well plates using three different drop ratios of precipitant to protein per 

condition (100+50 nl, 75+75 nl and 50+100 nl). Initial hits were optimized further scaling 

up the drop sizes. All crystallizations were carried out using the sitting drop vapor 

diffusion method at 4 °C. CREBBP crystals with 141 were grown by mixing 200 nl of the 
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protein (10 mg/ml and 2 mM final ligand concentration) with 100 nl of reservoir solution 

containing 21 % PEG3350, 15 % ethylene glycol and 0.25 M sodium formate or by mixing 

150 nL of protein with an equal amount of reservoir solution containing 20 % PEG3350, 

10 % ethylene glycol and 0.2 M sodium acetate. CREBBP crystals with (R)-26 were grown 

by mixing 100 nL of the protein (10 mg/ml and 2 mM final ligand concentration) with 

200 nL of reservoir solution containing 20 % PEG3350, 10 % ethylene glycol and 0.2 M 

sodium fluoride. Diffraction quality crystals grew within a few days. 

Data Collection and Structure solution (by Prof. Panagis Filippakopoulos, Dr Sarah 

Picaud, SGC, Oxford). All crystals were cryo-protected using the well solution 

supplemented with additional ethylene glycol and were flash frozen in liquid nitrogen. 

Data were collected at Diamond beamline I03 0.97625 Å. Indexing and integration was 

carried out using XDS170 and scaling was performed with SCALA (MRC Laboratories, 

Cambridge). Initial phases were calculated by molecular replacement with PHASER171 

using the known model of CREBBP (PDB ID 3DWY). Initial models were built by 

ARP/wARP172 followed by manual building in COOT.173 Refinement was carried out in 

REFMAC5.174 Thermal motions were analyzed using TLSMD175 and hydrogen atoms were 

included in late refinement cycles. 

Protein Observed Fluorine NMR (by Gabriella Perell, and Prof. William C. K. 

Pomerantz, University of Minnesota): Protein observed 1D 19F NMR samples were 

obtained as previously described using a frequency window of −ͳʹͲ to −ͳ͵Ͳ ppm, a Dͳ of 
0.7 sec and an acquisition time of 0.05 sec.85 Small molecules stock solutions were 

prepared in DMSO at 20 mM. Small molecules were titrated into CREBBP or BRD4 

bromodomain (protein solutions at 40-ͷͲ ɊM in ͷͲ mM TRIS, 100 mM NaCl, 5% D2O, pH 

7.4) at 0.25, 0.5, 1.0, and 2.0 equivalents of protein with a final concentration of 0.5% 

DMSO.  
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Crosslinking experiments on purified bromodomains: A solution of 20 ɊM of the photo affinity probe was added to ͳͲ ɊM of purified bromodomain in 50 mM HEPES, 150 mM 

NaCl; pH 7.4 buffer, and incubated for 30 min at 4 °C with or without competitor ligand. 

Subsequently, the mixtures were irradiated in a Luzchem LCZ-5 photoreactor equipped 

with eight 8 Watt lamps (Hitachi FL8BL-8, ~350 nm) for 0 to 60 min at 4 °C.  

Crosslinking experiments on RKO cell lysate: ʹͲ ɊM of the crosslinking probe was incubated in ͳ mg/mL RKO cell lysate ȋprovided by Dr Liam O’Connor, (ammond lab, 
University of Oxford) for 30 min at 4 °C with or without competitor ligand. Subsequently, 

the mixtures were irradiated in a Luzchem LCZ-5 photoreactor equipped with eight 8 Watt 

lamps (Hitachi FL8BL-8, ~350 nm) for 20 min at 4 °C.  

Crosslinking efficiencies: The crosslinking efficiencies of the probes to purified BRD4(1) 

bromodomains were determined by protein liquid chromatography-mass spectrometry 

(LC-MS). A Waters LCT Premier XE (ESI-TOF-MS) coupled to a Waters 1525µ Binary HPLC 

system using a Merck Cromolith RP18e guard cartridge as the column (5 x 2 mm) was 

used. 

Mobile Phase: Solvent A: Water + 0.1% formic acid; Solvent B: Acetonitrile  

Step length (min) Flow rate 

(mL/min) 

Elapsed time 

(min) 

%A %B 

1 0.4 1 95 5 

4 0.4 5 0 100 

3 1 8 0 100 

0.1 1 8.1 95 5 

 

Total mass spectra were reconstructed from the ion series using the MaxEnt1 algorithm 

on MassLynx software (Version 4.1, Waters Inc.) by deconvolution between 16000 and 

19000 Da. Crosslinking efficiencies (CE) were calculated by comparing the peak heights of 
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the signal from crosslinked BRD4(1) to the signal from unreacted BRD4(1) displayed in 

MassLynx (Equation 7.4). 

[%] ܧܥ = �ܥ�ܥ + 4ሺͳሻܦ�ܤ × ͳͲͲ 

Equation 7.4 The equation used to determine the crosslinking efficiency (CE), where CP is the peak 

height of crosslinked BRD4(1) protein and BRD4(1) is the peak height of unreacted BRD4(1) 

protein. 

 

CuAAC of the crosslinked protein: The solutions of the crosslinked proteins ȋͷͲ ɊLȌ were mixed with freshly prepared click mix solution ȋͷͲ ɊLȌ and either a ͳͲ mM stock 
solution of azide-PEG3-biotin conjugate or azide-fluor ͷͶͷ ȋͳ ɊLȌ and incubated at 

ambient temperature for 2 h. The click mix solution contains 1 mM CuSO4, 1 mM 

tris(2-carboxyethylȌphosphine ȋTCEPȌ, ͳͲͲ ɊM tris(benzyltriazolylmethyl)amine (TBTA) 

(from a 5 mM DMSO stock solution) dissolved in Milli-Q water. All chemicals were 

purchased from Sigma-Aldrich. 

SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel was cast using Mini-PROTEAN® 3 

Cell (Bio-Rad). Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

was performed using Mini-PROTEAN® 3 Electrophoresis Module (Bio-Rad). The Tris-

Glycine discontinuous buffer system was used in the SDS-PAGE experiments. Protein 

samples for SDS-PAGE was first prepared in 1× Laemmli sample buffer (diluted from 4× 

Laemmli sample buffer, Bio-RadȌ containing ͳ.Ͷʹ M Ⱦ-mercaptoethanol (aliquoted from ͳͶ.ʹ M Ⱦ-mercaptoethanol, Bio-Rad), and then denatured at 100 °C for 10 min. Chemicals 

for SDS-PAGE, Trizma® base, 30% acrylamide/bis-acrylamide solution, sodium dodecyl 

sulfate dust-free pellets, N,N,N′,N′-tetramethylethane-1,2-diamine (TEMED) and 

ammonium persulfate (APS), were purchased from Sigma-Aldrich. Glycine was purchased 

from Fisher Scientific.  
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Western blotting: Proteins separated by SDS-PAGE were transferred onto a 

polyvinylidene fluoride (PVDF) membrane (Immuno-Blot® PVDF Membrane Sandwiches, 

Bio-Rad) using the Mini Trans-Blot® Electrophoretic Transfer Cell (Bio-Rad) operated at 

100 V, 350 A for 1 h. Standard Western blotting procedures were performed according to 

the Bio-Rad immunodetection manual (Bio-Rad Bulletin 6219: http://www.bio-

rad.com/webroot/web/pdf/lsr/literature/Bulletin_6219.pdf, accessed 19th September 

2016). TBS and TTBS 10× buffers were purchased from Alfa Aesar. Non-fat milk powders 

(Blotting-Grade Blocker, Bio-Rad) was used for membrane blocking and antibody 

incubation. HRP (horseradish peroxidase)-conjugated streptavidin antibody (Insight 

Biotechnology) was used to detect biotinylated crosslinked proteins. ClarityTM Western 

ECL substrate kit (Bio-Rad) was employed and visualised using ChemiDoc™ MP System 
(Bio-Rad)  

Protein staining: After SDS-PAGE, the gels and PVDF membranes were stained with 

Staining Solution (0.5% Brilliant Blue G (Sigma-Aldrich), 50% (v/v) methanol (Sigma-

Aldrich), 10% (v/v) glacial acetic acid (Fisher Scientific), 40% (v/v) Milli-Q water) for 15 

min. Destaining was performed with 40% (v/v) methanol, 10% (v/v) glacial acetic acid, 

50% (v/v) Milli-Q water until protein bands became visible. Alternatively, proteins 

transferred onto PVDF membranes were stained with Ponceau S Stain (Amresco Inc.) for 

15 min. Subsequently, proteins were visualised by rinsing with Milli-Q water (Merck 

Millipore). To completely remove the stain for Western blotting, the stained PVDF 

membrane was then de-stained in Blocking Solution [5% (w/v) Blotting-Grade Blocker 

(Bio-Rad) in 1× TBS solution (Alfa Aesar)]. The crosslinked proteins with Alexa 545 were 

visualised (Ex. 532 nm, Em. 605 nm) on the SDS PAGE gel using ChemiDoc™ MP System 
(Bio-Rad). 

Probe stability in E. coli cell lysate: ʹͲ ɊM of the ABP probe and ʹͲ ɊM of the internal 
standard 2-naphtoic acid (Sigma-Aldrich) was incubated in 1 mg/mL E. coli cell lysate 

http://www.bio-rad.com/webroot/web/pdf/lsr/literature/Bulletin_6219.pdf,%20Web%20site%20accessed%2019th%20September%202016)
http://www.bio-rad.com/webroot/web/pdf/lsr/literature/Bulletin_6219.pdf,%20Web%20site%20accessed%2019th%20September%202016)
http://www.bio-rad.com/webroot/web/pdf/lsr/literature/Bulletin_6219.pdf,%20Web%20site%20accessed%2019th%20September%202016)
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(200 ɊLȌ for 0 and 24 h at ambient temperature. )sopropanol ȋʹͲͲ ɊLȌ was added, 
sonicated for 5 min, and filtered through a Millipore 0.45 Ɋm microsyringe filter. The 
filtrates were concentrated on the lyophiliser (Christ-Alpha 2-4 LD). The residue was dissolved in ʹͷ ɊL DMSO and ran on the PerkinElmer Flexar system with a Binary LC 

Pump and UV/VIS LC Detector. A Dionex Acclaim® 120 column (C18, 5 µm, 120 Å, 4.6 × 

150 mm) was employed, with a 5 minutes gradient of 95% H2O/5% MeCN + 0.1% TFA 

(Solvent A) to 95% MeCN/5% H2O + 0.1% TFA (Solvent B), flow rate 1.0 mL/min and 

detection at 254 nm. The area under the curve (AUC) of the internal standard and 186 was 

compared. 

Step length 

(min) 

Elapsed time 

(min) 

%A %B 

1 1 100 0 

5 11 0 100 

3 14 0 100 

1 15 100 0 

5 20 100 0 
 

7.1.3 Synthetic methods 

1H NMR spectra were recorded on a Bruker AVIIIHD 400 nanobay (400 MHz), Bruker 

AVIIIHD 500 nanobay (500 MHz) or Bruker AVII 500 with He cryoprobe (500 MHz) using 

CDCl3 (unless indicated otherwise) as a reference for internal deuterium lock. The 

chemical shift data for each signal are given as ɁH in units of parts per million (ppm) 

relative to the NMR solvent176 where ɁH (CDCl3Ȍ = ͹.ʹ͸ ppm, ɁH ((CD3)2SOȌ = ʹ.ͷͶ ppm, ɁH 

((CD3)2CO) = 2.17 ppm, and ɁH (C6D6) = 7.15 ppm. The multiplicity of each signal is 

indicated by: s (singlet); br s (broad singlet); d (doublet); t (triplet); q (quartet); qn 

(quintet), dd (doublet of doublets); or m (multiplet). The number of protons (n) for a given 

resonance signal is indicated by nH. Coupling constants (J) are quoted in Hz and are 
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recorded to the nearest 0.1 Hz. Identical proton coupling constants (J) are averaged in 

each spectrum and reported to the nearest 0.1 Hz. The coupling constants are determined 

by analysis using Bruker TopSpin software. 

13C NMR spectra were recorded on a Bruker AVIIIHD 400 nanobay (101 MHz), Bruker 

AVIIIHD 500 nanobay (126 MHz) or Bruker AVII 500 with He cryoprobe (126 MHz) using 

broadband proton decoupling and internal deuterium lock. The chemical shift data for each signal are given as ɁC in units of parts per million (ppm) relative to the NMR solvent where ɁC (CDCl3Ȍ = ͹͹.ͳ͸ ppm, ɁC (D6-DMSO) = 39.52 ppm, ɁC ((CD3)2CO) = 29.84 ppm, and ɁC (C6D6) = 128.06 ppm.  

19F NMR spectra were recorded on a Bruker AVIIIHD 400 nanobay (400 MHz), Bruker 

AVIIIHD 500 nanobay (500 MHz)using a deuterium internal lock. The chemical shift data for each signal are given as ɁF in units of parts per million (ppm). The multiplicity of each 

signal is indicated by: s (singlet); d (doublet); t (triplet); q (quartet) or m (multiplet). The 

number of protons (n) for a given resonance signal is indicated by nH. Coupling constants 

(J) are quoted in Hz and are recorded to the nearest 0.1 Hz. Identical proton coupling 

constants (J) are averaged in each spectrum and reported to the nearest 0.1 Hz. The 

coupling constants are determined by analysis using Bruker TopSpin software. 

High-resolution mass spectra were acquired on a Bruker MicroTOF spectrometer from 

solutions of methanol, water or acetonitrile (ESI), or a Waters GCT TOF spectrometer with 

a temperature-programmed solids probe inlet (FI), operating in positive or negative mode. 

Low-resolution mass spectra were recorded on a Waters LCT Premier spectrometer or 

Agilent 6120 Quadrupole LC/MS spectrometer (ESI). m/z values are reported in Daltons 

and followed by their percentage abundance in parentheses. 

Infrared spectra were obtained from thin films on a NaCl plate, or from thin films or solid 

sample using a diamond ATR module as indicated. The spectra were recorded on a Bruker 

Tensor 27 spectrometer. Absorption maxima are reported in wavenumbers (cm-1) and are 

classified as broad (br), strong (s), medium (m) or weak (w). 
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Specific optical rotations were measured using a Perkin Elmer 341 polarimeter or 

Schmidt Haensch Unipol polarimeter, in cells with a path length of 1 dm. The light source 

was maintained at 589 nm. The concentration (c) is expressed in g/100 mL (equivalent to 

g/0.1 dm3). Specific rotations are denoted [α]�T  and are given in implied units of 10–1 deg 

cm2 g –1 ȋwhere T = ambient temperature in ˚CȌ. 
Melting points on recrystallised samples were determined using a Kofler hot stage 

microscope and are uncorrected. The solvent of crystallisation is shown in parentheses. 

Analytical thin layer chromatography (TLC) was carried out on Merck silica gel 60 F254 

aluminium-supported thin layer chromatography sheets. Visualisation was by absorption of UV light ȋɉmax 254 nm), or thermal development after dipping in an aqueous solution of 

potassium permanganate, potassium carbonate and sodium hydroxide or for free amines a 

1 g ninhydrin solution in 150 mL ethanol. 

Column chromatography was performed manually or on a Biotage SP1 system using KP-Sil™ cartridges ȋgradient elutionȌ or on Merk Geduran® silica gel ͸Ͳ ȋͶͲ-63 µm). 

Analytical HPLC was carried out on a PerkinElmer Flexar system with a Binary LC Pump 

and UV/VIS LC Detector. For determination of compound purity, a Dionex Acclaim® 120 

column (C18, 5 µm, 120 Å, 4.6 × 150 mm) was employed, with a 10 minute gradient of 

95% H2O/5% MeCN + 0.1% TFA (Solvent A) to 95% MeCN/5% H2O + 0.1% TFA (Solvent 

B), flow rate 1.0 mL/min and detection at 254 nm (unless stated otherwise). Samples were 

injected in DMSO, isopropanol or MeOH. The method was as described below: 

Step length 

(min) 

Elapsed time 

(min) 

%A %B 

1 1 100 0 

10 11 0 100 

3 14 0 100 

1 15 100 0 

5 20 100 0 
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For instable compounds Method B was used, which involved the same gradient as method 

A, but without TFA. 

Chiral HPLC For determination of enantio-purity a Daicel ChiralPak® (AD-H, 5 µm, 120 Å, 

4.6 ⨯ 250 mm) was used with isocratic elution of isopropanol and hexane (50:50). 

Samples were injected in isopropanol. Chromera software was used to determine purity 

and enantiomeric excess from relative peak areas of UV/VIS absorbance at 254 nm. 

Anhydrous solvents were obtained under the following conditions: anhydrous DMF and 

anhydrous MeOH were purchased from Sigma-Aldrich UK in SureSeal™ bottles and used 
without further purification; anhydrous THF, CH2Cl2 and Et2O were dried over activated 3 

Å molecular sieves under an argon or nitrogen atmosphere (where stated, THF was 

distilled from sodium and benzophenone); Na2CO3 was degassed by bubbling a stream of 

nitrogen gas through the solution for several hours with sonication before use.  

Chemicals were purchased from Acros UK, Sigma-Aldrich UK, Alfa Aesar UK, Apollo 

Scientific or Fisher UK. Where appropriate and if not stated otherwise, all non-aqueous 

reactions were performed in a flame-dried flask under an inert atmosphere of nitrogen or 

argon. 

In vacuo refers to the use of a rotary evaporator attached to a diaphragm pump.  

Brine refers to a saturated aqueous solution of sodium chloride.  

Petroleum ether refers to the fraction boiling between 40-60 °C unless otherwise stated. 

7.2 General procedures 

General Procedure 1 for deprotection of N-benzyl protected amines. 

To a solution of (R)-tert-butyl 3-(benzyl((R)-1-phenylethyl)amino)butanoate (1.98 g, 

5.60 mmol, 1.0 eq) in H2O (3.2 mL), glacial acetic acid (2.0 mL) and MeOH (80 mL) was 

added 20% Pd(OH)2/C (800 mg, 1.14 mmol, 0.2 eq). The system was purged with nitrogen, 

and then hydrogen gas was added. The suspension was stirred for 15 h under an 

atmosphere of hydrogen at ambient temperature. The black suspension was filtered over 

CeliteTM, dried (MgSO4), filtered and concentrated in vacuo. 
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General Procedure 2A for preparation of phthalimide protected amines. 

A mixture of the requisite aniline/ THQ derivative (200 mg, 1.23 mmol, 1.0 eq), N-(3-

bromopropyl)phthalimide (394 mg, 1.47 mmol, 1.2 eq), NaI (220 mg, 1.47 mmol, 1.2 eq) 

and K2CO3 (203 mg, 1.47 mmol, 1.2 eq) in DMF (1.0 mL) was heated at 80 C for 48 h. After 

cooling to rt the reaction mixture was diluted with EtOAc (50 mL), washed with aq. K2CO3 

(2 M, 3 × 50 mL), brine (50 mL), dried (MgSO4), filtered and concentrated in vacuo. 

General Procedure 2B for preparation of phthalimide protected amines. 

A mixture of the requisite aniline/ THQ derivative (200 mg, 1.23 mmol, 1.0 eq), N-(3-

bromopropyl)phthalimide (394 mg, 1.47 mmol, 1.2 eq) and K2CO3 (203 mg, 1.47 mmol, 

1.2 eq) in DMF (1.0 mL) was heated at 80 C for 20 h. After cooling to ambient 

temperature the reaction mixture was diluted with EtOAc (50 mL), washed with 2 M aq. 

K2CO3 (3 × 50 mL), brine (50 mL), dried (MgSO4), filtered and concentrated in vacuo. 

General Procedure 3 for phthalimide deprotection. 

To a solution of the phthalimide (260 mg, 0.742 mmol, 1.0 eq) in CH2Cl2 (2 mL) and MeOH 

(2 mL) was added hydrazine monohydrate (65%, 144 µL, 149 mg, 3.02 mmol, 4.1 eq) and 

the reaction mixture heated at 70 °C for 3 h. After cooling to ambient temperature the 

reaction mixture was diluted with CH2Cl2 (20 mL), filtered through Celite® (eluent CH2Cl2), 

and concentrated in vacuo. Purification via acid base extraction was performed as follows: 

The crude reaction mixture was dissolved in EtOAc (10 mL) and extracted with sat aq. 

NH4Cl (3 × 10 mL). The combined aqueous layers were basified with 2 M aq. NaOH and 

extracted with CH2Cl2 (3 × 25 mL). The combined organic extractions were washed with 

brine (20 mL), dried (Na2SO4), filtered, and concentrated in vacuo. Alternatively, a silica gel 

chromatography purification was performed, eluting with MeOH:CH2Cl2:Et3N 10:100:1. 

General Procedure 4 for coupling of carboxylic acids to amines 

To a solution of the requisite carboxylic acid (40 mg, 0.19 mmol, 1.0 eq) and PyBOP 

(101 mg, 0.21 mmol, 1.1 eq) in DMF (1 mL) was added triethylamine (54 µL, 50 mg, 
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0.39 mmol, 2.0 eq). The reaction mixture was stirred for 10 min, then a solution of the 

requisite amine (0.21 mmol, 1.1 eq) in DMF (1 mL) was added and stirring continued for 

19 h. The reaction mixture was diluted with EtOAc (50 mL), washed with H2O (3 × 50 mL), 

brine (50 mL), dried (Mg2SO4), filtered, and concentrated in vacuo. 
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7.3.1 Chapter 2 Procedures 

Benzyl 2-fluoro-3-nitrobenzoate (29) 

 

To a suspension of 2-fluoro-3-nitrobenzoic acid 28 (1.00 g, 5.40 mmol, 1.0 eq.), K2CO3 

(1.12 g, 8.10 mmol, 1.5 eq) in DMF (12.5 mL) was added benzyl bromide (1.00 mL, 1.44 g, 

8.10 mmol, 1.5 eq). The suspension was stirred for 3 h at 60 °C at which time TLC analysis 

inidicated the reaction complete. After cooling to rt the yellow suspension was diluted 

with EtOAc (60 mL), washed with 2 M aq. K2CO3 (3 ⨯ 60 mL), brine (60 mL), dried 

(MgSO4), filtered, and concentrated in vacuo. The yellow oil was purified by silica gel 

column chromatography eluting with a gradient of 10% to 20% EtOAc in petroleum ether 

to give a yellow oil 29 (1.37 g, 5.00 mmol, 93%): Rf 0.35 (petroleum ether: EtOAc 6:1); 1H 

NMR (400 MHz, CDCl3Ȍ: Ɂ ͺ.͵Ͳ-8.15 (2H, m, C(1)H and C(3)H)), 7.50-7.34 (6H, m, C(Bn)H 

and C(2)H), 5.43 (2H, s, C(4)H)); 19F NMR (377 MHz, CDCl3Ȍ: Ɂ −ͳͳ͸.ʹ-−ͳͳ͸.͵ ȋͳF, m, CF); 

LRMS m/z (ES+) 298 ([M+Na]+, 100%). These data are in good agreement with the 

literature.56 

(R)-Benzyl 2-(1-methoxy-1-oxopropan-2-ylamino)-3-nitrobenzoate ((R)-30) 

 

Benzyl 2-fluoro-3-nitrobenzoate 29 (1.20 g, 4.36 mmol, 1.0 eq) and D-alanine methyl ester 

hydrochloride (669 mg, 4.80 mmol, 1.1 eq), Cs2CO3 (3.13 g, 9.59 mmol, 2.2 eq) in toluene 

(70 mL) were stirred at 85 °C for 18 h. at which time TLC analysis inidicated the reaction 

complete. After cooling to rt the orange slurry was diluted with EtOAc (150 mL), washed 
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with 2 M aq. K2CO3 (3 ⨯ 120 mL), brine (120 mL), dried (MgSO4), filtered, and 

concentrated in vacuo. The orange oil was purified by silica gel chromatography eluting 

with 10% EtOAc in petroleum ether to give (R)-30 as a yellow oil (1.40 g, 3.91 mmol, 

90%): Rf 0.57 (petroleum ether: EtOAc 3:1); [�]�ଶ5  −ͳͳ.Ͷ ȋc 1.0 in CHCl3) [Lit:56 [�]�  = −10.9 (c 1.0, CHCl3)]; 1H NMR (400 MHz, CDCl3): Ɂ ͺ.͹ͺ ȋͳ(, br s, NH), 8.14 (1H, dd, 

J 8.0, 1.7, C(1)H), 7.96 (1H, dd, J 8.0 1.7, C(3)H), 7.48-7.32 (5H, m, C(Ar)H), 6.77 (1H, dd, 

J 8.0, 8.0, C(2)H), 5.37 (2H, s, C(4)H2), 4.03 (1H, q, J 7.0, C(5)H)), 3.69 (3H, s, CH3), 1.43 (3H, 

d, J 7.0 Hz, C(6)H3); LRMS m/z (ES+) 359 ([M+H]+, 100%).These data are in good 

agreement with the literature.56 

(R)-Benzyl 3-methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylate ((R)-31) 

 

(R)-Benzyl 3-methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylate (R)-30 (1.00 g, 

2.79 mmol, 1.0 eq), Zn (4.57 g, 69.8 mmol, 25 eq), NH4Cl (3.74 g, 69.8 mmol, 25 eq) 

suspended DMF (56 mL) were stirred for 25 h at ambient temperature. After this time the 

reaction was judged to be complete by TLC analysis. The suspension was diluted with 

EtOAc (100 mL) and filtered through Celite®. The filtrate was washed with brine (3 ⨯ 

100 mL), dried (MgSO4), filtered, and concentrated in vacuo. The residue was purified by 

silica gel chromatography eluting with 70% EtOAc in petroleum ether followed by 10% 

MeOH in CH2Cl2 to afford (R)-31 as a colourless solid (0.68 g, 2.29 mmol, 82%): Rf 0.40 

(petroleum ether: EtOAc 1:1); mp 197-200 °C (EtOAc), [Lit:56 199-200 °C (EtOAc)]; [�]�ଶ5 = −50.3 (c 1.0 in CHCl3), [Lit:56 [�]�  = −Ͷͺ.Ͷ ȋc ͳ.Ͳ, C(Cl3)]; 1H NMR (400 MHz, 

(CD3)2CO): Ɂ ͻ.Ͷ͸ ȋͳH, br s, NH), 7.65 (1H, br s, NH) 7.60 (1H, dd, J 8.1, 1.2, C(1)H)), 7.55-

7.51 (2H, m, C(Ar)H), 7.47-7.41 (2H, m, C(Ar)H), 7.41-7.36 (1H, m, C(Ar)H), 7.11-7.04 (1H, 
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m, C(3)H), 6.70 (1H, dd, J 8.1, 8.1 C(2)H)), 5.38 (2H, s, C(4)H2)), 4.16 (1H, dq, J 6.9, 1.5, 

C(5)H)), 1.44 (3H, d, J 6.9, C(6)H3); LRMS m/z (ES+) 297 ([M+H+], 100%). These data are in 

good agreement with the literature.56 

(R)-3-Methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid ((R)-32) 

 

(R)-Benzyl 3-methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylate (R)-31 (0.60 g, 

2.05 mmol, 1.0 eq), 10% Pd/C (43 mg, 0.041 mmol, 0.02 eq) were suspended in EtOAc 

(150 mL). The system was purged with N2, and then H2 gas added. The suspension was 

stirred for 17 h under an atmosphere of hydrogene at ambient temperature. After this 

time the reaction was judged to be complete by TLC analysis. The suspension was diluted 

with MeOH (50 mL), filtered through Celite® and rinsed with MeOH. The filtrate was 

concentrated in vacuo to give (R)-32 as a yellow solid (0.42 g, 2.04 mmol, 99%), which was 

used without further purification: Rf 0.45 (EtOAc: AcOH 99:1); mp 230 °C dec. (EtOAc), 

[Lit:56 230 °C dec (EtOAc)]; [�]�ଶ଴ = −ͳʹͳ.Ͷ ȋc 0.5 in MeOH) [Lit:56 [�]�  = −ͳʹͶ.͸ ȋc 0.5, 

MeOH)]; 1H NMR (400 MHz, MeOD): Ɂ ͹.ͷͺ ȋͳ(, dd, J 8.1, 1.1, C(1)H), 6.92 (1H, dd, J 8.1 

,1.1, C(3)H), 6.66 (1H, dd, J 8.1, 8.1, C(2)H), 4.07 (1H, q, J 6.7, C(4)H)), 1.40 (3H, d, J 6.7, 

C(5)H); LRMS m/z (ES−Ȍ ʹͲͷ ȋ[M−(−], 100%). These data are in good agreement with the 

literature.56 
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Methyl (2-bromo-6-nitrophenyl)-D-alaninate ((R)-34) 

 

3-Bromo-2-fluoro-3-nitrobenzoate 33 (1.00 g, 4.54 mmol, 1.0 eq) and D-alanine methyl 

ester hydrochloride (700 mg, 5.02 mmol, 1.1 eq), DIPEA (1.75 g, 13.5 mmol, 3.0 eq) 

dissolved in DMF (25 mL) was stirred at 70 °C for 23 h. After this time the reaction was 

judged to be complete by NMR analysis. After cooling to rt the solution was diluted with 

EtOAc (50 mL), washed with brine (2 ⨯ 50 mL), 0.5 M aq. LiCl (2 ⨯ 50 mL), brine (50 mL), 

dried (MgSO4), filtered, and concentrated in vacuo to give (R)-34 as a yellow oil (1.36 g, 

4.49 mmol, 99%), which was used without further purification: Rf 0.48 (petroleum ether: 

EtOAc 4:1); [�]�ଶ5 −͵ͷͶ.Ͷ ȋc 1.0 in CHCl3); vmax (thin film)/cm-1 3353 (w) (N-H), 2954 (w), 

1740 (s) (C=O), 1669 (s) (C=O), 1557 (m), 1480 (s), 1451 (m),1343 (m), 1135 (m), 743 

(m); 1H NMR (400 MHz, CDCl3Ȍ: Ɂ 7.95 (1H, dd, J 8.0, 1.5, C(3)H), 7.75 (1H, dd, J 8.0, 1.5, 

C(1)H), 6.89, (1H, dd, J 8.0, 8.0, C(2)H), 6.64 (1H, d, J 10.5, C(5)NH), 4.61 (1H, dq, J 10.5, 7.1, 

C(7)H), 3.67 (3H, s, CO2CH3), 1.53 (3H, d, J 7.1, C(8)H3); 13C NMR (126 MHz, CDCl3Ȍ: Ɂ ͳ͹͵.ͻ 
(CO2Me), 142.6 (C(5)), 141.7 (C(4)), 139.3 (C(1)), 125.4 C(3), 121.3 (C(2)), 116.8 (C(6)), 

54.7 (C(7)), 52.5 (CO2CH3), 19.2 (C(8)); GC-HRMS m/z (CI+) [Found: (M+H)+ 302.9972, 

C10H1179BrN2O4 requires 302.9972], RP-HPLC: Method A: Retention time 13.32 min, purity 

96.0%. 

7-Methoxy-3,4-dihydroquinolin-2(1H)-one (38) 

 

Iodomethane (1.89 mL, 4.31 g, 30.5 mmol, 1.1 eq) was added dropwise to 7-hydroxy-3,4-

dihydroquinolin-2(1H)-one 37 (4.50 g, 27.5 mmol, 1.0 eq), K2CO3 (7.60 g, 55.0 mmol, 
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2.0 eq) suspended in DMF (45 mL). The slurry was stirred at 60 °C for 17 h at which time 

TLC analysis inidicated the reaction complete. After cooling to rt the colourless suspension 

was diluted with EtOAc (500 mL), washed with 2 M aq. K2CO3 (3 ⨯ 200 mL), brine 

(200 mL), dried (MgSO4), filtered, and concentrated in vacuo. The crude material was 

crystallised from EtOH (50 mL) to afford 38 as a colourless solid (2.45 g, 13.8 mmol, 50%): 

Rf: 0.27 (petroleum ether: EtOAc 1:1); mp 144-145 °C (EtOH) [Lit. 142-147 °C]; 1H NMR 

(400 MHz, CDCl3): Ɂ 8.77 (1H, s, NH), 7.05 (1H, d J 8.3 C(3)H), 6.52 (1H, dd, J 8.3, 2.6, 

C(2)H), 6.37 (1H, d, J 2.5, C(1)H), 3.78 (3H, s, OCH3), 2.93-2.86 (2H, m, C(4)H), 2.65-2.59 

(2H, m, C(5)H2); LRMS m/z (ES+) 178 ([M+H]+, 100%). These data are in accordance with 

the literature.177 

7-Methoxy-1,2,3,4-tetrahydroquinoline (39) 

 

LiAlH4 in THF (1 M, 15.6 mL, 15.6 mmol, 1.2 eq) was added over 15 min to 7-methoxy-3,4-

dihydroquinolin-2(1H)-one 38 (2.30 g, 13.0 mmol, 1.0 eq) dissolved in THF (150 mL) at 

0 °C. The solution was allowed to warm up to ambient temperature and stirred for 4 h at 

which time TLC analysis inidicated the reaction complete. The green suspension was 

quenched with EtOAc (18 mL) followed by H2O (4 mL). The suspension was dried (MgSO4), 

filtered through Celite®, and concentrated in vacuo to afford 39 as a yellow oil (2.12 g), 

which was used without further purification: Rf: 0.59 (petroleum ether: EtOAc 2:1); 1H 

NMR (400 MHz, CDCl3): Ɂ ͸.ͺͷ ȋͳ(, d J 8.2 Hz, C(3)H), 6.20 (1H, dd, J 8.2, 2.5, C(2)H), 6.04 

(1H, d, J 2.5, C(1)H), 4.00-3.46 (4H, m, OCH3 and NH), 3.28 (2H, t, J 5.5, C(6)H2), 2.70 (2H, t, 

J 6.4, C(4)H2), 1.98-1.86 (2H, m, C(5)H2); LRMS m/z (ES+) 164 ([M+H]+, 100%). These data 

are in accordance with the literature values.178 
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2-(3-(7-Methoxy-3,4-dihydroquinolin-1(2H)-yl)propyl)isoindoline-1,3-dione (40) 

 

7-Methoxy-1,2,3,4-tetrahydroquinoline 39 (1.50 g, 9.19 mmol, 1.0 eq) was reacted 

according to general procedure 2B. Purification by silica gel chromatography, eluting with 

a gradient of 5% to 20% EtOAc in petroleum ether, afforded 40 as a yellow oil (1.93 g, 

5.51 mmol, 60%): Rf: 0.49 (petroleum ether: EtOAc 3:1); 1H NMR (400 MHz, CDCl3): Ɂ ͹.ͺͶ 
(2H, m, C(12)H and C(12`)H), 7.72 (2H, m, C(11)H and C(11`)H), 6.83 (1H, d, J 8.7, C(4)H), 

6.18-6.10 (2H, m, C(1)H and C(3)H), 3.75 (2H, t, J 7.2, C(10)H2), 3.73 (3H, s, OCH3), 3.31 

(2H, t, J 7.4, C(8)H2), 3.26 (2H, t, J 5.6, C(7)H2), 2.67 (2H, t, J 6.3, C(5)H2), 2.07-1.86 (4H, m, 

C(6)H2 and C(9)H2); LRMS m/z (ES+) 351 ([M+H]+, 100%). These data are in good 

agreement with the literature.57 

3-(7-Methoxy-3,4-dihydroquinolin-1(2H)-yl)propan-1-amine (41) 

 

2-(3-(7-Methoxy-3,4-dihydroquinolin-1(2H)-yl)propyl)isoindoline-1,3-dione (40) (1.50 g, 

4.28 mmol, 1.0 eq), was reacted according to general procedure 3. The crude material was 

purified via an acid base extraction to yield 41 as a yellow oil (850 mg, 4.12 mmol, 96%): 

Rf: 0.25 (MeOH: CH2Cl2 1:5); 1H NMR (400 MHz, MeOD): Ɂ ͸.͹͸ ȋͳ(, d, J 8.2, C(4)H), 6.14 

(1H, d, J 2.3, C(1)H), 6.09 (1H, d, J 8.2, 2.3, C(3)H), 3.71 (3H, s, OCH3), 3.30-3.22 (4H, m, 

C(7)H2 and C(8)H2), 2.70 (2H, t, J 7.3, C(5)H2), 2.64 (2H, t, J 6.4, C(10)H2) 1.93-1.85 (2H, m, 
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C(6)H2), 1.75 (2H, m, C(9)H2); LRMS m/z (ES+) 221 ([M+H]+, 100%). These data are in 

accordance with the literature.56 

(R)-N-(3-(7-Methoxy-3,4-dihydroquinolin-1(2H)-yl)propyl)-3-methyl-2-oxo-1,2,3,4-

tetrahydroquinoxaline-5-carboxamide ((R)-12) 

 
[(R)-3-Methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (30 mg, 

0.145 mmol, 1.0 eq) and [3-(7-methoxy-3,4-dihydroquinolin-1(2H)-yl)propan-1-amine] 

41 (38.5 mg, 0.175 mmol, 1.2 eq) were reacted according to general procedure 4 for 15 h. 

After this time the reaction was judged to be complete by TLC analysis. The crude material 

was purified by silica gel chromatography, eluting with a gradient of 50% to 80% EtOAc in 

petroleum ether, to give (R)-12 as a pale yellow solid (27 mg, 0.066 mmol, 46%): Rf 0.32 

(EtOAc: petroleum ether 1:1); mp 99-101 ˚C ȋacetoneȌ, [Lit:56 101-ͳͲ͵˚C ȋacetoneȌ]; 
[[�]�ଶ5 − 23.3 (c 0.1 in (CH3)2CO), [Lit:57 [Ƚ]D −ʹ͵.ʹ ȋc 0.5 in (CH3)2CO)]; 1H NMR (400 MHz; 

(CD3)2COȌ: Ɂ ͻ.͵ʹ ȋ1H, br s, C(5)NH), 8.00 (1H, br s, C(9)NH), 7.81 (1H, br s, C(1)NH), 7.30 

(1H, dd, J 7.9, 1.0, C(2)H), 6.95 (1H, d, J 7.9, 1.0, C(4)H), 6.75 (1H, d, J 8.1, C(18)H), 6.64 (1H, 

dd, J 7.9, 7.9, C(3)H), 6.16 (1H, d, J 2.5, C(21)H), 6.07 (1H, dd, J 8.1, 2.5, C(19)H), 4.00 (1H, 

qd, J 6.6, 1.5, C(7)H), 3.65 (3H, s, OCH3), 3.50-3.43 (2H, m, C(11)H2), 3.40-3.34 (2H, m, 

C(13)H2), 3.31-3.26 (2H, m, C(14)H2), 2.66-2.60 (2H, m, C(16)H2), 1.96-1.84 (4H, m, 

C(12)H2 and C(15)H2), 1.37 (3H, d, J 6.6, C(8)CH3); LRMS m/z (ES+) 409 ([M+H]+, 100%), 

RP-HPLC: Method A: Retention time 10.40 min, purity 95.5%. These data are in good 

agreement with the literature.56 
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(R)-tert-Butyl 3-(benzyl((R)-1-phenylethyl)amino)butanoate ((R/R)-44) 

 

(R)-N-Benzyl-1-phenylethanamine (R)-43 (3.72 g, 16.8 mmol, 1.5 eq) in dry THF (20 mL) was cooled to −͹ͺ °C. To the colourless solution n-BuLi in hexane (2.5 M, 7.0 mL, 

17.5 mmol, 1.6 eqȌ was added slowly, over a period of ͳͷ min, at −͹ͺ °C. After the addition 
was complete the pink solution was stirred for another ͵Ͳ min at −͹ͺ °C. After this time, 
tert-butyl crotonate 42 (1.56 g, 11.0 mmol, 1.0 eq) in dry THF (15 mL) was added dropwise, over a period of Ͷͷ min, at −͹ͺ °C and stirred for further ͵ h. After this time the 

reaction was judged to be complete by TLC analysis. The reaction solution was quenched 

with sat. aq. NH4Cl (10 mL), and warmed to ambient temperature. The solvent was 

removed in vacuo, and the residue was taken up in 10% v/v aq. citric acid (50 mL), and 

extracted with CH2Cl2 (3 ⨯ 50 mL). The combined organic extracts were washed with sat. 

aq. NaHCO3 (100 mL), brine (100 mL), dried (MgSO4), filtered, and concentrated in vacuo. 

