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Abstract 

Ligands for the bromodomain and extra-terminal domain (BET) family of bromodomains have 

shown promise as useful therapeutic agents for treating a range of cancers and inflammation. Here 

we report that our previously developed 3,5-dimethylisoxazole-based BET bromodomain ligand 

(OXFBD02) inhibits interactions of BRD4(1) with the RelA subunit of NF-κB, in addition to histone 

H4. This ligand shows a promising profile in a screen of the NCI-60 panel but was rapidly 

metabolised (t½ = 39.8 mins). Structure-guided optimisation of compound properties led to the 

development of the 3-pyridyl-derived OXFBD04. Molecular dynamics simulations assisted our 

understanding of the role played by an internal hydrogen bond in altering the affinity of this series 

of molecules for BRD4(1). OXFBD04 shows improved BRD4(1) affinity (IC50 = 166 nM), optimised 

physicochemical properties (LE = 0.43; LLE = 5.74; SFI = 5.96), and greater metabolic stability (t½ 

= 388 mins). 
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1. Introduction 

Lysine acetylation is a prevalent protein post-translational modification (PTM) that occurs 

throughout the proteome1 and is similar to phosphorylation in its ability to regulate protein 

function.2 The role of acetyl-lysine (KAc) has been heavily studied in histone proteins, with KAc 

recognised as one of the key “marks” proposed to comprise the epigenetic code.3, 4 Lysine 

acetylation state is regulated by lysine acetyl transferases (KATs) and lysine deacetylases 

(KDACs), while bromodomains are viewed as readers of KAc marks, and mediate chromatin-

protein interactions that are frequently involved in transcriptional regulation.5 There are 61 

bromodomains found within 46 bromodomain-containing proteins (BCPs) in the human proteome 

which, despite having diverse primary sequences, share a common protein fold and structure.6 The 

KAc residue binds in a well-defined pocket that, in some bromodomains, contains 5 structurally-

conserved water molecules at