The crude material was purified by silica gel chromatography eluting with a gradient from 

1% to 10% of Et2O in petroleum ether to yield (R/R)-44 as a pale yellow oil (3.27 g, 9.25 

mmol, 84%): Rf: 0.61 (petroleum ether: EtOAc 10:1); [�]�ଶ5 = −Ͷ.ͻ ȋc 1.1, CHCl3) [Lit:79 [�]�ଶ5 = −ͷ.ʹ ȋc 1.1, CHCl3)]; 1H NMR (400 MHz, CDCl3Ȍ: Ɂ 7.43-7.16 (10H, m, C(Ar)H), 3.88 (1H, q, 

J 6.9, C(2)H), 3.75 (1H, d, J 15.0, C(3)HAHB), 3.60 (1H, d, J 15.0, C(3)HBHA), 3.46-3.36 (1H, m, 

C(5)H), 2.24 (1H, dd, J 14.1, 4.7, C(6)HAHB), 2.24 (1H, dd, J 14.1, 9.2, C(6)HBHA), 1.38 (9H, s, 

C(CH3)3), 1.32 (3H, d, J 6.9, C(1)H3), 1.10 (3H, d, J 6.7, C(4)H3); LRMS m/z (ES+) 354 

([M+H]+, 100%). These data are in accordance with the literature.79 
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(S)-tert-Butyl 3-(benzyl((S)-1-phenylethyl)amino)butanoate ((S/S)-44) 

 

(S)-tert-Butyl 3-(benzyl((S)-1-phenylethyl)amino)butanoate (S/S)-44 was synthesised 

from 42, in a manner similar to that used for (R/R)-44 yielding a colourless oil (2.67 g, 

7.55 mmol, 69%): Rf: 0.68 (petroleum ether: EtOAc 10:1); [�]�ଶ5 = +3.9 (c 1.1, CHCl3), [Lit:79 [�]�ଶ5 = +5.1 (c 1.1, CHCl3)]; other physical and spectroscopic properties are identical to 

those of (R/R)-44. These data are in accordance with the literature.79 

(R)-tert-Butyl 3-aminobutanoate ((R)-45) 

 

(R)-tert-Butyl 3-(benzyl((R)-1-phenylethyl)amino)butanoate (R/R)-44 (1.98 g, 5.60 mmol, 

1.0 eq) was reacted according to general procedure 1 and (R)-45 was isolated as a yellow 

oil containing 1.9 eq. acetic acid (1.40 g, 5.12 mmol, 91%): An aliquot was purified for 

further characterisation: Rf: 0.22 (EtOAc: Et3N 10:1); [�]�ଶ5 = −ͳͺ.͸ ȋc 0.5, CHCl3), [Lit:79 [�]�ଶ5 = −ʹʹ.ʹ ȋc 0.5, CHCl3)]; 1H NMR (400 MHz, CDCl3Ȍ Ɂ ͵.͵ͺ-3.27 (1H, m, C(2)H), 2.32 

(1H, dd, J 15.4, 4.7, C(3)HAHB), 2.20 (1H, dd, J 15.4, 8.5, C(3)HBHA), 1.45 (9H, s, C(CH3)3), 

1.10 (3H, d, J 6.5, C(1)H3); LRMS m/z (ES+) 160 ([M+H]+, 100%). These data are in 

accordance with the literature.79 

(S)-tert-Butyl 3-aminobutanoate ((S)-45) 

 

(S)-tert-Butyl 3-aminobutanoate (S)-45 was synthesised from (S/S)-44, in a manner 

similar to that used for (R)-45 yielding a yellow oil (706 mg, 4.43 mmol, 79%): Rf 0.22 

(EtOAc: Et3N 10:1); [�]�ଶ5 = +20.2 (c 0.5, CHCl3), [Lit:79 [�]�ଶ5 = +21.4 (c 0.6 CHCl3)]; other 
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physical and spectroscopic properties are identical to those as (R)-45. These data are in 

accordance with the literature.79 

2-Fluoro-N-(3-(7-methoxy-3,4-dihydroquinolin-1(2H)-yl)propyl)-3-nitrobenzamide 

(46) 

 

2-Fluoro-3-nitrobenzoic acid 28 (588 mg, 3.18 mmol, 1.0 eq) and 3-(7-methoxy-3,4-

dihydroquinolin-1(2H)-yl)propan-1-amine 41 (400 mg, 3.18 mmol, 1.0 eq) were reacted 

according to general procedure 4 for 17 h. After this time the reaction was judged to be 

complete by TLC analysis. The crude material was purified by silica gel chromatography, 

eluting with a gradient of 40% to 80% EtOAc in petroleum ether, to afford 46 as a red oil 

(398 mg, 0.118 mmol, 61%): Rf: 0.45 (petroleum ether: EtOAc 1:1); vmax (thin film)/cm-1 

3325 (m) (N-H), 2947 (w), 2840 (w), 1642 (s) (C=O), 1611 (s), 1525 (s), 1508 (s), 1345 

(m), 1303 (m), 1241 (s), 1171 (s), 817 (s), 743 (s); 1H NMR (500 MHz; CDCl3): Ɂ 8.32-8.25 

(1H, m, C(1)H), 8.15-8.09 (1H, m, C(3)H), 7.39 (1H, dd, J 7.9, 7.9, C(2)H), 6.83 (1H, d, J 8.0, 

C(14)H), 6.78 (1H, br s, C(7)NH), 6.14-6.11 (2H, m, C(15)H and C(17)H), 3.73 (3H, s, OCH3), 

3.60-3.50 (2H, m, C(7)H2), 3.35 (2H, t, J 7.0, C(9)H2), 3.28-3.24 (2H, m, C(10)H2), 2.67 (2H, 

t, J 6.4, C(12)H), 1.96 (2H, tt, J 7.0, 7.0, C(8)H2), 1.94-1.88 (2H, m, C(11)H2); 19F NMR 

(471 MHz; CDCl3): Ɂ −ͳʹʹ.Ͳ- −ͳʹʹ.ͳ ȋͳF, m, CF); 13C NMR (126 MHz; CDCl3Ȍ: Ɂ ͳ͸ͳ.Ͷ ȋd, 
J 2.5, (NHCO), 159.1 (C(16)), 153.1 (d, J 264, C(5)), 145.8 (C(18)), 137.9 (d, J 10.4, C(6)), 

137.2 (d, J 2.8, C(1)), 129.6 (C(14)), 128.7 (d, J 1.8, C(3)), 124.7 (d, J 4.7, C(2)), 124.3 (d, 

J 12.1, C(4)), 115.3 (C(13)), 99.9 (C(17)), 97.6 (C(15)), 55.1 (OCH3), 49.6 (C(10)), 49.2 

(C(9)), 38.6 (C(7)), 27.2 (C(12)), 26.3 (C(8)), 22.3 C(11)); LRMS m/z (ES+) 388 ([M+H]+, 

100%); HRMS m/z (ES+) [Found: (M+H)+ 388.1667, C20H23N3O4F+ requires 388.1667]. 
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(R)-Benzyl 2-(4-tert-butoxy-4-oxobutan-2-ylamino)-3-nitrobenzoate ((R)-48) 

 

Benzyl 2-fluoro-3-nitrobenzoate 29 (1.28 g, 4.66 mmol, 1.0 eq) was added to (R)-tert-butyl 

3-aminobutanoate ⨯1.9 AcOH (R)-45 (1.40 g, 5.12 mmol, 1.1 eq), Cs2CO3 (6.07 g, 

18.6 mmol, 4.0 eq) suspended in toluene (80 mL). The yellow suspension was stirred at 85 

°C for 14 h at which time TLC analysis inidicated the reaction complete. Upon cooling to rt 

the reaction mixture was diluted with EtOAc (240 mL), washed with 2 M aq. K2CO3 (3 ⨯ 

150 mL), dried (Na2SO4), filtered, and concentrated in vacuo to obtain a yellow oil. The 

crude material was purified by silica gel chromatography, eluting with a gradient of 10% 

to 20% EtOAc in petroleum ether, to yield (R)-48 as a yellow oil (1.87 g, 4.51 mmol, 97%): 

Rf 0.34 (petroleum ether: EtOAc 10:1); [�]�ଶ5 = +64.4 (c 1.0, CHCl3); vmax (thin film)/cm-1 

3308 (w) (N-H), 2978 (m) (C-H), 1724 (s) (C=O), 1691 (s) (C=O), 1604 (m), 1586 (m), 

1530 (m) (N-O), 1499 (m), 1455 (m), 1367 (m) (N-O), 1348 (m), 1248 (s); 1H NMR (500 

MHz, CDCl3Ȍ Ɂ 8.19 (1H, d, J 9.6, NH), 8.04 (1H, dd, J 8.0, 1.6, C(1)H), 7.94 (1H, dd, J 8.0, 1.6, 

(C(5)H), 7.46-7.33 (5H, m, C(Ar)H), 6.70 (1H, dd, J 8.0, 8.0, (C(6)H), 5.35 (2H, s, C(10)H2), 

3.63 (1H, m, C(7)H), 2.41 (1H, dd, J 15.0, 6.2, C(9)HAHB), 2.39 (1H, dd, J 15.0, 6.2, C(9) 

HAHB), 1.33 (9H, s, C(CH3)3), 1.25 (3H, d, J 6.2, (C8)H3); 13C NMR (126 MHz, CDCl3Ȍ Ɂ 170.0 

(CO2tBu), 167.1 (CO2Bn), 144.6 (C(3)), 138.4 (C(4)), 136.8 (C(1)), 135.4 (C(11)), 131.2 

(C(5)), 128.7(C(13) and C(13`)), 128.6 (C(14)), 128.4 (C(12) and C(12`)), 118.3 (C(2)), 

115.5 (C(6)), 80.9 (C(CH3)3), 67.2 (C(10)), 50.0 (C(7)), 43.7 (C(9)), 27.9 (C(CH3)3), 20.9 

(C(8)); LRMS m/z (ES+) 415 ([M+H]+, 100%); HRMS m/z (ES+) [Found: (M+H)+  415.1851, 

C22H27O6N2+, requires 415.1864]. RP-HPLC: Method A: Retention time 15.49 min, purity 

97.8%. 
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(S)-Benzyl 2-(4-tert-butoxy-4-oxobutan-2-ylamino)-3-nitrobenzoate ((S)-48) 

 

(S)-Benzyl 2-(4-tert-butoxy-4-oxobutan-2-ylamino)-3-nitrobenzoate was synthesised 

from 29 and (S)-45, in a manner similar to that used for (R)-48 yielding (S)-48 as a yellow 

oil (790 mg, 1.91 mmol, 83%): [�]�ଶ5  = −͸ͷ.͸ ȋc 0.5, CHCl3), other physical and 

spectroscopic properties are identical to those as (R)-48. RP-HPLC: Method A: Retention 

time 15.49 min, purity 99.4%. 

(R)-Benzyl 4-methyl-2-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-6-

carboxylate ((R)-51) 

 

(R)-Benzyl 2-(4-tert-butoxy-4-oxobutan-2-ylamino)-3-nitrobenzoate (R)-48 (1.10 g, 

2.65 mmol, 1.0 eq) dissolved in trifluoroacetic acid (11 mL) and CH2Cl2 (11 mL) was 

stirred for 2 h at ambient temperature. After this time the reaction was judged to be 

complete by TLC analysis. The solvent was concentrated in vacuo, and the crude material 

(R)-49 was purified by silica gel chromatography, eluting with 50% ethyl acetate in 

petroleum ether, to give a brown oil (1.04 g), which still contained some minor impurities. 

An aliquot of the crude material (R)-49 (660 mg), Zn (2.49 g, 38.1 mmol, 25 eq), NH4Cl 

(2.03 g, 38.1 mmol, 25 eq) were suspended in DMF (30 mL), and stirred for 15 h at 

ambient temperature. After this time the reaction was judged to be complete by TLC 

analysis. The suspension was filtered through Celite®, and rinsed with DMF (3 mL). The 
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pH of the filtrate (R)-50 was adjusted to 9 with Et3N (1.5 mL). PyBOP (791 mg, 1.52 mmol, 

1.0 eq) was added, and stirred for 16 h at ambient temperature. The reaction mixture was 

diluted with EtOAc (250 mL), washed with brine (3 ⨯ 200 mL), dried (MgSO4), filtered, 

and concentrated in vacuo. The crude material was purified by silica gel chromatography, 

eluting with a gradient of 30% to 50% EtOAc in petroleum ether, to give (R)-51 as a 

colourless solid solid (350 mg, 1.13 mmol, 67% over 3 steps): Rf 0.44 (petroleum ether: 

EtOAc 11:1); mp 133-134 °C (CHCl3), [�]�ଶ5 = −ͶͶ.ʹ ȋc 1.1, CHCl3); vmax (thin film)/cm-1 

3309 (w) (N-H), 3219 (w) (N-H), 2961 (w) (C-H), 1665 (s) (C=O), 1531 (m), 1497 (m), 

1471 (m), 1449 (m), 1265 (s), 1233 (s); 1H NMR (500 MHz, CDCl3Ȍ Ɂ ͺ.Ͷʹ ȋͳ(, br s, 
(CO)NH), 8.00 (1H, br s, (C(3)NH), 7.83 (1H, dd, J 7.9, 1.6, (C(5)H), 7.45-7.32 (5H, m, 

C(12)H, C(12`)H, C(13)H, C(13`)H and C(14)H), 7.04 (1H, dd, J 7.9, 1.6, (C(1)H), 6.70 (1H, t, 

J 7.9, (C(6)H), 5.32 (2H, s, C(10)H2), 4.11-4.03 (1H, m, C(7)H), 2.68 (1H, dd, J 14.1, 2.6, 

C(9)HAHB), 2.58 (1H, dd, J 14.1, 8.6, C(9)HBHA), 1.39 (3H, d, J 6.4, (C(8)H3); 13C NMR 

(126 MHz, CDCl3Ȍ Ɂ 173.0 (CONH), 168.3 (CO2), 142.9(C(3)), 135.8 (C(11)), 128.61 (C(13) 

and C(13`)) or C(12) and C(12`))), 128.57 (C(5)), 128.3 (C(14)), 128.0 (C(13) and C(13`)) 

or C(12) and C(12`))), 127.2 (C(1)), 126.1 (C(4)),, 116.9 (C(6)), 114.8 (C(2)),, 66.7 (C(10)), 

51.4 (C(7)), 42.5 (C(9)), 23.9 (C(8)); LRMS m/z (ES+) 311 ([M+H]+, 100%); HRMS m/z 

(ES+) [Found: (M+H)+  311.1387, C18H19O3N2+ requires 311.1390]. RP-HPLC: Method A: 

Retention time 12.47 min, purity 99.1%. 

(S)-Benzyl 4-methyl-2-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-6-

carboxylate ((S)-51) 

 

(S)-Benzyl 2-(4-tert-butoxy-4-oxobutan-2-ylamino)-3-nitrobenzoate (S)-48 (500 mg, 

1.21 mmol, 1.0 eq) dissolved in trifluoroacetic acid (5 mL) and dichloromethane (5 mL) 
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was stirred for 2.5 h at ambient temperature. After this time the reaction was judged to be 

complete by TLC analysis. The trifluoroacetic acid was removed by acetropic distillation 

with cyclohexane to afford a yellow/brown oil (S)-49, which was used without further 

purification. The brown oil, Zn (1.98 g, 30.3 mmol, 25 eq), NH4Cl (1.62 g, 30.3 mmol, 25 eq) 

suspended in DMF (24 mL) for 16 h at ambient temperature. After this time the reaction 

was judged to be complete by TLC analysis. The suspension was filtered through Celite®, 

and rinsed with DMF (3 mL). The pH of the filtrate(S)-50 was adjusted to 9 with Et3N 

(1.5 mL). PyBOP (630 mg, 1.21 mmol, 1.0 eq) was added, and stirred for 15 h at ambient 

temperature. After this time the reaction was judged to be complete by TLC analysis. The 

reaction mixture was diluted with EtOAc (200 mL), washed with brine (3 ⨯ 180 mL), dried 

(MgSO4) and concentrated in vacuo. The crude material was purified by silica gel 

chromatography, eluting with a gradient of 30% to 50% EtOAc in petroleum ether, to 

obtain (S)-51 as a colourless solid (245 mg, 0.789 mmol, 65% over 3 steps): [�]�ଶ5 = +38.2 

(c 0.5, CHCl3); other physical and spectroscopic properties are identical to those as (R)-51. 

RP-HPLC: Method A: Retention time 12.45 min, purity 99.5%. 

(R)-3-(7- Methoxy-3,4-dihydroquinolin-1(2H)-yl)propyl 4-methyl-2-oxo-2,3,4,5-

tetrahydro-1H-benzo[b][1,4]diazepine-6-carboxylate ((R)-26) 

 

(R)-Benzyl 4-methyl-2-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]-diazepine-6-carboxylate 

(R)-51 (90 mg, 0.290 mmol, 1.0 eq) in MeOH (10 mL) was added 10% Pd/C (15.4 mg, 

0.029 mmol, 0.1 eq). The system was purged with nitrogen, and then hydrogen gas added. 

The suspension was stirred for 16 h under an atmosphere of hydrogen at ambient 

temperature. The black suspension was filtered through Celite® and rinsed with MeOH 
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(2 mL). The filtrate was dried (MgSO4), filtered, and concentrated in vacuo to give a beige 

solid (63 mg). A solution of crude (R)-4-methyl-2-oxo-2,3,4,5-tetrahydro-1H-benzo[b]-

[1,4]diazepine-6-carboxylic acid (R)-52 (63 mg), PyBOP (149 mg, 0.286 mmol, 1.0 eq) and 

Et3N (79 µL, 60 mg, 0.572 mmol, 2.0 eq) in DMF (5 mL) was stirred for 15 min at rt. After 

this time a solution of 3-(7-methoxy-3,4-dihydroquinolin-1(2H)-yl)propan-1-amine 41 

(69 mg, 0.315 mmol, 1.1 eq) in DMF (0.5 mL) was added and stirred for 5 h at ambient 

temperature. After this time the reaction was judged to be complete by TLC analysis. The 

solvent was removed, and the crude material was purified by a silica gel chromatography, 

eluting with a gradient from 80% to 100% ethyl acetate in petroleum ether, to afford 

(R)-26 as a colourless solid (82 mg, 0.194 mmol, 68%): Rf 0.41 (EtOAc: petroleum ether 

3:1); mp 157-158 °C (CHCl3), [�]�ଶ5 = −ʹͳ.Ͳ ȋc 0.5, CHCl3); vmax (thin film)/cm-1 3310 (w) 

(N-H), 3213 (w) (N-H), 3069 (w) (N-H), 2941 (m), 1738 (s) (C=O), 1692 (s) (C=O), 1613 

(s), 1542 (m), 1508 (s), 1239 (s), 1167 (s); 1H NMR (500 MHz, CDCl3Ȍ Ɂ ͹.͹͹ ȋͳ(, br s, 
C(4)NH), 7.30 (1H, br s, C(3)NH), 7.04 (1H, dd, J 7.8, 1.4, C(1)H), 6.91 (1H, d, J 7.8, (C5)H), 

6.86 (1H, d, J 7.8, (C17)H), 6.68 (1H, dd, J 7.8, 7.8, C(6)H), 6.41 (1H, t, J 5.5, C(10)NH), 6.20-

6.13 (2H, m, C(18)H and C(20)H), 4.07-3.96 (1H, m, (C(7)H), 3.74 (3H, s, OCH3), 3.56-3.44 

(2H, m, C(10)H2) 3.36 (2H, t, J 6.9 Hz, C(12)H2), 3.25 (2H, dd, J 5.6, 5.6, C(13)H), 2.70-2.60 

(3H, m, C(15)H and C(9)HAHB), 2.48 (1H, dd, J 14.0, 8.0, C(9)HAHB), 1.98-1.85 (4H, m, 

C(11)H2 and C(14)H2), 1.33 (3H, d, J 6.3, (C8)H3); 13C NMR (126 MHz, CDCl3Ȍ Ɂ ͳ͹ʹ.͹ 
(C9(CONH)), 169.5 (C2(CONH)), 159.2 (C(19)), 145.9 (C(21)), 140.4 (C(3)), 129.7 (C(17)), 

128.0 (C(4)), 124.8 C(5)), 124.1 C(1)), 122.3 (C(2)), 118.3 (C(6)), 115.7 (C(16)), 99.9 

(C(18)), 97.7 C(20)), 55.2 (OCH3), 52.5 (C(7)), 49.6 (C(12)), 49.5 (C(13)), 41.8 (C(9)), 38.3 

(C(10)), 27.2 (C(15)), 26.4 (C(11)), 23.7 (C(8)), 22.4 (C(14)); LRMS m/z (ES+) 423 ([M+H]+, 

100%); HRMS m/z (ES+) [Found: (M+H)+ 423.2385. C24H31O3N4+ requires 423.2391]. RP-

HPLC: Method A: Retention time 9.88 min, purity 96.0%; Chiral HPLC (AD-H): Retention 

time 14.47 min, ee > 99%. 
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(S)-3-(7-Methoxy-3,4-dihydroquinolin-1(2H)-yl)propyl 4-methyl-2-oxo-2,3,4,5-

tetrahydro-1H-benzo[b][1,4]diazepine-6-carboxylate ((S)-26) 

 

(S)-Benzyl 4-methyl-2-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]-diazepine-6-carboxylate 

(R)-51 (54 mg, 0.174 mmol, 1.0 eq) in MeOH (10 mL) was added 10% Pd/C (9.3 mg, 

0.017 mmol, 0.1 eq). The system was purged with nitrogen, and then hydrogen gas added. 

The suspension was stirred for 16 h under an atmosphere of hydrogen at ambient 

temperature. The black suspension was filtered through Celite® and rinsed with MeOH 

(2 mL). The filtrate was dried (MgSO4), filtered, and concentrated in vacuo to give a beige 

solid (33 mg). A solution of crude (S)-4-methyl-2-oxo-2,3,4,5-tetrahydro-1H-benzo[b]-

[1,4]diazepine-6-carboxylic acid (S)-52 (33 mg), PyBOP (78 mg, 0.150 mmol, 1.0 eq) and 

Et3N (40 µL, 29 mg, 0.290 mmol, 2.0 eq) in DMF (2 mL) was stirred for 15 min at rt. After 

this time a solution of 3-(7-methoxy-3,4-dihydroquinolin-1(2H)-yl)propan-1-amine 

(36 mg, 0.165 mmol, 1.1 eq) in DMF (0.5 mL) was added and stirred for 5 h at ambient 

temperature. After this time the reaction was judged to be complete by TLC analysis. The 

solvent was removed, and the crude material was purified by a silica gel chromatography, 

eluting with a gradient from 80% to 100% ethyl acetate in petroleum ether, to afford 

(S)-26 a pale yellow solid (19 mg, 0.045 mmol, 26%): Rf 0.41 (EtOAc :petroleum ether 

3:1); [�]�ଶ5 = +21.4 (c 0.5, CHCl3); other physical and spectroscopic properties identical as 

(R)-26, RP-HPLC: Method A: Retention time 9.80 min, purity 97.1%; Chiral HPLC (AD-H): 

Retention time 11.97 min, ee > 90%. 
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tert-Butyl 3-(benzylamino)-2-methylpropanoate (54) 

 

Benzylamine (1.26 mL, 1.23 g, 11.6 mmol, 1.1 eq), tert-butylmethacrylate 53 (1.50 g, 

10.5 mmol, 1.0 eq) were dissolved in 1,8-diazabicyclo[5.4.0]undec-7-ene (2.41 g, 

15.8 mmol, 1.5 eq), and stirred at 90 °C for 16 h, at which time TLC analysis indicated the 

reaction complete. After cooling to rt the DBU was evaporated at 40 °C and 120 mbar. The 

crude material was purified by a silica gel chromatography, eluting with a gradient of 10% 

to 20% EtOAc: petroleum ether, to obtain 54 as a colourless oil (1.34 g, 5.37 mmol, 51%). 

Rf 0.37 (petroleum ether :EtOAc 5:1); 1H NMR (500 MHz, CDCl3Ȍ: Ɂ ͹.͵ͷ-7.28 (4H, m, C(2)H, 

C(2`)H, C(3)H and C(3`)H), 7.27-7.21 (1H, m, C(1)H), 3.80 (1H, d, J 16.5, C(5)HAHB), 3.77 

(1H, d, J 16.5, C(5)HAHB), 2.85 (1H, dd, J 11.5, 7.9, C(6)HAHB) 2.65-2.53 (2H, m, C(6)HAHB 

and C(7)H), 1.44 (9H, s, C(CH3)3), 1.13 (3H, d, J 7.0, C(8)H3), 13C NMR (126 MHz, CDCl3Ȍ: Ɂ 
175.3 (C(9)), 140.4 (C(4)), 128.4 (C(2) and C(2`)), 128.1 (C(3) and C(3`)), 126.9 (C(1)), 

80.3 (C(10)), 53.8 (C(5)), 52.4 (C(6)), 40.9 (C(7)), 28.1 (C(CH3)3)), 15.4 (C(8)), LRMS m/z 

(ES+) 250 ([M+H]+, 100%); HRMS m/z (ES+) [Found: (M+H)+ 250.1798, C24H31O3N4+ 

requires 250.1802]. RP-HPLC: not stable under the conditions using Method A or B. 

Benzyl 2-(3-tert-butoxy-2-methyl-3-oxopropylamino)-3-nitrobenzoate (56) 

 

tert-Butyl 3-(benzylamino)-2-methylpropanoate 54 (1.47 g, 5.90 mmol, 1.0 eq) was 

reacted according to general procedure 1 and isolated containing 1.9 eq. acetic acid 

adducts as a yellow oil (1.46 g), which was used without further purification. tert-Butyl 3-

amino-2-methylpropanoate × 1.9 AcOH 55 (1.00 g, 3.66 mmol, 1.1 eq) was synthesised in 
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a manner similar to that used for (R)-48. The crude material was purified by silica gel 

chromatography, eluting with a gradient of 10% to 20% EtOAc in petroleum ether, to yield 

56 as a yellow oil (1.36 g, 3.28 mmol, 96% over 2 steps). Rf 0.35 (EtOAc :petroleum ether 

1:10); vmax (thin film)/cm-1 3212 (w) (N-H), 2977 (w), 2936 (w), 1724 (m) (C=O), 1690 

(m) (C=O),  1583 (s), 1530 (s), 1500 (s), 1367 (m) (N-O), 1153 (m), 1107 (m); 1H NMR 

(500 MHz, CDCl3Ȍ Ɂ ͺ.ͷͷ ȋͳ(, t, J 4.7, NH), 8.08 (1H, dd, J 8.0, 1.7, C(1)H), 7.99 (1H, dd, J 8.0, 

1.7, C(5)H), 7.45-7.32 (5H, m, C(12)H, C(12`)H, C(13)H and C(13`)H and C(14)H), 6.67 (1H, 

dd, J 8.0, 8.0, C(6)H), 5.34 (2H, s, C(10)H2), 3.11-2.99 (2H, m, C(7)HAHB and C(7)HBHA), 

2.67-2.58 (1H, m, C(8)H), 1.36 (9H, s, C(CH3)3), 1.13 (3H, d, J 7.2, C(9)H3), 13C NMR 

(126 MHz, CDCl3Ȍ Ɂ ͳ͹͵.ͷ ȋCO2tBu), 166.9 (CO2Bn), 145.9 (C(3)), 137.14 (C(4)), 137.05 

(C(1)), 135.4 (C(11)), 131.6 (C(5)), 128.7 (C(13) and C(13`)), 128.6 (C(14)), 128.4 (C(12) 

and C(12`)), 117.0 (C(2)), 114.6 (C(6)), 81.1 (C(CH3)3), 67.1 (C(10)), 50.3 (C(7)), 41.3 

(C(5)), 27.9 C(CH3)3, 14.9 (C(9)), LRMS m/z (ES+) 415 ([M+H]+, 100%), 437 ([M+Na]+, 

93%); HRMS m/z (ES+) [Found: (M+Na)+ 437.1681, C22H26O6N2Na+ requires 437.1683]. 

HPLC: Method: A: Retention time 15.67 min, purity 99.6%. 

Benzyl 3-methyl-2-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-6-carboxylate 

(57) 

 

Benzyl 2-(3-tert-butoxy-2-methyl-3-oxopropylamino)-3-nitrobenzoate 56 (1.00 g, 

2.41 mmol, 1.0 eq) dissolved in trifluoroacetic acid (10 mL) and dichloromethane (10 mL), 

was stirred for 2 h, at ambient temperature. The solvent was concentrated in vacuo to 

afford an orange oil. Zn (3.96 g, 60.6 mmol, 25 eq), NH4Cl (3.24 g, 60.6 mmol, 25 eq) and 

the residue were suspended in DMF (48 mL), and stirred for 16 h at ambient temperature. 

After this time the reaction was judged to be complete by TLC analysis. The suspension 
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was filtered through Celite® and rinsed with DMF (4 mL). The pH of the filtrate was 

adjusted to 9 with Et3N (2.5 mL). To the filtrate, PyBOP (1.25 g, 2.41 mmol, 1.0 eq) was 

added, and stirred for 20 h at ambient temperature. After this time the reaction was 

judged to be complete by TLC analysis. The reaction mixture was diluted with EtOAc 

(150 mL), washed with brine (3 ⨯ 200 mL), dried (MgSO4), filtered, and concentrated in 

vacuo. The crude material was purified by silica gel chromatography, eluting with a 

gradient of 30% to 50% EtOAc in petroleum ether, to give 57 as a yellow solid. This 

compound was crystallised in EtOH to give a yellow solid (72 mg, 0.232 mmol, 10% over 

3 steps): Rf 0.46 (EtOAc :petroleum ether 1:1); vmax (thin film)/cm-1 1673 (s) (C=O), 1538 

(w), 1422 (w), 1257 (s), 1234 (s), 1102 (s); 1H NMR (500 MHz, CDCl3Ȍ Ɂ ͺ.ʹͷ ȋͳ(, t, J 3.7, 

C(3)NH), 7.82 (1H, dd, J 7.9, 1.5, C(5)H), 7.73 (1H, s br, NHCO), 7.46-7.32 (5H, m, C(12)H, 

C(12`)H, C(13)H and C(13`)H and C(14)H), 6.97 (1H, dd, J 7.9, 1.5, C(1)H), 6.62 (1H, dd, 

J 7.9, 7.9, C(6)H), 5.32 (2H, s, C(10)H2), 3.60-3.50 (2H, m, C(7)HAHB and C(7)HBHA), 

2.93-2.83 (1H, m, C(8)H), 1.21 (3H, d, J 7.0, C(9)H3); 13C NMR (126 MHz, CDCl3Ȍ: Ɂ ͳ͹͸.Ͳ 
(CONH), 168.4 (CO2Bn), 143.7 (C(3)), 136.0 (C(11)), 128.7 (C(13 and 13`)), 128.5 (C(5)), 

128.3 (C(14)), 128.1 (C(12 and 12`)), 127.1 (C(1)), 125.5 (C(4)), 116.2 (C(6)), 113.8 (C(2)), 

66.6 (C(10)), 50.5 (C(7)), 39.0 (C(8)), 13.7 (C(9)); LRMS m/z (ES+) 311 ([M+H]+, 100%); 

HRMS m/z (ES+) [Found: (M+H)+ 311.1390, C18H19O3N2+ requires 311.1390]. RP-HPLC: 

Method A: Retention time 12.86 min, purity 97.8%. 

N-(3-(7-Methoxy-3,4-dihydroquinolin-1(2H)-yl)propyl)-3-methyl-2-oxo-2,3,4,5-

tetrahydro-1H-benzo[b][1,4]diazepine-6-carboxamide (27) 

 

To a solution of benzyl 3-methyl-2-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-6-

carboxylate 57 (50 mg, 0.161 mmol, 1.0 eq) in methanol (7 mL) was added 10% Pd/C 
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(10 mg, 0.009 mmol, 0.06 eq) was added. The system was purged with nitrogen, and then 

hydrogen gas was added. The suspension was stirred for 20 h under an atmosphere of 

hydrogen at ambient temperature. The suspension was filtered through Celite®, rinsed 

with methanol, and the filtrate was concentrated in vacuo to afford a colourless solid, 

which was used without further purification. A solution of the crude residue, PyBOP 

(83.8 mg, 0.161 mmol, 1.0 eq), 3-(7-methoxy-3,4-dihydroquinolin-1(2H)-yl)propan-1-

amine 41 (43 mg, 0.193 mmol, 1.2 eq) and Et3N (50 µL, 36.3 mg, 0.359 mmol, 2.2 eq) in 

DMF (3 mL) were stirred at ambient temperature for 20 h. After this time the reaction was 

judged to be complete by TLC analysis. The yellow solution was diluted with EtOAc 

(20 mL), washed with 2 M aq. K2CO3 (2 ⨯ 10 mL), brine (10 mL), dried (MgSO4), filtered, 

and concentrated in vacuo. The crude material was purified by silca gel chromatography, 

eluting with a gradient of 30% to 100% EtOAc in petroleum ether, to give 27 as a pale 

yellow solid (23 mg, 0.054 mmol, 34%): Rf 0.37 (EtOAc :petroleum ether 3:1); vmax (thin 

film)/cm-1 3307 (w, br) (N-H), 2934 (m), 1738 (s) (C=O), 1669 (s) (C=O), 1613 (s), 1508 

(s), 1282 (s), 1167 (m); 1H NMR (500 MHz, CDCl3Ȍ Ɂ 7.55 (1H, br s, C(3)NH), 7.38 (1H, s, 

C(4)NH), 7.03, (1H, dd, J 7.8, 1.4, C(1)H), 6.88-6.85 (1H, m, C(17)H), 6.86 (1H, dd, J 7.7, 1.4, 

C(5)H), 6.62 (1H, dd, J 7.7, 7.7, C(6)H), 6.45 (1H, t, J 4.7, (C10)NH), 6.20-6.15 (2H, m, 

C(18)H and C(20)H), 3.74 (3H, s, C(22)H3), 3.55-3.44 (4H, m, C(7)H2 and C(10)H2), 3.36 

(2H, t, J 6.9, C(12)H2), 3.28-3.24 (2H, m, C(13)H2), 2.89-2.80 (1H, m, C(8)H), 2.67 (2H, t, 

J 6.4, C(15)H2), 1.97-1.86 (4H, m, C(11)H2 and C(14)H2), 1.18 (3H, d, J 5.9, C(9)H3) 13C NMR 

(126 MHz, CDCl3Ȍ Ɂ ͳ͹ͷ.ͻ ȋCȋͺȌC=OȌ, ͳ͸ͻ.ͷ ȋCȋʹȌC=OȌ, ͳͷͻ.͵ ȋCȋͳͻȌȌ, ͳͶͷ.ͻ ȋCȋ͵ȌȌ, ͳͶͳ.ʹ 
(C(21)), 129.8 (C(17)), 127.0 (C(2)), 125.0(C(5)), 124.0 (C(1)), 120.8 (C(4)), 117.4 (C(6)), 

115.8 (C(16)), 100.1 (C(20 or 18)), 97.8 (C(20 or 18)), 55.2 (C(22)), 51.6 (C(10)), 49.6 

(C(12) and C(13)), 38.5 (C(7)), 38.3 (C(8)), 27.3 (C(15)), 26.4 (C(11)), 22.4 (C(14)), 13.7 

(C(9)), LRMS m/z (ES+) 423 ([M+H]+, 100%); HRMS m/z (ES+) [Found: (M+H)+ 423.2382, 

C24H31O3N4+ requires 423.2391]. RP-HPLC: Method A: Retention time 11.74 min, purity 

98.3%. 
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tert-Butyl (R)-3-((2-bromo-6-nitrophenyl)amino)butanoate ((R)-57) 

 

3-Bromo-2-fluoro-3-nitrobenzoate 33 (3.00 g, 13.6 mmol, 1.0 eq), (R)-tert-butyl 3-

aminobutanoate ⨯ 3.0 AcOH (R)-45 (6.21 g, 18.4 mmol, 1.3 eq) and DIPEA (10.2 g, 

78.9 mmol, 5.8 eq) dissolved in DMF (50 mL) were stirred at 70 °C for 16 h. After this time 

the reaction was judged to be complete by TLC analysis. Upon cooling to ambient 

temperature the solution was diluted with EtOAc (150 mL), washed with 0.5 M aq. LiCl 

(3 ⨯ 100 mL), brine (100 mL), dried (MgSO4), filtered, and concentrated in vacuo to give a 

(R)-57 yellow oil (4.70 g, 13.1 mmol, 96%), which was used without further purification: 

Rf 0.62 (petroleum ether: EtOAc 4:1); [�]�ଶ5 −͹Ͷ.͵ ȋc 1.0 in CHCl3); vmax (thin film)/cm-1 

3355 (w) (N-H), 2379 (m), 2932 (w), 1725 (s) (C=O), 1530 (m), 1480 (m), 1367 (m), 1259 

(m), 1155 (s); 1H NMR (400 MHz, (CDCl3)) 7.93 (1H, dd, J 8.0, 1.5, C(3)H), 7.72 (1H, dd, J 

8.0, 1.5, C(1)H), 6.78, (1H, dd, J 8.0, 8.0, C(2)H), 6.36 (1H, br d, J 10.1, C(5)NH), 4.24 (1H, 

dqd, J 10.1, 6.8, 6.4, C(7)H), 2.45 (2H, d, J 6.1, C(9)H2), 1.39 (9H, s, C(CH3)3), 1.27 (3H, d, J 

6.4, C(8)H3); 13C NMR (126 MHz, CDCl3Ȍ: Ɂ ͳ͹Ͳ.͵ ȋCO2tBu), 142.5 (C(5)), 141.0 (C(4)), 

139.6 (C(1)), 125.7 (C(3)), 120.1 (C(2)), 116.5 (C(6)), 81.1 (C(CH3)3), 50.1 C(7)), 43.6 

(C(9)), 28.0 (C(CH3)3), 21.3 (C(8)); GC-HRMS m/z (CI+) [Found: (M+H)+ 59.0603 

C14H1979BrN2O4 requires 359.0601], RP-HPLC: Method A: Retention time 15.2 min, purity 

92.6%. 
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(R)-6-Bromo-4-methyl-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one ((R)-58) 

 

A suspension of tert-butyl (R)-3-((2-bromo-6-nitrophenyl)amino)butanoate (R)-57 

(4.70 g, 13.1 mmol, 1.0 eq), activated Fe (3.65 g, 65.3 mmol, 5.0 eq) and trifluoro acetic 

acid (25 mL) were stirred at 70 ˚C for ʹ h. After cooling to rt the suspension was filtered 
through Celite®, and concentrated in vacuo. The residue was dissolved with EtOAc 

(200 mL), washed with sat. aq. K2CO3 (2 ⨯ 200 mL), brine (200 mL), dried (MgSO4), 

filtered, and concentrated in vacuo. The solid was crystallised using IPA to give (R)-58 as a 

pale yellow solid (1.38 g, 5.41 mmol, 41%): Rf 0.63 (petroleum ether: EtOAc 2:1); mp: 

164-166  ˚C ȋ)PAȌ; [�]�ଶ5 −͸.͵ ȋc 1.0 in CHCl3); vmax (thin film)/cm-1 3314 (w) (N-H), 3181 

(w) (N-H), 2987 (w), 1661 (s) (C=O), 1435 (m), 1393 (m), 1377 (m), 764 (m), 1H NMR 

(500 MHz, CDCl3Ȍ: Ɂ ͺ.ͷͻ ȋͳ(, s, CȋͶȌNH), 7.31 (1H, dd, J 8.0, 1.4, C(1)H), 6.90 (1H, dd, J 8.0, 

1.4, C(3)H), 6.72 (1H, dd, J 8.0, 8.0, C(2)H),4.19-4.08 (2H, m, C(7)H and C(5)NH), 2.61 (1H, 

br dd, J 13.7, 3.8, C(9)HAHB), 2.45 (1H, ddd, J 13.7, 8.2, C(9)HAHB),  1.38 (3H, d, J 6.3, 

C(8)H3); 13C NMR (126 MHz, CDCl3Ȍ: Ɂ ͳ͹͵.ͳ ȋCȋͳͲȌȌ, ͳ͵͸.͸ ȋC(5)), 129.2 (C(4)), 129.0 

(C(1)), 121.6 (C(3)), 121.3 (C(2)), 116.0 (C(6)), 54.5 (C(7)), 41.3 (C(9)), 24.0 (C(8)); LRMS 

m/z (ES+) 277 ([M79Br+Na]+, 91%), 279 ([M81Br+Na]+, 100%), HRMS m/z (EI+) [Found: 

(M79Br +H)+ 255.0129 C10H1279BrN2O requires 255.0129], RP-HPLC: Retention time 

10.52 min, purity 96.7%, Chiral HPLC (AD-H): Retention time 17.6 min, ee > 99%. 
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7.4 Chapter 3 Procedures 

7-Nitro-1,2,3,4-tetrahydroquinoline (73) 

 

1,2,3,4-Tetrahydroquinoline 71 (2.60 g, 14.6 mmol, 1.0 eq) was added dropwise to conc. 

H2SO4 (9.0 mLȌ at −ͳͲ °C and stirred for further ͳͷ min. After this time a precooled 
mixture of fuming nitric acid (1.0 mL) dissolved in conc. sulfuric acid (4.0 mL) was added dropwise at −ͳͲ °C over a period of ͵Ͳ min and subsequently stirred for ͳ h at Ͳ °C. After 

this time the reaction was judged to be complete by TLC analysis. The solution was poured 

into ice water (100 g) and the pH was adjusted to 8 using 5 M aq. NaOH. The red 

suspension was filtered, and rinsed with water. The crude material was purified by silica 

gel chromatography, eluting with a gradient of 10% to 20% EtOAc in petroleum ether, to 

give a red solid with a 6:1 mixture of the 5- and 7- regioisomer. The isomers were 

separated by activated aluminium oxide chromatography, eluting with a gradient of 33% 

to 100% dichloromethane in petroleum ether, to give 73 as a red solid (1.19 g, 6.68 mmol, 

46%): Rf: 0.26 (petroleum ether: EtOAc 10:1); mp 56-57 °C (Et2O), [Lit:106 57-58 °C], 

1H NMR (400 MHz, (CD3)2SO): Ɂ ͹.ʹ͸ ȋͳ(, d, J 2.4 Hz, C(1)H), 7.21 (1H, dd, J 8.1, 2.4 Hz, 

C(3)H), 7.21 (1H, d, J 8.1 Hz, C(4)H), 6.43 (1H, s, NH), 3.25-3.15 (2H, m, C(7)H2), 2.74 (2H, t, 

J 6.3 Hz, (C5)H2) 1.83-1.74 (2H, m, (C6)H2); LRMS m/z (ES+) 179 ([M+H]+, 100%), 

201 ([M+Na]+, 53%). These data are in good agreement with the literature.106 
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7-Bromo-1,2,3,4-tetrahydroquinoline (74) 

 

A suspension of Ag2SO4 (3.83 g, 12.5 mmol, 0.56 eq) in conc. H2SO4 (35 mL) was cooled to 

0 °C. 1,2,3,4 tetrahydroquinoline 71 (3.01 g, 22.5 mmol, 1.0 eq) was slowly added under 

vigorous stirring and stirred for further 15 min. Br2 (4.25 g, 28 mmol, 1.25 eq) was added 

to the brown solution over 30 min at 0 °C and stirred for further 2 hours at this 

temperature. After this time the solution was poured onto crushed ice (150 g). The 

suspension was filtered through Celite® and the filtrate was poured carefully into a 

mixture of crushed ice (250 g) and KOH (80 g). The resulting suspension was filtered 

through Celite®. The filtrate was extracted with CH2Cl2 ȋ͵ ⨯ ͷͲ mLȌ. The combined organic 
extracts were washed with brine (100 mL), dried (MgSO4), filtered, and concentrated in 

vacuo. The residue was purified by silica gel chromatography, eluting with 25% 

chloroform in petroleum ether, to give a yellow solid (1.64 g), which is a 3:1 regioisomeric 

mixture of the 7- and 5- brominated compound. A second silica gel chromatography 

purification, eluting with 5% EtOAc in petroleum ether, separated the regioisomers to give 

74 as a yellow solid (812 mg, 3.83 mmol, 17%): Rf: 0.29 (EtOAc: petroleum ether 1:10); 

mp 67-69 °C (CHCl3) [Lit:105 68-69 °C]; vmax (thin film)/cm-1 3397 (m) (N-H), 2949 (w), 

2925 (w), 1592 (s), 1476 (s), 1302 (m), 1097 (m), 1004 (m), 839 (s), 785 (s); 1H NMR 

(400 MHz, CDCl3Ȍ: Ɂ ͸.͹ͺ ȋͳ(, d, J 7.9 Hz, C(5)H), 6.69 (1H,dd, J 7.9, 1.8 Hz, C(6)H), 6.60 

(1H, d, J 1.8 Hz, C(8)H), 4.08 (1H, br s, NH), 3.29 (2H, dd, J 5.5, 5.5 Hz, C(1)H2), 2.69 (2H, dd, 

J 6.5, 6.5 Hz, C(3)H2), 1.95-1.87 (2H, m, C(2)H2); LRMS m/z (ES+) 212 ([M79Br+H]+, 100%), 

214 ([M81Br+H]+, 100%) . These data are in good agreement with the literature.105  

  

https://www.google.co.uk/search?q=1,2,3,4+tetrahydroquinoline&spell=1&sa=X&ei=eMzcVPmbEseBU_SNgLgH&ved=0CBwQvwUoAA
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2-(3-(3,4-Dihydroquinolin-1(2H)-yl)propyl)isoindoline-1,3-dione (75) 

 

1,2,3,4-Tetrahydroquinoline 71 (2.00 g, 15.0 mmol, 1.0 eq) was reacted according to 

general procedure 2B for 15 h. The crude material was purified by silica gel 

chromatography, eluting with a gradient of 10% to 20% ethyl acetate in petroleum ether, 

afforded 75 as a yellow solid (2.36 g, 7.37 mmol, 49%): Rf: 0.37 (petroleum ether: EtOAc 

6:1); mp 78-79 °C (Et2O); 1H NMR (400 MHz, CDCl3): Ɂ ͹.ͺͺ-7.82 (2H, m, C(12)H and 

C(12`)H), 7.75-7.69 (2H, m, C(11)H & C(11`)H), 7.02 (1H, td, J 6.5, 1.3, C(2)H), 6.92 (1H, d, 

J 7.2, C(4)H), 6.58-6.52 (2H, m, C(1)H and C(3)H), 3.75 (2H, t, J 7.3, C(10)H2), 3.33 (2H, d, 

J 7.3, C(8)H2), 3.26 (2H, t, J 5.6, C(7)H2), 2.67 (2H, t, J 6.3, C(5)H2), 2.07-1.86 (4H, m, C(6)H2 

and C(9)H2); LRMS m/z (ES+) 321 ([M+H]+, 100%). These data are in good agreement with 

the literature.57 

2-(3-(7-Nitro-3,4-dihydroquinolin-1(2H)-yl)propyl)isoindoline-1,3-dione (76) 

 

7-Nitro-1,2,3,4-tetrahydroquinoline 73 (650 mg, 3.65 mmol, 1.0 eq),was reacted according 

to general procedure 2A. Purification by silica gel chromatography, eluting with a gradient 

of 10% to 40% EtOAc /petroleum ether, afford 76 as a red solid (260 mg, 0.712 mmol, 

20%). Rf: 0.40 (EtOAc: petroleum ether 40/60 1:2); mp 148-150 °C (CH2Cl2); 1H NMR 

(400 MHz, CDCl3): Ɂ 7.88-7.83 (2H, m, C(11)H and C(11`)H), 7.76-7.71 (2H, m, C(12)H and 

http://www.chemicalbook.com/ChemicalProductProperty_EN_CB6246251.htm
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C(12`)H), 7.39 (1H, dd, J 8.2, 2.0 Hz, C(3)H), 7.32 (1H, d, J 2.0 Hz, C(1)H), 7.01 (1H, d, J 8.2 

Hz, C(4)H), 3.79 (2H, t, J 7.2 Hz, C(10)H2), 3.40 (2H, t, J 7.3 Hz, C(8)H2), 3.34 (2H, t, J 5.9 Hz, 

C(7)H2), 2.79 (2H, t, J 6.4 Hz, C(5)H2), 2.09-1.93 (4H, m, C(6)H2 and C(8)H2); LRMS m/z 

(ES+) 366 ([M+H]+, 100%). These data are in good agreement with the literature.57 

2-(3-(7-Bromo-3,4-dihydroquinolin-1(2H)-yl)propyl)isoindoline-1,3-dione (77) 

 

 

 

7-Bromo-1,2,3,4-tetrahydroquinoline 74 (500 mg, 2.36 mmol, 1.0 eq) was reacted 

according to general procedure 2A for 15 h. The crude material was purified by silica gel 

chromatography, eluting with a gradient of 10% to 20% EtOAc in petroleum ether, to give 

77 as a yellow oil (226 mg, 0.566 mmol, 24%): Rf: 0.28 (petroleum ether: EtOAc 4:1); vmax 

(thin film)/cm-1 2934 (m), 1705 (s) (C=O), 1593 (m), 1496 (m), 1394 (s), 1004 (m), 716 

(s); 1H NMR (500 MHz, CDCl3Ȍ: Ɂ ͹.ͺͺ-7.83 (2H, m, C(15)H and C(15`)H), 7.75-7.69 (2H, m, 

C(16)H and C(16`)H), 6.76-6.73 (1H, m, C(5)H), 6.63 (1H, dd, J 7.8, 1.9 Hz, C(6)H), 6.60 (1H, 

d, J 1.9 Hz, C(8)H), 3.76 (2H, t, J 7.2 Hz, C(12)H2), 3.32-3.24 (4H, m, C(1)H2 and C(10)H2), 

2.66 (2H, t, J 6.3 Hz C(3)H2), 2.03-1.95 (2H, m, C(2)H2) 1.94-1.87 (2H, m, C(11)H2); 13C NMR 

(126 MHz, CDCl3Ȍ: Ɂ ͳ͸ͺ.Ͷ ȋCȋͳ͵Ȍ and Cȋͳ͵`ȌȌ, ͳͶ͸.ʹ ȋCȋͻȌȌ, ͳ͵Ͷ.ͲȋCȋͳ͸Ȍ and Cȋͳ͸`ȌȌ, ͳ͵ʹ.Ͳ 
(C(14) and C(14`)), 130.2 (C(5)), 123.3 (C(15) and C(15`)), 121.3 (C(4)), 120.6 (C(7)), 

118.3 (C(6)), 112.9 (C(8)), 49.0 (C(1)), 48.7 (C(10)), 35.9 (C(12)), 27.6 (C(3)), 25.4 (C(11)), 

21.8 (C(2)); 147.9 (C(4)), 134.1 (C(10) and C(10`)), 132.1 (C(8) and C(8`)), 129.3 (C(2) and 

C(2`)), 123.3 (C(9) and C(9`)), 117.3 (C(1)), 112.9 (C(3) and C(3`)), 40.7 (C(5)), 35.4 (C(7)), 

27.9 (C(6)); LRMS m/z (ES+) 401 ([M79Br+H]+, 100%), 403 ([M81Br+H]+, 100%); HRMS m/z 
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(ES+) [Found: (M79Br +H)+  399.0702, C20H20O2N279Br+ requires 399.0703 and (M81Br +H)+  

401.0682 C20H20O2N281Br+ requires 401.0682]. 

2-(3-(7-Amino-3,4-dihydroquinolin-1(2H)-yl)propyl)isoindoline-1,3-dione (78) 

 

To a solution of 2-(3-(7-nitro-3,4-dihydroquinolin-1(2H)-yl)propyl)isoindoline-1,3-dione 

76 (200 mg, 0.547 mmol, 1.0 eq) in MeOH (5 mL) and CH2Cl2 (5 mL), was added 20% Pd/C 

(667 mg, 0.025 mmol, 0.05 eq). The system was purged with nitrogen, and then hydrogen 

gas added. The suspension was stirred under an atmosphere of hydrogen for 3 h at which 

time TLC analysis indicated the reaction complete. The suspension was filtered through 

Celite®, and concentrated in vacuo. The residue was purified by silica gel chromatography, 

eluting with a gradient of 20% to 50% EtOAc in petroleum ether, to give 78 as a yellow oil 

(127 mg, 0.379 mmol, 69%). Rf: 0.25 (petroleum ether: EtOAc 1:1); vmax (thin film)/cm-1 

3453 (w) (N-H), 3363 (w) (N-H), 2935 (m), 1704 (s) (C-O), 1615 (m); 1510 (m), 1396 (m), 

720 (s); 1H NMR (400 MHz, CDCl3): Ɂ ͹.ͺ͹-7.80 (2H, m, C(15)H and C(15`)H), 7.74-7.68 

(2H, m, C(16)H and C(16`)H), 6.71 (1H, d, J 7.9, C(4)H), 5.99-5.95 (2H, m, C(1)H and 

C(3)H), 3.75 (2H, t, J 7.3, C(12)H2), 3.50 (2H, br s, NH2), 3.30-3.23 (2H, m, C(10)H2), 3.23-

3.19 (2H, m, C(9)H2), 2.62 (2H, t, J 6.5, C(7)H2), 2.04-1.94 (2H, m, C(11)H2), 1.93-1.85 (2H, 

m, C(8)H2); 13C NMR (126 MHz, CDCl3): Ɂ ͳ͸ͺ.͵ ȋCȋͳ͵Ȍ and Cȋͳ͵`ȌȌ, ͳͶͷ.͹ ȋCȋ͸ȌȌ, 
145.0(C(2)), 133.9 (C(16)) and (C(16`)), 132.0 (C(14) and C(14`)), 129.8 (C(4)), 123.2 

(C(15)) and (C(15`)), 113.7 (C(5)), 103.5 (C(3)), 98.2 (C(1)), 49.3 (C(9)), 48.9 (C(10)), 36.1 

(C(12)), 27.3 (C(7)), 25.5 (C(11)), 22.5 (C(8)); LRMS m/z (ES+) 336 ([M+H]+, 100%); HRMS 

m/z (ES+) [Found: (M+H)+ 336.1706, C20H22ON4+ requires 336.1707]. 
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N-(1-(3-(1,3-dioxoisoindolin-2-yl)propyl)-1,2,3,4-tetrahydroquinolin-7-

yl)acetamide (79) 

 

A solution of 2-(3-(7-amino-3,4-dihydroquinolin-1(2H)-yl)propyl)isoindoline-1,3-dione 

78 (70 mg, 0.209 mmol, 1.0 eq) and Et3N (44 µL, 31.9 mg, 0.313 mmol, 1.5 eq) dissolved in 

CH2Cl2 (2 mL) was cooled to 0 ˚C. Acetyl chloride ȋͳͷ µL, ͳ͸.ͷ mg, Ͳ.ʹͲͻ mmol, ͳ.Ͳ eqȌ was 
added, and the reaction solution was warmed to ambient temperature. After 1 hour the 

TLC indicate completion and the reaction mixture was absorbed onto Celite®. The residue 

was purified by a silica gel chromatography, eluting with a gradient elution of 40% to 80% 

EtOAc in petroleum ether, to afford 79 as a yellow oil (58 mg, 0.154 mmol, 74%): Rf: 0.32 

(petroleum ether: EtOAc 1:3); vmax (thin film)/cm-1 3304 (w) (N-H), 2934 (w), 2839 (w), 

1704 (s) (C=O), 1662 (m) (C=O), 1612 (m), 1394 (m), 718 (s); 1H NMR (400 MHz, CDCl3): Ɂ 7.85-7.78 (2H, m, C(15)H and C(15`)H), 7.73-7.67 (2H, m, C(16)H and C(16`)H), 7.39 (1H, 

s br, NH), 6.82 (1H, d, J 7.9, C(4)H), 6.72 (1H, d, J 1.8, C(1)H), 6.70 (1H, d, J 7.9, 1.8, C(3)H), 

3.73 (2H, t, J 7.4, C(12)H2), 3.29 (2H, t, J 7.5, C(10)H2), 3.25-3.21 (2H, m, C(9)H2), 2.66 (2H, 

t, J 6.5, C(7)H2), 2.13 (3H, s, CH3), 2.03-1.95 (2H, m, C(11)H2), 1.94-1.86 (2H, m, C(8)H2); 

13C NMR (101 MHz, CDCl3): Ɂ ͳ͸ͺ.Ͷ ȋCȋͳ͵Ȍ and Cȋͳ͵`ȌȌ, ͳ͸ͺ.͵ ȋN(COȌ, ͳͶͷ.͵ ȋCȋ͸ȌȌ, ͳ͵͹.ͳ 
(C(2)), 134.0 (C(16)) and (C(16`)), 132.0 (C(14) and C(14`)), 129.3 (C(4)), 123.1 (C(15)) 

and (C(15`)), 118.1 (C(5)), 107.6 (C(3)), 102.5 (C(1)), 49.3 (C(9)), 48.9 (C(10)), 36.1 

(C(12)), 27.6 (C(7)), 25.5 (C(11)), 24.7 (CH3CO), 22.5 (C(8)); LRMS m/z (ES+) 378 ([M+H]+, 

100%); HRMS m/z (ES+) [Found: (M+H)+ 378.1806, C22H24O3N3+ requires 378.1812]. 
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3-(3,4-Dihydroquinolin-1(2H)-yl)propan-1-amine (83) 

 

3,4-Dihydroquinolin-1(2H)-yl)propyl)isoindoline-1,3-dione 75 (961 mg, 3.00 mmol, 

1.0 eq), was reacted according to general procedure 3. The crude material was purified by 

silica gel chromatography, eluting with CH2Cl2/MeOH/Et3N (100:10:1), to afford 83 as a 

yellow oil (350 mg, 1.84 mmol, 61%): Rf: 0.29 (MeOH: CH2Cl2 1:5); 1H NMR (400 MHz, 

CDCl3): Ɂ 7.00-6.92 (1H, m, C(2)H), 6.89-6.83 (1H, m, C(4)H), 6.54-6.43 (2H, m, C(1)H and 

C(3)H), 3.29-3.16 (4H, m, C(7)H2 and C(8)H2), 2.76 (2H, t, J 7.2, C(5)H2), 2.64 (2H, t, J 6.6, 

C(10)H2) 1.91-1.83 (2H, m, C(6)H2), 1.78-1.69 (2H, m, C(9)H2); LRMS m/z (ES+) 191 

([M+H]+, 100%). These data are in accordance with the literature.56 

3-(7-Nitro-3,4-dihydroquinolin-1(2H)-yl)propan-1-amine (84) 

 

[2-[3-(7-Nitro-3,4-dihydroquinolin-1(2H)-yl)propyl]-1H-isoindole-1,3(2H)-dione] 76 

(230 mg, 0.629 mmol, 1.0 eq), was reacted according to general procedure 3. The crude 

material was purified via an acid base extraction, to yield 84 as an orange oil(47 mg, 

0.200 mmol, 32%): Rf 0.19 (MeOH: CH2Cl2:Et3N 10:100:1);1H NMR (400 MHz; CDCl3): Ɂ 7.38 (1H, d, J 2.3 Hz, C(1)H), 7.36 (1H, dd, J 7.6 2.3 Hz, C(2)H), 7.00 (1H, d, J 7.6 Hz, 

C(3)H), 3.44 (2H, t, J 7.4 Hz, C(7)H2), 3.34 (2H, t, J 5.7 Hz, C(6)H2), 2.94 (2H, t, J 7.4 Hz, 

C(9)H2), 2.79 (2H, t, J 6.6 Hz, C(4)H2), 2.03-1.83 (4H, m, C(5)H2 and C(8)H2); LRMS m/z 

(ES+) 236 ([M+H]+, 100%). These data are in good agreement with the literature.57 
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N-(1-(3-aminopropyl)-1,2,3,4-tetrahydroquinolin-7-yl)acetamide (85) 

 

N-(1-(3-(1,3-Dioxoisoindolin-2-yl)propyl)-1,2,3,4-tetrahydroquinolin-7-yl)-acetamide 79 

(128 mg, 0.339 mmol, 1.0 eq) was reacted according to general procedure 3. Purification 

via acid base extraction, yielded 85 as a yellow oil (55 mg, 0.222 mmol, 66%), which was 

used without further purification: Rf: 0.05 (EtOH); vmax (thin film)/cm-1 3291 (w) (N-H), 

2929 (w), 2839 (w), 1660 (m) (C-O), 1612 (s), 1590 (s), 1509 (s), 1427 (m), 1316 (m), 732 

(s); 1H NMR (400 MHz, CDCl3Ȍ: Ɂ ͺ.ͲͲ ȋͳ(, br s, NH), 6.88 (1H, d, J 1.8, C(1)H), 6.74 (1H, d, 

J 8.0, C(4)H), 6.51 (1H, dd, J 8.0, 1.8, C(3)H), 3.22-3.11 (4H, m, C(9)H2 and C(10)H2), 2.67 

(2H, t, J 6.9, C(12)H2), 2.66 (2H, t, J 6.5, C(7)H2), 2.03 (3H, s, CH3), 1.87-1.77 (2H, m, 

C(8)H2), 1.70-1.61 (2H, m, C(11)H2); 13C NMR (101 MHz, CDCl3Ȍ: Ɂ ͳ͸ͺ.͸ ȋN(COȌ, ͳͶͷ.ͷ 
(C(6)), 137.4 (C(2)), 129.1 (C(3)), 118.4 (C(5)), 107.1 (C(4)), 102.6 (C(1)), 49.4 (C(9) or 

C(10)), 49.0 (C(9) or C(10)), 40.2 (C(12)), 30.3 (C(11)), 27.7 (C(7)), 24.5 (CH3), 22.3 

(C(8)); LRMS m/z (ES+) 248 ([M+H]+, 100%); HRMS m/z (ES+) [Found: (M+H)+  248.1758 

C14H22ON3+ requires 248.1757].  

(R)-N-(3-(3,4-Dihydroquinolin-1(2H)-yl)propyl)-3-methyl-2-oxo-1,2,3,4-

tetrahydroquinoxaline-5-carboxamide (86) 

 

[(R)-3-methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (30 mg, 

0.145 mmol, 1.0 eq) and [3,4-dihydroquinolin-1(2H)-yl)propan-1-amine] 83 (33 mg, 

0.174 mmol, 1.2 eq) were reacted according to general procedure 4 for 16 h. The crude 
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material was purified by silica gel chromatography, eluting with 66% EtOAc in petroleum 

ether, to give 86 as a yellow oil (25 mg, 0.066 mmol, 46%): Rf 0.47 (2:1 EtOAc: petroleum 

ether); [[�]�ଶ5 = −23.0 (c 0.2 in CHCl3), [Lit:56 [Ƚ]D = −ʹ͵.ͺ ȋc 1.0 in CHCl3)]; 1H NMR 

(400 MHz; (CD3)2CO): 9.33 (1H, br s, C(5)NH), 8.01 (1H, br s, C(9)NH), 7.80 (1H, br s, 

C(1)NH), 7.30 (1H, d, J 7.9, C(2)H), 6.97-6.90 (2H, m, C(4)H and C(20)H), 6.87-6.83 (1H, m, 

C(18)H), 6.67-6.57 (2H, m, C(3)H and C(21)H), 6.45 (1H, m, C(19)H), 4.00 (1H, qd, J 6.6, 

1.5, C(7)H), 3.49-3.42 (2H, m, C(11)H2), 3.41-3.35 (2H, m, C(13)H2), 3.33-3.27 (2H, m, 

C(14)H2), 2.72-2.67 (2H, m, C(16)H2), 1.95-1.85 (4H, m, C(12)H2 and C(15)H2), 1.37 (3H, d, 

J 6.6, C(8)CH3); LRMS m/z (ES+) 379 ([M+H]+, 100%), RP-HPLC: Method A: Retention time 

9.71 min, purity 97.0%. These data are in good agreement with the literature.56 

(3R)-N-[3-(7-Nitro-3,4-dihydroquinolin-1(2H)-yl)propyl]-3-methyl-2-oxo-1,2,3,4-

tetrahydroquinoxaline-5-carboxamide (87) 

 

[(R)-3-methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (40 mg, 

0.194 mmol, 1.0 eq) and [3-(7-nitro-3,4-dihydroquinolin-1(2H)-yl)propan-1-amine] 84 

(47 mg, 0.200 mmol, 1.0 eq) were reacted according to general procedure 4 for 18 h. The 

crude material was purified by silica gel chromatography, eluting with a gradient of 30% 

to 80% EtOAc in petroleum ether, to yield 87 as an orange oil (63 mg, 0.149 mmol, 77%): 

Rf 0.27 (3:1 EtOAc: petroleum ether); [[�]�ଶ5 −ͷͻ.ͷ ȋc 1.0 in MeOH), Lit: [Ƚ]D −͵ͻ.ͷ ȋc 1.0 in 

(CH3)2CO); 1H NMR (400 MHz; (CD3)2CO): Ɂ 9.32 (1H, br s, C(5)NH), 8.00 (1H, br s, 

C(9)NH), 7.83 (1H, t, J 4.7, C(11)NH), 7.38 (1H, d, J 2.2, C(21)H), 7.35-7.29 (2H, m, C(2)H 

and C(19)H), 7.10 (1H, d, J 8.1, C(18)H), 6.97-6.94 (1H, m, C(4)H), 6.65 (1H, dd, J 8.0, 8.0, 

C(3)H), 4.01 (1H, qd, J 6.7, 1.5, C(7)H), 3.54-3.47 (4H, m, C(11)H2 and C(13)H2), 3.41 (2H, t, 

J 5.8, C(14)H2), 2.82 (2H, t, J 6.3, C(16)H2), 2.03-1.91 (4H, m, C(12)H2 and C(15)H2), 1.38 
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(3H, d, J 6.7, C(8)CH3); LRMS m/z (ES+) 424 ([M+H]+, 22%), 446 ([M+Na]+, 33%), 869 

([2M+Na]+, 100%), These data are in good agreement with the literature.57 

(R)-N-(3-(7-Acetamido-3,4-dihydroquinolin-1(2H)-yl)propyl)-3-methyl-2-oxo-

1,2,3,4-tetrahydroquinoxaline-5-carboxamide (88) 

 

 [(R)-3-methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (40 mg, 

0.194 mmol, 1.0 eq) and 3-(6-methoxy-1H-indol-1-yl)propan-1-amine 85 (55 mg, 

0.222 mmol, 1.15 eq) were reacted according to general procedure 4 for 17 h. The crude 

material was purified by silica gel chromatography, eluting with a gradient of 75% to 

100% EtOAc in petroleum ether, to give 88 as a colourless solid (52 mg, 0.119 mmol, 

62%): Rf: 0.18 (EtOAc); mp 191-193 °C (acetone); [�]�ଶ5 −͵͵.͵ ȋc 0.25 in MeOH), vmax (thin 

film) /cm-1 3313 (br w) (N-H), 2938 (w), 1680 (s) (C-O), 1631 (m) (C-O), 1591 (s), 1531 

(s), 1265 (s), 730 (s); 1H NMR (400 MHz, (CD3)2SOȌ: Ɂ ͳͲ.͵Ͷ ȋͳ(, s, CȋͷȌNH), 9.57 (1H, s, 

C(20)NH), 8.38 (1H, t, J 5.2, C(10)NH), 7.80 (1H, br s, C(7)NH), 7.29 (1H, d, J 8.0, C(4)H), 

6.90-6.83 (2H, m, C(2)H and C(18)H), 6.77-6.69 (2H, m, C(19)H and C(21)H), 6.63 (1H, dd, 

J 8.0, 8.0, C(3)H), 3.94 (1H, q, J 6.7, C(7)H), 3.34-3.19 (6H, m, C(11)H ,C(13)H and C(14)H), 

2.61 (2H, t, J 6.2, C(16)H), 1.98 (3H, s, COCH3), 1.87-1.75 (4H, m, C(12)H2 and C(15)H2), 

1.26 (3H, d, J 6.7, C(8)H3); 13C NMR (101 MHz, (CD3)2SOȌ: Ɂ 168.6 (C(10)), 168.3 (C(6) or 

COCH3)), 168.2 (C(6) or COCH3)), 145.4 (C(22)), 138.8 (C(20)), 136.1 (C(9)), 129.1 (C(18)), 

127.9 (C(5)), 122.2 (C(4)), 117.4 (C(17)), 117.3 (C(21)), 116.8 (C(3)), 116.1 (C(1)), 106.9 

(C(21)), 102.1 (C(19)), 50.6 (C(7)), 49.4 (C(13)), 49.1 (C(14)), 37.6 (C(11)), 27.5 (C(15)), 

26.5 (C(12)), 24.5 (CH3CO), 22.4 (C(15)), 18.6 (C(8)); LRMS m/z (ES+) 436 ([M+H]+, 

100%), HRMS m/z (ES+) [Found: (M+H)+ 436.2345 C24H30O3N5+ requires 436.2343]; 
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RP-HPLC: Method A: Retention time 10.18 min, purity 95.5%. Chiral HPLC (AD-H): 

Retention time 12.28 min, ee > 99%. 

(R)-N-(3-(7-Amino-3,4-dihydroquinolin-1(2H)-yl)propyl)-3-methyl-2-oxo-1,2,3,4-

tetrahydroquinoxaline-5-carboxamide (89) 

 

A suspension of (R)-3-methyl-N-(3-(7-nitro-3,4-dihydroquinolin-1(2H)-yl)propyl)-2-oxo-

1,2,3,4-tetrahydroquinoxaline-5-carboxamide 88 (50 mg, 0.118 mmol, 1.0 eq), Zn 

(193 mg, 2.95 mmol, 25 eq), NH4Cl (158 mg, 2.95 mmol, 25 eq) in DMF (2.5 mL) were 

stirred at ambient temperature for 60 min. After this time the reaction was judged to be 

complete by TLC analysis. The suspension was filtered through Celite® and rinsed with 

EtOAc (10 mL). The filtrate was washed with sat. aq. NaHCO3 (3 ⨯ 15 mL), dried (Na2SO4), 

filtered, and concentrated in vacuo. The crude material was purified by silica gel 

chromatography, eluting with a gradient of 50% to 100% EtOAc in petroleum ether, to 

afford 89 as a yellow oil (28 mg, 0.071 mmol, 60 %): Rf: 0.39 (EtOAc); [�]�ଶ5 −͵ͷ.͵ ȋc 0.15 

in CHCl3), vmax (thin film)/cm-1 3344 (m) (N-H), 3175 (w br), 1688 (s) (C-O), 1626 (s) 

(C-O), 1509 (s), 1375 (s), 1505 (s), 1481 (m), 1373 (m), 1297 (s), 807 (s); 1H NMR 

(500 MHz, CDCl3Ȍ: Ɂ ͺ.ͲͲ ȋͳ(, br s, CȋͷȌNH), 7.78 (1H, br s, C(7)NH), 6.86 (1H, dd, J 7.7, 1.1, 

C(2)H), 6.76-6.71 (4H, m, C(4)H and C(18)H), 6.58 (1H, dd, J 7.8, 7.8, C(3)H), 6.45 (1H, br t, 

J 5.5, C(10)NH), 6.01-5.98 (2H, m, C(19)H and C(21)H), 4.10 (1H, dq, J 6.6, 1.5, C(7)H), 

3.53-3.48 (2H, m, C(11)H2), 3.46 (2H, br s, NH2), 3.34 (2H, t, J 6.8, C(13)H2), 3.25-3.21 (2H, 

m, C(14)H2), 2.63(2H, t, J 6.3 Hz, C(16)H2), 1.93 (2H, tt, J 6.8, 6.8 Hz, C(12)H2), 1.91-1.85 

(2H, m, C(15)H2), 1.49 (3H, d, J 6.6 Hz, C(8)H3);13C NMR (126 MHz, CDCl3Ȍ: Ɂ ͳ͸ͺ.͹ ȋCȋ͸ȌȌ, 
168.5 (C(10)), 145.8 (C(22)), 145.7 (C(20)), 136.5 (C(9)), 130.1 (C(18)), 126.8 (C(5)), 

121.4 (C(4)), 117.4 (C(2)), 116.9 (C(3)), 115.5 (C(1)), 113.6 (C(17)), 103.7 (C(19)), 98.0 
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(C(21)), 51.1 (C(7)), 49.8 (C(14)), 49.7 (C(13)), 38.3 (C(11)), 27.3 (C(16)), 26.5 (C(12)), 

22.6 (C(15)), 18.5 (C(8)); LRMS m/z (ES+) 394 ([M+H]+, 100%), HRMS m/z (ES+) [Found: 

(M+H)+  394.2239 C22H28O2N5 requires 394.2238]; RP-HPLC: Compound unstable using 

Method A or B. 

6-Methoxyindoline (91) 

 

A solution of 6-methoxyindole 90 (800 mg, 5.44 mmol, 1.0 eq) in dry THF (5 mL) was 

cooled to 0 °C. BH3 in THF (1 M ,5.44 mL, 5.44 mmol, 1.0 eq) was added over 10 minutes. 

After 30 min at 0 °C, trifluoro acetic acid (5.44 mL) was added dropwise and stirred for 

another 45 min. The brown solution was basified with 2 M aq. NaOH (40 mL) and stirred 

for 15 min at ambient temperature. The organic solvent was removed in vacuo. To the 

residue EtOAc (50 mL) was added and the organic extracts were washed with brine (50 

mL), dried (Na2SO4), filtered, and concentrated in vacuo. The residue was purified by silica 

gel chromatography, eluting with a gradient of 10 to 20% EtOAc in petroleum ether, to 

afford 91 as a pale yellow oil (666 mg, 4.46 mmol, 82%): Rf: 0.30 (EtOAc: petroleum ether 

1:5); 1H NMR (400 MHz, CDCl3): Ɂ ͹.Ͳʹ-6.96 (1H, m, C(4)H), 6.28-6.22 (2H, m, C(5)H and 

C(7)H), 3.77 (1H, br s, NH), 3.75 (3H, s, OCH3), 3.56 (2H, t, J 8.3, C(1)H2), 2.69 (2H, t, J 8.3, 

8.3, C(2)H2); LRMS m/z (ES+) 150 ([M+H]+, 100%). These data are in accordance with the 

literature.179  
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2-(3-(6-Methoxyindolin-1-yl)propyl)isoindoline-1,3-dione (93) 

 

6-Methoxyindole 91 (600 mg, 4.02 mmol, 1.0 eq) was reacted according to general 

procedure 2B. Purification by silica gel chromatography, eluting with a gradient of 10% to 

30% EtOAc in petroleum ether, yielded 93 as a yellow oil (933 mg, 2.77 mmol, 69%): Rf: 

0.38 (petroleum ether: EtOAc 1:3); vmax (thin film)/cm-1 2942 (w), 2833 (w), 1706 

(s) (C=O), 1619 (m); 1496 (m), 1394 (m), 1212(m), 718 (s); 1H NMR (500 MHz, CDCl3): Ɂ 

7.86-7.81 (2H, m, C(14)H and C(14`)H), 7.73-7.68 (2H, m, C(15)H and C(15`)H), 6.92 (1H, 

d, J 7.9, C(4)H), 6.22-6.13 (1H, m, C(5)H), 6.10-6.05 (1H, m, C(7)H), 3.84-3.79 (2H, m, 

C(11)H2), 3.76 (3H, s, OCH3), 3.38 (2H, t, J 8.3, C(1)H2), 3.12 (2H, t, J 7.0, C(9)H2), 2.86 (2H, 

t, J 8.3, C(2)H2), 2.00 (2H, tt, J 7.0, 7.0, C(10)H2); 13C NMR (126 MHz, CDCl3): Ɂ ͳ͸ͺ.Ͷ ȋCȋͳʹȌ 
and C(12`)), 160.1 (C(6)), 153.5 (C(8)), 134.0 (C(15) and C(15`)), 132.1 (C(3)), 124.4 

(C(4)), 123.2 (C(14) and C(14`)), 122.5, 101.9 (C(7)), 94.9 (C(5)), 55.4 (OCH3), 53.7 (C(1)), 

47.0 (C(9)), 36.1 (C(11)) , 27.8 (C(2)), 26.4 (C(10));  147.9 (C(4)), 134.1 (C(10) and 

C(10`)), 132.1 (C(8) and C(8`)), 129.3 (C(2) and C(2`)), 123.3 (C(9) and C(9`)), 117.3 

(C(1)), 112.9 (C(3) and C(3`)), 40.7 (C(5)), 35.4 (C(7)), 27.9 (C(6)); LRMS m/z (ES+) 337 

([M+H]+, 100%), HRMS m/z (ES+) [Found: (M+Na)+ 359.1367, C20H20O3N2Na+ requires 

359.1366]; RP-HPLC: Retention time 11.66 min, purity 96.2%.  
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2-(3-(6-Methoxy-1H-indol-1-yl)propyl)isoindoline-1,3-dione (92) 

 

A suspension of 2-(3-(6-methoxyindolin-1-yl)propyl)isoindoline-1,3-dione 93 (450 mg, 

1.34 mmol, 1.0 eq), MnO2 (580 mg, 6.69 mmol, 5.0 eq) in CH2Cl2 (20 mL) were stirred 

under refluxed for 16 h. After this time the reaction was judged to be complete by TLC 

analysis. After cooling to ambient temperature the suspension was filtered through 

Celite®, rinsed with CH2Cl2, and the filtrate was concentrated in vacuo. The residue was 

purified by silica gel chromatography, eluting with a gradient of 10% to 30% EtOAc in 

petroleum ether, to afford 92 as a yellow oil (347 mg, 1.04 mmol, 78%). Rf: 0.38 

(petroleum ether: EtOAc 1:3); vmax (thin film)/cm-1 2954 (w), 1769 (m) (C=O), 1702 (s), 

1398 (m), 1210 (s), 708 (s); 1H NMR (500 MHz, CDCl3): Ɂ ͹.ͺ͸-7.81 (2H, m, C(15)H and 

C(15`)H), 7.74-7.69 (2H, m, C(14)H and C(14`)H), 7.46 (1H, d, J 8.5, C(4)H), 7.11 (1H, d, J 

3.2, C(1)H), 6.79-6.77 (1H, m, C(7)H), 6.76 (1H, dd, J 8.5, 2.2, C(5)H), 6.41 (1H, dd, J 3.2, 0.7, 

C(2)H), 4.14 (2H, t, J 7.0, C(9)H2), 3.86 (3H, s, OCH3), 3.76 (2H, t, J 7.0, C(11)H2), 2.25 (2H, 

tt, J 7.0, 7.0, C(10)H2; 13C NMR (126 MHz, CDCl3): Ɂ ͳ͸ͺ.͵ ȋCȋͳʹȌH and C(12`)H), 156.2 

(C(6)), 136.5 (C(8)), 134.0 (C(14)H and C(14`)H), 131.9 (C(13)H and C(13`)H), 126.7 

(C(1)), 123.3 (C(15)H and C(15`)H), 122.9 (C(3)), 121.5 (C(4)), 109.3 (C(5)), 101.3 (C(2)), 

92.9 (C(7)), 55.7 (C(OCH3)), 43.8 (C(9)), 35.7 (C(11)), 28.9 (C(10)); LRMS m/z (ES+) 335 

([M+H]+, 100%), HRMS m/z (ES+) [Found: (M+Na)+  357.1209 C20H18O3N2Na+ requires 

357.1210]; RP-HPLC: Retention time 13.36 min, purity 98.3%.  
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3-(6-Methoxy-1H-indol-1-yl)propan-1-amine (94) 

 

2-(3-(6-methoxy-1H-indol-1-yl)propyl)isoindoline-1,3-dione 92 (290 mg, 0.867 mmol, 

1.0 eq) was reacted according to general procedure 3. The crude material was purified by 

silica gel chromatography, eluting with CH2Cl2/MeOH/Et3N (100:10:1), to yield 94 as a 

colourless oil (93 mg, 0.455 mmol, 53%): Rf: 0.17 (CH2Cl2: MeOH: Et3N 100:10:1); vmax 

(thin film)/cm-1 3218 (br w) (N-H), 2937 (m), 2833 (w), 1620 (s), 1490 (m), 1465 (m), 

1325 (m) 1214 (s), 1030 (s), 807 (s); 1H NMR (400 MHz, CDCl3): Ɂ ͹.ͷʹ-7.45 (1H, m, 

C(4)H), 7.02-6.98 (1H, m, C(1)H), 6.85-6.81 (1H, m, C(7)H), 6.80-6.75 (1H, m, C(5)H), 6.42 

(1H, d, J 3.0, C(2)H), 4.18 (2H, d, J 6.9, C(9)H2), 3.87 (3H, s, OCH3), 2.76 (2H, d, J 6.9, 

C(11)H2), 2.03 (2H, tt, J 6.9, 6.9, C(10)H2); 13C NMR (101 MHz, CDCl3): Ɂ ͳͷ͸.ͳ ȋCȋ͸ȌȌ, ͳ͵͸.͸ 
(C(8)), 126.7 (C(1)), 122.8 (C(3)), 121.5 (C(4)), 109.1 (C(5)), 101.1 (C(2)), 93.2 (C(7)), 55.8 

(OCH3), 43.5 (C(9)), 38.8 (C(11)), 32.0 (C(10)); LRMS m/z (ES+) 205 ([M+H]+, 100%); 

HRMS m/z (ES+) [Found: (M+H)+ 205.1337, C12H17ON2+ requires 205.1335]. 

3-(6-Methoxyindolin-1-yl)propan-1-amine (95) 

 

2-(3-(6-Methoxyindolin-1-yl)propyl)isoindoline-1,3-dione 93 (200 mg, 0.595 mmol, 

1.0 eq) was reacted according to general procedure 3. The crude material was purified via 

an acid base extraction, to yield 95 as a colourless oil (82 mg, 0.397 mmol, 67%): Rf: 0.38 

(petroleum ether: EtOAc 1:3); vmax (thin film)/cm-1 3457 (br w) (N-H), 3016 (m), 2970 (m), 

2945 (m), 1448 (m), 1377 (s), 1217 (s); 1H NMR (400 MHz, CDCl3): Ɂ ͸.ͻͶ ȋͳ(, d, J 7.9, 

C(4)H), 6.16 (1H, dd, J 7.9, 2.2, C(5)H), 6.07 (1H, d, J 2.2, C(7)H), 3.77 (3H, s, OCH3), 3.36 

(2H, t, J 8.2, C(1)H2), 3.10 (2H, t, J 7.1, C(9)H2), 2.89 (2H, t, J 8.2, C(2)H2), 2.82 (2H, t, J 7.1, 



Chapter 7: Experimental Section 
_______________________________________________________________________________________________ 

 167 

C(11)H2), 1.75 (2H, tt, J 7.1, 7.1, C(10)H2); 13C NMR (126 MHz, CDCl3): Ɂ ͳ͸Ͳ.ͳ ȋCȋ͸ȌȌ, ͳͷͶ.Ͳ 
(C(8)), 124.4 (C(4)), 122.4 (C(3)), 101.2 (C(5)), 94.6 (C(7)), 55.4 (OCH3), 53.8 (C(1)), 46.8 

(C(9)), 40.2 (C(11)), 31.1 (C(2)), 27.8 (C(10)); LRMS m/z (ES+) 207 ([M+H]+, 100%), 239 

([M+Na]+, 79%); HRMS m/z (ES+) [Found: (M+H)+  207.1493, C12H19ON2+ requires 

207.1492]. 

 (R)-N-(3-(6-Methoxy-1H-indol-1-yl)propyl)-3-methyl-2-oxo-1,2,3,4-tetrahydro-

quinoxaline-5-carboxamide (96) 

 

(R)-3-Methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (40 mg, 

0.194 mmol, 1.0 eq) and 3-(6-methoxy-1H-indol-1-yl)propan-1-amine 94 (60 mg, 

0.291 mmol, 1.5 eq) were reacted according to general procedure 4 for 15 h. The crude 

material was purified by silica gel chromatography, eluting with a gradient of 30% to 70% 

EtOAc in petroleum ether, to give 96 as a colourless solid (68 mg, 0.173 mmol, 89%): Rf: 

0.32 (petroleum ether: EtOAc 1:3); mp 182-185 °C (acetone); [�]�ଶ5 −Ͷ͸.͹ ȋc 0.2 in MeOH), 

vmax (thin film)/cm-1 3344 (m) (N-H), 3175 (w br), 1688 (s) (C-O), 1626 (s) (C-O), 1509 (s), 

1375 (s), 1505 (s), 1481 (m), 1373 (m), 1297 (s), 807 (s); 1H NMR (500 MHz, (CD3)2SOȌ: Ɂ 
9.31 (1H, s, C(5)NH), 8.00 (1H, s, C(7)NH), 7.78 (1H, t, J 5.7, C(11)NH), 7.42 (1H, d, J 8.6, 

C(17)H), 7.26 (1H, dd, J 7.8, 1.2, C(4)H), 7.22 (1H, d, J 3.2, C(14)H), 6.99 (1H, d, J 2.1, 

C(20)H), 6.97-6.94 (1H, m, C(15)H), 6.87 (1H, dd, J 7.8, 1.2, C(2)H), 6.69 (1H, dd, J 8.6, 2.1, 

C(18)H), 6.64 (1H, dd, J 7.8, 7.8, C(3)H), 6.35 (1H, dd, J 3.1, 0.5, C(15)H), 4.19 (2H, t, J , 

C(13)H2), 3.93 (1H, q, J 6.6, C(7)H), 3.76 (3H, s, OCH3), 3.27-3.20 (2H, m, C(11)H2), 2.04-

1.97 (2H, m, C(12)H2), 1.26 (3H, d, J 6.6, C(8)H3); 13C NMR (126 MHz, (CD3)2SOȌ: Ɂ ͳ͸ͺ.͹ 
(C(10)), 168.2 (C(6)), 156.0 (C(19)), 136.8 (C(21)), 136.2 (C(9)), 127.92 (C(14)), 127.86 

(C(5)), 122.7 (C(17)) 122.2 (C(4)), 121.4 (C(16)), 117.4 (C(2)), 116.8 (C(3)), 116.0 (C(1)), 
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109.5 (C(18)), 100.9 (C(15)), 93.6 (C(20)), 55.7 (C(OCH3)), 50.6 (C(7)), 43.7 (C(13)), 37.2 

(C(11)), 30.0 (C(12)), 18.6 (C(8)); LRMS m/z (ES+) 393 ([M+H]+, 100%); HRMS m/z (ES+) 

[Found: (M+Na)+  415.1742, C22H25O3N4Na+ requires 415.1741]; RP-HPLC: Method A: 

Retention time 11.89 min, purity 95.8%; Chiral HPLC (AD-H): Retention time 10.36 min, ee 

> 99%. 

(R)-N-(3-(6-Methoxyindolin-1-yl)propyl)-3-methyl-2-oxo-1,2,3,4-tetrahydro-

quinoxaline-5-carboxamide (97) 

 

[(R)-3-Methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (40 mg, 

0.194 mmol, 1.0 eq) and 3-(6-methoxyindolin-1-yl)propan-1-amine 95 (60 mg, 

0.291 mmol, 1.5 eq) were reacted according to general procedure 4 for 16 h. The crude 

material was purified by silica gel chromatography, eluting with a gradient of 30% to 60% 

EtOAc in petroleum ether, to afford 97 as a colourless solid (56 mg, 0.142 mmol, 73%): Rf: 

0.44 (petroleum ether: EtOAc 1:3); mp 65-67 °C (EtOAc); [�]�ଶ5 −͵ʹ.͸ ȋc 0.3 in CHCl3), vmax 

(thin film)/cm-1 3340 (w br) (N-H), 2937 (w), 2833 (w), 1680 (s) (C-O), 1632 (m), 1620 

(m), 1495 (s), 1481 (s), 1283 (s), 1258 (s), 1201 (s), 843 (s); 1H NMR (500 MHz, (CD3)2SO): Ɂ ͳͲ.͵͹ ȋͳ(, s, CȋͷȌNH), 8.44 (1H, t, J 5.5, C(11)NH), 7.82 (1H, br s, C(7)NH), 7.30 (1H, dd, J 

7.8, 1.0, C(4)H), 6.89 (1H, d, J 8.2, C(17)H), 6.86 (1H, dd, J 7.8, 1.0, C(2)H), 6.64 (1H, dd, J 

7.8, 7.8, C(3)H), 6.10 (1H, dd, J 8.2, 2.2, C(18)H), 6.07 (1H, d, J 2.3, C(20)H), 3.94 (1H, dq, J 

6.6, 1.2, C(7)H), 3.65 (3H, s, OCH3), 3.35-3.29 (4H, m, C(14)H2 and C(11)H2), 3.08 (2H, t, J 

7.2, C(13)H2), 2.80 (2H, t, J 8.3, C(15)H2) 1.80 (2H, tt, J 7.2, 7.2, C(12)H2), 1.27 (3H, d, J 6.6, 

C(8)H3);13C NMR (126 MHz, (CD3)2SOȌ: Ɂ ͳ͸ͺ.͸ ȋCȋͳͲȌȌ, ͳ͸ͺ.͵ ȋCȋ͸ȌȌ, ͳ͸Ͳ.ͳ ȋCȋͳͻȌȌ, ͳͷͶ.ʹ 
(C(21)), 136.2 (C(9)), 127.9 (C(5)), 124.6 (C(17)), 122.22(C(16)), 122.18 (C(4)), 117.4 

(C(2)), 116.8 (C(3)), 116.1 (C(1)), 101.8 (C(18)), 94.7 (C(20)), 55.4 (OCH3), 53.5 (C(14)), 



Chapter 7: Experimental Section 
_______________________________________________________________________________________________ 

 169 

50.6 (C(7)), 46.7 (C(13)), 37.5 (C(11)), 27.7 (C(15)), 27.1 (C(12)), 18.6 (C(8)); LRMS m/z 

(ES+) 395 ([M+H]+, 100%), HRMS m/z (ES+) [Found: (M+H)+  395.2078 C22H27O3N4+ 

requires 395.2078]; RP-HPLC: Method A: Retention time 11.98 min, purity 96.7 %; Chiral 

HPLC (AD-H): Retention time 12.23 min, ee > 99%. 

3-Propoxyaniline (110) 

 

3-Nitrophenol (2.00 g, 14.3 mmol, 1.0 eq), K2CO3 (2.00 g, 14.4 mmol, 1.0 eq) and 

1-bromopropane (1.94 g, 15.8 mmol, 1.1 eq) were suspended in DMF (20 mL), and stirred 

at 60 °C for 3 h. After this time the reaction was judged to be complete by TLC analysis. 

After cooling to rt the reaction mixture was dissolved in EtOAc (100 mL) and water 

(50 mL). The organic extracts were washed with sat. aq. K2CO3 (3 × 70 mL), dried (MgSO4), 

filtered and concentrated in vacuo. The residue was dissolved in EtOH (60 mL) and acetic 

acid (2.7 mL) and the solution was heated under reflux for 20 min. To the yellow solution 

activated Fe (5.80 g, 100 mmol, 7.0 eq) and FeCl3 hexahydrate (648 mg, 2.32 mmol, 

0.15 eq) were added and the suspension stirred for 15 h at 60 °C. After this time the 

reaction was judged to be complete by TLC analysis. After cooling to rt the suspension was 

filtered through Celite® and concentrated in vacuo. The residue was purified by silica gel 

chromatography, eluting with a gradient of 10% to 30% EtOAc in petroleum ether, to give 

110 as a yellow oil (930 mg, 6.15 mmol, 43%): Rf: 0.37 (petroleum ether: EtOAc 2:1); 

1H NMR (400 MHz, CDCl3): Ɂ ͹.Ͳͷ ȋͳ(, dd, J 8.0, 8.0 C(4)H), 6.33 (1H, dd, J 8.0, 1.9, C(3)H), 

6.28 (1H, dd, J 8.0, 1.9, C(5)H), 6.25 (1H, dd, J 1.9, 1.9 C(3)H) 3.88 (2H, t, J 6.8, OCH2), 3.64 

(2H, s br, NH2), 1.79 (2H, qt, J 6.8, 6.8, CH2CH3), 1.02 (3H, t, J, 6.8, CH3), LRMS m/z (ES+) 125 

([M+H]+, 100%). These data are in good agreement with the literature.180 
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2-(3-(Phenylamino)propyl)isoindoline-1,3-dione (113) 

 

Aniline 108 (931 mg, 10.0 mmol, 1.0 eq), was reacted according to general procedure 2B. 

Purification by silica gel chromatography, eluting with a gradient of 10% to 30% EtOAc in 

petroleum ether, afforded 113 as a yellow solid (1.31 g, 4.67 mmol, 47%): Rf: 0.33 

(petroleum ether: EtOAc 5:2); mp 96-98 °C (EtOAc); vmax (thin film)/cm-1 3388 (m) (N-H), 

1705 (s) (C=O), 1602 (m); 1465 (m), 1045 (m), 796 (s), 723 (s); 1H NMR (400 MHz, CDCl3): Ɂ ͹.ͺͻ-7.82 (2H, m, C(9)H and C(9`)H), 7.75-7.70 (2H, m, C(10)H and C(10`)H), 7.20-7.12 

(2H, m, C(2)H and C(2`)H), 6.69 (1H, tt, J 7.3, 1.1, C(1)H), 6.65-6.60 (2H, m, C(3)H and 

C(3`)H), 4.05 (1H, s br, NH), 3.81 (2H, t, J 6.6, C(7)H2), 3.19 (2H, d, J 6.6, C(5)H2), 1.98 (2H, 

tt, J 6.6, 6.6, C(6)H2); 13C NMR (101 MHz, CDCl3): Ɂ ͳ͸ͺ.͸ ȋC=OȌ, ͳͶ͹.ͻ ȋCȋͶȌȌ, ͳ͵Ͷ.ͳ ȋCȋͳͲȌ 
and C(10`)), 132.1 (C(8) and C(8`)), 129.3 (C(2) and C(2`)), 123.3 (C(9) and C(9`)), 117.3 

(C(1)), 112.9 (C(3) and C(3`)), 40.7 (C(5)), 35.4 (C(7)), 27.9 (C(6)); LRMS m/z (ES+) 281 

([M+H]+, 100%);, HRMS m/z (ES+) [Found: (M+H)+  281.1283, C17H17O2N2+ requires 

281.1283]; RP-HPLC: compound unstable using Method A or B.  

2-(3-((3-Methoxyphenyl)amino)propyl)isoindoline-1,3-dione (114) 

 

3-Anisidine 109 (750 mg, 6.09 mmol, 1.0 eq) was reacted according to general procedure 

2B for 16 h. Purification by silica gel chromatography, eluting with a gradient of 10% to 

30% EtOAc in petroleum ether, afforded 114 as a yellow solid (910 mg, 2.93 mmol, 48%): 

Rf: 0.38 (petroleum ether: EtOAc 2:1); mp 92-94 °C (CHCl3); vmax (thin film)/cm-1 3399 (w) 
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(N-H), 2940 (w), 1703 (s) (C-O), 1613 (m), 1395 (m), 1161 (m), 1039 (m), 718 (s); 1H NMR 

(400 MHz, CDCl3): Ɂ ͹.ͺ͸-7.79 (2H, m, C(12)H and C(12`)H), 7.72-7.66 (2H, m, C(13)H and 

C(13`)H), 7.05 (1H, dd, J 8.0, 8.0, C(4)H), 6.25-6.20 (2H, C(3)H and C(5)H), 6.16 (1H, dd, 

J 2.2, 2.2, C(1)H), 4.13 (1H, s, NH), 3.78 (2H, t, J 6.7, C(9)H2), 3.74 (3H, s, OCH3), 3.15 (2H, t, 

J 6.7, C(7)H2), 1.95 (2H, tt, J 6.7, 6.7, C(8)H2); 13C NMR (101 MHz, CDCl3): Ɂ ͳ͸ͺ.͸ ȋCȋͳͲȌ 
and C(10`)), 160.9 (C(2)), 149.4 (C(6)), 134.1 (C(13) and C(13`)), 132.0 (C(11) and C(11`)), 

130.0 (C(4)), 123.3 (C(12) and C(12`)), 106.0 (C(3)or C(5)), 102.4 (C(3) or C(5)), 98.8 

(C(1)), 55.1 (OCH3) 40.7 (C(9)), 35.4 (C(7)) , 27.9 (C(8)); LRMS m/z (ES+) 311 ([M+H]+, 

100%);, HRMS m/z (ES+) [Found: (M+H)+  311.1389, C18H19O3N2+ requires 311.1390]; 

RP-HPLC: Method A: Retention time 11.57 min, purity 95.6%. 

2-(3-((3-Propoxyphenyl)amino)propyl)isoindoline-1,3-dione (115) 

 

3-Propoxyaniline 110 (930 mg, 6.15 mmol, 1.0 eq) was reacted according to general 

procedure 2B for 20 h. Purification by silica gel chromatography, eluting with a gradient of 

10% to 40% EtOAc in petroleum ether, afforded 115 as a yellow oil (1090 mg, 3.22 mmol, 

52%), containing minor impurities: Rf: 0.48 (petroleum ether: EtOAc 2:1); vmax (thin 

film)/cm-1 3400 (w) (N-H), 2937 (w), 1703 (s) (C-O), 1613 (m), 1394 (m), 1189 (m), 1162 

(m), 718 (s); 1H NMR (400 MHz, CDCl3): Ɂ ͹.ͺͻ-7.81 (2H, m, C(12)H and C(12`)H), 7.75-

7.67 (2H, m, C(13)H and C(13`)H), 7.04 (1H, dd, J 8.0, 8.0, C(4)H), 6.27-6.20 (2H, C(3)H and 

C(5)H), 6.17 (1H, dd, J 2.0, 2.0, C(1)H), 4.06 (1H, s, NH), 3.87 (2H, t, J 6.9, OCH2) 3.80 (2H, t, 

J 6.6, C(9)H2), 3.74 (3H, s, OCH3),  3.16 (2H, m, C(7)H2), 1.97 (2H, tt, J 6.6, 6.6, C(8)H2), 1.77 

(2H, tq, J 6.9, 6.9, CH2CH3), 1.02 (3H, t, J 6.9, 6.9, CH3); 13C NMR (101 MHz, CDCl3): Ɂ 168.6 

(C(10) and C(10`)), 160.4 (C(2)), 149.3 (C(6)), 134.0 (C(13) and C(13`)), 132.1 (C(11) and 

C(11`)), 129.9 (C(4)), 123.3 (C(12) and C(12`)), 105.9 (C(3)or C(5)), 103.2 (C(3) or C(5)), 
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99.4 (C(1)), 69.3 (OCH2) 40.7 (C(9)), 35.4 (C(7)) , 27.9 (C(8)) 22.7 (CH2CH3), 10.6 

(CH2CH3); LRMS m/z (ES+) 339 ([M+H]+, 100%); HRMS m/z (ES+) [Found: (M+H)+  

339.1703, C20H23O3N2+ requires 339.1703]; RP-HPLC: Method A: Retention time 11.11 min, 

purity 94.7%.  

N-(3-((3-(1,3-Dioxoisoindolin-2-yl)propyl)amino)phenyl)acetamide (116) 

 ͵’-Aminoacetanilide 111 (2.00 g, 13.3 mmol, 1.0 eq) was reacted according to general 

procedure 2A for 16 h. Purification by silica gel chromatography, eluting with a gradient of 

50% to 80% EtOAc in petroleum ether, afforded (3.31 g) of 116 as an impure yellow oil, 

which was used without further purification: An aliquot was purified for characterisation. 

Rf: 0.22 (petroleum ether: EtOAc 1:2); vmax (thin film)/cm-1 3370 (w) (N-H), 2980 (w), 

1704 (s) (C=O), 1612 (m), 1396 (s), 1370 (m), 1040 (w), 907 (m), 718 (s); 1H NMR 

(400 MHz, CDCl3): Ɂ ͹.ͺͶ-7.78 (2H, m, C(12)H and C(12`)H), 7.72-7.68 (2H, m, C(13)H and 

C(13`)H), 7.65 (1H, s, NHAc), 7.04 (1H, dd, J 8.0, 8.0 C(4)H), 6.94(1H, dd, J 1.6, 1.6 C(1)H), 

6.71 (1H, ddd, J 8.0, 1.6, 1.6 C(3)H), 6.33 (1H, ddd, J 8.0, 1.6, 1.6 C(5)H), 4.09 (1H, s, NH), 

3.76 (2H, t, J 6.7, C(9)H2), 3.12 (2H, t, J 6.7, C(7)H2), 2.12 (3H, s, COCH3), 1.92 (2H, tt, J 6.7, 

6.7, C(8)H2); 13C NMR (101 MHz, CDCl3): Ɂ 168.50 (C(10) and C(10`)), 168.47 (CONH), 

148.5 (C(6)), 139.0 (C(2)), 134.0 (C(13) and C(13`)), 131.9 (C(11) and C(11`)), 129.5 

(C(4)), 123.2 (C(12) and C(12`)), 108.69 (C(3) or C(5)), 108.68 (C(3) or C(5)), 104.3 (C(1)), 

40.6 (C(9)), 35.3 (C(7)) , 27.8 (C(8)), 24.6 (CH3CO); LRMS m/z (ES+) 338 ([M+H]+, 100%); 

HRMS m/z (ES+) [Found: (M+H)+  338.1498, C19H20O3N2+ requires 338.1499]. 
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2-(3-((3-(Methylthio)phenyl)amino)propyl)isoindoline-1,3-dione (117) 

 

3-Methylthio(aniline) 112 (2.00 g, 14.4 mmol, 1.0 eq) was reacted according to general 

procedure 2B for 17 h. Purification by silica gel chromatography, eluting with a gradient of 

10% to 30% EtOAc in petroleum ether, afforded 117 as a yellow oil (2.73 g, 8.37 mmol, 

58%): Rf: 0.24 (petroleum ether: EtOAc 3:1); vmax (thin film)/cm-1 3392 (w) (N-H), 2922 

(w), 1702 (s) (C-O), 1570 (m), 1395 (m), 1040 (w), 717 (s); 1H NMR (400 MHz, CDCl3): Ɂ 
7.88-7.82 (2H, m, C(12)H and C(12`)H), 7.75-7.70 (2H, m, C(13)H and C(13`)H), 7.08 (1H, 

dd, J 7.9, 7.9, C(4)H), 6.58 (1H, ddd, J 7.9, 1.9, 1.6 C(3)H), 6.51 (1H, dd, J 1.9, 1.9 C(1)H), 

6.32 (1H, ddd, J 7.9, 1.9, 1.6 C(5)H), 4.11 (1H, s, NH), 3.81 (2H, t, J 6.6, C(9)H2), 3.16 (2H, t, J 

6.6, C(7)H2), 2.45 (3H, s, SCH3), 1.97 (2H, tt, J 6.6, 6.6, C(8)H2); 13C NMR (101 MHz, CDCl3): Ɂ 
168.6 (C(10) and C(10`)), 148.2 (C(6)), 139.3 (C(2)), 134.1 (C(13) and C(13`)), 132.0 

(C(11) and C(11`)), 129.6 (C(4)), 123.3 (C(12) and C(12`)), 115.4 (C(3)), 110.7 (C(1)), 

110.0 (C(5)), 40.5 (C(9)), 35.3 (C(7)) , 27.8 (C(8)), 15.8 (SCH3); LRMS m/z (ES+) 327 

([M+H]+, 100%); HRMS m/z (ES+) [Found: (M+H)+ 327.1160, C18H19O2N2S+ requires 

327.1162]; RP-HPLC: Method A: Retention time 11.10 min, purity 94.7%.  

2-(3-(Methyl(phenyl)amino)propyl)isoindoline-1,3-dione (118) 

 

A suspension of 2-(3-(phenylamino)propyl)isoindoline-1,3-dione 113 (400 mg, 

1.43 mmol, 1.0 eq), iodomethane (100 µL, 228 mg, 1.61 mmol, 1.1 eq), K2CO3 (225 mg, 

1.63 mmol, 1.1 eq) in DMF (3 mL) were stirred at 90 °C for 15 hours. After this time the 
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reaction was judged to be complete by TLC analysis. After cooling to rt the suspension was 

diluted with EtOAc (50 mL), washed with brine (3 ⨯ 50 mL), dried (Na2SO4), filtered, and 

concentrated in vacuo. The crude material was purified by silica gel chromatography, 

eluting with a gradient of 10 to 20% EtOAc in petroleum ether, to afford 118 as a yellow 

oil (310 mg, 1.05 mmol, 74%): Rf: 0.33 (petroleum ether: EtOAc 5:1); 1H NMR (400 MHz, 

CDCl3): Ɂ ͹.ͺͺ-7.82 (2H, m, C(7)H and C(7`)H), 7.75-7.69 (2H, m, C(8)H and C(8`)H), 7.23-

7.17 (2H, m, C(2)H and C(2`)H), 6.75-6.65 (3H, m, C(3)H, C(3`)H and C(1)H), 4.05 (1H, br s, 

NH), 3.74 (2H, t, J 7.3, C(6)H2), 3.39 (2H, d, J 7.3, C(4)H2), 2.93 (3H, s, NCH3), 1.98 (2H, tt, 

J 7.3, 7.3, C(5)H2); LRMS m/z (ES+) 295 ([M+H]+, 100%). These data are in accordance with 

the literature.181  

2-(3-((3-Methoxyphenyl)(methyl)amino)propyl)isoindoline-1,3-dione (119) 

 

A suspension of 2-(3-((3-methoxyphenyl)amino)propyl)isoindoline-1,3-dione 114 

(300 mg, 0.967 mmol, 1.0 eq), iodomethane (67 µL, 151 mg, 1.06 mmol, 1.1 eq), K2CO3 

(147 mg, 1.06 mmol, 1.1 eq) in DMF (3 mL) were stirred at 85 °C for 2 h. After this time the 

reaction was judged to be complete by TLC analysis. After cooling to ambient temperature 

the suspension was diluted with EtOAc (20 mL), washed with brine (3 ⨯ 20 mL), dried 

(MgSO4), filtered, and concentrated in vacuo. The crude material was purified by silica gel 

chromatography, eluting with a gradient of 10% to 30% of EtOAc in petroleum ether, to 

afford 119 as a yellow oil (152 mg, 0.469 mmol, 48%): Rf: 0.42 (petroleum ether: EtOAc 

2:1); vmax (thin film)/cm-1 2940 (w), 1704 (s) (C-O), 1608 (m), 1037 (m), 718 (s); 1H NMR 

(400 MHz, CDCl3): Ɂ 7.88-7.83 (2H, m, C(12)H and C(12`)H), 7.75-7.70 (2H, m, C(13)H and 

C(13`)H), 7.12 (1H, dd, J 8.2, 8.2, C(4)H), 6.34 (1H, dd, J 8.2, 2.4, C(5)H), 6.27 (1H, dd, J 8.2, 

2.4, C(3)H), 6.25 (1H, dd, J 2.4, 2.4, C(1)H), 3.78 (3H, s, OCH3), 3.75 (2H, t, J 7.2, C(9)H2), 
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3.40 (2H, t, J 7.2, C(7)H2), 2.94 (3H, s, NCH3) 2.00 (2H, tt, J 7.2, 7.2, C(8)H2); 13C NMR (101 

MHz, CDCl3): Ɂ ͳ͸ͺ.͵ ȋCȋͳͲȌ and CȋͳͲ`ȌȌ, ͳ͸Ͳ.ͺ ȋCȋʹȌȌ, ͳͷͲ.͸ ȋCȋ͸ȌȌ, ͳ͵Ͷ.Ͳ ȋCȋͳ͵Ȍ and 
C(13`)), 132.1 (C(11) and C(11`)), 129.9 (C(4)), 123.3 (C(12) and C(12`)), 105.6 (C(5)), 

101.4 (C(3)), 99.0 (C(1)), 55.1 (OCH3), 50.3 (C(7)), 38.3 (NCH3), 36.0 (C(9)) , 26.0 (C(8)); 

LRMS m/z (ES+) 325 ([M+H]+, 100%), HRMS m/z (ES+) [Found: (M+H)+  325.1549, 

C19H21O3N2+ requires 325.1549]; RP-HPLC: Method A: Retention time 10.05 min, purity 

98.9%. 

2-(3-((3-Propoxyphenyl)(methyl)amino)propyl)isoindoline-1,3-dione (120) 

 

A suspension of 2-(3-((3-propoxyphenyl)amino)propyl)isoindoline-1,3-dione 115 

(350 mg, 1.03 mmol, 1.0 eq), iodomethane (67 µL, 151 mg, 1.06 mmol, 1.1 eq), K2CO3 

(147 mg, 1.06 mmol, 1.1 eq) in DMF (3 mL) were stirred at 85 °C for 2 h. After this time the 

reaction was judged to be complete by TLC analysis. After cooling to ambient temperature 

the suspension was diluted with EtOAc (20 mL), washed with brine (3 ⨯ 20 mL), dried 

(MgSO4), filtered and concentrated in vacuo. The crude material was purified by silica gel 

chromatography, eluting with a gradient of 10% to 30% of EtOAc in petroleum ether, to 

afford 120 as a yellow oil (179 mg, 0.507 mmol, 49%): Rf: 0.53 (petroleum ether: EtOAc 

2:1); vmax (thin film)/cm-1 2936 (w), 1707 (s) (C=O), 1610 (m), 1395 (m), 719 (s); 1H NMR 

(400 MHz, CDCl3): Ɂ ͹.ͺ͹-7.80 (2H, m, C(12)H and C(12`)H), 7.74-7.68 (2H, m, C(13)H and 

C(13`)H), 7.09 (1H, dd, J 8.0, 8.0, C(4)H), 6.31 (1H, dd, J 8.0, 2.4 C(3)H or C(5)H), 6.25 (1H, 

dd, J 8.0, 2.4 C(3)H or C(5)H), 6.24 (1H, dd, J 2.4, 2.4, C(1)H), 3.88 (2H, t, J 6.9, OCH2) 3.73 

(2H, t, J 7.2, C(9)H2), 3.37 (2H, t, J 7.2, C(7)H2), 2.92 (3H, s, NCH3), 1.98 (2H, tt, J 7.2, 7.2, 

C(8)H2), 1.78 (2H, tq, J 6.6, 6.6, CH2CH3), 1.02 (3H, t, J 6.6, CH3); 13C NMR (101 MHz, CDCl3): Ɂ ͳ͸ͺ.͵ ȋCȋͳͲȌ and CȋͳͲ`ȌȌ, ͳ͸Ͳ.Ͷ ȋCȋʹȌȌ, ͳͷͲ.͹ ȋCȋ͸ȌȌ, ͳ͵Ͷ.Ͳ ȋCȋͳ͵Ȍ and Cȋͳ͵`ȌȌ, ͳ͵ʹ.ͳ 
(C(11) and C(11`)), 129.8 (C(4)), 123.2 (C(12) and C(12`)), 105.5 (C(3)or C(5)), 102.0 
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(C(3) or C(5)), 99.7 (C(1)), 69.3 (OCH2) 50.3 (C(9)), 38.3 (NCH3), 36.0 (C(7)) 26.0 (C(8)) 

22.7 (CH2CH3), 10.6 (CH2CH3); LRMS m/z (ES+) 353 ([M+H]+, 100%), HRMS m/z (ES+) 

[Found: (M+H)+  353.1859, C21H25O3N2+ requires 353.1860]; RP-HPLC: Method A: 

Retention time 11.12 min, purity 99.7%. 

N-(3-((3-(1,3-Dioxoisoindolin-2-yl)propyl)(methyl)amino)phenyl)acetamide (121) 

 

A suspension of N-(3-((3-(1,3-Dioxoisoindolin-2-yl)propyl)amino)phenyl)acetamide 116 

(1.00 g, 2.96 mmol, 1.0 eq), iodomethane (203 µL, 463 mg, 3.26 mmol, 1.1 eq), K2CO3 

(491 mg, 3.55 mmol, 1.2 eq) in DMF (10 mL) was stirred at 85 °C for 2 h. After this time 

the reaction was judged to be complete by TLC analysis. After cooling to ambient 

temperature the suspension was diluted with EtOAc (50 mL) and H2O (50 mL). The 

organic extracts were washed with brine (3 ⨯ 100 mL), dried (MgSO4), filtered, and 

concentrated in vacuo. The crude material was purified by silica gel chromatography, 

eluting with a gradient of 50% to 80% of EtOAc in petroleum ether, to afford 121 as a 

yellow oil (410 mg, 1.17 mmol, 29% over 2 steps): Rf: 0.36 (petroleum ether: EtOAc 1:2); 

vmax (thin film)/cm-1 3371 (w) (N-H), 2982 (w), 1704 (s) (C-O), 1608 (m), 1496 (m), 1396 

(m), 1369 (m), 909 (m), 717 (s); 1H NMR (500 MHz, CDCl3): Ɂ 7.86-7.82 (2H, m, C(12)H 

and C(12`)H), 7.74-7.69 (2H, m, C(13)H and C(13`)H), 7.17-7.10 (2H, m, NHAc & C(4)H), 

6.98-6.93 (1H, m, C(1)H), 6.79-6.74 (1H, m, C(3)H), 6.47-6.42 (1H, m, C(5)H), 3.73 (2H, t, 

J 7.4, C(9)H2), 3.38 (2H, t, J 7.4, C(7)H2), 2.93 (3H, s, NCH3), 2.15 (3H, s, COCH3), 1.92 (2H, tt, 

J 7.3, 7.3 C(8)H2); 13C NMR (126 MHz, CDCl3): Ɂ ͳ͸ͺ.ͶͲ ȋCȋͳͲȌ and CȋͳͲ`ȌȌ, ͳ͸ͺ.ʹ ȋCON(Ȍ, 
149.8 (C(6)), 139.0 (C(2)), 134.0 (C(13) and C(13`)), 132.1 (C(11) and C(11`)), 129.6 

(C(4)), 123.3 (C(12) and C(12`)), 108.6 (C(5)), 108.0 (C(3)), 104.0 (C(1)), 50.3 (C(9)), 38.4 

(NCH3), 36.0 (C(7)), 26.0 (C(8)), 24.8 (CH3CO); LRMS m/z (ES+) 352 ([M+H]+, 100%); 
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HRMS m/z (ES+) [Found: (M+H)+  352.1657 C20H22O3N3+ requires 352.1656], RP-HPLC: 

Method A: Retention time 8.84 min, purity 97.8%. 

2-(3-(Methyl(3-(methylthio)phenyl)amino)propyl)isoindoline-1,3-dione (122) 

 

A suspension of 2-(3-((3-(Methylthio)phenyl)amino)propyl)isoindoline-1,3-dione 117 

(800 mg, 2.45 mmol, 1.0 eq), iodomethane (183 µL, 417 mg, 2.94 mmol, 1.2 eq), K2CO3 

(225 mg, 1.63 mmol, 1.2 eq) in DMF (6 mL) was stirred at 85 °C for 5 h. After this time the 

reaction was judged to be complete by TLC analysis. After cooling to ambient temperature 

the suspension was dissolved with EtOAc (100 mL) and H2O (50 mL). The organic extracts 

were washed with brine (3 ⨯ 50 mL), dried (MgSO4), filtered, and concentrated in vacuo. 

The crude material was purified by silica gel chromatography eluting with a gradient of 

10% to 25% of EtOAc in petroleum ether to afford 121 as a yellow oil (590 mg, 1.73 mmol, 

71%): Rf: 0.35 (petroleum ether: EtOAc 3:1); vmax (thin film)/cm-1 2922 (w), 1704 

(s) (C-O), 1585 (m), 753 (m), 717 (s); 1H NMR (400 MHz, CDCl3): Ɂ ͹.ͺ͸-7.80 (2H, m, 

C(12)H and C(12`)H), 7.73-7.68 (2H, m, C(13)H and C(13`)H), 7.11 (1H, dd, J 8.0, 8.0 

C(4)H), 6.60-6.54 (2H, m, C(3)H and C(1)H), 6.50-6.48 (1H, m, C(5)H), 3.72 (2H, t, J 7.3, 

C(9)H2), 3.37 (2H, t, J 7.3, C(7)H2), 2.92 (3H, s, NCH3),  2.43 (3H, s, SCH3), 1.97 (2H, tt, J 7.3, 

7.3 C(8)H2); 13C NMR (101 MHz, CDCl3): Ɂ ͳ͸ͺ.͵ ȋCȋͳͲȌ and CȋͳͲ`ȌȌ, ͳͶͻ.ͷ ȋCȋ͸ȌȌ, ͳ͵ͻ.ʹ 
(C(2)), 134.0 (C(13) and C(13`)), 132.1 (C(11) and C(11`)), 129.5 (C(4)), 123.2 (C(12) and 

C(12`)), 114.7 (C(3)), 110.6 (C(1)), 109.7 (C(5)), 50.2 (C(7)), 38.3 (NCH3), 36.0 (C(9)) , 26.0 

(C(8)), 15.9 (SCH3); LRMS m/z (ES+) 341 ([M+H]+, 100%), HRMS m/z (ES+) [Found: (M+H)+  

341.1318, C19H21O2N2S+ requires 341.1318]; RP-HPLC: Method A: Retention time 

11.07 min, purity 97.3%. 
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2-(3-(Methyl(3-(methylsulfonyl)phenyl)amino)propyl)isoindoline-1,3-dione (123) 

 

2-(3-(Methyl(3-(methylthio)phenyl)amino)propyl)isoindoline-1,3-dione 122 (250 mg, 

0.734 mmol, 1.0 eq) was dissolved in CH2Cl2 (25 mL) and cooled to 0 °C. mCPBA (525 mg, 

2.13 mmol, 3.0 eq) was added in 4 portions over 10 minutes. The solution was stirred for 

2 h at 0 °C until TLC and MS indicated complete oxidation of the starting material. B2(OH)4 

(75 mg, 0.734 mmol, 1.0 eq) and MeOH (1 mL) was added and the colourless reaction 

mixture was stirred overnight. After this time the solution was adsorbed onto Celite® and 

purified by silica gel chromatography, eluting with a gradient of 10% to 100% of EtOAc in 

petroleum ether, to afford 123 as a pale yellow oil (204 mg, 0.548 mmol, 75%): Rf: 0.30 

(petroleum ether: EtOAc 1:1);  vmax (thin film)/cm-1 2929 (w), 1704 (s) (C-O), 1597 (m), 

1497 (m), 1373 (m), 1299 (s) (S=O), 1143 (s) (S=O), 719 (s); 1H NMR (500 MHz, CDCl3): Ɂ 
7.86-7.81 (2H, m, C(12)H and C(12`)H), 7.74-7.70 (2H, m, C(13)H and C(13`)H), 7.34 (1H, 

dd, J 8.0, 8.0 C(4)H), 7.20-7.16 (1H, m, C(5)H), 7.15-7.12 (1H, m, C(1)H),  6.90-6.86 (1H, m, 

C(3)H), 3.74 (2H, t, J 7.3, C(9)H2), 3.45 (2H, t, J 7.3, C(7)H2), 3.03 (3H, s, SO2CH3),  3.00 (3H, 

s, NCH3), 1.99 (2H, tt, J 7.3, 7.3 C(8)H2); 13C NMR (126 MHz, CDCl3): Ɂ ͳ͸ͺ.͵ ȋCȋͳͲȌ and 
C(10`)), 149.4 (C(6)), 141.3 (C(2)), 134.1 (C(13) and C(13`)), 131.9 (C(11) and C(11`)), 

130.1 (C(4)),  123.3 (C(12) and C(12`)), 116.6 (C(3)), 114.3 (C(5)), 109.8 (C(1)), 50.0 

(C(7)), 44.4 (C(SO2CH3)), 38.4 (NCH3), 35.7 (C(9)) , 25.7 (C(8)); LRMS m/z (ES+) 373 

([M+H]+, 100%), HRMS m/z (ES+) [Found: (M+H)+  373.1216, C19H21O4N2S+ requires 

373.1216]; RP-HPLC: Method A: Retention time 11.71 min, purity 98.0%. 

  



Chapter 7: Experimental Section 
_______________________________________________________________________________________________ 

 179 

N1-Phenylpropane-1,3-diamine (125) 

 

2-(3-(Phenylamino)propyl)isoindoline-1,3-dione 113 (300 mg, 1.07 mmol, 1.0 eq) was 

reacted according to general procedure 3. The crude material was purified by silica gel 

chromatography, eluting with CH2Cl2/MeOH/Et3N (100:10:1), to yield 125 as a colourless 

oil (155 mg, 0.907 mmol, 96%): Rf: 0.17 (CH2Cl2: MeOH: Et3N 100:10:1); vmax (thin 

film)/cm-1 3285 (w) (N-H), 3050 (w) (N-H); 2929 (m), 2859 (m), 1601 (s), 1501 (m), 1319 

(m), 1259 (m), 746 (s), 692 (s); 1H NMR (400 MHz, CDCl3): Ɂ ͹.ʹͳ-7.14 (2H, m, C(2)H and 

C(2`)H), 6.69 (1H,tt, J 7.2, 1.1, C(1)H), 6.64-6.59 (2H, m, C(3)H and C(3`)H), 3.20 (2H, d, 

J 6.7, C(4)H2), 2.86 (2H, d, J 6.7, C(3)H2), 1.75 (2H, tt, J 6.7, 6.7, C(6)H2); LRMS m/z (ES+) 

295 ([M+H]+, 100%). These data are in accordance with the literature.182  

N1-Methyl-N1-phenylpropane-1,3-diamine (126) 

 

2-(3-(Methyl(phenyl)amino)propyl)isoindoline-1,3-dione 118 (300 mg, 1.02 mmol, 

1.0 eq) was reacted according to general procedure 3. The crude material was purified by 

silica gel chromatography, eluting with CH2Cl2/MeOH/Et3N (100:10:1), to afford 126 as a 

colourless oil (105 mg, 0.640 mmol, 64%): Rf: 0.33 (petroleum ether: EtOAc 5:2); vmax (thin 

film)/cm-1 2927 (m), 2863 (m), 1597 (s), 1504 (s), 1368 (m), 745 (s), 691 (s); 1H NMR 

(500 MHz, CDCl3): Ɂ 7.25-7.19 (2H, m, C(2)H and C(2`)H), 6.74-6.70 (2H, m, C(3)H and 

C(3`)H), 6.69 (1H, tt, J 7.3, 1.0, C(1)H), 3.39 (2H, t, J 7.2, C(4)H2), 2.93 (3H, s, NCH3), 3.39 

(2H, t, J 7.2, C(6)H2), 1.98 (2H, tt, J 7.2, 7.2, C(5)H2); 13C NMR (126 MHz, CDCl3): Ɂ ͳͶͻ.Ͷ 

(CArN), 129.2 (C(2) and C(2`)), 116.2 (C(3) and C(3`)), 112.3 (C(1)), 50.4 (C(4)), 40.0 
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(C(6)), 38.4 (CH3N), 30.5 (C(5)); LRMS m/z (ES+) 281 ([M+H]+, 100%), HRMS m/z (ES+) 

[Found: (M+H)+  281.1283, C17H17O2N2+ requires 281.1283].  

N1-(3-Methoxyphenyl)-N1-methylpropane-1,3-diamine (127) 

 

2-(3-((3-Methoxyphenyl)(methyl)amino)propyl)isoindoline-1,3-dione 119 (159 mg, 

0.490 mmol, 1.0 eq) was reacted according to general procedure 3 for 1.5 h. The crude 

material was purified via an acid base extraction, to yield 127 as a yellow oil (81 mg, 

0.384 mmol, 85%): Rf: 0.00 (EtOAc), vmax (thin film)/cm-1 2936 (m), 1610 (s), 1573 (s), 

1500 (s), 1239 (m); 1H NMR (400 MHz, CDCl3): Ɂ ͹.ͳʹ ȋͳ(, dd, J 8.4, 8.4, C(4)H), 6.34 (1H, 

ddd, J 8.4, 2.3, 1.0, C(5)H), 6.27-6.22 (2H, m, C(3)H) and C(1)H), 3.77 (3H, s, OCH3), 3.35 

(2H, t, J 7.3, C(7)H2), 2.90 (3H, s, NCH3), 2.72 (2H, t, J 7.3, C(9)H2), 1.70 (2H, tt, J 7.3, 7.3, 

C(8)H2); 13C NMR (101 MHz, CDCl3): Ɂ 160.6 (C(2)), 150.5 (C(6)), 129.6 (C(4)), 105.2 

(C(5)), 100.5 (C(3)), 98.6 (C(1)), 54.9 (OCH3), 50.1 (C(7)), 39.8 (C(9)), 38.2 (NCH3) , 30.6 

(C(8)); LRMS m/z (ES+) 195 ([M+H]+, 100%), HRMS m/z (ES+) [Found: (M+H)+  195.1491 

C11H19O1N2+ requires 195.1492]. 

N1-(3-Propoxyphenyl)-N1-methylpropane-1,3-diamine (128) 

 

2-(3-((3-Propoxyphenyl)(methyl)amino)propyl)isoindoline-1,3-dione 120 (179 mg, 

0.507 mmol, 1.0 eq) was reacted according to general procedure 3. The crude material was 

purified via an acid base extraction, to yield 128 as a yellow oil (100 mg, 0.450 mmol, 

89%): Rf: 0.00 (EtOAc), vmax (thin film)/cm-1 2933 (m), 1610 (s), 1572 (s), 1499 (s), 1236 

(m), 1169 (m); 1H NMR (400 MHz, CDCl3): Ɂ ͹.ͳͳ ȋͳ(, dd, J 8.1, 8.1, C(4)H), 6.31 (1H, dd, 

J 8.1, 2.5 C(3)H), 6.28-6.23 (2H, m, C(5)H and C(1)H), 3.91 (2H, t, J 6.7, OCH2) 3.35 (2H, t, 
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J 7.3, C(7)H2), 2.91 (3H, s, NCH3), 2.75 (2H, t, J 7.3, C(9)H2), 1.79 (2H, qt, J 6.7, 6.7, C(8)H2), 

1.72 (2H, tt, J 7.3, 7.3, CH2CH3), 1.03 (3H, t, J 6.7, CH3); 13C NMR (101 MHz, CDCl3) 160.4 

(C(2)), 150.8 (C(6)), 129.8 (C(4)), 105.4 (C(3)), 101.6 (C(5), 99.5 (C(1)), 69.3 (OCH2) 50.4 

(C(9)), 40.1 (C(7)), 38.3 (NCH3), 30.9 (C(8)),  22.7 (CH2CH3), 10.6 (CH2CH3); LRMS m/z 

(ES+) 223 ([M+H]+, 100%); HRMS m/z (ES+) [Found: (M+H)+  223.1805, C13H23O1N2+ 

requires 223.1805]. 

N-(3-((3-Aminopropyl)(methyl)amino)phenyl)acetamide (129) 

 

N-(3-((3-(1,3-Dioxoisoindolin-2-yl)propyl)(methyl)amino)phenyl)acetamide 121 

(250 mg, 0.710 mmol, 1.0 eq) was reacted according to general procedure 3. The crude 

material was purified via an acid base extraction, to yield 129 as a colourless oil (78 mg, 

0.352 mmol, 50%): Rf: 0.00 (petroleum ether: EtOAc 1:1);  vmax (thin film)/cm-1 3289 (br, 

m) (N-H), 2931 (w), 1609 (s) (C-O), 1581 (s), 1554 (s), 1497 (s), 1274 (m); 1H NMR 

(400 MHz, CDCl3): Ɂ ͹.ͺͲ ȋͳ(, s, NHAc), 7.14-7.05 (2H, m, C(1)H & C(4)H), 6.71-6.65 (1H, 

m, C(3)H), 6.45-6.39 (1H, m, C(5)H), 3.73 (2H, t, J 7.4, C(9)H2), 3.33 (2H, t, J 7.2, C(7)H2), 

2.88 (3H, s, NCH3), 2.72 (2H, t, J 7.2, C(9)H2),  2.11 (3H, s, COCH3), 1.70 (2H, tt, J 7.2, 7.2 

C(8)H2); 13C NMR (101 MHz, CDCl3): Ɂ ͳ͸ͺ.ͷ ȋCON(Ȍ, ͳͶͻ.ͻ ȋCȋ͸ȌȌ, ͳ͵ͻ.ͳ ȋCȋʹȌȌ, ͳʹͻ.Ͷ 
(C(4)), 108.2 (C(5)), 107.6 (C(3)), 103.9 (C(1)), 50.2 (C(7)), 39.8 (C(7)), 38.2 (NCH3), 30.4 

(C(8)), 24.5 (CH3CO); LRMS m/z (ES+) 222 ([M+H]+, 100%); HRMS m/z (ES+) [Found: 

(M+H)+  222.1601 C12H20ON3+ requires 222.1601]. 
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N1-Methyl-N1-(3-(methylsulfonyl)phenyl)propane-1,3-diamine (130) 

 

2-(3-(Methyl(3-(methylsulfonyl)phenyl)amino)propyl)isoindoline-1,3-dione 123 

(200 mg, 0.537 mmol, 1.0 eq) was reacted according to general procedure 3. The crude 

material was purified via an acid base extraction, to yield 130 as a colourless oil (93 mg, 

0.384 mmol, 71%): Rf: 0.00 (petroleum ether: EtOAc 1:1); vmax (thin film)/cm-1 3363 (br, 

m) (N-H), 2926 (w), 1597 (s), 1498 (s), 1373 (m), 1292 (s) (S=O), 1097 (s) (S=O); 1H NMR 

(400 MHz, CDCl3): Ɂ 7.33 (1H, dd, J 8.0, 8.0 C(4)H), 7.18-7.11 (2H, m, C(5)H & C(1)H),  6.91-

6.86 (1H, m, C(3)H), 3.43 (2H, t, J 7.2 C(7)H2), 3.01 (3H, s, SO2CH3),  2.97 (3H, s, NCH3), 2.73 

(2H, t, J 7.2, C(9)H2),  1.70 (2H, tt, J 7.2, 7.2 C(8)H2); 13C NMR (101 MHz, CDCl3): Ɂ ͳͶͻ.͸ 
(C(6)), 141.3 (C(2)), 130.1 (C(4)),  116.3 (C(3)), 113.7 (C(5)), 109.5 (C(1)), 49.9 (C(7)), 

44.3 (C(SO2CH3)), 39.6 (C(9)), 38.3 (NCH3), 30.4(C(8)); LRMS m/z (ES+) 243 ([M+H]+, 

100%); HRMS m/z (ES+) [Found: (M+H)+  243.1162, C11H19O2N2S+ requires 243.1162]. 

(R)-3-Methyl-2-oxo-N-(3-(phenylamino)propyl)-1,2,3,4-tetrahydroquinoxaline-5-

carboxamide (98) 

 

[(R)-3-methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (40 mg, 

0.194 mmol, 1.0 eq) and N1-phenylpropane-1,3-diamine 125 (44 mg, 0.291 mmol, 1.5 eq) 

were reacted according to general procedure 4 for 15 h. The crude material was purified 

by silica gel chromatography, eluting with a gradient of 30% to 80% EtOAc in petroleum 

ether, to yield 98 as a colourless solid (28 mg, 0.083 mmol, 43%). Rf: 0.19 (petroleum 

ether: EtOAc 1:3); mp 163-165 °C (EtOAc); vmax (thin film)/cm-1 3293 (m) (N-H), 3058 (w) 
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(N-H), 2948 (w), 1679 (s) (C-O), 1632 (m) (C-O), 1600 (m), 1542 (m), 1494 (m), 1294 (m), 

1249 (m), 765 (s), 696 (m); 1H NMR (500 MHz, (CD3)2SOȌ: Ɂ ͳͲ.͵͸ ȋͳ(, s, CȋͷȌNH), 8.42 

(1H, t, J 5.7, C(11)NH), 7.81 (1H, s, C(7)NH), 7.28 (1H, dd, J 8.1, 1.1, C(4)H), 7.08-7.22 (2H, 

m, C(15)H and C(15`)H), 6.85 (1H, dd, J 7.7, 0.9, C(2)H), 6.63 (1H, dd, J 7.9, 7.9, C(3)H), 

6.57-6.53 (2H, m, C(14)H and C(14`)H), 6.50 (1H, tt, J 7.3, 0.9, C(16)H), 5.54 (1H, t, J 5.5, 

C(13)NH), 3.93 (1H, qd, J 7.3, 1.6 C(7)H), 3.35-3.28 (2H, m, C(11)H2), 3.07- 3.01 (2H, m, 

C(13)H2), 1.78 (2H, tt, J 6.9, 6.9, C(12)H2) 1.26 (3H, d, J 7.3, C(8)H3); 13C NMR (126 MHz, 

(CD3)2SOȌ: Ɂ ͳ͸8.6 (C(10)), 168.3 (C(6)), 149.4(C(17)), 136.2 (C(9)), 129.3 (C(15) and 

C(15`)), 127.9 (C(5)), 122.2 (C(4)), 117.4 (C(2)), 116.8 (C(3)), 116.1 (C(1)), 115.9 (C(16)), 

112.4 (C(14) and C(14`)), 50.6 (C(7)), 41.0 (C(11)), 37.5 (C(13)), 29.1 (C(12)), 18.6 (C(8)); 

LRMS m/z (ES+) 339 ([M+H]+, 100%), HRMS m/z (ES+) [Found: (M+H)+  339.1817, 

C19H23O2N4+ requires 339.1816]; RP-HPLC: Method A: Retention time 8.16 min, purity 

99.4%. Chiral HPLC (AD-H): Retention time 10.36 min, ee > 99%. 

(R)-3-Methyl-N-(3-(methyl(phenyl)amino)propyl)-2-oxo-1,2,3,4-

tetrahydroquinoxaline-5-carboxamide (99) 

 

(R)-3-methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (40 mg, 

0.194 mmol, 1.0 eq) and N1-methyl-N1-phenylpropane-1,3-diamine 126 (48 mg, 

0.291 mmol, 1.5 eq) were reacted according to general procedure 4 for 15 h. The crude 

was purified by silica gel chromatography, eluting with a gradient of 30% to 80% EtOAc in 

petroleum ether, to yield 99 as a yellow solid (32 mg, 0.091 mmol, 47%): Rf: 0.44 

(petroleum ether: EtOAc 1:3); mp 61-62 °C (EtOAc); [�]�ଶ5 −ʹͻ.ʹ ȋc 0.5 in CHCl3), vmax (thin 

film)/cm-1 3321 (w br) (N-H), 1680 (s) (C-O), 1632 (m); 1598 (s), 1529 (m), 1505 (s), 

1481 (m), 1373 (m), 1284 (s), 846 (s), 745 (s); 1H NMR (500 MHz, (CD3)2SOȌ: Ɂ ͳͲ.͵͹ ȋͳ(, 
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s, C(5)NH), 8.43 (1H, t, J 5.5, C(11)NH), 7.81 (1H, s, C(7)NH), 7.29 (1H, dd, J 7.8, 1.1, C(4)H), 

7.17-7.11 (2H, m, C(16)H and C(16`)H), 6.86 (1H, dd, J 7.8, 0.9, C(2)H), 6.71-6.67 (2H, m, 

C(15)H and C(15`)H), 6.65 (1H, dd, J 7.8, 7.8, C(3)H), 6.59 (1H, tt, J 7.2, 0.9, C(17)H), 3.94 

(1H, dd, J 6.6, 1.6, C(7)H), 3.40-3.35 (2H, m, C(11)H2), 3.30- 3.24 (2H, m, C(13)H2), 2.88 

(3H, s, C(14)H3) 1.76 (2H, tt, J 7.1, 7.1, C(12)H2), 1.26 (3H, d, J 6.6, C(8)H3); 13C NMR 

(126 MHz, (CD3)2SOȌ: Ɂ ͳ͸ͺ.͸ ȋCȋͳͲȌȌ, ͳ͸ͺ.͵ ȋCȋ͸ȌȌ, ͳͶͻ.ͶȋCȋͳͺȌȌ, ͳ͵͸.ʹ ȋCȋͻȌȌ, ͳʹͻ.ͷ 
(C(16) and C(16`)), 127.9 (C(5)), 122.2 (C(4)), 117.4 (C(2)), 116.8 (C(3)), 116.1 (C(1)), 

116.0 (C(17)), 112.4 (C(15) and C(15`)), 50.6 (C(7)), 50.0 (C(13)), 38.4 (C(14)), 37.4 

(C(11)), 29.6 (C(12)), 18.6 (C(8)); LRMS m/z (ES+) 353 ([M+H]+, 100%), HRMS m/z (ES+) 

[Found: (M+H)+  353.1971 C20H25O2N4+ requires 353.1972]; RP-HPLC: Method A: Retention 

time 11.96 min, purity 94.8%; Chiral HPLC (AD-H): Retention time 9.79 min, ee > 99%. 

(R)-N-(3-((3-Methoxyphenyl)(methyl)amino)propyl)-3-methyl-2-oxo-1,2,3,4-

tetrahydroquinoxaline-5-carboxamide (100) 

 

[(R)-3-methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (40 mg, 

0.194 mmol, 1.0 eq) and N1-(3-methoxyphenyl)-N1-methylpropane-1,3-diamine 127 

(41 mg, 0.211 mmol, 1.1 eq) were reacted according to general procedure 4 for 20 h. The 

crude material was purified by silica gel chromatography, eluting with a gradient of 50% 

to 80% EtOAc in petroleum ether, to yield 100 as a yellow oil (36 mg, 0.094 mmol, 49%): 

Rf: 0.48 (petroleum ether: EtOAc 1:3); [�]�ଶ5 −͵ͷ.ͷ ȋc 0.4 in MeOH), vmax (thin film)/cm-1 

3656 (w), 3219 (w) 2981 (s) (C-H), 2886 (m) (C-H), 1680 (s) (C=O), 1632 (s) (C=O), 1602 

(s), 1379 (s), 1244 (s), 1169 (s); 1H NMR (500 MHz; (CD3)2COȌ: Ɂ ͻ.͵Ͷ ȋͳ(, br s, CȋͷȌNH), 

8.06 (1H, br s, C(7)NH), 7.80 (1H, br t, J 5.4 C(10)NH), 7.33 (1H, dd, J 8.0, 1.3, C(4)H), 7.09 

(1H, dd, J 8.2, 8.2, C(16)H), 7.01-6.97 (1H, m, C(2)H), 6.68 (1H, dd, J 8.0, 8.0 C(3)H), 6.38 
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(1H, ddd, J 8.2, 2.4, 0.5, C(15)H), 6.30 (1H, dd, J 2.4, 2.4, C(19)H), 6.26 (1H, ddd, J 8.2, 2.4, 

0.5, C(17)H), 4.05 (1H, qd, J 6.7, 1.5 Hz, C(7)H), 3.75 (3H, s, OCH3), 3.51-3.46 (4H, m, 

C(13)H2 and C(11)H2), 2.98 (3H, s, NCH3), 1.94 (2H, tt, J 7.3, 7.3 C(12)H2) 1.42 (3H, d, 

J 6.7 Hz, C(8)H3), 13C NMR (126 MHz; (CD3)2COȌ: Ɂ 168.5 (C(10)), 167.7 (C(6)), 161.0 

(C(18)), 150.8 (C(14)), 136.5 (C(9)), 129.6 (C(16)), 127.9 (C(5)), 121.3 (C(4)), 116.9 

(C(2)), 116.6 (C(3)), 116.0 (C(1)), 105.2 (C(15)), 101.2 (C(17)), 98.5 (C(19)), 54.2 (OCH3), 

50.7 (C(7)), 50.1 (C(13)), 37.7 (NCH3), 37.2 (C(11)), 26.7 (C(12)), 17.8 (C(8)); LRMS m/z 

(ES+) 383 ([M+H]+, 100%); HRMS m/z (ES+) [Found: (M+H)+ 383.2079 C21H27N4O3 requires 

383.2079]; RP-HPLC: Method A: Retention time 8.60 min, purity 99.5%. Chiral HPLC (AD-

H): Retention time 9.27 min, ee > 99. 

(R)-N-(3-((3-Propoxyphenyl)(methyl)amino)propyl)-3-methyl-2-oxo-1,2,3,4-

tetrahydroquinoxaline-5-carboxamide (101) 

 

[(R)-3-methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (40 mg, 

0.194 mmol, 1.0 eq) and N1-(3-propoxyphenyl)-N1-methylpropane-1,3-diamine 128 

(47 mg, 0.211 mmol, 1.1 eq) were reacted according to general procedure 4 for 20 h. The 

crude material was purified by silica gel chromatography, eluting with a gradient of 50% 

to 70% EtOAc in petroleum ether, to yield 101 as a pale yellow solid (52 mg, 0.127 mmol, 

60%): Rf: 0.59 (petroleum ether: EtOAc 1:3); mp 108-109 ˚C ȋacetoneȌ, [�]�ଶ5 −ͷͷ.ͷ ȋc 0.2 

in MeOH), vmax (thin film)/cm-1 3657 (w) (N-H), 3308 (w br) (N-H), 3219 (w) (N-H), 2980 

(m) (C-H), 2931 (s) (C-H); 1681 (s) (C=O), 1628 (m), 1612 (s) (C=O), 1528 (s), 1499 (s), 

1379 (s), 1285 (s), 1243 (s), 1172 (s), 740 (s);1H NMR (500 MHz; (CD3)2COȌ: Ɂ ͻ.͵͹ ȋͳ(, br 
s, C(5)NH), 8.06 (1H, br s, C(7)NH), 7.81 (1H, br t, J 5.3 C(10)NH), 7.34 (1H, dd, J 8.1, 1.2, 

C(4)H), 7.07 (1H, dd, J 8.2, 8.2, C(16)H), 7.01-6.98 (1H, m, C(2)H), 6.68 (1H, dd, J 8.1, 8.1 
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C(3)H), 6.37 (1H, dd, J 8.1, 2.5, C(15)H), 6.30 (1H, dd, J 2.5, 2.5, C(19)H), 6.25 (1H, dd, J 8.1, 

2.5, C(17)H), 4.05 (1H, qd, J 6.8, 1.4 Hz, C(7)H), 3.91 (2H, t, J 7.2, OCH2), 3.51-3.46 (4H, m, 

C(13)H2 and C(11)H2), 2.97 (3H, s, NCH3), 1.94 (2H, tt, J 7.2, 7.2 C(12)H2), 1.76 (2H, qt, J 7.2, 

7.2 CH2CH3), 1.42 (3H, d, J 6.7 Hz, C(8)H3), 1.02 (3H, d, J 7.2 Hz, C(8)H3), 13C NMR 

(126 MHz; (CD3)2COȌ: Ɂ ͳ͸ͺ.ͷ ȋCȋͳͲȌȌ, ͳ͸͹.ͺ ȋCȋ͸ȌȌ, ͳ͸Ͳ.ͷ ȋCȋͳͺȌȌ, ͳͷͲ.ͺ ȋCȋͳͶȌȌ, ͳ͵͸.ͷ 
(C(9)), 129.6 (C(16)), 127.9 (C(5)), 121.3 (C(4)), 116.9 (C(2)), 116.6 (C(3)), 116.0 (C(1)), 

105.1 (C(15)), 101.9 (C(17)), 99.0 (C(19)), 68.7 (OCH2), 50.7 (C(7)), 50.1 (C(13)), 37.7 

(NCH3), 37.2 (C(11)), 26.7 (C(12)), 22.5 (CH2CH3), 17.8 (C(8)), 10.0 (CH2CH3)), LRMS m/z 

(ES+) 411 ([M+H]+, 100%); HRMS m/z (ES+) [Found: (M+H)+ 411.2376, C23H31N4O3 

requires 411.2391]; RP-HPLC: Method A: Retention time 9.80 min, purity 98.0%. Chiral 

HPLC (AD-H): Retention time 8.60 min, ee > 99%. 

(R)-N-(3-((3-Acetamidophenyl)(methyl)amino)propyl)-3-methyl-2-oxo-1,2,3,4-

tetrahydroquinoxaline-5-carboxamide (102) 

 

[(R)-3-methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (40 mg, 

0.194 mmol, 1.0 eq) and N-(3-((3-aminopropyl)(methyl)amino)phenyl)acetamide 129 

(78 mg, 0.332 mmol, 1.7 eq) were reacted according to general procedure 4 for 17 h. The 

crude material was purified by silica gel chromatography, eluting with a gradient of 70% 

to 100% EtOAc in petroleum ether, to afford 102 (60 mg, 0.147 mmol, 76%) as a 

colourless solid. Rf: 0.32 (EtOAc); [�]�ଶ5 −Ͷ͸.͵ ȋc 0.3 in MeOH), vmax (thin film)/cm-1 3656 

(w) (N-H), 3309 (br, w) (N-H), 2981 (m), 1679 (s) (C=O), 1609 (s), 1378 (s); 1H NMR 

(500 MHz; (CD3)2COȌ: Ɂ ͻ.͵͹ ȋͳ(, br s, CȋͷȌNH), 8.98 (1H, s, NHAc), 8.03 (1H, br s, C(7)NH), 

7.79 (1H, br t, J 5.3 C(10)NH), 7.33 (1H, dd, J 8.1, 1.2, C(4)H), 7.23 (1H, dd, J 2.1, 2.1, 

C(19)H), 7.07 (1H, dd, J 8.1, 8.1, C(16)H), 6.99-6.95 (1H, m, C(2)H), 6.90-6.85 (1H, m, 
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C(17)H), 6.66 (1H, dd, J 8.1, 8.1 C(3)H), 6.46 (1H, dd, J 8.5, 2.5, C(15)H), 4.02 (1H, qd, J 6.8, 

1.4 Hz, C(7)H), 348-3.43 (4H, m, C(13)H2 and C(11)H2), 2.93 (3H, s, NCH3), 2.07 (3H, s, 

CH3CO), 1.93 (2H, tt, J 7.2, 7.2 C(12)H2), 1.39 (3H, d, J 6.7 Hz, C(8)H3); 13C NMR (126 MHz; 

(CD3)2COȌ: Ɂ ͳ͸ͺ.͸ ȋCȋͳͲȌȌ, ͳ͸͹.ͻ ȋCOC(3), 167.8 (C(6)), 149.9 (C(14)), 140.5 (C(18)), 

136.5 (C(9)), 129.1 (C(16)), 127.9 (C(5)), 121.5 (C(4)), 117.0 (C(2)), 116.6 (C(3)), 116.0 

(C(1)), 107.5 (C(15)), 107.2 (C(17)), 103.4 (C(19)), 50.8 (C(7)), 50.1 (C(13)), 37.7 (NCH3), 

37.3 (C(11)), 26.7 (C(12)), 23.5, 17.8 (C(8)); LRMS m/z (ES+) 410 ([M+H]+, 100%); HRMS 

m/z (ES+) [Found: (M+H)+ 410.2186, C22H28N5O3 requires 410.2187]; RP-HPLC: Method A: 

Retention time 8.09 min, purity 95.2%. Chiral HPLC (AD-H): Retention time 7.94 min, ee 

90%. 

 (R)-3-Methyl-N-(3-(methyl(3-(methylsulfonyl)phenyl)amino)propyl)-2-oxo-1,2,3,4-

tetrahydroquinoxaline-5-carboxamide (103) 

 

[(R)-3-methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (40 mg, 

0.194 mmol, 1.0 eq) and N1-methyl-N1-(3-(methylsulfonyl)phenyl)propane-1,3-diamine 

130 (93 mg, 0.384 mmol, 2.0 eq) were reacted according to general procedure 4 for 15 h. 

The crude material was purified by silica gel chromatography, eluting with a gradient of 

50% to 100% EtOAc in petroleum ether, to yield 103 as a colourless solid (51 mg, 

0.118 mmol, 61%): Rf: 0.15 (petroleum ether: EtOAc 1:2); [�]�ଶ5 −ͷͳ.͸ ȋc 0.3 in MeOH), mp 

82-84 (acetone), vmax (thin film)/cm-1 2927 (w), 1683 (s) (C=O), 1667 (s) (C=O), 1599 (s), 

1539 (m), 1292 (s) (S=O), 1148 (s); 1H NMR (500 MHz; (CD3)2COȌ: Ɂ ͻ.Ͷʹ ȋͳ(, br s, 
C(5)NH), 8.12 (1H, br s, C(7)NH), 7.91 (1H, br t, J 6.3 C(10)NH), 7.51 (1H, dd, J 8.0, 8.0 

C(16)H), 7.43 (1H, dd, J 8.0, 1.1 C(4)H),  7.35-7.31 (1H, m, C(19)H), 7.28-7.24 (1H, m, 
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C(15)H or C(17)H),  7.16 (1H, dd, J 8.4, 2.4 C(15)H or C(17)H), 7.09-7.06 (1H, m, C(2)H), 

6.77 (1H, dd, J 7.9, 7.9 C(3)H), 4.13 (1H, qd, J 6.7 1.4 Hz, C(7)H), 3.69 (2H, t, J 7.4 Hz, 

C(13)H2), 3.59 (2H, td, J 7.4, 6.3, C(11)H2), 3.174 (3H, s, NCH3), 3.167 (3H, s, SO2CH3),  2.07 

(2H, tt, J 7.3, 7.3 C(12)H2) 1.50 (3H, d, J 6.7 Hz, C(8)H3); 13C NMR (126 MHz; (CD3)2COȌ: Ɂ 
168.6 (C(10)), 167.7 (C(6)), 149.7 (C(14)), 142.3 (C(18)), 136.5 (C(9)), 129.9 (C(16)), 

127.9 (C(5)), 121.4 (C(4)), 117.0 (C(2)), 116.6 (C(3)), 116.3 (C(15) or C(17)), 115.9 C(9), 

113.6 (C(15) or C(17)), 109.5 (C(19)), 50.7 (C(7)), 49.8 (C(13)), 43.4 (SO2CH3), 37.7 

(NCH3), 37.1 (C(11)), 26.6 (C(12)), 17.8 (C(8)); LRMS m/z (ES+) 431 ([M+H]+, 100%); 

HRMS m/z (ES+) [Found: (M+H)+ 431.1745. C21H27N4O4S+ requires 431.1748]; RP-HPLC: 

Method A: Retention time 10.15 min, purity 97.6%. Chiral HPLC (AD-H): Retention time 

11.6 min, ee > 99%. 

4-(Iodomethyl)tetrahydro-2H-pyran (132) 

 

A solution of 2-tetrahydro-2H-pyran-4-yl 131 (3.50 g, 30.1 mmol, 1.0 eq), Et3N (3.51 g, 

34.7 mmol, 1.15 eq), and toluene (24 mL) was cooled to 0 °C. Methanesulfonyl chloride 

(2.57 mL, 3.80 g, 33.2 mmol, 1.1 eq) was added dropwise at 0 °C. The reaction mixture was 

warmed to ambient temperature and stirred for 2 hours. After this time the suspension 

was quenched with H2O (50 mL). The organic components of the aqueous phase were 

extracted with toluene (25 mL). The combined organic extracts were dried (MgSO4), 

filtered, and concentrated in vacuo. The residue was dissolved in acetone (28 mL), NaI 

(11.3 g, 75.3 mmol, 2.5 eq) added and stirred at 60 °C for 4 h. After this time the reaction 

was judged to be complete by TLC analysis. The black suspension was concentrated in 

vacuo. The black residue was dissolved in EtOAc (200 mL) and H2O (100 mL). The organic 

layer was washed with 10% aq. Na2S2O3 (100 mL), brine (2 × 100 mL), dried (MgSO4), 

filtered, and concentrated in vacuo to afford 132 as a pale yellow oil (2.90 g, 12.9 mmol, 
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43%), which did not require further purification. Rf: 0.29 (petroleum ether:EtOAc 10:1); 

1H NMR (400 MHz, CDCl3): Ɂ Ͷ.Ͳͳ-3.90 (2H, m, C(3)HAB), 3.43-3.30 (2H, m, C(3)HAB), 3.10 

(2H, d, J 6.5, CH2I), 1.83-1.63 (3H, m, C(2)H and C(3)HAB), 1.34-1.20 (2H, m, C(3)HAB), LRMS 

m/z (ES+) 227 ([M+H]+, 100%). The data are in good agreement with the literature.183 

2-(3-((3-Methoxyphenyl)((tetrahydro-2H-pyran-4-yl)methyl)amino)propyl)-

isoindoline-1,3-dione (133) 

 

A suspension of 2-(3-((3-methoxyphenyl)amino)propyl)isoindoline-1,3-dione 105 

(500 mg, 1.61 mmol, 1.0 eq), 4-(iodomethyl)tetrahydro-2H-pyran 132 (728 mg, 

3.22 mmol, 2.0 eq), K2CO3 (334 mg, 2.42 mmol, 1.5 eq) in DMF (5  mL) were stirred at 

85 °C for 20 h. After this time the reaction was judged to be complete by TLC analysis. 

After cooling to ambient temperature the suspension was diluted with EtOAc (100 mL), 

washed with brine (3 ⨯ 50 mL), dried (MgSO4), filtered, and concentrated in vacuo. The 

crude material was purified by silica gel chromatography, eluting with a gradient of 10% 

to 40% of EtOAc in petroleum ether to give 133 as a yellow oil (283 mg, 0.693 mmol, 

43%): Rf: 0.29 (petroleum ether: EtOAc 2:1); vmax (thin film)/cm-1 2933 (w), 1707 

(s) (C-O), 1609 (m), 1498 (m), 1395 (m), 718 (s); 1H NMR (400 MHz, CDCl3): Ɂ ͹.ͻͲ-7.85 

(2H, m, C(12)H and C(12`)H), 7.78-7.74 (2H, m, C(13)H and C(13`)H), 7.13 (1H, dd, J 8.0, 

8.0, C(4)H), 6.31 (1H, dd, J 8.2, 2.5, C(3)H or C(5)H), 6.31 (1H, dd, J 8.2, 2.5, C(3)H or 

C(5)H), 6.21 (1H, dd, J 2.4, 2.4, C(1)H), 4.01-3.95 (2H, m, C(17)HAHB and C(17`)HAHB), 3.79 

(3H, s, OCH3), 3.75 (2H, t, J 7.1, C(7)H2), 3.43-3.29 (4H, m, C(9)H2, C(17)HAHB and 

C(17`)HAHB), 3.18 (2H, d, J 7.2, C(14)H2), 2.06-1.92 (3H, m, C(8)H2 and C(15)H), 1.67-1.60 

(2H, m, C(16)HAHB and C(16`)HAHB), 1.39-1.25 (2H, m, C(16)HAHB and C(16`)HAHB), 
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13C NMR (101 MHz, CDCl3): Ɂ 168.4 (C(10) and C(10`)), 160.8 (C(2)), 149.3 (C(6)), 134.1 

(C(13) and C(13`)), 132.0 (C(11) and C(11`)), 130.0 (C(4)), 123.3 (C(12) and C(12`)), 105.7 

(C(5)), 100.8 (C(3)), 99.2 (C(1)), 67.8 (C(17) and C(17`)), 57.4 (C(14)), 55.1 (OCH3), 49.9 

(C(7)), 35.9 (C(9)), 33.9 (C(15)), 31.1 (C(16) and C(16`)), 26.0 (C(8)); LRMS m/z (ES+) 409 

([M+H]+, 100%), HRMS m/z (ES+) [Found: (M+H)+  409.2123 C24H29O4N2+ requires 

409.2122], RP-HPLC: Method A: Retention time 10.80 min, purity 90.8%. 

2-(3-((3-Propoxyphenyl)((tetrahydro-2H-pyran-4-yl)methyl)amino)propyl)-

isoindoline-1,3-dione (134) 

 
A suspension of 2-(3-((3-propoxyphenyl)amino)propyl)isoindoline-1,3-dione 106 

(600 mg, 1.77 mmol, 1.0 eq), 4-(iodomethyl)tetrahydro-2H-pyran 132 (728 mg, 

3.22 mmol, 1.8 eq), K2CO3 (334 mg, 2.42 mmol, 1.35 eq) in DMF (5 mL) was stirred at 85 °C 

for 15 h. After this time the reaction was judged to be complete by TLC analysis. After 

cooling to ambient temperature the suspension was diluted with EtOAc (50 mL), washed 

with brine (3 ⨯ 50 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude 

material was purified by silica gel chromatography eluting with a gradient of 10% to 30% 

of EtOAc in petroleum ether to give 134 as a yellow oil (450 mg, 1.03 mmol, 58%): Rf: 0.43 

(petroleum ether: EtOAc 2:1); vmax (thin film)/cm- 1 2932 (w), 1708 (s) (C-O), 1610 (m), 

1499 (m), 1395 (m), 1366 (m), 720 (s); 1H NMR (400 MHz, CDCl3): Ɂ 7.89-7.84 (2H, m, 

C(12)H and C(12`)H), 7.76-7.73 (2H, m, C(13)H and C(13`)H), 7.10 (1H, dd, J 8.2, 8.2, 

C(4)H), 6.28 (1H, dd, J 8.2, 2.5, C(3)H or C(5)H), 6.25 (1H, dd, J 8.2, 2.5, C(3)H or C(5)H), 

6.21 (1H, dd, J 2.5, 2.5, C(1)H), 4.01-3.94 (2H, m, C(17)HAHB and C(17`)HAHB), 3.90 (2H, t, 

J 6.6, OCH2), 3.74 (2H, t, J 7.2, C(7)H2), 3.42-3.29 (4H, m, C(9)H2, C(17)HAHB and 

C(17`)HAHB), 3.17 (2H, d, J 7.3, C(14)H2), 2.05-1.92 (3H, m, C(8)H2 and C(15)H), 1.80 (2H, 
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qt, J 6.6, 6.6, CH2CH3), 1.67-1.60 (2H, m, C(16)HAHB and C(16`)HAHB), 1.38-1.26 (2H, m, 

C(16)HAHB and C(16`)HAHB), 1.04 (3H, t, J 6.6, CH3CH2), 13C NMR (101 MHz, CDCl3): Ɂ ͳ͸ͺ.͵ 
(C(10) and C(10`)), 160.4 (C(2)), 149.4 (C(6)), 134.0 (C(13) and C(13`)), 132.1 (C(11) and 

C(11`)), 129.9 (C(4)), 123.3 (C(12) and C(12`)), 105.7 (C(5)), 101.7 (C(3)), 99.9 (C(1)), 

69.3 (OCH2), 67.8 (C(17) and C(17`)), 57.4 (C(14)), 49.8 (C(7)), 36.0 (C(9)), 33.9 (C(15) 

and C(15`)), 31.1 (C(16) and C(16`)), 26.1 (C(8)), 22.7 (CH2CH3), 10.6 (CH3CH2); LRMS m/z 

(ES+) 437 ([M+H]+, 100%), HRMS m/z (ES+) [Found: (M+H)+  437.2435, C26H33O4N2+ 

requires 437.2435], RP-HPLC: Method A: Retention time 11.57 min, purity 98.4%. 

N-(3-((3-(1,3-Dioxoisoindolin-2-yl)propyl)((tetrahydro-2H-pyran-4-yl)methyl)-

amino)phenyl)acetamide (135) 

 
A suspension of N-(3-((3-(1,3-Dioxoisoindolin-2-yl)propyl)amino)phenyl)acetamide 107 

(1.00 g, 2.96 mmol, 1.0 eq), 4-(iodomethyl)tetrahydro-2H-pyran 132 (1.34 g, 5.93 mmol, 

2.0 eq), K2CO3 (450 mg, 3.26 mmol, 1.1 eq) in DMF (10 mL) was stirred at 85 °C for 17 h. 

After this time the reaction was judged to be complete by TLC analysis. After cooling to rt 

the suspension was diluted with EtOAc (100 mL), washed with brine (3 ⨯ 50 mL), dried 

(MgSO4), filtered and concentrated in vacuo. The crude material was purified by silica gel 

chromatography, eluting with a gradient of 80% to 90% of EtOAc in petroleum ether, to 

afford 135 as a yellow oil (144 mg, 0.321 mmol, 11%): Rf: 0.08 (petroleum ether: EtOAc 

2:1); vmax (thin film)/cm- 1 3306 (w) (N-H), 2932 (w), 1706 (s) (C=O), 1609 (m), 1496 (m), 

1396 (m), 1367 (m), 720 (s); 1H NMR (400 MHz, CDCl3): Ɂ 7.86-7.80 (2H, m, C(12)H and 

C(12`)H), 7.74-7.69 (2H, m, C(13)H and C(13`)H), 7.35 (1H, br s, NH), 7.08 (1H, dd, J 8.3, 

8.3, C(4)H), 7.06-7.01 (1H, m, C(1)H) 6.72-6.63 (1H, m, C(3)H), 6.39 (1H, dd, J 8.2, 1.9, 

C(5)H), 3.93 (2H, dd, J 11.6, 3.6, C(17)HAHB and C(17`)HAHB), 3.72 (2H, t, J 7.2, C(7)H2), 
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3.39-3.26 (4H, m, C(9)H2, C(17)HAHB and C(17`)HAHB), 3.15 (2H, d, J 7.1, C(14)H2), 2.13 

(3H, s, CH3CONH) 2.01-1.89 (3H, m, C(8)H2 and C(15)H), 1.80 (2H, qt, J 6.6, 6.6, CH2CH3), 

1.64-1.57 (2H, m, C(16)HAHB and C(16`)HAHB), 1.29 (2H, ddd, J 12.3, 7.3, 4.2, C(16)HAHB 

and C(16`)HAHB), 13C NMR (101 MHz, CDCl3): Ɂ ͳ͸ͺ.Ͷ ȋCȋͳͲȌ and CȋͳͲ`ȌȌ, ͳ͸ͺ.͵ ȋCON(Ȍ, 
148.6 (C(6)), 139.2 (C(2)), 134.0 (C(13) and C(13`)), 132.1 (C(11) and C(11`)), 129.6 

(C(4)), 123.3 (C(12) and C(12`)), 108.6 (C(5)), 107.7 (C(3)), 104.2 (C(1)), 67.7 (C(17) and 

C(17`)), 57.5 (C(14)), 49.9 (C(7)), 36.0 (C(9)), 33.9 (C(15) and C(15`)), 31.1 (C(16) and 

C(16`)), 26.0 (C(8)), 24.7 (CH3CONH), LRMS m/z (ES+) 436 ([M+H]+, 100%), HRMS m/z 

(ES+) [Found: (M+H)+ 436.2223, C25H30O4N3+ requires 436.2231]; RP-HPLC: Method A: 

Retention time 9.41 min, purity 96.1%. 

N1-(3-Methoxyphenyl)-N1-((tetrahydro-2H-pyran-4-yl)methyl)propane-1,3-diamine 

(136) 

 

2-(3-((3-Methoxyphenyl)((tetrahydro-2H-pyran-4-yl)methyl)amino)propyl)-isoindoline-

1,3-dione 133 (280 mg, 0.685 mmol, 1.0 eq) was reacted according to general procedure 

3. The crude material was purified via an acid base extraction, to yield 136 as a yellow oil 

(141 mg, 0.506 mmol, 74%): Rf: 0.00 (EtOAc), vmax (thin film)/cm-1 2930 (m), 1608 (s), 

1572 (s), 1498 (s), 1366 (m), 1140 (s), 1091 (s); 1H NMR (400 MHz, CDCl3): Ɂ ͹.ͳͲ ȋͳ(, dd, 
J 8.0, 8.0, C(4)H), 6.28 (1H, dd, J 8.0, 2.4, C(5)H), 6.23-6.17 (2H, m, C(1)H and C(3)H), 3.97-

3.88 (2H, m, C(17)HAHB and C(17`)HAHB), 3.76 (3H, s, OCH3), 3.37-3.26 (4H, m, C(7)H2, 

C(17)HAHB and C(17`)HAHB), 3.12 (2H, d, J 7.3, C(14)H2), 2.72 (2H, t, J 7.1, C(9)H2), 2.13-

1.90 (3H, m, NH2 and C(15)H), 1.71 (2H, tt, J 7.1, 7.1, C(8)H2), 1.63-1.57 (2H, m, C(16)HAHB 

and C(16`)HAHB), 1.30 (2H, ddd, J 12.2, 12.2, 4.5, C(16)HAHB and C(16`)HAHB), 13C NMR 
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(101 MHz, CDCl3): Ɂ 160.8 (C(2)), 149.4 (C(6)), 129.9 (C(4)), 105.6 (C(5)), 100.1 (C(3)), 

99.1 (C(1)), 67.8 (C(17) and C(17`)), 57.5 (C(14)), 55.1 (OCH3), 49.9 (C(7)), 39.8 (C(9)), 

33.9 (C(15)), 31.2 (C(16) and C(16`)), 30.4 (C(8)); LRMS m/z (ES+) 279 ([M+H]+, 100%), 

HRMS m/z (ES+) [Found: (M+H)+  279.2063 C16H27O2N2+ requires 279.2067]. 

2-(3-((3-Propoxyphenyl)((tetrahydro-2H-pyran-4-yl)methyl)amino)propyl)-

isoindoline-1,3-dione (137) 

 

2-(3-((3-Propoxyphenyl)((tetrahydro-2H-pyran-4-yl)methyl)amino)propyl)-isoindoline-

1,3-dione 134 (450 mg, 1.03 mmol, 1.0 eq) was reacted according to general procedure 3. 

The crude material was purified via an acid base extraction, to yield 137 as  a pale yellow 

oil (162 mg, 0.529 mmol, 51%), which was used without further purification; Rf: 0.00 

(EtOAc),  vmax (thin film)/cm-1 2931 (m), 2844 (m), 1610 (s), 1571 (m), 1499 (s), 1140 (m); 

1H NMR (400 MHz, CDCl3): Ɂ ͹.ͳʹ-7.06 (1H, m, C(4)H), 6.28 (1H, dd, J 7.8, 2.1, C(5)H), 6.25-

6.19 (2H, m, C(1)H and C(3)H), 3.96 (2H, dd, J 11.4, 3.7, C(17)HAHB and C(17`)HAHB), 3.90 

(3H, t, J 6.7, OCH2), 3.42-3.28 (4H, m, C(7)H2, C(17)HAHB and C(17`)HAHB), 3.14 (2H, d, J 7.3, 

C(14)H2), 2.74 (2H, t, J 7.1, C(9)H2), 2.03-1.93 (1H, m, C(15)H), 1.80 (2H, qt, J 6.7, 6.7, 

CH2CH2O), 1.71 (2H, tt, J 7.1, 7.1, C(8)H2), 1.67-1.59 (2H, m, C(16)HAHB and C(16`)HAHB), 

1.30 (2H, ddd, J 12.5, 12.5, 4.3, C(16)HAHB and C(16`)HAHB), 1.03 (3H, t, J 6.7, CH3CH2) 13C 

NMR (101 MHz, CDCl3): Ɂ ͳ͸Ͳ.Ͷ ȋCȋʹȌȌ, ͳͶͻ.ͷ ȋCȋ͸ȌȌ, ͳʹͻ.ͺ ȋCȋͶȌȌ, ͳͲͷ.Ͷ ȋCȋͷȌȌ, ͳͲͲ.ͻ 
(C(3)), 99.5 (C(1)), 69.3 (OCH2), 67.8 (C(17) and C(17`)), 57.5 (C(14)), 49.9 (C(7)), 40.0 

(C(9)), 33.9 (C(15)), 31.2 (C(16) and C(16`)), 30.8 (C(8)), 22.7 (CH2CH3), 10.6 (CH2CH3); 

LRMS m/z (ES+) 307 ([M+H]+, 100%), HRMS m/z (ES+) [Found: (M+H)+  307.2380, 

C18H31O2N2+ requires 307.2380].  
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N-(3-((3-Aminopropyl)((tetrahydro-2H-pyran-4-yl)methyl)amino)phenyl)-

acetamide (138) 

 

N-(3-((3-(1,3-Dioxoisoindolin-2-yl)propyl)((tetrahydro-2H-pyran-4-yl)methyl)-amino)-

phenyl)acetamide 135 (144 mg, 0.331 mmol, 1.0 eq) was reacted according to general 

procedure 3 for 1.5 h. Purification via acid base extraction yielded 138 as a yellow oil 

(98 mg, 0.321 mmol, 97%): Rf: 0.00 (EtOAc), vmax (thin film)/cm-1 3291 (w) (N-H), 2930 

(m), 2846 (m), 1665 (m) (C-O), 1610 (s), 1582 (m), 1553 (m), 1497 (s), 1368 (m), 729 (s); 

1H NMR (400 MHz, CDCl3): Ɂ ͹.͸͸ ȋͳ(, br s, NH), 7.18 (1H m, C(1)H), 7.08 (1H, dd, J 8.3, 8.3, 

C(4)H), 7.06-7.01 (1H, m, C(1)H) 6.59-6.52 (1H, m, C(3)H), 6.39 (1H, dd, J 8.3, 1.9, C(5)H), 

3.94 (2H, dd, J 11.6, 3.4, C(17)HAHB and C(17`)HAHB), 3.38-3.27 (4H, m, C(7)H2, C(17)HAHB 

and C(17`)HAHB), 3.13 (2H, d, J 7.1, C(14)H2), 2.72 (2H, t, J 6.9, C(9)H2), 2.13 (3H, s, 

CH3CONH), 2.03-1.91 (1H, m, C(15)H), 1.70 (2H, tt, J 6.9, 6.9, C(8)H2), 1.65-1.57 (2H, m, 

C(16)HAHB and C(16`)HAHB), 1.30 (2H, ddd, J 12.9, 12.7, 4.0, C(16)HAHB and C(16`)HAHB), 

13C NMR (101 MHz, CDCl3): Ɂ ͳ͸ͺ.ͷ ȋCON(Ȍ, ͳͶͺ.͹ ȋCȋ͸ȌȌ, ͳ͵ͻ.ʹ ȋCȋʹȌȌ, ͳʹͻ.Ͷ ȋCȋͶȌȌ, ͳͲͺ.ʹ 
(C(5)), 107.1 (C(3)), 104.0 (C(1)), 67.8 (C(17) and C(17`)), 57.5 (C(14)), 49.9 (C(7)), 40.0 

(C(9)), 33.9 (C(15)), 31.1 (C(16) and C(16`)), 30.5 (C(8)), 24.7 (CH3CONH); LRMS m/z 

(ES+) 306 ([M+H]+, 100%); HRMS m/z (ES+) [Found: (M+H)+  306.2176 C17H28O2N3+ 

requires 306.2176]. 
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(R)-N-(3-((3-Methoxyphenyl)((tetrahydro-2H-pyran-4-yl)methyl)amino)propyl)-3-

methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxamide (105) 

 

[(R)-3-Methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (40 mg, 

0.194 mmol, 1.0 eq) and N1-(3-methoxyphenyl)-N1-((tetrahydro-2H-pyran-4-

yl)methyl)propane-1,3-diamine 136 (59 mg, 0.212 mmol, 1.1 eq) were reacted according 

to general procedure 4 for 20 h. The crude material was purified by silica gel 

chromatography, eluting with a gradient of 60% to 80% EtOAc in petroleum ether, to yield 

105 as a colourless solid (47 mg, 0.101 mmol, 52%): Rf: 0.37 (petroleum ether: EtOAc 1:3); 

mp 68-71 ˚C ȋacetone); [�]�ଶ5 −ͶͶ.ͺ ȋc 0.3 in MeOH), vmax (thin film)/cm-1 3307 (w br), 

2932 (m) (C-H), 2840 (m) (C-H); 1682 (s) (C=O), 1635 (m) (C=O), 1607 (s), 1498 (s), 1284 

(s), 1250 (s), 746 (s); 1H NMR (500 MHz; (CD3)2COȌ: Ɂ ͻ.͵͸ ȋͳ(, br s, CȋͷȌNH), 8.06 (1H, br 

s, C(7)NH), 7.82 (1H, br t, J 5.4 C(10)NH), 7.34 (1H, dd, J 8.0, 1.1, C(4)H), 7.07 (1H, dd, J 8.2, 

8.2, C(16)H), 7.00 (1H, dd, J 8.0, 1.1, C(2)H), 6.68 (1H, dd, J 8.0, 8.0 C(3)H), 6.39 (1H, dd, J 

8.2, 2.4,  C(15)H), 6.29 (1H, dd, J 2.4, 2.4, C(19)H), 6.23 (1H, ddd, J 8.2, 2.4, C(17)H), 4.05 

(1H, qd, J 6.7, 1.5 Hz, C(7)H), 3.93-3.87 (2H, m, C(23)HAHB and C(23`)HAHB), 3.75 (3H, s, 

OCH3), 3.53-3.45 (4H, m, C(13)H2 and C(11)H2), 3.32 (2H, td, J 12.2, 1.7, C(23)HAHB and 

C(23`)HAHB), 3.27 (2H, d, J 7.2, C(20)H2), 2.07-1.98 (1H, m, C(21)H),  1.94 (2H, tt, J 7.4, 7.4 

C(12)H2), 1.68-1.62 (2H, m, C(22)HAHB and C(22`)HAHB), 1.42 (3H, d, J 6.7 Hz, C(8)H3), 1.30 

(2H, ddd, J 12.2, 12.2, 4.1, C(22)HAHB and C(22`)HAHB), 13C NMR (126 MHz; (CD3)2CO): Ɂ 168.6 (C(10)), 167.7 (C(6)), 161.0 (C(18)), 149.7 (C(14)), 136.5 (C(9)), 129.7 (C(16)), 

127.9 (C(5)), 121.4 (C(4)), 117.0 (C(2)), 116.6 (C(3)), 116.0 (C(1)), 105.5 (C(15)), 100.7 

(C(17)), 98.7 (C(19)), 67.2 (C(23) and C(23`)), 57.1 (C(20)), 54.2 (OCH3), 50.7 (C(7)), 49.5 
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(C13), 37.1 (C11), 34.1 (C(21)), 31.1 (C(22) and C(22`)), 26.8 (C(12)), 17.8 (C(8)), LRMS 

m/z (ES+) 467 ([M+H]+, 100%); HRMS m/z (ES+) [Found: (M+H)+ 467.2650, C26H35N4O4 

requires 467.2653]; RP-HPLC: Method A: Retention time 9.32 min, purity 99.7%. Chiral 

HPLC (AD-H): Retention time 11.7 min, ee > 99%. 

(R)-3-Methyl-2-oxo-N-(3-((3-propoxyphenyl)((tetrahydro-2H-pyran-4-yl)methyl)-

amino)propyl)-1,2,3,4-tetrahydroquinoxaline-5-carboxamide (106) 

 

[(R)-3-Methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (40 mg, 

0.194 mmol, 1.0 eq) and 2-(3-((3-propoxyphenyl)((tetrahydro-2H-pyran-4-

yl)methyl)amino)propyl)-isoindoline-1,3-dione 137 (65 mg, 0.212 mmol, 1.1 eq) were 

reacted according to general procedure 4 for 40 h. The crude material was purified by 

silica gel chromatography, eluting with a gradient of 60% to 80% EtOAc in petroleum 

ether, to afford 106 as a yellow solid (36 mg, 0.073 mmol, 38%: Rf: 0.40 (petroleum ether: 

EtOAc 1:3); mp 68-70 ˚C ȋacetoneȌ; [�]�ଶ5 −ͳͶ.Ͷ ȋc 0.5 in MeOH); vmax (thin film)/cm-1 3308 

(w br), 2931 (w) (C-H), 2874 (w) (C-H), 1681 (s) (C=O), 1634 (m), 1606 (s) (C=O), 1532 

(m), 1284 (s), 1248 (m), 744 (s);1H NMR (500 MHz; (CD3)2COȌ: Ɂ ͻ.͵͵ ȋͳ(, br s, CȋͷȌNH), 

8.02 (1H, br s, C(7)NH), 7.78 (1H, m, C(10)NH), 7.30 (1H, d, J 8.1, C(4)H), 7.02 (1H, dd, J 8.1, 

8.1, C(16)H), 6.98-6.94 (1H, m, C(2)H), 6.65 (1H, dd, J 8.1, 8.1, C(3)H), 6.33 (1H, dd, J 8.1, 

2.0, C(15)H), 6.26 (1H, dd, J 2.0, 2.0, C(19)H), 6.19 (1H, dd, J 8.1, 1.8, C(17)H), 4.01 (1H, qd, 

J 6.7, 1.2, C(7)H), 3.89-3.94 (4H, m, OCH2, C(23)HAHB and C(23`)HAHB), 3.50-3.40 (4H, m, 

C(13)H2 and C(11)H2), 3.30-3.21 (4H, m, C(23)HAHB, C(23`)HAHB and C(20)H2), 2.03-1.95 

(1H, m, C(21)H), 1.90 (2H, tt, J 7.3, 7.3, C(12)H2), 1.71 (2H, qt, J 7.1, 7.1, CH2CH3) , 1.64-1.57 

(2H, m, C(22)HAHB and C(22`)HAHB), 1.38 (3H, d, J 6.7, C(8)H3), 1.28 (2H, ddd, J 12.2, 12.2, 
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4.1, C(22)HAHB and C(22`)HAHB), 0.98 (3H, t, J 7.2, C(8)H3), 13C NMR (126 MHz; (CD3)2CO): Ɂ ͳ͸ͺ.͸ ȋCȋͳͲȌȌ, ͳ͸͹.͹ ȋCȋ͸ȌȌ, ͳ͸Ͳ.ͷ ȋCȋͳͺȌȌ, ͳͶͻ.͹ ȋC(14)), 136.5 (C(9)), 129.6 (C(16)), 

127.9 (C(5)), 121.3 (C(4)), 117.0 (C(2)), 116.6 (C(3)), 116.0 (C(1)), 105.4 (C(15)), 101.5 

(C(17)), 99.2 (C(19)), 68.7 (OCH2), 67.2 (C(23) and C(23`)), 57.1 (C(20)), 50.7 (C(7)), 49.5 

(C(13)), 37.1 (C(11)), 34.1 (C(21)), 31.1 (C(22) and C(22`)),  26.8 (C(12)), 22.5 (CH2CH3), 

17.8 (C(8)), 10.0 (CH2CH3)), LRMS m/z (ES+) 495 ([M+H]+, 100%), HRMS m/z (ES+) 

[Found: (M+H)+ 495.2963, C28H39N4O4 requires 495.2966]; RP-HPLC: Method A: Retention 

time 10.28 min, purity 96.6%. Chiral HPLC (AD-H): Retention time 10.7 min, ee 92%. 

(R)-N-(3-((3-Acetamidophenyl)((tetrahydro-2H-pyran-4-yl)methyl)amino)propyl)-

3-methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxamide (107) 

 

[(R)-3-Methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (40 mg, 

0.194 mmol, 1.0 eq) and N-(3-((3-aminopropyl)((tetrahydro-2H-pyran-4-

yl)methyl)amino)phenyl)-acetamide 138 (98 mg, 0.321 mmol, 1.7 eq) were reacted 

according to general procedure 4 for 18 h. The crude material was purified by silica gel 

chromatography, eluting with EtOAc, to afford 107 as a pale yellow solid (41 mg, 

0.083 mmol, 43%): Rf: 0.11 (EtOAc); [�]�ଶ5 −ͳ͵.ͻ ȋc 0.5 in MeOH), vmax (thin film)/cm-1 

3307 (w br), 2980 (w), 1674 (s) (C=O), 1631 (s) (C=O), 1605 (s) (C=O), 1581 (s), 1484 (s), 

1369 (s), 1283 (s), 1263 (s), 1133 (m); 1H NMR (500 MHz; (CD3)2COȌ: Ɂ ͻ.͵ͷ ȋͳ(, br s, 
C(5)NH), 8.98 (1H, br s, C(18)NH), 8.02 (1H, br s, C(7)NH), 7.78 (1H, m, C(10)NH), 7.34 

(1H, dd, J 8.0, 0.9, C(4)H), 7.29 (1H, m, C(19)H), 7.05 (1H, dd, J 8.2, 8.2, C(16)H), 6.99-6.95 

(1H, m, C(2)H), 6.83-6.79 (1H, m, C(17)H), 6.66 (1H, dd, J 8.0, 8.0 C(3)H), 6.47 (1H, dd, J 

8.2, 2.0, C(15)H), 4.03 (1H, qd, J 6.7, 1.4 Hz, C(7)H), 3.90-3.84 (2H, m, C(23)HAHB and 
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C(23`)HAHB), 3.50-3.43 (4H, m, C(13)H2 and C(11)H2), 3.27 (2H, dt, J 10.3, 1.1, C(23)HAHB, 

and C(23`)HAHB), 3.23 (2H, d, J 7.0, C(20)H2), 2.06 (3H, s, NHCOCH3), 2.04-1.97 (1H, m, 

C(21)H), 1.93 (2H, tt, J 7.1, 7.1 C(12)H2), 1.65-1.59 (2H, m, C(22)HAHB and C(22`)HAHB), 

1.40 (3H, d, J 6.7 Hz, C(8)H3), 1.29 (2H, ddd, J 12.2, 12.2, 4.1, C(22)HAHB and C(22`)HAHB), 

13C NMR (126 MHz; (CD3)2COȌ: Ɂ ͳ͸ͺ.͸ ȋCȋͳͲȌȌ, ͳ͸͹.ͻ ȋN(COC(3), 167.8 (C(6)), 148.8 

(C(14)), 140.5 (C(18)), 136.5 (C(9)), 129.1 (C(16)), 127.9 (C(5)), 121.5 (C(4)), 117.0 

(C(2)), 116.6 (C(3)), 116.0 (C(1)), 107.6 (C(15)), 106.7 (C(17)), 103.6 (C(19)), 67.2 (C(23) 

and C(23`)), 57.2 (C(20)), 50.8 (C(7)), 49.5 (C(13)), 37.2 (C(11)), 34.0 (C(21)), 31.1 (C(22) 

and C(22`)), 26.7 (C(12)), 23.6 (CH3CONH), 17.8 (C(8)), LRMS m/z (ES+) 494 ([M+H]+, 

100%), 516 ([M+Na]+, 43%), HRMS m/z (ES+) [Found: (M+H)+ 494.2760 C27H36N5O4 

requires 494.2762]; RP-HPLC: Method A: Retention time 8.36 min, purity 99.2%. Chiral 

HPLC (AD-H): Retention time 10.5 min, ee 97%. 

(R)-N-(3-Methoxypropyl)-3-methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-

carboxamide (104) 

 

(R)-3-Methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid] (R)-32 (40 mg, 

0.194 mmol, 1.0 eq) and 3-methoxypropylamine 139 (30 µL, 26 mg, 0.291 mmol, 1.5 eq) 

were reacted according to general procedure 4 for 17 h. . The crude material was purified 

by silica gel chromatography, eluting with a gradient of 50% to 80% EtOAc in petroleum 

ether, to afford 104 as a colourless solid (44 mg, 0.159 mmol, 82%): Rf: 0.24 (EtOAc: 

petroleum ether 3:1); mp 125-127 °C (CHCl3); [�]�ଶ5 −ͳͺ.͵ ȋc 0.5 in MeOH), vmax (thin film) 

/cm-1 3409 (w), (N-H), 3309 (w) (N-H), 2941 (w), 1691 (s) (C-O), 1632 (m) (C-O), 1531 

(s), 1275 (s), 1090 (s), 730 (s); 1H NMR (500 MHz, (CD3)2COȌ: Ɂ ͻ.͵͸ ȋͳ(, s, CȋͷȌNH), 8.04 

(1H, br s, C(4)NH), 7.74 (1H, br s, C(7)NH), 7.28 (1H, dd, J 8.0, 1.0, C(4)H), 6.96 (1H, dd, J 
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8.0, 1.0, C(2)H), 6.66 (1H, dd, J 8.0, 8.0, C(3)H), 4.02 (1H, qd, J 6.7, 1.5, C(7)H), 3.49-3.43 

(4H, m, C(11)H and C(13)H), 3.31 (3H, s, OCH3), 1.86 (2H, tt, J 6.3, 6.3, C(12)H2), 1.39 (3H, 

d, J 6.7, C(8)H3); 13C NMR (126 MHz, (CD3)2COȌ: Ɂ ͳ͸ͺ.Ͷ ȋCȋͳͲȌȌ, ͳ͸͹.ͺ ȋCȋ͸ȌȌ, ͳ͵͸.ͷ ȋCȋͻȌȌ, 
127.9 (C(5)), 121.3 (C(4)), 116.9 (C(2)), 116.6 (C(3)), 116.0 (C(1)), 70.5 (C(13)), 57.8 

(OCH3), 50.7 (C(7)), 37.0 (C(11)), 29.4 (C(12) by HSQC) 17.8 (C(8)), LRMS m/z (ES+) 300 

([M+Na]+, 100%), HRMS m/z (ES+) [Found: (M+Na)+ 300.1319, C14H19O3N3Na+ requires 

436.2343]; RP-HPLC: Retention time 8.37 min, purity 98.5%. Chiral HPLC (AD-H): 

Retention time 10.8 min, ee > 99%. 
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7.5 Chapter 4 Procedures 

N-((1H-Benzo[d]-[1,2,3]triazol-1-yl)methyl)-N-benzyl-1-phenylmethanamine (149a) 

 

To a solution of 1H-benzotriazole 148 (2.18 g, 18.3 mmol, 1.0 eq), dibenzylamine 

(3.84 mL, 3.94 g, 20.0 mmol, 1.1 eq) in methanol (8 mL) was added slowly aq. 

formaldehyde (37% v/v, 1.76 mL, 23.6 mmol, 1.3 eq). Diethyl ether (10 mL) was added to 

dissolve the precipitate and the resulting solution was heated under reflux for 16 h, at 

which time TLC analysis indicated the reaction complete. After cooling to rt the reaction 

mixture was filtered, rinsed with cold diethyl ether (3 ⨯ 25 mL), and dried in vacuo to give 

a colourless solid (4.36 g, 13.3 mmol, 73%): Rf 0.30 (petroleum ether: EtOAc 10:1); 

mp 120-122 °C (EtOAc) [Lit:118 121-122 °C]; In solution it is a mixture of the 1H- and the 

2H- substituted benzotriazole.  

 
1H NMR (400 MHz, CDCl3): 149a: Ɂ ͺ.ͳ͵ ȋd, J 8.0, 1H, C(1)H)), 7.55-7.20 (m, 13H, 

aromatic), 5.52 (s, 2H, C(5)H)), 3.83 (s, 4H, C(6)H)). 149b: Ɂ 9.04-7.98 (m, 2H, C(1`)H)), 

7.55-7.20 (m, 12H, aromatic), 5.59 (s, 2H, C(5`)H)), 3.86 (s, 4H, C(6`)H)). Ratio between 

149a and 149b 83:17; (400 MHz, C6D6Ȍ: )somer A: Ɂ ͺ.ͲͲ ȋͳ(, d, J 8.0, C(1)H)), 7.46-6.78 

(13H, m, aromatic), 4.95 (2H, s, C(5)H)), 3.49 (4H, s, C(6)HȌȌ. )somer B: Ɂ ͹.ͻͶ-7.89 (2H, m, 
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C(1`)H)), 7.46-6.78 (12H, m, (C(Ar)H), 5.27 (2H, s, C(5`)H)), 3.49 (4H, s, C(6`)H)). Ratio 

between 149a and 149b isomer 73:27; LRMS m/z (ES+) 328 ([M+H]+, 100%). These data 

are in accordance with the literature.118 

Methyl 3-(dibenzylamino)-2,2-difluoropropanoate (144) 

 

To a suspension of Zn (1.16 g, 17.7 mmol, 3.0 eq) in THF (20 mL) was added trimethylsilyl 

chloride (1.16 mL, 0.99 g, 9.14 mmol, 1.6 eq), and stirred for 10 min, at ambient 

temperature. After this time methyl bromodifluoroacetate (1.11 g, 5.87 mmol, 1.0 eq) was 

added slowly, and stirred for 10 min, at ambient temperature. Then, N-

(dibenzylaminomethyl) benzotriazole 149 (3.00 g, 9.13 mmol, 1.6 eq) dissolved in THF 

(30 mL) were added over 15 min at ambient temperature. After 4.5 h at rt the reaction 

was judged to be complete by TLC analysis. The suspension was quenched with 1 M aq. 

K2CO3 (25 mL), and diluted with EtOAc (35 mL). The suspension was filtered through 

Celite®, and rinsed with EtOAc (50 mL). The organic components of the aqueous layer 

were extracted with EtOAc (100 mL). The combined organic extracts were washed with 

brine (100 mL), dried (MgSO4), filtered, and concentrated in vacuo. The crude material was 

purified by silica gel chromatography, eluting with 5% ethyl acetate in petroleum ether. A 

second silica gel purification, eluting with 10% diethyl ether in petroleum ether, yielded 

144 as a colourless oil (620 mg, 1.94 mmol, 33%): Rf 0.51 (petroleum ether: EtOAc 10:1); 

vmax (thin film)/cm-1 3087 (w), 3064 (w), 3029 (m), 2956 (m), 2834 (w), 2812 (w), 1772 

(s), 1495 (m); 1453 (m), 1442 (m), 1193 (s), 1059 (s); 1H NMR (400 MHz, CDCl3): Ɂ 
7.34-7.14 (10H, m, C(Ar)H), 3.60 (3H, s, C(5)H), 3.59 (4H, s, C(1)H C(1`)H), 3.06 (2H, t, 
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J 12.9, C(2)H); 19F NMR (376 MHz, CDCl3): Ɂ −ͳͲ͸.Ͷ ȋʹF, t, J 13.0, C(3)F2); 13C NMR 

(126 MHz, CDCl3): Ɂ ͳ͸Ͷ.ʹ ȋt, J 32, C(4)), 138.2 (C(6) and C(6`)), 129.2 (C(7) and C(7`)), 

128.3 (C(8) and C(8`)), 127.3 (C(9) and C(9`)), 116.3 (t, J 253, C(3)), 58.6 (C(1) and C(1`)), 

55.1 (t, J 26 C(2)), 53.1 (C(5)); LRMS m/z (ES+) 320 ([M+H]+, 100%); HRMS m/z (ES+) 

[Found: (M+Na)+ 342.1273, C18H19F2NNaO2+ requires 342.1276]. 

3-(Dibenzylamino)-2,2-difluoropropan-1-ol (150) 

 

To a solution of methyl 3-(dibenzylamino)-2,2-difluoropropanoate 144 (420 mg, 

1.32 mmol, 1.0 eq) in THF (25 mL) was added LiAlH4 in THF (1 M, 2.64 mL, 2.64 mmol, 

2.0 eq) over a period of 15 min at 0 °C. After the completed addition the reaction mixture 

warmed to ambient temperature and stirred for 2 h. After this time the reaction was 

judged to be complete by TLC analysis. The reaction mixture was sequentially quenched 

with H2O (5 mL), followed by 2 M aq. NaOH (5 mL). The suspension was filtered through 

Celite®, and rinsed with diethyl ether. The organic components of the aqueous layer were 

extracted with diethyl ether (2 ⨯ 100 mL). The combined organic extracts were washed 

with brine (100 mL), dried (MgSO4), filtered, and concentrated in vacuo. The crude 

material was purified by silica gel chromatography, eluting with a gradient of 5% to 10% 

EtOAc in petroleum ether, to afford 150 as a colourless oil (320 mg, 1.10 mmol, 83%): 

Rf 0.27 (petroleum ether: EtOAc 10:1); vmax (thin film)/cm-1 3341 (br) (O-H), 3063 (w), 

3029 (m), 2834 (w), 1601 (m), 1495 (m); 1453 (s), 1371 (m), 1078 (m), 1061 (s); 1H NMR 

(400 MHz, CDCl3): Ɂ 7.33 - 7.18 (10H, m, aromatic), 3.61 (4H, s, C(1)H), 3.59 (2H, t, J 12.3, 

C(4)H2)), 2.88 (2H, t, J 12.8, C(2)H2)), 2.60 (1H, s, OH); 19F NMR (376 MHz, CDCl3): Ɂ −ͳͲ͹.ͷ 
(2F, tt, J 12.3, 12.3, C(3)F2); 13C NMR (126 MHz, CDCl3): Ɂ ͳ͵ͺ.Ͳ ȋCȋ͸Ȍ and Cȋ͸`ȌȌ, ͳʹͻ.͵ 
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(C(7) and C(7`)), 128.8 (C(8) and C(8`)), 127.7 (C(9) and C(9`)), 121.9 (t, J 245, C(3)), 63.6 

(t, J 31, C(4)), 59.5 (C(1) and C(1`)), 54.5 (t, J 29, C(2)); LRMS m/z (ES+) 292 ([M+H]+, 

100%); HRMS m/z (ES+) [Found: (M+H)+ 292.1501, C17H20F2NO+ requires 292.1507].  

1-((1H-Benzo[d][1,2,3]triazol-1-yl)methyl)-1,2,3,4-tetrahydroquinoline (146) 

 

 

To a solution of 1H-benzotriazole 148 (2.18 g, 18.3 mmol, 1.0 eq) and 1,2,3,4-

tetrahydroquinoline 71 (2.52 mL, 20.0 mmol, 1.1 eq) in methanol (8 mL) was added 

slowly aq. formaldehyde (37% v/v, 1.76 mL, 23.6 mmol, 1.3 eq). Diethyl ether (15 mL) was 

added to dilute the precipitate and the resulting solution was heated under reflux for 4 h, 

at which time TLC analysis indicated the reaction complete. After cooling to rt the reaction 

mixture was filtered, rinsed with cold diethyl ether (3 ⨯ 25 mL), and dried in vacuo to give 

146 as a colourless solid (4.44 g, 16.8 mmol, 92%). Rf: 0.44 (petroleum ether: EtOAc 3:1); 

mp 130-131 °C (Et2O), in solution it is a mixture of the 1H and the 2H substituted 

benzotriazole. 

 
1H NMR (400 MHz, CDCl3): Ɂ ͺ.Ͳ͸ ȋͲ.͹( d, J 8.3 Hz, C(1)H), 7.90-7.83 (0.5H, m, C(1`)H), 

7.52-7.30 (2.8H, m, C(Ar)H), 7.25-7.05 (2.0H, m, C(Ar)H), 7.03-6.95 (1.0H, m, C(Ar)H) 6.14 

(2H, s, C(5)H), 3.80-3.74 (0.5H, m, C(6`)H), 3.55-3.48 (1.6 H, m, C(6)H), 2.78 (0.5H, t, J 6.4, 
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C(8`)H), 2.72 (1.6 H, t, J 6.4, C(8)H) 2.07-1.98 (0.5 H, m, C(7`)H), 1.95-1.85 (1.6 H, m, 

C(7)H); 13C NMR (101 MHz, CDCl3Ȍ: Ɂ ͳͶ͸.ͳ, ͳͶͶ.ͳ, ͳͶ͵.Ͳ, ͳͶʹ.͹, 132.5, 129.7, 129.3, 127.4, 

127.1, 127.0, 126.3, 123.8, 123.5, 119.8, 118.6, 118.4, 118.2, 112.6, 112.2, 110.0, 71.4, 65.1, 

50.2, 49.3, 27.6, 22.1, 21.7; vmax (thin film)/cm-1 3016 (w) (C-H), 2970 (w) (C-H), 2947 (w), 

1739 (s), 1438 (m), 1296 (s) (C-N); 1229 (s) (C-N), 1217 (s) (C-N); LRMS m/z (ES+) 287 

([M+Na]+, 100%); HRMS m/z (ES+) [Found: (M+Na)+ 287.1266, C16H16N4Na+ requires 

287.1267]. The compound hydrolysed on the HPLC and no purity data could be obtained. 

3-(3,4-Dihydroquinolin-1(2H)-yl)-2,2-difluoropropan-1-ol (149) 

 

To a suspension of Zn (1.54 g, 23.8 mmol, 3.0 eq) in THF (4 mL)was added trimethylsilyl 

chloride (1.52 mL, 1.78 g, 12.3 mmol, 1.6 eq), and stirred for 10 min, at ambient 

temperature. After this time ethyl bromodifluoroacetate (1.61 g, 7.94 mmol, 1.0 eq) was 

added slowly, and stirred for 10 min, at ambient temperature. Then, 1-((1H-

benzo[d][1,2,3]triazol-1-yl)methyl)-1,2,3,4-tetrahydroquinoline 146 (3.25 g, 12.3 mmol, 

1.6 eq) suspended in THF (40 mL) was added over 15 min at ambient temperature. The 

suspension was stirred for 75 min, at 60 °C, at which time TLC analysis indicated the 

reaction complete. After cooling to ambient temperature the suspension was filtered 

through Celite®, and rinsed with EtOAc (100 mL). The filtrate was adsorbed on Celite®, 

and purified by silica gel chromatography, eluting with 5% EtOAc in petroleum ether, to 

afford a colourless oil (1.05 g), which still contained some minor impurities. An aliquot of 

ethyl 3-(3,4-dihydroquinolin-1(2H)-yl)-2,2-difluoropropanoate (800 mg, 2.97 mmol, 

1.0 eq) was dissolved in THF (50 mL) and a solution of LiAlH4  in THF(1 M, 5.94 mL, 

5.94 mmol, 2.0 eq) was added over a period of 15 min at 0 °C. Subsequently, the reaction 

mixture was warmed to ambient temperature and stirred for 1 h. The reaction mixture 
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was quenched with H2O (8 mL), followed by 2 M aq. NaOH (8 mL) and H2O (8 mL). The 

suspension was filtered through Celite®, and rinsed with diethyl ether. The filtrate was 

washed with brine (30 mL), dried (MgSO4), filtered, and concentrated in vacuo. The crude 

material was purified by silica gel chromatography, eluting with a gradient of 10% to 20% 

ethyl acetate in petroleum ether, to afford 149 as a colourless oil (370 mg, 1.63 mmol, 

27% over 2 steps): Rf: 0.41 (petroleum ether: EtOAc 3:1); vmax (thin film)/cm-1 3383 (br) 

(O-H), 2933 (w) (C-H), 2845 (w), 1602 (m), 1576 (w), 1498 (s); 1458 (m), 1091 (m), 1058 

(s) (C-F); 1H NMR (400 MHz, CDCl3): Ɂ 7.11-7.02 (1H, m, C(11)H), 7.01–6.93 (1H, m, 

C(9)H), 6.84-6.76 (1H, m, C(10)H), 6.72-6.52 (1H, m, C(8)H), 3.83 (2H, t, J 13.2, C(6)H2), 

3.71 (2H, t, J 13.2, C(4)H2), 3.42-3.36 (2H, m, C(3)H2), 2.79 (2H, t, J 6.3, C(1)H2), 2.02 (1H, 

br s, OH), 1.99-1.91 (2H, m, C(2)H2); 19F NMR (376 MHz, CDCl3): Ɂ −ͳͳͲ.͵ ȋʹF, tt, J 13.2, 

13.2, C(5)F2); 13C NMR (101 MHz, CDCl3): Ɂ 145.3 (C(7)), 129.6 (C(11)), 127.2 (C(9)), 122.9 

(C(12)), 122.7 (t, J 244, C(5)), 117.3 (C(10)), 111.9 (C(8)), 62.3 (t, J 32, C(6)), 53.7 (t, J 29, 

C(4)), 51.4 (C(3)), 28.1 (C(1)), 22.0 (C(2)); LRMS m/z (ES+) 228 ([M+H]+, 100%); HRMS 

m/z (ES+) [Found: (M+Na)+ 250.1021. C12H15F2NONa+ requires 250.1014]. RP-HPLC: 

Method A: Retention time 12.47 min, purity 98.8%. 

3-(3,4-Dihydroquinolin-1(2H)-yl)-2,2-difluoropropyl methanesulfonate (150) 

 

3-(3,4-Dihydroquinolin-1(2H)-yl)-2,2-difluoropropan-1-ol 149 (170 mg, 0.748 mmol, 

1.0 eq), methane sulfonylchloride (69 µL, 47 mg, 0.898 mmol, 1.2 eq), Et3N (146 µL, 

106 mg, 1.05 mmol, 1.4 eq) in CH2Cl2 (5 mL) were stirred at ambient temperature for 3 h. 

After this time the reaction was judged to be complete by TLC analysis. The solution was 

diluted with CH2Cl2 (10 mL), washed with brine (5 mL), dried (MgSO4), filtered through a 

silica plug and concentrated in vacuo. The colourless oil was further purified by silica gel 
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chromatography, eluting with a gradient of 10% to 20% EtOAc in petroleum ether, to give 

150 as a colourless oil (220 mg, 0.721 mmol, 97%): Rf: 0.32 (petroleum ether: EtOAc 3:1); 

vmax (thin film)/cm-1 3024 (w) (C-H), 2937 (m) (C-H), 2846 (w), 1603 (m), 1576 (w); 1499 

(s), 1459 (m), 1351 (s) (C-N), 1175 (s) (C-O), 1014 (s) (C-F); 1H NMR (400 MHz, CDCl3): Ɂ 7.12–7.04 (1H, m, C(11)H), 6.99 (1H, d J 7.4, C(9)H), 6.74-6.68 (2H, m, C(10)H and 

C(8)H), 4.42 (2H, t, J 12.0, C(6)H2), 3.74 (2H, t, J 13.5, C(4)H2), 3.42-3.35 (2H, m, C(3)H2), 

3.08 (3H, s, OSO2CH3), 2.80 (2H, t, J 5.9, C(1)H2), 1.97 (2H, tt, J 5.9, 5.9, C(2)H2); 19F NMR 

(376 MHz, CDCl3): Ɂ −ͳͲ͹.ͺ ȋʹF, m, CȋͷȌF2); 13C NMR (101 MHz, CDCl3): Ɂ ͳͶͷ.ͳ ȋCȋ͹ȌȌ, 
129.9 (C(11)), 127.3 (C(9)), 123.3 (C(12)), 120.7 (t, J 248, C(5)), 117.9 (C(10)), 111.8 

(C(8)), 66.6 (t, J 33, C(6)), 54.2 (t, J 28, C(4)), 51.7 (H3C(SO3R)), 38.0 (C(3)), 28.1 (C(1)), 

22.1 (C(2)); LRMS m/z (ES+) 306 ([M+H]+, 100%), 328 ([M+Na]+); HRMS m/z (ES+) [Found: 

(M+Na)+ 328.0797, C13H17F2NO3SNa+ requires 328.0789]; RP-HPLC (Method B): Retention 

time 13.24 min, purity 99.0%. 

1-(3-Azido-2,2-difluoropropyl)-1,2,3,4-tetrahydroquinoline (151) 

 

A suspension of 3-(3,4-dihydroquinolin-1(2H)-yl)-2,2-difluoropropyl methanesulfonate 

150 (225 mg, 0.737 mmol, 1.0 eq), sodium azide (191 mg; 2.94 mmol, 4.0 eq) in DMF 

(6.5 mL) was stirred for 16 h at 110 °C. After this time the reaction was judged to be 

complete by TLC analysis. After cooling to ambient temperature the suspension was 

dissolved in EtOAc (30 mL) and H2O (15 mL). The organic extracts, were washed with H2O 

(15 mL), brine (15 mL), dried (MgSO4), filtered, and concentrated in vacuo. The yellow oil 

was purified by a silica gel chromatography, eluting with 5% EtOAc in petroleum ether, to 

give 151 as a colourless oil (160 mg, 0.634 mmol, 86%): Rf: 0.55 (petroleum ether: EtOAc 

10:1); vmax (thin film)/cm-1 2931 (m), 2847 (w), 2104 (s), 1677 (w), 1603 (m), 1577 (w) 
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1498 (s); 1253 (s), 1060 (s); 1H NMR (400 MHz, CDCl3): Ɂ 7.10–7.05 (1H, m, C(11)H), 

7.00-6.95 (1H, m, C(9)H), 6.78-6.72 (1H, m, C(8)H), 6.70-6.64 (1H, m, C(10)H), 3.68 (2H, t, 

J 13.0, C(4)H2), 3.57 (2H, t, J 13.0, C(6)H2), 3.39-3.34 (2H, m, C(3)H2), 2.78 (2H, t, J 6.3, 

C(1)H2), 1.94 (2H, tt, J 6.3, 6.3, C(2)H2); 19F NMR (376 MHz, CDCl3): Ɂ −ͳͲͶ.ͺ ȋʹF, qn, J 13.0, 

C(5)F2); 13C NMR (101 MHz, CDCl3): Ɂ ͳͶͷ.ʹ ȋCȋ͹ȌȌ, ͳʹͻ.͹ ȋCȋͳͳȌȌ, ͳʹ͹.ʹ ȋCȋͻȌȌ, ͳʹ͵.Ͳ 
(C(12)), 122.6 (t, J 248, C(5)), 117.5 (C(10)), 111.8 (C(8)), 54.2 (t, J 28, C(6)), 52.1 (t, J 30, 

C(4)), 51.5 (C(3)), 28.1 (C(1)), 22.0 (C(2)); LRMS m/z (ES+) 253 ([M+H]+, 100%); HRMS 

m/z (ES+) [Found: (M+Na)+  275.1080, C12H14F2N4Na+ requires 275.1079]; RP-HPLC: 

Method A: Retention time 14.35 min, purity 96.7%. 

3-(3,4-Dihydroquinolin-1(2H)-yl)-2,2-difluoropropan-1-amine (142) 

 

To a solution of 1-(3-azido-2,2-difluoropropyl)-1,2,3,4-tetrahydroquinoline 151 (70 mg, 

0.277 mmol, 1.0 eq) in EtOAc (15 mL) was added 10% Pd/C (14.7 mg, 0.014 mmol, 

0.05 eq). The system was purged with nitrogen, and then hydrogen gas was added. The 

suspension was stirred for 16 h under an atmosphere of hydrogen at ambient 

temperature. After this time the reaction was judged to be complete by TLC analysis. The 

suspension was filtered through Celite®, and concentrated in vacuo, to afford 142 as a 

yellow oil (58 mg, 0.256 mmol, 93%), which was used without further purification: 

Rf: 0.26 (EtOAc); vmax (thin film)/cm-1 3402 (br) (N-H)), 2932 (m) (C-H), 2863 (w), 2511 

(br), 2209 (w), 2067 (m), 1660 (s), 1603 (m), 1576 (w) 1500 (m); 1256 (w) (C-N), 1096 

(m) (C-F), 1014 (m); 1H NMR (400 MHz, MeOD): Ɂ ͹.ͲͲ-6.92 (1H, m, C(11)H), 6.92-6.85 

(1H, m, C(9)H), 6.74-6.69 (1H, m, C(8)H), 6.59-6.52 (1H, m, C(10)H), 3.68 (2H, t, J 14.6, 

C(4)H), 3.42-3.34 (2H, m, C(3)H), 3.00 (2H, t, J 14.6, C(6)H), 2.74 (2H, t, J 6.4, C(1)H), 1.91 

(2H, qn, J 6.4, C(2)H); 19F NMR (376 MHz, MeOD): Ɂ −ͳͲ͸.Ͳ͹ ȋʹF, qn, J 14.6, C(5)F2); 
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13C NMR (101 MHz, MeOD): Ɂ ͳͶ͹.͹ ȋCȋ͹ȌȌ, ͳ͵ͳ.ͳ ȋCȋͳͳȌȌ, ͳʹͺ.ͺ ȋCȋͻȌȌ, ͳʹͷ.ͻ ȋt, J 244, 

C(5)), 124.7 (C(12)), 118.8 (C(10)), 113.8 (C(8)), 56.1 (t, J 28, C(4)), 53.4 (C(3)) 46.5 (t, 

J 27, C(6)), 30.1 (C(1)), 24.1 (C(2)); LRMS m/z (ES+) 227 ([M+H]+, 100%), HRMS m/z (ES+) 

[Found: (M+H)+ 227.1359. C12H17F2N2+ requires 227.1354]. RP-HPLC: Method A: Retention 

time 9.73 min, purity 93.7%. 

(R)-N-(3-(3,4-Dihydroquinolin-1(2H)-yl)-2,2-difluoropropyl)-3-methyl-2-oxo-

1,2,3,4-tetrahydroquinoxaline-5-carboxamide (141) 

 

(R)-3-Methyl-2-oxo-1,2,3,4-tetrahydroquinoxaline-5-carboxylic acid (R)-32 (53 mg, 

0.256 mmol, 1.0 eq) and 3-(3,4-dihydroquinolin-1(2H)-yl)-2,2-difluoropropan-1-amine 

142 (58 mg, 0.256 mmol, 1.0 eq) were reacted according to general procedure 4 for 17 h. 

Purification by silica gel chromatography, eluting with a gradient of 30% to 50% ethyl 

acetate in petroleum ether, afforded 141 as a colourless solid (79 mg, 174 mmol, 68%): 

Rf: 0.32 (petroleum ether: EtOAc 1:1); mp 193-195 °C ((CH3)2CO); vmax (thin film)/cm-1 

3386 (w) (N-H)), 3310 (w) (N-H)), 3232 (w) (N-H)), 2932 (w) (C-H), 1666 (s) (C-O), 1636 

(m), 1554 (m), 1303 (m); 742 (s); 1H NMR (500 MHz, (CD3)2CO): Ɂ ͻ.͵ͺ ȋͳ(, br s, 
NH(C(6)O), 8.01 (1H, d, J 6.2, NH(C9), 7.90 (1H, br s, NH(C(10)O)), 7.40 (1H, dd J 8.0, 1.2, 

C(4)H), 7.03-6.99 (1H, m, C(2)H), 6.99-6.94 (1H, m, C(20)H), 6.94-6.89 (1H, m, C(21)H), 

6.77-6.72 (1H, m, C(18)H), 6.72-6.68 (1H, m, C(3)H), 6.56 (1H, ddd J 7.3, 7.3, 0.9, C(19)H), 

4.08-4.02 (1H, m, C(7)H), 4.02-3.92 (2H, m, C(13)H2), 3.83 (2H, t J 15.1, C(11) H2), 3.48-

3.43 (2H, m, C(14) H2), 2.77 (2H, t J 6.4, C(16) H2), 1.98-1.91 (2H, m, C(15) H2), 1.39 (3H, d 

J 6.7, C(8) H3); 19F NMR (376 MHz, CDCl3): Ɂ −ͳͲͷ.ͳ ȋʹF, tt, J 13.4, 13.4, C(5)F2): 13C NMR 

(126 MHz, CDCl3): Ɂ ͳ͸ͻ.ͺ ȋCȋͳͲȌȌ, ͳ͸ͺ.ͷ ȋCȋ͸ȌȌ, ͳͶ͸.Ͷ ȋCȋʹʹȌȌ, ͳ͵͹.ͷ ȋCȋͻȌȌ, ͳ͵Ͳ.Ͳ 
(C(21)), 128.8 (C(1)), 127.7 (C(20)), 124.2 (t J 245 Hz, (C(12)), 123.3 (C(17)), 122.5 (C(4)), 
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118.3 (C(2)), 117.5 (C(19)), 117.5 (C(9)), 115.9 (C(5)), 112.5 (C(18)), 55.2 (t, J 25, C(11)), 

52.1 (C(14)), 51.6 (C(7)), 42.8 (t J 28, C(13)), 28.8 (C(16)), 22.8 (C(15)), 18.7 (C(8)); LRMS 

m/z (ES+) 415 ([M+H]+, 100%), 437 ([M+Na]+, 48%); HRMS m/z (ES+) [Found: (M+Na)+ 

437.1765. C22H24F2N4O2Na+ requires 437.1760]; RP-HPLC: Method A: Retention time 

12.72 min, purity 96.9%; Chiral HPLC (AD-H): Retention time 10.84 min, ee 95%. 

Diethyl 3,3'-(methylenebis(7-methoxy-3,4-dihydroquinoline-6,1(2H)-diyl))bis(2,2-

difluoropropanoate) (152) 

 

To a solution of 1H-benzotriazole 148 (1.33 g, 11.2 mmol, 1.0 eq), 7-methoxy-1,2,3,4-

tetrahydroquinoline 39 (2.00 g, 12.3 mmol, 1.1 eq) in MeOH (5 mL) was added slowly aq. 

formaldehyde (37% v/v, 1.08 mL, 23.6 mmol, 1.3 eq). Diethyl ether (10 mL) was added to 

dilute the precipitate and the resulting solution was heated under reflux for 4 h, at which 

time TLC analysis indicated the reaction complete. After cooling to rt the reaction mixture 

was concentrated in vacuo. The residue was suspended in diethyl ether (20 mL), filtrated, 

rinsed with cold Et2O (2 ⨯ 20 mL), and dried in vacuo to give a beige solid (2.13 g), which 

was used without further purification. To a suspension of Zn (216 mg, 3.30 mmol, 3.0 eq) 

in THF (4 mL) was added (216 µL, 185 mg, 1.70 mmol, 1.6 eq), and stirred for 10 min, at 

ambient temperature. After this time ethyl bromodifluoroacetate ethyl 

bromodifluoroacetate (208 mg, 1.10 mmol, 1.0 eq) was added slowly, and stirred for 
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10 min, at ambient temperature. Then, 1-((1H-benzo[d][1,2,3]triazol-1-yl)methyl)-1,2,3,4-

7-methoxy-tetrahydroquinoline (500 mg, 1.70 mmol, 1.6 eq) suspended in THF (5 mL) 

was added over 15 min at ambient temperature. The suspension was stirred for 3 h, at 

ambient temperature, at which time TLC analysis indicated the reaction complete. After 

cooling to ambient temperature the suspension was filtered through Celite®, rinsed with 

EtOAc (15 mL), and concentrated in vacuo. The crude material was purified by silica gel 

chromatography, eluting with ethyl acetate in petroleum ether, to give 152 as a colourless 

oil (56 mg, 0.189 mmol, 22%). Rf: 0.58 (EtOAc: petroleum ether 3:1), vmax (thin film)/cm-1 

2935 (w), 2841 (w), 1757 (m) (C=O), 1618 (m), 1575 (w), 1514 (s), 1454 (m), 1378 (w) 

1316 (m); 1194 (m), 1089 (s), 1052 (m), 1H-NMR (500 MHz, CDCl3Ȍ: Ɂ ͸.ͷͺ ȋʹ(, s, CȋͷȌH), 

6.28 (2H, s, C(8)H), 4.23 (4H, q, J 7.1 C(13)H2), 3.85 (4H, t, J 13.4, C(10)H2), 3.78 (6H, s, 

OCH3), 3.68 (2H, s, C(15)H2), 3.33-3.26 (4H, m, C(1)H2), 2.61 (4H, t, J 6.1, C(3)H2), 1.90-1.83 

(4H, m, C(2)H2), 1.25 (6H, t, J 7.1, C(14)H3), 19F-NMR (376 MHz, CDCl3); -107.8 (4F, t, J 13.0 

C(11)F2), 13C-NMR (126 MHz, CDCl3Ȍ: Ɂ 164.3 (t, J 32, C(11)), 156.7 (C(7)), 143.8 (C(9)), 

131.1 (C(5)), 119.4 (C(4)), 115.4 (t, J 253, C(11)), 115.1 (C(6)), 96.5 (C(8)), 63.3 (C(13)), 

56.0 (t, J 27, C(10)), 51.3 (C(1)), 27.6 (C(15)), 27.3 (C(3)), 22.3 (C(2)), 14.0 (C(14)), LRMS 

m/z (ES+) 611 ([M+H]+, 23%), 633 ([M+Na]+, 100%).  
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7.6 Chapter 5 Procedures 

3-Bromo-5-(hydroxymethyl)phenol (175) 

 

A solution of 3-bromo-5-hydroxybenzoic acid 171 (3.00 g, 13.8 mmol, 1.0 eq) in dry THF 

(120 mL) was cooled to 0 °C. BH3 in THF (1 M, 40 mL, 40 mmol, 3.0 eq) was added slowly 

over a period of 45 minutes. After the addition was complete the reaction solution was 

warmed to ambient temperature and stirred for 20 h after which time TLC analysis 

indicated complete consumption of the starting material. The solution was cooled to 0 °C, 

quenched with conc. aq. HCl (6 mL), and the solvent was removed in vacuo. The residue 

was suspended in H2O (90 mL) and extracted with EtOAc (3 ⨯ 80 mL). The combined 

organic extracts were washed with sat. aq. NaHCO3 (3 ⨯ 200 mL), brine (200 mL), dried 

(MgSO4), filtered and concentrated in vacuo. The residue was purified by silica gel 

chromatography, eluting with a gradient of 40% to 75% EtOAc in petroleum ether, to 

afford 175 as a colourless solid (2.67 g, 13.1 mmol, 95%): Rf: 0.48 (petroleum ether: EtOAc 

1:1); mp 87 89 °C (EtOAc); 1H NMR (400 MHz, CDCl3Ȍ: Ɂ ͹.ͳʹ-7.09 (1H, m, C(6)H), 6.96 

(1H, dd, J 1.9, 1.9, C(2)H, 6.84-6.80 (1H, m, C(4)H), 5.11 (1H, s, C(1)OH), 4.66 (2H, d, J 5.7 

CH2OH), 1.76 (1H, t, J 5.7, CH2OH); LRMS m/z (ES−) 201 ([M79Br−(]−, 100%), 203 

([M81Br−(]−, 100% ). These data are in good agreement with the literature.59 

3-Bromo-5-hydroxybenzaldehyde (172) 

 

3-Bromo-5-(hydroxymethyl)phenol 175 (2.20 g, 11.3 mmol, 1.0 eq) was dissolved in 

CHCl3 (60 mL) and acetone (2 mL). Activated MnO2 (6.40 g, 80.5 mmol, 6.8 eq) was added 

and stirred at reflux for 3 h after which time TLC analysis indicated complete consumption 
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of the starting material. After cooling to ambient temperature the suspension was filtered 

through Celite®, and concentrated in vacuo. The residue was purified by silica gel 

chromatography, eluting with a gradient of 30% to 60% Et2O in petroleum ether, to afford 

172 as a yellow solid (1.68 g, 8.36 mmol, 74%): Rf: 0.36 (petroleum ether: Et2O 1:1); 

mp 136-138 °C (CHCl3) [Lit:59 137-140 °C]; 1H NMR (400 MHz, (CD3)2SO) 10.46 (1H, s, 

CHO), 9.88 (1H, s, C(1)OH), 7.52 (1H, dd, J 1.4, 1.4, C(2`)H), 7.29-7.24 (2H, m, C(4`)H and 

C(6`)H2); LRMS m/z (ES−) 199 ([M79Br−(]−, 100%), 201 ([M81Br−(]−, 100%). These data 

are in accordance with the literature.59  

Potassium (3,5-dimethylisoxazol-4-yl)trifluoroborate (176) 

 

A suspension of 3,5-dimethylisoxazole-4-yl-boronic acid 170 (920 mg, 7.35 mmol, 1.0 eq) 

in MeOH (2 mL) was cooled to 0 °C. KHF2 (1.71 g, 21.9 mmol, 3.0 eq) was added, followed 

by a dropwise addition of water (4.8 mL). The reaction mixture was warmed to ambient 

temperature and stirred for another 10 min. After this time the solution was concentrated 

in vacuo. The residue was extracted with acetone in a Soxhlet apparatus for 20 hours. After 

this time the extract was concentrated in vacuo, and the residue was redissolved in 

acetone (140 mL). The solution was precipitated by the addition of diethyl ether (300 mL). 

Then the precipitate was cooled to 0 °C, filtered, rinsed with cold diethyl ether (2 ⨯10 mL), 

and dried in vacuo to afford 176 as a colourless solid (1.24 g, 6.11 mmol, 83%). Rf: 0.10 

(petroleum ether: Et2O 1:1); mp >300 °C (acetone) [Lit:59 > 200 °C]; 1H NMR (400 MHz, 

(CD3)2SOȌ: Ɂ ʹ.ʹͲ ȋ͵(, s, Cȋ͵ȌCH3), 2.05 (3H, s, C(5)CH3); 19F NMR (376 MHz, (CD3)2SO): Ɂ  -134.1 - -134.8 (3F, m); 11B NMR (128 MHz, (CD3)2SOȌ: Ɂ ʹ.͵͵ ȋͳB, q, J 49), LRMS m/z 

(ES−Ȍ ͳ͸Ͷ ȋ[M−K]−, ͳͲͲ%Ȍ, ͳͺ͸ ȋ[M−K−(+Na]−, 62%). These data are in accordance with 

the literature.59  
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3-(3,5-Dimethylisoxazol-4-yl)-5-hydroxybenzaldehyde (173) 

 

In a flame dried microwave vial, 3-bromo-5-hydroxybenzaldehyde 172 (709 mg, 

3.49 mmol, 1.0 eq), potassium (3,5-dimethylisoxazol-4-yl)trifluoroborate (780 mg, 

3.84 mmol, 1.1 eq), Pd(OAc)2 (46 mg, 0.210 mmol, 0.06 eq), RuPhos (191 mg, 0.419 mmol, 

0.12 eq), Na2CO3 (718 mg, 6.78 mmol, 2.0 eq) and degassed EtOH (30 mL) were stirred at 

70 °C, for 2.5 h. After this time the reaction was judged to be complete by TLC analysis. 

After cooling to rt the suspension was filtered through Celite®, and concentrated in vacuo. 

The residue was suspended in CH2Cl2 (15 mL), filtered, and dried in vacuo to afford a pale 

yellow solid (395 mg). The filtrate was concentrated in vacuo and purified by silica gel 

chromatography, eluting with a gradient of 20% to 40% EtOAc in petroleum ether, to 

afford a yellow solid (190 mg). The combined yield of 173 (585 mg, 2.69 mmol) is 76%: Rf: 

0.11 (petroleum ether: Et2O 1:1); mp 189-191 °C (CHCl3) [Lit59 184-187 °C]; 1H NMR 

(400 MHz, (CD3)2SOȌ: Ɂ ͳͲ.ͳͺ ȋͳ(, s, CHO), 9.97 (1H, s, OH), 7.39-7.36 (1H, m, C(4)H), 7.27-

7.24 (1H, m, C(2)H), 7.11-7.07 (1H, m, C(6)H), 2.43 (3H, s, C(9)CH3), 2.25 (3H, s, C(11)CH3); 

LRMS m/z (ES−Ȍ ʹͳ͸ ȋ[M−(]-, ͸ͳ%Ȍ, Ͷ͵͵ ȋ[ʹM−(]-, 100%). These data are in accordance 

with the literature.59  

3-(3,5-Dimethylisoxazol-4-yl)-5-(hydroxy(phenyl)methyl)phenol (2) 

 

A solution of 3-(3,5-dimethylisoxazol-4-yl)-5-hydroxybenzaldehyde 173 (390 mg, 

1.79 mmol, 1.0 eq) in dry THF (25 mL) was cooled to 0 °C. A 1 M phenylmagnesium 

bromide solution in THF (5.38 mL, 5.38 mmol, 3.0 eq) was added dropwise over 15 min. 
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The suspension was allowed to warm up to ambient temperature and stirred for 1 h. The 

suspension was quenched at 0 °C with 1 M aq. HCl (10 mL) and concentrated in vacuo. The 

residue was suspended in H2O (20 mL) and extracted with Et2O (3 ⨯ 30 mL). The 

combined organic extracts were washed with brine (50 mL), dried (MgSO4), filtered and 

concentrated in vacuo. The crude material was purified by silica gel chromatography 

eluting with a gradient of 20% to 50% EtOAc in petroleum ether to afford 2 as a colourless 

solid (429 mg, 1.45 mmol, 81%). Rf: 0.35 (petroleum ether: EtOAc 1:1); mp 199-202 °C 

(CHCl3) [Lit:59 187-188 °C]; 1H NMR (400 MHz, (CD3)2COȌ: Ɂ ͺ.Ͷͷ ȋͳ(, s, OH), 7.50-7.45 

(2H, m, C(9)H and C(13)H), 7.36-7.30 (2H, m, C(10)H and C(12)H), 7.23 (1H, dddd, J 7.3, 

7.3, 1.3, 1.3, C(11)H), 6.96-6.93 (1H, m, C(6)H), 6.93-6.90 (1H, m, C(4)H), 6.69 (1H, dd, 

J 1.8, 1.8, C(2)H), 5.83 (1H, d, J 4.2, C(7)H), 4.91 (1H, d, J 4.2, CHOH), 2.38 (3H, s, C(16)CH3), 

2.20 (3H, s, C(18)CH3); LRMS m/z (ES−Ȍ ʹͻͶ ȋ[M−(]−, 100%). RP-HPLC: Method A: 

Retention time: 10.91 min, purity 99.2%. These data are in accordance with the literature 

except the reported melting point is 10 °C lower.59 

3-(3,5-Dimethylisoxazol-4-yl)-5-(hydroxy(phenyl)methyl)phenyl acetate (167) 

 

To a solution of 3-(3,5-dimethylisoxazol-4-yl)-5-(hydroxy(phenyl)methyl)phenol 2 

(400 mg, 1.35 mmol, 1.0 eq) in iPrOH (20 mL) was added a solution of NaOH (148 mg, 3.66 

mmol, 2.7 eq) in water (0.2 mL). After the completed addition, Ac2O (344 µL, 3.66 mmol, 

2.7 eq) was added over 5 min, and the suspension was stirred for 60 min, at ambient 

temperature. After this time the reaction was judged to be complete by TLC analysis. The 

suspension was adsorbed onto Celite®, and concentrated in vacuo. The residue was 

purified by silica gel chromatography, eluting with a gradient of 10% to 50% EtOAc in 

petroleum ether, to afford 167 as a colourless oil (390 mg, 1.16 mmol, 85%). Rf: 0.10 
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(petroleum ether: EtOAc 3:1); 1H NMR (400 MHz, CDCl3Ȍ: Ɂ ͹.Ͷͳ-7.33 (4H, m, C(9)H, 

C(10)H, C(12`)H and C(13)H), 7.32-7.27 (1H, m, C(11)H), 7.16-7.13 (1H, m, C(6)H), 

7.12-7.09 (1H, m, C(4)H), 6.89 (1H, dd, J 1.8, 1.8, C(2)H), 5.86 (1H, s, C(7)H), 2.37 (3H, s, 

C(18)CH3), 2.30 (3H, s, COCH3), 2.22 (3H, s, C(16)CH3); LRMS m/z (ES+) 338 ([M+H]+, 

51%), 360 ([M+Na]+, 100%). These data are in accordance with the literature.59 

3-Benzoyl-5-(3,5-dimethylisoxazol-4-yl)phenyl acetate (168) 

 

To a solution of 3-(3,5-dimethylisoxazol-4-yl)-5-(hydroxy(phenyl)methyl)phenyl acetate 

167 (120 mg, 0.356 mmol, 1.0 eq) in CH2Cl2 was added PCC (85 mg, 0.391 mmol, 1.1 eq). 

The orange/brown suspension was stirred for 3 h, at ambient temperature, until TLC 

analysis indicated complete consumption of the starting material. The suspension was 

filtered through Celite®, and concentrated in vacuo. The crude material was purified by 

silica gel chromatography, eluting with a gradient of 20% to 50% EtOAc in petroleum 

ether, to afford 168 as a colourless solid (43 mg, 0.128 mmol, 36%). Rf: 0.58 (petroleum 

ether: EtOAc 1:1); mp 136-138 °C (acetone); vmax (thin film)/cm-1 1764 (m) (C=O), 1655 

(m) (C=O), 1322 (m), 1197 (s); 1H NMR (500 MHz, (CD3)2COȌ: Ɂ ͹.ͺͻ-7.85 (2H, m, C(9)H 

and C(13)H), 7.71 (1H, dddd, J 7.4, 7.4, 1.4, 1.4, C(11)H), 7.63 (1H, dd, J 1.6, 1.6, C(6)H), 

7.62-7.58 (2H, m, C(10)H and C(12)H), 7.55 (1H, dd, J 2.3, 1.6, C(4)H), 7.49 (1H, dd, J 2.3, 

1.6, C(2)H), 2.47 (3H, s, C(16)CH3), 2.33 (3H, s, COCH3), 2.29 (3H, s, C(18)CH3); 13C NMR 

(126 MHz; (CD3)2COȌ: Ɂ 194.4 (C(7)), 168.8 (C=OCH3), 165.9 (C(16)), 157.9 (C(18)), 151.2 

(C(1)), 139.4 (C(5)), 137.1 (C(8)), 132.8 (C(11)), 132.2 (C(3`)), 129.8 (C(9) and C(13)), 

128.5 (C(10) and C(12)), 127.4 (C(6)), 126.2 (C(2)), 121.9 (C(4)), 114.9 (C(17)), 20.1 

(COCH3), 10.8 (C(16)CH3), 9.9 (C(18)CH3), LRMS m/z (ES+) 336 ([M+H]+, 56%), 358 
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([M+Na]+, 100%); HRMS m/z (ES+) [Found: (M+H)+ 336.1230. C20H18N1O4+ requires 

336.1230]; RP-HPLC: Method A: Retention time 13.11 min, purity 99.3%. 

2-(3-Methyl-3H-diazirin-3-yl)ethan-1-ol (177) 

 

4-Hydroxy-2-one 173 (5.00 g, 56.7 mmol, 1.0 eq) was added dropwise to liquid NH3 (40 

mL) at −78 C. The solution was warmed to −ͶͲ C and stirred for 5 h. After this time the colourless solution was cooled to −͹ͺ C. A solution of hydroxylamine-O-sulfonic acid 

(7.10 g, 62.8 mmol, 1.1 eq) in MeOH (45 mL) was added dropwise over 30 min. The 

suspension warmed to −ͶͲ C, and stirred for 1.5 h. After this time the suspension was 

slowly warmed to ambient temperature overnight. The colourless suspension was filtered, 

rinsed (MeOH), and the filtrate was concentrated in vacuo. The residue was dissolved in 

Et3N (8.0 mL) and Et2O (50 mL), and cooled to 0 C. I2 (7.68 g, 60.5 mmol, 1.05 eq) was 

added portionwise until the red color persist. After 30 min the mixture was diluted with 

H2O (50 mL). The organic components of the aqueous layer were extracted with Et2O (3 × 

50 mL). The combined organic extracts were dried (Na2SO4), filtered, and concentrated in 

vacuo. The oil was purified by Kugelrohr distillation (120 C, 20 mbar), to afford 177 as a 

colourless oil (1.50 g, 15.0 mmol, 26%). Rf: 0.23 (petroleum ether :EtOAc 5:1); 1H NMR 

(400 MHz; CDCl3Ȍ: Ɂ ͵.ͷ͵ ȋʹ(, br t, J 6.3, C(1)H2), 1.63 (2H, t, J 6.3, C(2)H2), 1.07 (3H, s, 

C(4)H3), 13C NMR (101 MHz; CDCl3Ȍ: Ɂ ͷ͹.͹ ȋCȋͳȌȌ, ͵͹.Ͳ ȋCȋʹȌȌ, ʹͶ.ʹ ȋCȋ͵ȌȌ, ʹͲ.ʹ ȋCȋͶȌȌ, ), 

Compound mass was not observed by LRMS and HRMS. These data are in good agreement 

with the literature.184 
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3-(2-Iodoethyl)-3-methyl-3H-diazirine (174) 

 

A solution of 1H-imidazole (410 mg, 6.02 mmol, 3.0 eq), triphenyl phosphine (580 mg, 

2.08 mmol, 1.05 eq) and I2 (610 mg, 2.40 mmol, 1.2 eq) in CH2Cl2 (12 mL) was cooled to 

0 C. To this solution was added 2-(3-methyl-3H-diazirin-3-yl)ethan-1-ol 177 (200 mg, 

2.00 mmol, 1.0 eq) in CH2Cl2 (1 mL) was added over a period of 5 min, and the mixture 

was warmed to ambient temperature. After 3 h the the reaction was judged to be complete 

by 1H NMR analysis. The reaction mixture was adsorbed onto Celite®, and purified by silica 

gel chromatography, eluting with 10% Et2O in pentane, to afford 174 as a volatile, 

colourless oil (210 mg, 1.00 mmol, 50%). Rf: 0.09 (petroleum ether); 1H NMR (400 MHz; 

CDCl3Ȍ: Ɂ 2.88 (2H, t, J 7.6, C(1)H2), 1.96 (2H, t, J 7.6, C(2)H2), 1.01 (3H, s, C(4)H3), 13C NMR 

(101 MHz; CDCl3Ȍ: Ɂ ͵ͺ.ͻ ȋCȋʹȌȌ, ʹ͸.ʹ ȋCȋ͵ȌȌ, ͳͻ.Ͷ ȋCȋͶȌȌ, −͵.͹ ȋCȋͳȌ). Compound mass 

could not be observed by LRMS and HRMS. These data are in good agreement with the 

literature.154 

3-(3,5-Dimethylisoxazol-4-yl)-5-methoxybenzaldehyde (179) 

 

To a suspension of 3-(3,5-dimethylisoxazol-4-yl)-5-hydroxybenzaldehyde 173 (310 mg, 

1.43 mmol, 1.0 eq), Cs2CO3 (697 mg, 2.14 mmol, 1.5 eq) in dry DMF (5 mL) was added 

iodomethane (178 µL, 406 mg, 2.86 mmol, 1.5 eq), and stirred for 2.5 h, at ambient 

temperature. After this time TLC analysis indicated some starting, so morer iodomethane 

(178 µL, 406 mg, 2.86 mmol, 1.5 eq) was added. After 5 h at ambient temperature the 

reaction was judged to be complete by TLC analysis. The yellow suspension was quenched 

with water (10 mL), and diluted with EtOAc (30 mL). The mixture was washed with brine 
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(3 × 30 mL), dried (MgSO4), filtered, and concentrated in vacuo. The residue was purified 

by silica gel chromatography, eluting with a gradient of 10% to 40% EtOAc in petroleum 

ether to afford 179 as a brown solid (245 mg, 1.06 mmol, 74%). Rf: 0.10 (petroleum ether: 

EtOAc 3:1); mp 92-95 °C (CHCl3) [Lit59 90-92 °C]; 1H NMR (400 MHz, CDCl3) 10.04 (1H, s, 

CHO), 7.44-7.40 (1H, m, C(4)H), 7.39-7.35 (1H, m, C(2)H), 7.10-7.06 (1H, m, C(6)H), 3.94 

(3H, s, OCH3), 2.46 (3H, s, C(9)H3), 2.32 (3H, s, C(11)H3); LRMS m/z (ES+) 232 ([M+H]+, 

100%).These data are in accordance with the literature.59  

(3-(3,5-Dimethylisoxazol-4-yl)-5-methoxyphenyl)(phenyl)methanol (180) 

 

A solution of 3-(3,5-dimethylisoxazol-4-yl)-5-methoxybenzaldehyde 179 (240 mg, 

1.04 mmol, 1.0 eq) in dry THF (15 mL) was cooled to 0 °C. Phenylmagnesium bromide in 

THF (1 M, 2.07 mL, 2.07 mmol, 2.0 eq) was added dropwise over 10 min. After the 

complete addition the suspension was warmed to ambient temperature and stirred for 1.5 

h. After this time the reaction was judged to be complete by TLC analysis. The suspension 

was quenched at 0 °C with 1 M aq. HCl (15 mL) and concentrated in vacuo. The residue 

was suspended in EtOAc (40 mL), washed with brine (3 × 30 mL), dried (MgSO4), filtered, 

and concentrated in vacuo. The crude material was purified by silica gel chromatography, 

eluting with a gradient of 10% to 50% EtOAc in petroleum ether, to afford 180 as a 

colourless oil (318 mg, 1.03 mmol, 99%). Rf: 0.17 (petroleum ether: EtOAc 1:1); 1H NMR 

(400 MHz, CDCl3Ȍ: Ɂ ͺ.Ͷͷ ȋͳ(, s, OH), 7.46-7.36 (4H, m, C(9)H, C(10)H, C(12)H and 

C(13)H), 7.34-7.30 (1H, m, C(11)H), 7.01-6.98 (1H, m, C(6)H), 6.86-6.83 (1H, m, C(4)H), 

6.71-6.68 (1H, m, C(2)H), 5.88 (1H, s, C(7)H), 3.84 (3H, s, OCH3), 2.39 (3H, s, C(16)CH3), 

2.25 (3H, s, C(18)CH3); LRMS m/z (ES+) 310 ([M+H]+, 100%), 332 ([M+Na]+, 41%). These 

data are in accordance with the literature.59  
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3-(3-Methyl-3H-diazirin-3-yl)propanoic acid (183) 

 

A solution of leuvenic acid 182 (1.00 g, 8.60 mmol, 1.0 eq) in MeOH (2 mL) was cooled to 

0 C. Ammonia solution in MeOH (7 M, 10 mL) was added and stirred for 3 h. After this 

time a solution of hydroxylamine-O-sulfonic acid (1.02 g, 9.90 mmol, 1.15 eq) in MeOH 

(6 mL) was added dropwise over 10 min and the reaction was warmed to ambient 

temperature overnight. The suspension was filtered, and concentrated in vacuo. The 

residue was dissolved in MeOH (4 mL) and triethylamine (1.8 mL), and cooled to 0 C. 

Iodine (2.0 g) was added portionwise until the brown colour persisted. After 30 min the 

brown solution was dissolved in EtOAc (20 mL), washed with 1 M aq. HCl (2 × 15 mL), 

10% aq. Na2S2O4 (2 × 10 mL), brine (10 mL), dried (MgSO4), filtered and concentrated in 

vacuo to afford 183 as a yellow oil (490 mg, 3.82 mmol, 44%): Rf: 0.53 (petroleum ether 

:EtOAc 1:1); 1H NMR (400 MHz; CDCl3Ȍ: Ɂ ͳͲ.ʹ͵ ȋͳ(, br s, CO2H), 2.19 (2H, t, J 7.8, C(1)H2), 

1.67 (2H, t, J 7.8, C(2)H2), 1.00 (3H, s, C(4)H3), 13C NMR (101 MHz; CDCl3Ȍ: Ɂ ͳ͹ͺ.ͷ ȋCO2H), 

29.3 (C(2)), 28.5 (C(1)), 25.0 (C(3)), 19.6 (C(4)); LRMS m/z (ES−Ȍ ͳʹ͹ ȋ[M−(]−, 100%). 

These data are in good agreement with the literature. 160,184  

(3-Acetoxy-5-(3,5-dimethylisoxazol-4-yl)phenyl)(phenyl)methyl 3-(3-methyl-3H-

diazirin-3-yl)propanoate (184) 

 
A solution of 3-(3-methyl-3H-diazirin-3-yl)propanoic acid (183) (100 mg, 0.780 mmol, 

5.3 eq) in SOCl2 (1 mL) was stirred at 40 °C for 20 min. After this time the solution was 

concentrated in vacuo. The acid chloride was dissolved in dry CH2Cl2 (0.5 mL) and added 



Chapter 7: Experimental Section 
_______________________________________________________________________________________________ 

 220 

dropwise to a solution of 3-(3,5-dimethylisoxazol-4-yl)-5-(hydroxyl(phenyl) 

methyl)phenyl acetate 167 (50 mg, 0.148 mmol, 1.0 eq) in dry CH2Cl2 (0.7 mL). After the 

completed addition DIPEA (50 µL, 67.4 mg, 0.521 mmol, 3.5 eq) was added and stirred for 

20 min at ambient temperature, after which time TLC showed complete consumption of 

the starting material. The solution was quenched with isopropanol (50 µL), and 

concentrated in vacuo. The residue was purified by silica gel chromatography, eluting with 

33% ethyl acetate in petroleum ether, to afford 184 as a yellow oil (30 mg, 0.067 mmol, 

45%). Rf: 0.62 (petroleum ether: EtOAc 1:1); vmax (thin film)/cm-1 2928 (w), 1767 (s) 

(C=O), 1738 (s) (C=O),, 1551 (m), 1415(m), 1368 (m), 1199 (s); 1H NMR (400 MHz, 

D6-acetone) 7.55-7.50 (2H, m, C(9)H and C(13)H), 7.45-7.39 (2H, m, C(10)H and C(12)H), 

7.38-7.32 (2H, m, C(11)H and C(2)H), 7.25-7.22 (1H, m, C(4)H), 7.15 (1H, dd, J 1.9, 1.9 

C(6)H), 6.98 (1H, s, C(7)H), 2.47 (2H, t, J 7.3, C(22)H2), 2.43 (3H, s, C(16)CH3), 2.30 (3H, s, 

COCH3), 2.25 (3H, s, C(18)CH3), 1.77 (2H, t, J 7.3, C(21)H2), 1.04 (3H, s, C(23)H3), 13C NMR 

(101 MHz, D6-acetone): 170.8 (C(19)), 168.6 (COCH3), 165.5 (C(16)), 157.9 (C(18)), 151.4 

(C(1)), 143.0 (C(5)), 140.3 (C(8)), 131.9 (C(3)), 128.6 (C(10) and C(12)), 128.0 (C(11)), 

126.9 (C(9) and C(13)), 124.6 (C(2)), 121.7 (C(6)), 119.0 (C(4)), 115.3 (C(17)), 76.2 (C(7)), 

29.3 (C(21)) by HSQC, 28.4 (C(20)), 25.0 (C(22)), 20.1 (COCH3), 18.7 (C(23)), 10.7 

(C(16)CH3), 9.9 (C(18)CH3); GC-HRMS m/z (CI+) [Found: (M+H)+ 448.1872 C25H25N3O5 

requires 448.1867]; RP-HPLC: Method B: Retention time 13.86 min, purity 93.7%. 

tert-Butyl 2-(2-hydroxyethoxy)ethylcarbamate (188) 

 

To a solution of 2-(2-aminoethoxy)ethanol 187 (2.00 g, 19.0 mmol, 1.0 eq) in THF (20 mL) 

was added a solution of Boc2O (4.36 g, 20.0 mmol, 1.1 eq) in THF over 10 minutes. After 

3 h the reaction was judged to be complete by TLC analysis. The colourless solution was 

concentrated in vacuo. The resulting oil was diluted with EtOAc (50 mL), washed with sat. 

aq. NH4Cl (3 ⨯ 30 mL), dried (MgSO4), filtered and concentrated in vacuo to afford 188 as a 
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colourless oil (3.76 g, 18.3 mmol, 96%), which was used without further purification. 

Rf: 0.52 (EtOAc); vmax (thin film)/cm-1 3343 (br m), 2976 (m), 2932 (m), 2871 (m), 1688 

(s) (C-O), 1522 (m), 1366 (m), 1277 (m), 1250 (m), 1168 (s), 1123 (s), 1064 (s), 1H NMR 

(400 MHz, CDCl3Ȍ: Ɂ 5.38 (1H, s, NH), 3.68-3.62 (2H, m, C(2)H2), 3.52-3.44 (4H, m, C(3)H2 

and C(4)H2), 3.40-3.35 (1H, m, OH), 3.24 (2H, dt, J 5.1, 5.1, C(1)H2), 1.36 (9H, s, C(CH3)3; 

LRMS m/z (ES+) 228 ([M+Na]+, 100%). These data are in accordance with the literature.185 

2-(2-(tert-Butoxycarbonylamino)ethoxy)ethyl methanesulfonate (189) 

 

A solution of tert-butyl 2-(2-hydroxyethoxy)ethylcarbamate 188 (2.00 g, 9.74 mmol, 

1.0 eq), Et3N (2.66 mL, 2.00 g, 19.5 mmol, 2.0 eq) in THF (125 mL) was cooled to 0 °C. 

Methanesulphonyl chloride (2.24 g, 19.5 mmol, 2.0 eq) was added over 15 minutes. After 

the completed addition the solution was warmed to ambient temperature. After 

15 minutes the TLC analysis indicated completion and the solvent was removed in vacuo. 

The residue was dissolved in EtOAc (150 mL), washed with brine (100 mL), dried 

(MgSO4), filtered and concentrated in vacuo. The crude material was purified by silca gel 

chromatography, eluting with a gradient of 10% to 100% EtOAc in petroleum ether, to 

afford 189 as a colourless oil (2.05 g, 7.24 mmol, 74%). Rf: 0.71 (EtOAc); vmax (thin 

film)/cm-1 3420 (br w) (N-H), 2979 (w), 2937 (w), 1737 (s) (C=O), 1511 (m), 1351 (s), 

1245 (s), 1172 (s), 1128 (s);  1H NMR (400 MHz, CDCl3) 4.97 (1H, s, NH), 4.38-4.33 (2H, m, 

C(4)H2), 3.74-3.69 (2H, m, C(3)H2), 3.55 (2H, t, J 5.3, C(2)H2), 3.35-3.26 (2H, m, C(1)H2), 

3.05 (3H, s, CH3SO2), 1.43 (9H, s, C(CH3)3); 13C NMR (101 MHz, CDCl3) 155.9 (C=O), 79.4 

(C(CH3)3), 70.4 (C(2)), 68.9 (C(3)), 68.7 (C(4)), 40.2 (C(1)), 37.7 (CH3SO3), 28.4 (C(CH3)3); 

LRMS m/z (ES+) 306 ([M+Na]+, 100%). 
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3-Bromo-5-(hydroxy(phenyl)methyl)phenol (190) 

 

A solution of 3-bromo-5-hydroxybenzaldehyde 172 (800 mg, 3.95 mmol, 1.0 eq) in dry 

THF (50 mL) was cooled to 0 °C. Phenyl magnesium bromide in THF (1 M, 12 mL, 

12.0 mmol, 3.0 eq) was added dropwise over 15 minutes. The suspension was warmed to 

ambient temperature and stirred for 17 hours. After this time the reaction was judged to 

be complete by TLC analysis. After cooling to 0 °C the suspension was quenched with 1 M 

aq. HCl (10 mL), and concentrated in vacuo. The residue was dissolved in EtOAc (50 mL), 

washed with brine (3 ⨯ 50 mL), dried (Na2SO4), filtered, and concentrated in vacuo. The 

crude material was purified by silica gel chromatography, eluting with a gradient of 5% to 

30% EtOAc in petroleum ether, to give 190 as a pale yellow solid (1049 mg, 3.76 mmol, 

100%). Rf: 0.18 (petroleum ether: EtOAc 4:1); mp 110-111 ˚C ȋacetoneȌ, vmax (thin 

film)/cm-1 3394 (br m) (OH), 3088 (br m) (OH), 1596 (s), 1474 (s), 1275 (s), 1021 (s);  

1H NMR (400 MHz, (CD3)2COȌ: Ɂ ͺ.͹ʹ ȋͳ(, s, CȋͳȌOH), 7.45-7.40 (2H, m, C(10)H and 

C(12)H), 7.36 (2H, tt, J 7.4, 1.7, C(9)H and C(13)H), 7.25 (1H, tt, J 7.3, 2.2, C(11)H), 

7.12-7.09 (1H, m, C(2)H), 6.92-6.87 (2H, m, C(4)H and C(6)H), 5.77 (1H, d, J 3.9, C(7)OH), 

4.99 (1H, d, J 3.9, C(7)H); 13C NMR (101 MHz, (CD3)2COȌ: Ɂ ͳͷͺ.͵ ȋCȋͳȌȌ, ͳͶͻ.͵ ȋCȋͷȌȌ, ͳͶͶ.ͻ 
(C(8)), 128.2 (C(9) and C(13)), 127.1 (C(11)), 126.4 (C(10) and C(12)), 121.9 (C(3)), 120.5 

(C(2)), 116.8 (C(6)), 112.6 (C(4)), 74.5 (C(7)); LRMS m/z (ES−) 277 ([M79Br−(]−, 100%), 

279 ([M81Br−(]−, 100%), HRMS m/z (ES−) [Found: (M79Br−(Ȍ− 276.9866 C13H10O279Br− 

requires 276.9870]; RP-HPLC: Method A: Retention time 11.58 min, purity 99.3%. 
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tert-Butyl 2-(2-(3-bromo-5-(hydroxy(phenyl)methyl)phenoxy)ethoxy)-

ethylcarbamate (191) 

 

A suspension of 3-bromo-5-(hydroxy(phenyl)methyl)phenol 190 (420 mg, 1.50 mmol, 

1.0 eq), 2-(2-(tert-butoxycarbonylamino)ethoxy)ethyl methanesulfonate (760 mg, 

2.68 mmol, 1.8 eq) and Cs2CO3 (876 mg, 2.69 mmol, 1.8 eq) in DMF (15 mL) was stirred for 

16 hours at ambient temperature. After this time the reaction was judged to be incomplete 

by TLC analysis. The suspension was heated at 60 °C for 1 hour and the starting material 

disappeared by TLC. After cooling to ambient temperature the suspension was diluted 

with EtOAc (50 mL), washed with water (2 × 40 mL), brine (50 mL), dried (MgSO4), 

filtered, and concentrated in vacuo. The residue was purified by silica gel chromatography, 

eluting with a gradient of 10% to 50% EtOAc in petroleum ether, to afford 191 as a 

colourless oil (370 mg, 0.793 mmol, 53%). Rf: 0.48 (petroleum ether:EtOAc 1:1); vmax (thin 

film)/cm-1 3368 (br w) (O-H and N-H), 2976 (w), 1688 (s) (C=O), 1439 (s), 1265 (s), 1156 

(s), 1125 (s), 993 (s), 703 (s); 1H NMR (400 MHz, (CD3)2CO): Ɂ 7.46-7.41 (2H, m, C(9)H and 

C(13)H), 7.35-7.29 (2H, m, C(10)H and C(12)H), 7.23 (1H, tt, J 7.4, 2.0, C(11)H), 7.20-7.18 

(1H, m, C(2)H), 7.05-7.02 (1H, m, C(4)H), 6.98 (1H, dd, J 2.0, 2.0 C(6)H),  5.90 (1H, br s, 

NH), 5.80 (1H, d, 4.2, C(7)H), 5.05 (1H, d, 4.2, OH), 4.16-4.14 (2H, m, C(14)H2), 3.82-3.79 

(2H, m, C(15)H2), 3.55 (2H, t, 5.8, C(16)H2), 3.23 (2H, dt, 5.8, 5.8, C(17)H2), 1.39 (9H, s, 

C(CH3)3); 13C NMR (101 MHz, (CD3)2COȌ: Ɂ 160.3 (C(1)), 155.8 (NHCOtBu), 149.3 (C(8)), 

144.8 (C(5)), 128.2 (C(10) and C(12)), 127.2 (C(11)), 126.4 (C(9) and C(13)), 122.0 (C(3)), 

121.6 (C(4)), 115.7 (C(2)), 112.1 (C(6)), 77.8 (C(CH3)3), 74.5 (C(7)), 69.9 (C(16)), 69.0 

(C(15)), 67.8 (C(14)), 40.1 (C(17)), 27.8 (C(CH3)3). Compound mass could not be detected 

by LRMS and HRMS. 
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tert-Butyl (2-(2-(3-benzoyl-5-bromophenoxy)ethoxy)ethyl)carbamate (192) 

 

tert-Butyl 2-(2-(3-bromo-5-(hydroxy(phenyl)methyl)phenoxy)ethoxy)ethylcarbamate 

191 (300 mg, 0.643 mmol, 1.0 eq), pyridinium dichromate (266 mg, 0.708 mmol, 1.1 eq) 

and Celite® (200 mg) were stirred in CH2Cl2 (10 mL) at ambient temperature for 6 h. After 

this time the reaction was judged to be complete by TLC analysis. The suspension was 

filtered through Celite®, and concentrated in vacuo. The compound was purified by silica 

gel chromatography, eluting with a gradient of 10% to 50% EtOAc in petroleum ether, to 

afford 192 as a colourless oil (130 mg, 0.280 mmol, 44%); Rf: 0.14 (petroleum ether:EtOAc 

4:1); vmax (thin film)/cm-1 3371 (br w) (N-H), 2975 (w), 2930 (w), 1709 (s) (C=O), 1660 (s) 

(C=O), 1564 (m), 1279 (s), 1170 (s), 1125 (s), 696 (s); 1H NMR (400 MHz, (CD3)2CO): Ɂ 7.83-7.78 (2H, m, C(9)H and C(13)H), 7.68 (1H, tt, J 7.5, 1.9, C(11)H) 7.60-7.54 (2H, m, 

C(10)H and C(12)H), 7.45-7.41 (2H, m, C(2)H),  7.29 (1H, dd, J 2.4, 1.4, C(6)H), 5.85 (1H, br 

s, NH), 4.27-4.22 (2H, m, C(14)H2), 3.85-3.81 (2H, m, C(15)H2), 3.57 (2H, t, J 5.8, C(16)H2), 

3.25 (2H, dt, J 5.8, 5.8, C(17)H2), 1.39 (9H, s, C(CH3)3); 13C NMR (101 MHz, (CD3)2CO): Ɂ 194.0 (C(7)), 159.8 (C(1)), 155.7 (NHCO), 140.5 (C(5)), 137.0 (C(8)), 132.8 (C(11)), 

129.7 (C(9) and C(13)), 128.5 (C(10) and C(12)), 124.5 (C(4)), 122.3 (C(3)), 121.4 (C(2)), 

114.8 (C(6)), 77.6 (OC(CH3)3) 69.9 (C(16)), 68.9 (C(15)), 68.3 (C(14)), 40.1 (C(17)), 27.7 

(C(CH3)3). GC-HRMS m/z (CI+) [Found: (M+H)+ 464.1073 C22H2679BrN1O5 requires 

464.1067]. 
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tert-Butyl (2-(2-(3-benzoyl-5-(3,5-dimethylisoxazol-4-yl)phenoxy)ethoxy)ethyl)-

carbamate (185) 

 

A solution of tert-Butyl (2-(2-(3-benzoyl-5-bromophenoxy)ethoxy)ethyl)carbamate 192 

(120 mg, 0.259 mmol, 1.0 eq) in degassed EtOH (2.5 mL) was added to potassium (3,5-

dimethylisoxazol-4-yl)trifluoroborate 176 (58 mg, 0.285 mmol, 1.1 eq), RuPhos (14.5 mg, 

0.031 mmol 0.12 eq), Pd(OAc)2 (4.0 mg, 0.016 mmol, 0.06 eq) and Na2CO3 (55 mg, 

0.518 mmol, 2.0 eq). The suspension was purged with Ar and stirred at 75 °C for 3 h. After 

this time the reaction was judged to be complete by TLC analysis. After cooling to rt the 

suspension was filtered through Celite®, rinsed with EtOH, and concentrated in vacuo. The 

residue was purified by silica gel chromatography, eluting with a gradient of 20% to 40% 

EtOAc in petroleum ether, to afford 185 as a pale yellow oil (84 mg, 0.175 mmol, 67%): 

Rf: 0.33 (petroleum ether:EtOAc 3:2); vmax (thin film)/cm-1 3347 (br w) (N-H), 2975 (w), 

2931 (w), 1709 (s) (C=O), 1660 (m) (C=O), 1331 (s), 1266 (s), 1239 726 (m); 1H NMR 

(500 MHz, (CD3)2COȌ: Ɂ 7.87-7.82 (2H, m, C(9)H and C(13)H), 7.68 (1H, tt, J 7.4, 1.1, 

C(11)H) 7.60-7.54 (2H, m, C(10)H and C(12)H), 7.36-7.33 (1H, m, C(4)H),  7.28-7.26 (1H, 

m, C(6)H), 7.25-7.22 (1H, m, C(2)H),   5.88 (1H, br s, NH), 4.31-4.25 (2H, m, C(14)H2), 3.86-

3.82 (2H, m, C(15)H2), 3.59 (2H, t, 5.7, C(16)H2), 3.25 (2H, dt, 5.7, 5.7, C(17)H2), 2.44 (3H, s, 

C(20)CH3), 2.26 (3H, s, C(22)CH3), 1.37 (9H, s, C(CH3)3); 13C NMR (126 MHz, (CD3)2CO): Ɂ 195.1 (C(7)), 165.6 (C(20)), 159.4 (C(1)), 158.0 (C(22)), 155.7 (NHCO), 139.6 (C(5)), 

137.5 (C(8)), 132.7 (C(11)), 132.1 (C(21)), 129.8 (C(9) and C(13)), 128.5 (C(10) and 

C(12)), 122.8 (C(6)), 119.2 (C(2)), 115.6 (C(3)), 114.2 (C(4)), 77.7 (OC(CH3)3), 69.9 

(C(16)), 69.0 (C(15)), 68.0 (C(14)), 40.1 (C(17)), 27.7 (C(CH3)3), 10.8 (C(20)CH3), 10.0 
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(C(22)CH3); LRMS m/z (ES+Ȍ ͵ͺͳ ȋ[M+(−Boc]+, 100%); HRMS m/z (ES+) [Found: (M+H-

Boc)+ 381.1803; C22H25O4N2 requires 381.1803]. 

Ethyl 3-oxohept-6-ynoate (194) 

 

A solution of diisopropyl amine (10.2 g, 101 mmol, 2.0 eq) in distilled THF (100 mL) was 

cooled to −͹ͺ °C. n-BuLi in hexanes(2.5 M , 40.5 mL, 101 mmol, 2.0 eq) was added over 

5 minutes. After the completed addition the solution was warmed to 0 °C and stirred for 

30 minutes. After this time the solution was cooled to −͹ͺ °C. Ethyl acetoacetate 193 

(6.60 g, 50.7 mmol, 1.0 eq) in distilled THF (20 mL) was added over 5 minutes. After the 

completed addition the solution was warmed to 0 °C and stirred for 1 h. Propargyl 

bromide (80% in toluene, 7.52 g, 50.7 mmol, 1.0 eq) was added, and stirred  for 1 h, at 

0 °C. After this time the solution was quenched by slow addition of glacial acetic acid 

(5.8 mL). The suspension was concentrated in vacuo, and the residue was redissolved in 

EtOAc (250 mL) and H2O (200 mL). The organic extracts were washed with brine 

(2 × 150 mL), dried (MgSO4), filtered, and concentrated in vacuo. The residual oil was 

purified by vacuum distillation (110 °C, 15 mbar), to afford 195 as a pale yellow oil (4.81 

g, 28.6 mmol, 56%). Rf: 0.42 (petroleum ether: EtOAc 4:1); 1H NMR (400 MHz, CDCl3) 4.19 

(2H, q, J 7.3, OCH2), 3.46 (2H, s, C(6)H2), 2.81 (2H, t, J 7.2, C(4)H2), 2.46 (2H, td, J 7.2, 2.5, 

C(3)H2), 1.96 (1H, t, J 2.5, C(1)CH),  1.27 (3H, t, J 7.3, CH3CH2O), 13C NMR (101 MHz, CDCl3): 

200.6 (C(5)), 166.9 (C(7)), 82.5 (C(2)), 69.0 (C(1)), 61.5 (OCH2), 49.1 (C(5)), 41.6 (C(4)), 

14.1 (CH3CH2), 12.8 (C(3)); GC-HRMS m/z (CI+) [Found: (M+H)+ 169.0862 C9H12O3 

requires 169.0859]. These data are in good agreement with the literature.186 
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Ethyl 2-(2-(but-3-yn-1-yl)-1,3-dioxolan-2-yl)acetate (195) 

 
A solution of ethyl 3-oxohept-6-ynoate 194 (4.81 g, 28.6 mmol, 1.0 eq), ethylene glycol 

(1.90 g, 30.6 mmol, 1.1 eq), 4-toluenesulfonic acid monohydrate (250 mg, 1.31 mmol, 

0.05 eq) in toluene (200 mL) was stirred at reflux, for 19 h in a Dean-Stark apparatus. 

After cooling to ambient temperature the organic layer was washed with 1 M aq. Na2CO3 

(3 × 100 mL), brine (100 mL), dried (MgSO4), filtered and concentrated in vacuo to afford 

195 as a pale yellow oil (4.41 g), which was used without further purification. Rf: 0.56 

(petroleum ether: EtOAc 4:1); 1H NMR (400 MHz, CDCl3Ȍ: Ɂ Ͷ.ͳ͹ ȋʹ(, q, J 7.5, OCH2), 4.05-

3.97 (4H, m, O(CH2)2O), 2.67 (2H, s, C(6)H2), 2.32 (2H, td, J 7.2, 2.6, C(3)H2), 2.17-2.11 (2H, 

m, C(4)H2), 1.95 (1H, t, J 2.6, C(1)CH), 1.28 (3H, t, J 7.5, CH3CH2O), 13C NMR (101 MHz, 

CDCl3Ȍ: Ɂ ͳ͸ͻ.ʹ ȋCȋ͹ȌȌ, ͳͲͺ.͵ ȋCȋͷȌȌ, ͺͶ.Ͳ ȋCȋʹȌȌ, ͸ͺ.ͳ ȋCȋͳȌȌ, ͸ͷ.ʹ ȋOȋC(2)2O), 60.6 (OCH2), 

42.7 (C(6)), 36.4 (C(4)), 14.2 (CH3CH2), 12.8 (C(3));. LRMS m/z (ES+) 235 ([M+Na]+, 

100%). These data are in good agreement with the literature.186 

2-(2-(But-3-yn-1-yl)-1,3-dioxolan-2-yl)ethan-1-ol (196) 

 

To a solution ethyl 2-(2-(but-3-yn-1-yl)-1,3-dioxolan-2-yl)acetate 195 (4.41 g, 20.8 mmol, 

1.0 eq) in Et2O (100 mL) was added LiAlH4 (1 M in THF, 15 mL, 15 mmol, 0.75 eq) 

dropwise at 0 °C. After 1 h the reaction was judged to be complete by TLC analysis. The 

solution was quenched with EtOAc (10 mL) followed by addition of H2O (2 mL). To the 

suspension sat. aq. Rochelle salt (50 mL) was added and stirred until the suspension 

cleared up. The organic extracts were washed with brine (100 mL), dried (MgSO4), 

filtered, and concentrated in vacuo to afford 196 as a pale yellow oil (2.90 g, 17.0 mmol, 

60% over 2 steps). Rf: 0.12 (petroleum ether: EtOAc 4:1); 1H NMR (400 MHz, CDCl3) 4.07-
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3.98 (4H, m, O(CH2)2O), 3.79 (2H, dt, J 5.6, 5.6, C(7)H2), 2.66 (1H, t, J 5.6, OH), 2.29 (2H, td, J 

7.4, 2.6, C(3)H2), 1.99-1.92 (5H, m, C(1)H, C(4)H2 and C(6)H2), 13C NMR (101 MHz, CDCl3): 

(C(7)), 111.1 (C(5)), 83.9 (C(2)), 68.3 (C(1)), 65.0 (O(CH2)2O), 58.7 (C(7)), 38.2 (C(6)), 35.9 

(C(4)), 13.1 (C(3)). GC-HRMS m/z (CI+) [Found: (M+H)+ 171.1016 C9H14O3 requires 

171.1016]. These data are in good agreement with the literature.186 

2-(But-3-yn-1-yl)-2-(2-iodoethyl)-1,3-dioxolane (197) 

 

To a solution of PPh3 (2.60 g, 9.91 mmol, 1.1 eq) and 1H-imidazole (1.80 g, 26.4 mmol, 

3.0 eq) in CH2Cl2 (60 mL) was added iodine (2.70 g, 10.6 mmol, 1.2 eq) and stirred for 

15 min. 2-(2-(but-3-yn-1-yl)-1,3-dioxolan-2-yl)ethan-1-ol 196 (1.50 g, 8.81 mmol, 1.0 eq) 

in CH2Cl2 (15 mL) was added over 15 minutes. After the completed addition the reaction 

mixture was stirred under reflux for 1 h where TLC and 1H NMR indicated complete 

conversion of the alcohol. After cooling to ambient temperature the brown solution was 

quenched with 10% w/v aq. Na2S2O3 (50 mL). The organic layer was washed with brine 

(2 × 50 mL), dried (MgSO4), filtered and concentrated in vacuo. The residual solid was 

stirred in petroleum ether (44 mL) and Et2O (6 mL) for 5 min, filtered and concentrated in 

vacuo to afford 197 as a yellow oil (2.30 g) which was used without further purification. 

Rf: 0.90 (petroleum ether: EtOAc 4:1); vmax (thin film)/cm-1 ͵ʹͻ͵ ȋwȌ ȋC≡C-H), 2958 (w), 

2885 (w),1120 (s), 1042 (s), 635 (s), 1H NMR (400 MHz, CDCl3) 3.88 (4H, s, O(CH2)2O), 

3.11-3.04 (2H, m, C(7)H2), 2.25-2.15 (4H, m, C(4)H2  and C(6)H2), 1.89 (1H, t, J 2.6, C(1)H), 

1.83-1.77 (2H, m, C(3)H2), 13C NMR (101 MHz, CDCl3): 110.5 (C(5)), 83.8 (C(2)), 68.3 

(C(1)), 65.3 (O(CH2)2OȌ, Ͷʹ.ͷ ȋCȋ͸ȌȌ, ͵ͷ.ͺ ȋCȋͶȌȌ, ͳ͵.Ͳ ȋCȋ͵ȌȌ, −ʹ.͹ ȋCȋ͹ȌȌ; GC-HRMS m/z 

(CI+) [Found: (M+NH4)+ 298.0309 C9H17O2NI requires 298.0298]. 
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3-(2-(But-3-yn-1-yl)-1,3-dioxolan-2-yl)propanenitrile (198) 

 

A solution of 2-(but-3-yn-1-yl)-2-(2-iodoethyl)-1,3-dioxolane 197 (2.30 g, 8.81 mmol, 

1.0 eq), potassium cyanide (602 mg, 9.25 mmol, 1.05 eq) in DMF (15 mL) was stirred at 

70 °C for 3 hours. After this time the reaction was judged to be complete by TLC analysis. 

After cooling to rt the suspension was diluted with sat. aq. NaHCO3 (30 mL) and EtOAc 

(100 mL). The organic layer was washed with LiCl (0.5 M, 2 × 60 mL), brine (50 mL), dried 

(MgSO4), filtered, and concentrated in vacuo. The residue was purified by silica gel 

chromatography, eluting with a gradient of 0% to 30% EtOAc in petroleum ether, to afford 

198 as a colourless oil (1110 mg, 6.20 mmol, 70% over 2 steps). Rf: 0.33 (petroleum ether: 

EtOAc 4:1); vmax (thin film)/cm-1 ͵ʹͺͻ ȋwȌ ȋC≡C-(Ȍ, ʹͻ͸͵ ȋwȌ, ʹͺͻʹ ȋwȌ, ʹʹͶͻ ȋw, C≡NȌ, 
1144 (m), 1047 (s), 1H NMR (500 MHz, CDCl3) 3.98 (4H, s, O(CH2)2O), 2.41 (2H, t, J 7.6, 

C(7)H2), 2.26 (2H, td, J 7.8, 2.6 C(3)H2), 2.04 (2H, t, J 7.6, C(6)H2),  1.96 (1H, t, J 2.6, C(1)H), 

1.86 (2H, t, J 7.8 C(4)H2), 13C NMR (126 MHz, CDCl3): 119.7 (CN), 108.9 (C(5)), 83.6 (C(2)), 

68.6 (C(1)), 65.3 (O(CH2)2O), 35.9 (C(4)), 32.5 (C(6)), 13.2 (C(3)), 11.6 (C(7)), LRMS m/z 

(ES+) 202 ([M+Na]+, 100%); HRMS m/z (ES+) [Found: (M+Na)+ 202.0841 C10H13NO2Na 

requires 202.0839]. 

4-Oxooct-7-ynoic acid (199) 

 

A solution of 3-(2-(but-3-yn-1-yl)-1,3-dioxolan-2-yl)propanenitrile 198 (1110 mg, 

6.20 mmol, 1.0 eq) in 10% NaOH (10 mL) was stirred at reflux. After 3 h the reaction was 

judged to be complete by TLC analysis After cooling, the aqueous layer was washed with 

Et2O (5 mL). The pH of the aqueous layer was adjusted with 5 M aq. HCl to 1, and stirred 

vigorously for 3 h, at ambient temperature. The organic extracts of the aqueous layer were 
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extracted with CH2Cl2 (4 × 50 mL). The combined organic layers were dried (MgSO4), 

filtered, and concentrated in vacuo to afford a yellow oil. The crude material was purified 

by silica gel chromatography, eluting with a gradient of 50% to 100% petroleum ether in 

EtOAc: AcOH (20:1), to afford 199 as a colourless oil (630 mg, 4.09 mmol, 66%). Rf: 0.22 

(petroleum ether: EtOAc 6:4 + 1% AcOH); mp 54-56 °C (CHCl3); vmax (thin film)/cm-1 3500-

2500 (br w) (CO2(Ȍ, ͵ʹͻͲ ȋwȌ ȋC≡C-H), 2923 (w), 1710 (s) (C=O), 1H NMR (500 MHz, 

CDCl3) 10.70 (1H, br s, CO2H), 2.79-2.71 (4H, m, C(4)H2 and C(6)H2), 2.68 (2H, t, J 6.2 

C(7)H2), 2.49 (2H, td, J 7.6, 2.5, C(3)H2),  1.97 (1H, t, J 2.5, C(1)H), 13C NMR (126 MHz, 

CDCl3):, 206.3 (C(5)), 178.1 (CO2H), 82.9 (C(2)), 68.9 (C(1)), 41.3 (C(4)), 36.8 (C(6)), 27.6 

(C(7)), 12.9 (C(3)), LRMS m/z (ES−Ȍ ͳͷ͵ ȋ[M−(]−, 100%); HRMS m/z (ES−Ȍ [Found: ȋM−(Ȍ− 

153.0556 C8H9O3 requires 153.0557]. 

3-(3-(But-3-yn-1-yl)-3H-diazirin-3-yl)propanoic acid (200) 

 

4-Oxooct-7-ynoic acid 199 (200 mg, 1.30 mmol, 1.0 eq) in liquid NH3 (5 mL) was stirred at −ͶͲ °C for 5 h. After this time a solution of H2N-OSO3H (241 mg, 2.13 mmol, 1.6 eq) in dry 

MeOH (2 mL) was added dropwise. After one hour at −40 °C the suspension was warmed 

to ambient temperature overnight. The suspension was diluted with MeOH (5 mL), 

filtered, rinsed (MeOH), and concentrated in vacuo. The residue was dissolved in Et2O 

(2 mL) and triethylamine (450 µL), and cooled to 0 °C. I2 (500 mg) was added in 5 portions 

until the brown colour persist. After 30 minutes the solution was diluted with EtOAc 

(10 mL), washed with 1 M aq. HCl (10 mL), 10% w/v aq. Na2S2O3 (10 mL), 1 M aq. HCl 

(10 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude material was 

purified by silica gel chromatography, eluting with 40% petroleum ether in EtOAc and 1% 

AcOH, to afford 200 as a yellow oil (83 mg, 0.500 mmol, 38%). Rf: 0.32 (petroleum ether: 

EtOAc 6:4); vmax (thin film)/cm-1 3500-2500 (br w) (CO2(Ȍ, ͵ʹͻ͹ ȋwȌ ȋC≡C-H), 2924 (w), 

1710 (s) (C=O), 1434 (w) (diazarine), 1290 (w), 1224 (w), 924 (w); 1H NMR (500 MHz, 
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CDCl3) 10.62 (1H, br s, CO2H), 2.17 (2H, t, J 7.8, C(7)H2),  2.03-1.97 (3H, m, C(1)H and 

C(6)H2), 1.80 (2H, t, J 7.6, C(4)H2),  1.67-1.61 (2H, m, C(3)H2), LRMS m/z (ES−) 165 ȋ[M−(]−, ͳͲͲ%Ȍ, ͵͵ͳ ȋ[ʹM−(]−, 89%); HRMS m/z (ES−Ȍ [Found: ȋM−(Ȍ− 165.0666 

C8H9O2N2 requires 165.0659]. These data are in good agreement with the literature. 158 

(3-Acetoxy-5-(3,5-dimethylisoxazol-4-yl)phenyl)(phenyl)methyl 3-(3-(but-3-yn-1-

yl)-3H-diazirin-3-yl)propanoate (186) 

 

3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)propanoic acid 200 (80 mg, 0.481 mmol, 3.3 eq) in 

SOCl2 (2 mL) was stirred at 40 °C for 15 min. After this time the solution was concentrated 

in vacuo and the residue was dissolved in dry CH2Cl2 (1 mL). To this, a solution of 3-(3,5-

dimethylisoxazol-4-yl)-5-(hydroxyl(phenyl)methyl)phenyl acetate 167 (50 mg, 

0.148 mmol, 1.0 eq) in dry CH2Cl2 (1.5 mL) was added dropwise over a period of 5 min. 

After the completed addition, pyridine (50 µL, 49.1 mg, 0.621 mmol, 4.2 eq) was added, 

and the resulting solution was stirred for 20 min at ambient temperature. After this time 

the reaction was judged to be complete by TLC analysis. The solution was quenched with 

H2O (0.5 mL), and diluted with CH2Cl2 (10 mL). The organic layer was washed with 10% 

w/v aq. Na2CO3 (10 mL), 1 M aq. HCl (10 mL), brine (10 mL), dried (MgSO4), filtered and 

concentrated in vacuo. The residue was purified by silica gel chromatography, eluting with 

25% petroleum ether in ethyl acetate, to afford 186 as a colourless oil (11 mg, 

0.023 mmol, 15%). Rf: 0.20 (petroleum ether: EtOAc 4:1); vmax (thin film)/cm-1 3295 (w) ȋC≡C-H), 2927 (w) (C-H), 1768 (m) (C=O), 1740 (m) (C=O), 1702 (m), 1247 (m), 1204 (s); 

1H NMR (500 MHz, D6-acetone) 7.51-7.47 (2H, m, C(9)H and C(13)H), 7.41-7.36 (2H, m, 

C(10)H and C(12)H), 7.34-7.29 (2H, m, C(11)H and C(2)H), 7.19 (1H, dd, J 1.6, 1.6 C(4)H), 
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7.11 (1H, dd, J 1.6, 1.6 C(6)H), 6.93 (1H, s, C(7)H), 2.41-2.35 (6H, m, C(16)CH3, C(20)H2 and 

C(26)H), 2.26 (3H, s, COCH3), 2.22 (3H, s, C(18)CH3), 2.01 (2H, td, J 7.5, 2.6 C(24)H2), 1.83 

(2H, t, J 7.5, C(23)H2), 1.63 (2H, t, J 7.6, C(21)H2), 13C NMR (126 MHz, (CD3)2COȌ: Ɂ ͳ͹Ͳ.ͺ 
(C(19)), 168.7 (COCH3), 165.5 (C(16)), 157.9 (C(18)), 151.4 (C(1)), 143.0 (C(5)), 140.3 

(C(8)), 131.9 (C(3)), 128.6 (C(10) and C(12)), 128.0 (C(11)), 126.9 (C(9) and C(13)), 124.6 

(C(2)), 121.7 (C(6)), 119.0 (C(4)), 115.3 (C(17)), 82.6 (C(25)), 76.2 (C(7)), 69.7 (C(26)), 

32.0 (C(21)), 28.1 (C(20)), 27.7 (C(23)), 27.6 (C(22)), 20.1 (COCH3), 12.7 (C(24)), 10.7 

(C(16)CH3), 9.9 (C(18)CH3); LRMS m/z (ES+) 486 ([M+H]+, 53%), 508 ([M+Na]+, 100%); 

HRMS m/z (ES+) [Found: (M+Na)+ 508.1847 C28H27O5N3Na requires 508.1843]; RP-HPLC: 

Method A: Retention time 14.10 min, purity 94.0%. 
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A Brief description and optimisation of the biophysical assays 

A1 Differential scanning fluorimetry  

Differential scanning fluorimetry (DSF) is a widely 

used technique for high throughput screening of 

compound libraries.1,2 This technique has been 

successfully applied in the discovery of 

bromodomain ligands for the BET 

bromodomain3,4 as well as for the discovery of 

CREBBP fragments, which were further optimised 

to potent ligands.5–7 This method uses the 

difference in melting temperatures of proteins (Δ TM) in complex with a small molecule ligand as 

a measure of ligand affinity (Figure A1). A higher protein melting point in the presence of 

ligand indicates protein stabilisation due ligand binding.  

The assay was performed in a PCR machine using purified bromodomain protein, small 

molecule ligands and SYPRO® orange, which is a solvatochromic fluorescent dye that 

fluoresces when in a hydrophobic environment. However, the fluorescence is quenched in 

polar solvents, such as the aqueous buffer. As a result, the fluorescence signal is only 

observed upon protein melting as the hydrophobic patches of the protein are exposed and 

interact with the dye. 

The key parameters for the optimisation of the assay conditions were having a good 

fluorescent signal and low DMSO concentrations, because DMSO is known to bind to 

bromodomains (IC50 of 40 mM for the CREBBP bromodomain and 290 mM for BRD4(1)).8 

However, it is important to have a small amount of DMSO in the assay to aid compound 

solubility by preventing the precipitation of the hydrophobic compounds. It was observed 

that the presence of 1% DMSO increases the protein melting temperature by 2 °C. For this 

Figure A1 Schematic overview of a thermal 

shift curve (TM). The blue line represents 

the melting curve of the protein and the red 

line the melting curve of the protein in 

presence of the ligand. Δ TM is the melting 

difference  
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reason, the assay was performed in 0.2% DMSO. We also observed that increasing the 

concentrations of the fluorescent dye decreases protein stability, resulting in a lower 

protein melting temperature. The fluorescence intensity was found to be satisfactory by 

using 5 × SYPRO® orange. The optimal experimental conditions for the assay was using 

2 µM of bromodomain, 10 µM ligand and 5 × SYPRO® orange with a final concentration of 

0.2% DMSO.  

A2 AlphaScreenTM 

AlphaScreenTM is an amplified luminescent proximity homogeneous peptide displacement 

assay9 that assesses ligand affinities. This 

technique has been used in plethora of 

small molecule bromodomain ligands 

assessing their binding affinities.3,5,10–12 

This method labels the biotinylated tail 

of a truncated acetylated histone peptide, 

which is a known binder to 

bromodomains, with a streptavidine-

coated donor bead. The bromodomain 

His-tag is linked with a Ni2+ chelate acceptor bead (Figure A2). Upon laser excitation 

(680 nm), the donor bead generates 1O2, which is a short lived, high-energy oxygen species 

that can diffuse up to 200 nm. The 1O2 transfers energy by making contact with the 

acceptor bead resulting in fluorescence emission in the range of 520 to 620 nM. Upon 

ligand binding, the peptide-bromodomain interaction will be outcompeted and results in a 

loss of a fluorescence signal. An IC50 value can get obtained by performing a dose-response 

experiment. 

  

Figure A2 Principle of the AlphaScreenTM assay. 

Reproduced from the literature8 with permission 

of The Royal Society of Chemistry. 
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A3 Isothermal titration calorimetry  

Isothermal titration calorimetry (ITC) is a technique used to measure heat exchange 

associated in molecular interactions.13,14 It is an extremely powerful biophysical technique 

and regarded as a ǲgold standardǳ in obtaining binding affinities between biomolecules 

and small molecules.13,14 

In our case, the ITC setup consists of a reference cell (filled with water) and the sample cell 

(filled with the small molecule ligand), surrounded by an adiabatic jacket (Figure 3). 

Through the syringe, small injections (2 μL every 3 min) of the purified bromodomain 

were added, and the heat exchange between the reference and the sample cell was 

constantly recorded (Figure 3). The power was plotted against time and this data can be 

used to determine the dissociation constant (KD) as well as the thermodynamic parameter. 

 
Figure A3 Schematic overview of the ITC. The ITC consists of a reference cell and a sample cell, and 

the temperature change is measured. Titrant is added via the syringe and the heat capacity 

difference is recorded to obtain the raw data. This data can be used to calculate the KD from the 

measured heat capacity. Figure adapted with permission from the literature.14 

It is important to have the same buffer composition in the syringe and the sample cell as 

otherwise the heat capacity of the buffer may cover the binding signal. Therefore, the 

proteins were dialysed to match the composition of the solution containing the small 

molecule. Furthermore, the DMSO concentration was kept to a minimum as it is a known 
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binder to the CREBBP bromodomain.7 The first experiments were performed at 25 °C in 

HEPES buffer, but the titration of protein into buffer in the absence of ligand resulted in a 

noisy signal (Figure A4a). This noisy signal can be attributed to either protein degradation, 

aggregation and/or a change in viscosity inside the cell. To overcome this artefact the 

bromodomain concentration in the syringe was lowered from 500 to 250 µM, but the 

noisy signal did not vanish. However, decreasing the cell temperature to 15 °C seemed to 

stabilise the protein and an acceptable heated dilution could be observed (Figure 4b). This 

optimised conditions were satisfactory to measure the dissociation constants of the small 

molecules. 

 

Figure A4 Heated dilution of 250 µM CREBBP titrated into HEPES buffer at 25 °C (a) and 15 °C (b). 
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B1 ITC raw data on the CREBBP bromodomain 
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B2 ITC raw data on the BRD4(1) bromodomain 
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C CPMG-NMR raw data 
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D1 Protein crystallisation data collection and refinement statistics 

 

Data Collection    

 Figure 2.13 Figure 4.10 Figure 4.11 

Protein/Ligand CREBBP/(R)-26 CREBBP/141 CREBBP/141 

Space group C2 C2 P21 

Cell dimensions: a, b, c (Å) 

                           α, ȕ, Ȗ (deg) 

94.38  34.68  40.05 

90.00  107.18  90.00 

94.26  34.62  40.11 

90.00  107.29 90.00 

80.23  43.91  88.27 

90.00  110.06  90.00 

Resolution* (Å) 1.23 (1.30-1.23) 1.22 (1.29-1.22) 1.70 (1.79-1.70) 

Unique observations* 36020 (5196) 35941 (5117) 63697 (8842) 

Completeness* (%) 99.7 (99.3) 97.1 (95.1) 99.0 (96.1) 

Redundancy* 2.9 (2.8) 3.0 (2.9) 3.4 (3.4) 

Rmerge* 0.052 (0.059) 0.061 (0.072) 0.047 (0.429) 

I/ σI* 20.7 (13.7) 15.6 (10.7) 14.3 (2.9) 

Refinement    

Resolution (Å) 1.23 1.22 1.70 

Rwork / Rfree (%) 14.1/16.7 13.3/15.1 16.3/18.7 

Number of atoms 

(protein/other/water) 
980/163/31 976/154/30 2859/150/325 

B-factors (Å2) 

(protein/other/water)21.85 
11.98/24.26/13.68 11.89/23.92/12.64 33.98/35.61/41.78 

r.m.s.d bonds (Å) 

r.m.s.d angles (o) 

0.014 

1.750 

0.013 

1.704 

0.017 

1.915 

Ramachadran Favoured (%) 

                       Allowed (%) 

                       Disallowed (%) 

99.08 

0.92 

0.00 

100.00 

0.00 

0.00 

99.70 

0.30 

0.00 

 

* Values in parentheses correspond to the highest resolution shell. 
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D2 Small molecule crystallisation data collection and refinement statistics. 

 

 

 

X-ray crystal structure of 141. Grey = carbon, blue = nitrogen, red = oxygen, 

green = fluorine. The C23 and C24 were disordered in a ratio of 23 to 77. Ellipsoids 

drawn at the 50% probability level. X-ray crystal structure data for 141 

[C22H24N4O2F2]: M = 413.45, orthorhombic, space group: P 21 21 21, a =8.98940(10) 

Å, b = 16.2085(3) Å, c = 13.5716(3) Å, Ƚ = 90º; Ⱦ = 90º, γ = 90º, V = 1977.45(6) Å, 

Z = 2, µ = 0.71073 mm. 
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E Stability of compound 186 in cell lysate 

 

 

 



Appendix F: NMR spectra
1( NMRMethyl ȋʹ-bromo-͸-nitrophenylȌ-D-alaninate ȋȋRȌ-͵ͶȌ
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Appendix F: NMR spectra
19F NMR ʹ-Fluoro-N-ȋ͵-ȋ͹-methoxy-͵,Ͷ-dihydroquinolin-ͳȋʹHȌ-ylȌpropylȌ-͵-nitrobenzamideȋͶ͸Ȍ
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Appendix F: NMR spectra
13C NMR ʹ-Fluoro-N-ȋ͵-ȋ͹-methoxy-͵,Ͷ-dihydroquinolin-ͳȋʹHȌ-ylȌpropylȌ-͵-nitrobenzamideȋͶ͸Ȍ
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Appendix F: NMR spectra
1( NMR ȋRȌ-Benzyl ʹ-ȋͶ-tert-butoxy-Ͷ-oxobutan-ʹ-ylaminoȌ-͵-nitrobenzoate ȋȋRȌ-ͶͺȌ
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Appendix F: NMR spectra
13C NMR ȋRȌ-Benzyl ʹ-ȋͶ-tert-butoxy-Ͷ-oxobutan-ʹ-ylaminoȌ-͵-nitrobenzoate ȋȋRȌ-ͶͺȌ
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Appendix F: NMR spectra
1( NMR ȋRȌ-Benzyl Ͷ-methyl-ʹ-oxo-ʹ,͵,Ͷ,ͷ-tetrahydro-ͳH-benzo[b][ͳ,Ͷ]diazepine-͸-carboxylate ȋȋRȌ-ͷͳȌ
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Appendix F: NMR spectra
13C NMR ȋRȌ-Benzyl Ͷ-methyl-ʹ-oxo-ʹ,͵,Ͷ,ͷ-tetrahydro-ͳH-benzo[b][ͳ,Ͷ]diazepine-͸-carboxylate ȋȋRȌ-ͷͳȌ
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Appendix F: NMR spectra
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Appendix F: NMR spectra
1( NMR tert-Butyl ͵-ȋbenzylaminoȌ-ʹ-methylpropanoate ȋͷͶȌ
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Appendix F: NMR spectra
13C NMR tert-Butyl ͵-ȋbenzylaminoȌ-ʹ-methylpropanoate ȋͷͶȌ

1
1

1
0

9
8

7
6

5
4

3
2

1
p

p
m

C
u
r
r
e
n
t
 
D
a
t
a
 
P
a
r
a
m
e
t
e
r
s

N
A
M
E

M
I
B
2
3
2
 
s
e
r
v
i
c
e

E
X
P
N
O

1
P
R
O
C
N
O

1

F
2
 
-
 
A
c
q
u
i
s
i
t
i
o
n
 
P
a
r
a
m
e
t
e
r
s

D
a
t
e
_

2
0
1
4
0
9
2
5

T
i
m
e

1
5
.
0
0

I
N
S
T
R
U
M

a
v
c
5
0
0

P
R
O
B
H
D
 
 
 
5
 
m
m
 
C
P
D
U
L
 
1
3
C

P
U
L
P
R
O
G

z
g
3
0

T
D

6
5
5
3
6

S
O
L
V
E
N
T

C
D
C
l
3

N
S

1
6

D
S

4
S
W
H

1
0
3
3
0
.
5
7
8
 
H
z

F
I
D
R
E
S

0
.
1
5
7
6
3
2
 
H
z

A
Q

3
.
1
7
1
9
4
2
5
 
s
e
c

R
G

3
.
5
6

D
W

4
8
.
4
0
0
 
u
s
e
c

D
E

1
0
.
0
0
 
u
s
e
c

T
E

2
9
8
.
0
 
K

D
1

1
.
0
0
0
0
0
0
0
0
 
s
e
c

T
D
0

1

=
=
=
=
=
=
=
=
 
C
H
A
N
N
E
L
 
f
1
 
=
=
=
=
=
=
=
=

S
F
O
1

5
0
0
.
3
0
3
0
8
9
6
 
M
H
z

N
U
C
1

1
H

P
1

1
5
.
0
0
 
u
s
e
c

P
L
W
1

7
.
9
9
8
3
0
0
0
8
 
W

F
2
 
-
 
P
r
o
c
e
s
s
i
n
g
 
p
a
r
a
m
e
t
e
r
s

S
I

6
5
5
3
6

S
F

5
0
0
.
3
0
0
0
1
3
8
 
M
H
z

W
D
W

E
M

S
S
B

0
L
B

0
.
3
0
 
H
z

G
B

0
P
C

1
.
0
0

1
.
5

2
.
0

2
.
5

3
.
0

3
.
5

4
.
0

p
p
m

ʹͺͲ



Appendix F: NMR spectra
1( NMR Benzyl ʹ-ȋ͵-tert-butoxy-ʹ-methyl-͵-oxopropylaminoȌ-͵-nitrobenzoate ȋͷ͸Ȍ
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Appendix F: NMR spectra
13C NMR Benzyl ʹ-ȋ͵-tert-butoxy-ʹ-methyl-͵-oxopropylaminoȌ-͵-nitrobenzoate ȋͷ͸Ȍ
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Appendix F: NMR spectra
1( NMR Benzyl ͵-methyl-ʹ-oxo-ʹ,͵,Ͷ,ͷ-tetrahydro-ͳH-benzo[b][ͳ,Ͷ]diazepine-͸-carboxylateȋͷ͹Ȍ
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Appendix F: NMR spectra
13C NMR Benzyl ͵-methyl-ʹ-oxo-ʹ,͵,Ͷ,ͷ-tetrahydro-ͳH-benzo[b][ͳ,Ͷ]diazepine-͸-carboxylateȋͷ͹Ȍ
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Appendix F: NMR spectra
1( NMR N-ȋ͵-ȋ͹-Methoxy-͵,Ͷ-dihydroquinolin-ͳȋʹHȌ-ylȌpropylȌ-͵-methyl-ʹ-oxo-ʹ,͵,Ͷ,ͷ-tetrahydro-ͳH-benzo[b][ͳ,Ͷ]diazepine-͸-carboxamide ȋʹ͹Ȍ
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Appendix F: NMR spectra
13C NMR N-ȋ͵-ȋ͹-Methoxy-͵,Ͷ-dihydroquinolin-ͳȋʹHȌ-ylȌpropylȌ-͵-methyl-ʹ-oxo-ʹ,͵,Ͷ,ͷ-tetrahydro-ͳH-benzo[b][ͳ,Ͷ]diazepine-͸-carboxamide ȋʹ͹Ȍ
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Appendix F: NMR spectra
1( NMR tert-Butyl ȋRȌ-͵-ȋȋʹ-bromo-͸-nitrophenylȌaminoȌbutanoate ȋȋRȌ-ͷ͹Ȍ
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Appendix F: NMR spectra
13C NMR tert-Butyl ȋRȌ-͵-ȋȋʹ-bromo-͸-nitrophenylȌaminoȌbutanoate ȋȋRȌ-ͷ͹Ȍ
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Appendix F: NMR spectra
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Appendix F: NMR spectra
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1( NMR ʹ-ȋ͵-ȋ͹-Bromo-͵,Ͷ-dihydroquinolin-ͳȋʹHȌ-ylȌpropylȌisoindoline-ͳ,͵-dione ȋ͹͹Ȍ
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Appendix F: NMR spectra
13C NMR ʹ-ȋ͵-ȋ͹-Bromo-͵,Ͷ-dihydroquinolin-ͳȋʹHȌ-ylȌpropylȌisoindoline-ͳ,͵-dione ȋ͹͹Ȍ
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Appendix F: NMR spectra
1( NMR ʹ-ȋ͵-ȋ͹-Amino-͵,Ͷ-dihydroquinolin-ͳȋʹHȌ-ylȌpropylȌisoindoline-ͳ,͵-dione ȋ͹ͺȌ
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Appendix F: NMR spectra
13C NMR ʹ-ȋ͵-ȋ͹-Amino-͵,Ͷ-dihydroquinolin-ͳȋʹHȌ-ylȌpropylȌisoindoline-ͳ,͵-dione ȋ͹ͺȌ
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Appendix F: NMR spectra
1( NMR N-ȋͳ-ȋ͵-ȋͳ,͵-dioxoisoindolin-ʹ-ylȌpropylȌ-ͳ,ʹ,͵,Ͷ-tetrahydroquinolin-͹-ylȌacetamideȋ͹ͻȌ
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Appendix F: NMR spectra
13C NMR N-ȋͳ-ȋ͵-ȋͳ,͵-dioxoisoindolin-ʹ-ylȌpropylȌ-ͳ,ʹ,͵,Ͷ-tetrahydroquinolin-͹-ylȌacetamideȋ͹ͻȌ
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Appendix F: NMR spectra
1( NMR N-ȋͳ-ȋ͵-aminopropylȌ-ͳ,ʹ,͵,Ͷ-tetrahydroquinolin-͹-ylȌacetamide ȋͺͷȌ
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Appendix F: NMR spectra
13C NMR N-ȋͳ-ȋ͵-aminopropylȌ-ͳ,ʹ,͵,Ͷ-tetrahydroquinolin-͹-ylȌacetamide ȋͺͷȌ
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Appendix F: NMR spectra
1( NMR ȋRȌ-N-ȋ͵-ȋ͹-Acetamido-͵,Ͷ-dihydroquinolin-ͳȋʹHȌ-ylȌpropylȌ-͵-methyl-ʹ-oxo-ͳ,ʹ,͵,Ͷ-tetrahydroquinoxaline-ͷ-carboxamide ȋͺͺȌ
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Appendix F: NMR spectra
13C NMR ȋRȌ-N-ȋ͵-ȋ͹-Acetamido-͵,Ͷ-dihydroquinolin-ͳȋʹHȌ-ylȌpropylȌ-͵-methyl-ʹ-oxo-ͳ,ʹ,͵,Ͷ-tetrahydroquinoxaline-ͷ-carboxamide ȋͺͺȌ
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Appendix F: NMR spectra
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Appendix F: NMR spectra
13C NMR ȋRȌ-N-ȋ͵-ȋ͹-Amino-͵,Ͷ-dihydroquinolin-ͳȋʹHȌ-ylȌpropylȌ-͵-methyl-ʹ-oxo-ͳ,ʹ,͵,Ͷ-tetrahydroquinoxaline-ͷ-carboxamide ȋͺͻȌ
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Appendix F: NMR spectra
1( NMR ʹ-ȋ͵-ȋ͸-Methoxyindolin-ͳ-ylȌpropylȌisoindoline-ͳ,͵-dione ȋͻ͵Ȍ
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Appendix F: NMR spectra
13C NMR ʹ-ȋ͵-ȋ͸-Methoxyindolin-ͳ-ylȌpropylȌisoindoline-ͳ,͵-dione ȋͻ͵Ȍ
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Appendix F: NMR spectra
1( NMR ʹ-ȋ͵-ȋ͸-Methoxy-ͳH-indol-ͳ-ylȌpropylȌisoindoline-ͳ,͵-dione ȋͻʹȌ
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Appendix F: NMR spectra
13C NMR ʹ-ȋ͵-ȋ͸-Methoxy-ͳH-indol-ͳ-ylȌpropylȌisoindoline-ͳ,͵-dione ȋͻʹȌ
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Appendix F: NMR spectra
1( NMR ͵-ȋ͸-Methoxy-ͳH-indol-ͳ-ylȌpropan-ͳ-amine ȋͻͶȌ
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Appendix F: NMR spectra
13C NMR ͵-ȋ͸-Methoxy-ͳH-indol-ͳ-ylȌpropan-ͳ-amine ȋͻͶȌ
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Appendix F: NMR spectra
1( NMR ͵-ȋ͸-Methoxyindolin-ͳ-ylȌpropan-ͳ-amine ȋͻͷȌ
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13C NMR ͵-ȋ͸-Methoxyindolin-ͳ-ylȌpropan-ͳ-amine ȋͻͷȌ
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Appendix F: NMR spectra
1( NMR ʹ-ȋ͵-ȋPhenylaminoȌpropylȌisoindoline-ͳ,͵-dione ȋͳͳ͵Ȍ
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Appendix F: NMR spectra
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Appendix F: NMR spectra
13C NMR ʹ-ȋ͵-ȋȋ͵-MethoxyphenylȌaminoȌpropylȌisoindoline-ͳ,͵-dione ȋͳͳͶȌ
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Appendix F: NMR spectra
1( NMR ʹ-ȋ͵-ȋȋ͵-PropoxyphenylȌaminoȌpropylȌisoindoline-ͳ,͵-dione ȋͳͳͷȌ
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Appendix F: NMR spectra
13C NMR ʹ-ȋ͵-ȋȋ͵-PropoxyphenylȌaminoȌpropylȌisoindoline-ͳ,͵-dione ȋͳͳͷȌ
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Appendix F: NMR spectra
1( NMR N-ȋ͵-ȋȋ͵-ȋͳ,͵-Dioxoisoindolin-ʹ-ylȌpropylȌaminoȌphenylȌacetamide ȋͳͳ͸Ȍ
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Appendix F: NMR spectra
13C NMR N-ȋ͵-ȋȋ͵-ȋͳ,͵-Dioxoisoindolin-ʹ-ylȌpropylȌaminoȌphenylȌacetamide ȋͳͳ͸Ȍ
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Appendix F: NMR spectra
1( NMR ʹ-ȋ͵-ȋȋ͵-ȋMethylthioȌphenylȌaminoȌpropylȌisoindoline-ͳ,͵-dione ȋͳͳ͹Ȍ
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Appendix F: NMR spectra
13C NMR ʹ-ȋ͵-ȋȋ͵-ȋMethylthioȌphenylȌaminoȌpropylȌisoindoline-ͳ,͵-dioneacetamide ȋͳͳ͹Ȍ
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Appendix F: NMR spectra
1( NMR ʹ-ȋ͵-ȋMethylȋphenylȌaminoȌpropylȌisoindoline-ͳ,͵-dione ȋͳͳͺȌ
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Appendix F: NMR spectra
13C NMR ʹ-ȋ͵-ȋMethylȋphenylȌaminoȌpropylȌisoindoline-ͳ,͵-dione ȋͳͳͺȌ

2
0
0

1
8
0

1
6
0

1
4
0

1
2
0

1
0
0

8
0

6
0

4
0

2
0

p
p

m

C
u
r
r
e
n
t
 
D
a
t
a
 
P
a
r
a
m
e
t
e
r
s

N
A
M
E

m
i
b
3
0
7
_
S
E
R
V
I
C
E

E
X
P
N
O

4
P
R
O
C
N
O

1

F
2
 
-
 
A
c
q
u
i
s
i
t
i
o
n
 
P
a
r
a
m
e
t
e
r
s

D
a
t
e
_

2
0
1
5
0
2
0
5

T
i
m
e

1
9
.
4
2

I
N
S
T
R
U
M

a
v
c
5
0
0

P
R
O
B
H
D
 
 
 
5
 
m
m
 
C
P
D
U
L
 
1
3
C

P
U
L
P
R
O
G

z
g
p
g
3
0

T
D

6
5
5
3
6

S
O
L
V
E
N
T

C
D
C
l
3

N
S

1
0
2
4

D
S

2
S
W
H

3
1
2
5
0
.
0
0
0
 
H
z

F
I
D
R
E
S

0
.
4
7
6
8
3
7
 
H
z

A
Q

1
.
0
4
8
5
7
6
0
 
s
e
c

R
G

9
1
2

D
W

1
6
.
0
0
0
 
u
s
e
c

D
E

1
8
.
0
0
 
u
s
e
c

T
E

2
9
8
.
0
 
K

D
1

2
.
0
0
0
0
0
0
0
0
 
s
e
c

D
1
1

0
.
0
3
0
0
0
0
0
0
 
s
e
c

T
D
0

1

=
=
=
=
=
=
=
=
 
C
H
A
N
N
E
L
 
f
1
 
=
=
=
=
=
=
=
=

S
F
O
1

1
2
5
.
8
1
3
1
1
5
2
 
M
H
z

N
U
C
1

1
3
C

P
1

1
0
.
0
0
 
u
s
e
c

P
L
W
1

2
0
.
1
8
4
0
0
0
0
2
 
W

=
=
=
=
=
=
=
=
 
C
H
A
N
N
E
L
 
f
2
 
=
=
=
=
=
=
=
=

S
F
O
2

5
0
0
.
3
0
2
0
0
1
2
 
M
H
z

N
U
C
2

1
H

C
P
D
P
R
G
[
2

w
a
l
t
z
1
6

P
C
P
D
2

8
0
.
0
0
 
u
s
e
c

P
L
W
2

7
.
9
9
8
3
0
0
0
8
 
W

P
L
W
1
2

0
.
2
8
1
1
9
0
0
1
 
W

P
L
W
1
3

0
.
1
7
9
9
6
0
0
0
 
W

F
2
 
-
 
P
r
o
c
e
s
s
i
n
g
 
p
a
r
a
m
e
t
e
r
s

S
I

3
2
7
6
8

S
F

1
2
5
.
8
0
0
5
3
5
1
 
M
H
z

W
D
W

E
M

S
S
B

0
L
B

1
.
0
0
 
H
z

G
B

0
P
C

1
.
4
0

͵ʹ͸



Appendix F: NMR spectra
1( NMR ʹ-ȋ͵-ȋȋ͵-MethoxyphenylȌȋmethylȌaminoȌpropylȌisoindoline-ͳ,͵-dione ȋͳͳͻȌ
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Appendix F: NMR spectra
13C NMR ʹ-ȋ͵-ȋȋ͵-MethoxyphenylȌȋmethylȌaminoȌpropylȌisoindoline-ͳ,͵-dione ȋͳͳͻȌ
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Appendix F: NMR spectra
1( NMR ʹ-ȋ͵-ȋȋ͵-PropoxyphenylȌȋmethylȌaminoȌpropylȌisoindoline-ͳ,͵-dione ȋͳʹͲȌ
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Appendix F: NMR spectra
13C NMR ʹ-ȋ͵-ȋȋ͵-PropoxyphenylȌȋmethylȌaminoȌpropylȌisoindoline-ͳ,͵-dione ȋͳʹͲȌ
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1( NMR N-ȋ͵-ȋȋ͵-ȋͳ,͵-Dioxoisoindolin-ʹ-ylȌpropylȌȋmethylȌaminoȌphenylȌacetamide ȋͳʹͳȌ

1
1

1
0

9
8

7
6

5
4

3
2

1
p

p
m

C
u
r
r
e
n
t
 
D
a
t
a
 
P
a
r
a
m
e
t
e
r
s

N
A
M
E

M
I
B
5
0
3
-
s
e
r
v
i
c
e

E
X
P
N
O

1
P
R
O
C
N
O

1

F
2
 
-
 
A
c
q
u
i
s
i
t
i
o
n
 
P
a
r
a
m
e
t
e
r
s

D
a
t
e
_

2
0
1
5
1
2
1
1

T
i
m
e

5
.
3
6

I
N
S
T
R
U
M

a
v
c
5
0
0

P
R
O
B
H
D
 
 
 
5
 
m
m
 
C
P
D
U
L
 
1
3
C

P
U
L
P
R
O
G

z
g
3
0

T
D

6
5
5
3
6

S
O
L
V
E
N
T

C
D
C
l
3

N
S

1
6

D
S

4
S
W
H

1
0
3
3
0
.
5
7
8
 
H
z

F
I
D
R
E
S

0
.
1
5
7
6
3
2
 
H
z

A
Q

3
.
1
7
1
9
4
2
5
 
s
e
c

R
G

3
.
5
6

D
W

4
8
.
4
0
0
 
u
s
e
c

D
E

1
0
.
0
0
 
u
s
e
c

T
E

2
9
8
.
0
 
K

D
1

1
.
0
0
0
0
0
0
0
0
 
s
e
c

T
D
0

1

=
=
=
=
=
=
=
=
 
C
H
A
N
N
E
L
 
f
1
 
=
=
=
=
=
=
=
=

S
F
O
1

5
0
0
.
3
0
3
0
8
9
6
 
M
H
z

N
U
C
1

1
H

P
1

1
5
.
0
0
 
u
s
e
c

P
L
W
1

7
.
9
9
8
3
0
0
0
8
 
W

F
2
 
-
 
P
r
o
c
e
s
s
i
n
g
 
p
a
r
a
m
e
t
e
r
s

S
I

6
5
5
3
6

S
F

5
0
0
.
3
0
0
0
1
3
4
 
M
H
z

W
D
W

E
M

S
S
B

0
L
B

0
.
3
0
 
H
z

G
B

0
P
C

1
.
0
0

7
.
0

7
.
5

p
p
m

͵͵ͳ



Appendix F: NMR spectra
13C NMR N-ȋ͵-ȋȋ͵-ȋͳ,͵-Dioxoisoindolin-ʹ-ylȌpropylȌȋmethylȌaminoȌphenylȌacetamide ȋͳʹͳȌ
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Appendix F: NMR spectra
1( NMR ʹ-ȋ͵-ȋMethylȋ͵-ȋmethylthioȌphenylȌaminoȌpropylȌisoindoline-ͳ,͵-dione ȋͳʹʹȌ
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Appendix F: NMR spectra
13C NMR ʹ-ȋ͵-ȋMethylȋ͵-ȋmethylthioȌphenylȌaminoȌpropylȌisoindoline-ͳ,͵-dione ȋͳʹʹȌ
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Appendix F: NMR spectra
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Appendix F: NMR spectra
1( NMR Nͳ-Methyl-Nͳ-phenylpropane-ͳ,͵-diamine ȋͳʹ͸Ȍ
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Appendix F: NMR spectra
13C NMR Nͳ-Methyl-Nͳ-phenylpropane-ͳ,͵-diamine ȋͳʹ͸Ȍ
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13C NMR Nͳ-ȋ͵-MethoxyphenylȌ-Nͳ-methylpropane-ͳ,͵-diamine ȋͳʹ͹Ȍ
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Appendix F: NMR spectra
1( NMR Nͳ-ȋ͵-PropoxyphenylȌ-Nͳ-methylpropane-ͳ,͵-diamine ȋͳʹͺȌ
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Appendix F: NMR spectra
13C NMR N-ȋ͵-ȋȋ͵-AminopropylȌȋmethylȌaminoȌphenylȌacetamide ȋͳʹͻȌ
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Appendix F: NMR spectra
1( NMR Nͳ-Methyl-Nͳ-ȋ͵-ȋmethylsulfonylȌphenylȌpropane-ͳ,͵-diamine ȋͳ͵ͲȌ
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Appendix F: NMR spectra
13C NMR Nͳ-Methyl-Nͳ-ȋ͵-ȋmethylsulfonylȌphenylȌpropane-ͳ,͵-diamine ȋͳ͵ͲȌ
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Appendix F: NMR spectra
1( NMR ȋRȌ-͵-Methyl-ʹ-oxo-N-ȋ͵-ȋphenylaminoȌpropylȌ-ͳ,ʹ,͵,Ͷ-tetrahydroquinoxaline-ͷ-carboxamide ȋͻͺȌ
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Appendix F: NMR spectra
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1( NMR ʹ-ȋ͵-ȋȋ͵-MethoxyphenylȌȋȋtetrahydro-ʹH-pyran-Ͷ-ylȌmethylȌaminoȌpropylȌ-isoindoline-ͳ,͵-dione ȋͳ͵͵Ȍ

1
1

1
0

9
8

7
6

5
4

3
2

1
p

p
m

C
u
r
r
e
n
t
 
D
a
t
a
 
P
a
r
a
m
e
t
e
r
s

N
A
M
E

M
I
B
5
2
3
-
c
o
n
c

E
X
P
N
O

1
P
R
O
C
N
O

1

F
2
 
-
 
A
c
q
u
i
s
i
t
i
o
n
 
P
a
r
a
m
e
t
e
r
s

D
a
t
e
_

2
0
1
6
0
1
2
5

T
i
m
e

1
6
.
1
7
 
h

I
N
S
T
R
U
M

a
v
h
4
0
0

P
R
O
B
H
D
 
 
 
Z
1
0
8
6
1
8
_
0
8
7
3
 
(

P
U
L
P
R
O
G

z
g
6
0

T
D

6
5
5
3
6

S
O
L
V
E
N
T

C
D
C
l
3

N
S

1
6

D
S

2
S
W
H

8
0
1
2
.
8
2
0
 
H
z

F
I
D
R
E
S

0
.
2
4
4
5
3
2
 
H
z

A
Q

4
.
0
8
9
4
4
6
5
 
s
e
c

R
G

8
8
.
1
7

D
W

6
2
.
4
0
0
 
u
s
e
c

D
E

6
.
5
0
 
u
s
e
c

T
E

2
9
6
.
7
 
K

D
1

1
.
0
0
0
0
0
0
0
0
 
s
e
c

T
D
0

1
S
F
O
1

4
0
0
.
1
3
2
4
0
0
8
 
M
H
z

N
U
C
1

1
H

P
1

1
4
.
0
0
 
u
s
e
c

P
L
W
1

1
4
.
3
6
9
9
9
9
8
9
 
W

F
2
 
-
 
P
r
o
c
e
s
s
i
n
g
 
p
a
r
a
m
e
t
e
r
s

S
I

3
2
7
6
8

S
F

4
0
0
.
1
3
0
0
0
0
0
 
M
H
z

W
D
W

E
M

S
S
B

0
L
B

0
.
3
0
 
H
z

G
B

0
P
C

1
.
0
0

6
.
5

7
.
0

7
.
5

p
p
m

1
.
5

2
.
0

2
.
5

3
.
0

3
.
5

p
p
m

͵ͷͻ
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Appendix F: NMR spectra
13C NMR Nͳ-ȋ͵-PropoxyphenylȌ-Nͳ-ȋȋtetrahydro-ʹH-pyran-Ͷ-ylȌmethylȌpropane-ͳ,͵-diamineȋͳ͵͹Ȍ
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Appendix F: NMR spectra
1( NMR N-ȋ͵-ȋȋ͵-aminopropylȌȋȋtetrahydro-ʹH-pyran-Ͷ-ylȌmethylȌaminoȌphenylȌ-acetamideȋͳ͵ͺȌ
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Appendix F: NMR spectra
13C NMR N-ȋ͵-ȋȋ͵-aminopropylȌȋȋtetrahydro-ʹH-pyran-Ͷ-ylȌmethylȌaminoȌphenylȌ-acetamideȋͳ͵ͺȌ
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Appendix F: NMR spectra
1( NMR ȋRȌ-N-ȋ͵-ȋȋ͵-MethoxyphenylȌȋȋtetrahydro-ʹH-pyran-Ͷ-ylȌmethylȌaminoȌpropylȌ-͵-methyl-ʹ-oxo-ͳ,ʹ,͵,Ͷ-tetrahydroquinoxaline-ͷ-carboxamide ȋͳͲͷȌ
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Appendix F: NMR spectra
13C NMR ȋRȌ-N-ȋ͵-ȋȋ͵-MethoxyphenylȌȋȋtetrahydro-ʹH-pyran-Ͷ-ylȌmethylȌaminoȌpropylȌ-͵-methyl-ʹ-oxo-ͳ,ʹ,͵,Ͷ-tetrahydroquinoxaline-ͷ-carboxamide ȋͳͲͷȌ
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Appendix F: NMR spectra
1( NMR ȋRȌ-N-ȋ͵-ȋȋ͵-PropoxyphenylȌȋȋtetrahydro-ʹH-pyran-Ͷ-ylȌmethylȌaminoȌpropylȌ-͵-methyl-ʹ-oxo-ͳ,ʹ,͵,Ͷ-tetrahydroquinoxaline-ͷ-carboxamide ȋͳͲ͸Ȍ
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Appendix F: NMR spectra
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13C NMR ȋRȌ-N-ȋ͵-MethoxypropylȌ-͵-methyl-ʹ-oxo-ͳ,ʹ,͵,Ͷ-tetrahydroquinoxaline-ͷ-carboxamide ȋͳͲͶȌ
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1( NMRMethyl ͵-ȋdibenzylaminoȌ-ʹ,ʹ-diϐluoropropanoate ȋͳͶͶȌ
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Appendix F: NMR spectra
19F NMRMethyl ͵-ȋdibenzylaminoȌ-ʹ,ʹ-diϐluoropropanoate ȋͳͶͶȌ
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Appendix F: NMR spectra
13C NMRMethyl ͵-ȋdibenzylaminoȌ-ʹ,ʹ-diϐluoropropanoate ȋͳͶͶȌ
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Appendix F: NMR spectra
1( NMR ͵-ȋDibenzylaminoȌ-ʹ,ʹ-diϐluoropropan-ͳ-ol ȋͳͷͲȌ
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Appendix F: NMR spectra
19F NMR ͵-ȋDibenzylaminoȌ-ʹ,ʹ-diϐluoropropan-ͳ-ol ȋͳͷͲȌ
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Appendix F: NMR spectra
13C NMR ͵-ȋDibenzylaminoȌ-ʹ,ʹ-diϐluoropropan-ͳ-ol ȋͳͷͲȌ
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Appendix F: NMR spectra
1( NMR ͳ-ȋȋͳH-Benzo[d][ͳ,ʹ,͵]triazol-ͳ-ylȌmethylȌ-ͳ,ʹ,͵,Ͷ-tetrahydroquinoline ͳͶ͸
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Appendix F: NMR spectra
13C NMR ͳ-ȋȋͳH-Benzo[d][ͳ,ʹ,͵]triazol-ͳ-ylȌmethylȌ-ͳ,ʹ,͵,Ͷ-tetrahydroquinoline ͳͶ͸
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Appendix F: NMR spectra
1( NMR ͵-ȋ͵,Ͷ-Dihydroquinolin-ͳȋʹHȌ-ylȌ-ʹ,ʹ-diϐluoropropan-ͳ-ol ȋͳͶͻȌ
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Appendix F: NMR spectra
19F NMR ͵-ȋ͵,Ͷ-Dihydroquinolin-ͳȋʹHȌ-ylȌ-ʹ,ʹ-diϐluoropropan-ͳ-ol ȋͳͶͻȌ
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Appendix F: NMR spectra
13C NMR ͵-ȋ͵,Ͷ-Dihydroquinolin-ͳȋʹHȌ-ylȌ-ʹ,ʹ-diϐluoropropan-ͳ-ol ȋͳͶͻȌ
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Appendix F: NMR spectra
1( NMR ͵-ȋ͵,Ͷ-Dihydroquinolin-ͳȋʹHȌ-ylȌ-ʹ,ʹ-diϐluoropropan methanesulfonate ȋͳͷͲȌ
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Appendix F: NMR spectra
19F NMR ͵-ȋ͵,Ͷ-Dihydroquinolin-ͳȋʹHȌ-ylȌ-ʹ,ʹ-diϐluoropropan methanesulfonate ȋͳͷͲȌ
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Appendix F: NMR spectra
13C NMR ͵-ȋ͵,Ͷ-Dihydroquinolin-ͳȋʹHȌ-ylȌ-ʹ,ʹ-diϐluoropropan methanesulfonate ȋͳͷͲȌ
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Appendix F: NMR spectra
1( NMR ͳ-ȋ͵-Azido-ʹ,ʹ-diϐluoropropylȌ-ͳ,ʹ,͵,Ͷ-tetrahydroquinoline ȋͳͷͳȌ
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Appendix F: NMR spectra
19F NMR ͳ-ȋ͵-Azido-ʹ,ʹ-diϐluoropropylȌ-ͳ,ʹ,͵,Ͷ-tetrahydroquinoline ȋͳͷͳȌ
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Appendix F: NMR spectra
13C NMR ȋRȌ-N-ȋ͵-ȋ͵,Ͷ-Dihydroquinolin-ͳȋʹHȌ-ylȌ-ʹ,ʹ-diϐluoropropylȌ-͵-methyl-ʹ-oxo-ͳ,ʹ,͵,Ͷ-tetrahydroquinoxaline-ͷ-carboxamide ͳͶͳ
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Appendix F: NMR spectra
1( NMR Diethyl ͵,͵’-ȋmethylenebisȋ͹-methoxy-͵,Ͷ-dihydroquinoline-͸,ͳȋʹ(Ȍ-diylȌȌbisȋʹ,ʹ-diϐluoropropanoateȌ ȋͳͷʹȌ
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Appendix F: NMR spectra
19F NMR Diethyl ͵,͵’-ȋmethylenebisȋ͹-methoxy-͵,Ͷ-dihydroquinoline-͸,ͳȋʹ(Ȍ-diylȌȌbisȋʹ,ʹ-diϐluoropropanoateȌ ȋͳͷʹȌ
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Appendix F: NMR spectra
13C NMR Diethyl ͵,͵’-ȋmethylenebisȋ͹-methoxy-͵,Ͷ-dihydroquinoline-͸,ͳȋʹ(Ȍ-diylȌȌbisȋʹ,ʹ-diϐluoropropanoateȌ ȋͳͷʹȌ
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Appendix F: NMR spectra
1( NMR ͵-Benzoyl-ͷ-ȋ͵,ͷ-dimethylisoxazol-Ͷ-ylȌphenyl acetate ȋͳ͸ͺȌ
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Appendix F: NMR spectra
13C NMR ͵-Benzoyl-ͷ-ȋ͵,ͷ-dimethylisoxazol-Ͷ-ylȌphenyl acetate ȋͳ͸ͺȌ
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Appendix F: NMR spectra
1( NMR ͵-ȋʹ-)odoethylȌ-͵-methyl-͵H-diazirine ȋͳ͹ͶȌ
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Appendix F: NMR spectra
13C NMR ͵-ȋʹ-)odoethylȌ-͵-methyl-͵H-diazirine ȋͳ͹ͶȌ
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Appendix F: NMR spectra
1( NMR ȋ͵-Acetoxy-ͷ-ȋ͵,ͷ-dimethylisoxazol-Ͷ-ylȌphenylȌȋphenylȌmethyl ͵-ȋ͵-methyl-͵H-diazirin-͵-ylȌpropanoate ȋͳͺͳȌ
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Appendix F: NMR spectra
13C NMR ȋ͵-Acetoxy-ͷ-ȋ͵,ͷ-dimethylisoxazol-Ͷ-ylȌphenylȌȋphenylȌmethyl ͵-ȋ͵-methyl-͵H-diazirin-͵-ylȌpropanoate ȋͳͺͳȌ
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Appendix F: NMR spectra
1( NMR ʹ-ȋʹ-ȋtert-ButoxycarbonylaminoȌethoxyȌethyl methanesulfonate ȋͳͺͻȌ
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Appendix F: NMR spectra
13C NMR ʹ-ȋʹ-ȋtert-ButoxycarbonylaminoȌethoxyȌethyl ȋͳͺͻȌ methanesulfonate
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Appendix F: NMR spectra
1( NMR ͵-Bromo-ͷ-ȋhydroxyȋphenylȌmethylȌphenol ȋͳͻͲȌ
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Appendix F: NMR spectra
13C NMR ͵-Bromo-ͷ-ȋhydroxyȋphenylȌmethylȌphenol ȋͳͻͲȌ
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Appendix F: NMR spectra
1( NMR ʹ-ȋBut-͵-yn-ͳ-ylȌ-ʹ-ȋʹ-iodoethylȌ-ͳ,͵-dioxolane ȋͳͻ͹Ȍ
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Figure 1.1a Chromosomes are compact structures comprising DNA wrapped around histone 

proteins forming electrostatic interactions. 
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Figure 1.1b Post-translational modifications of histone tails. 
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Figure 1.3 Phylogenetic tree of the 61 bromodomains. 

 

  



 Appendix G 
______________________________________________________________________________________________ 

432 
 

 

Figure 3.2b Electrostatic surfaces of Trp and tetra fluorinated Trp. 
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Figure 5.2 Schematic overview of an activity based probe (ABP) and the target validation. 
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Figure 7.1 Pulse sequence for the CPMG experiment. 
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Appendix AlphaScreenTM figure. 
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Appendix ITC figure. 
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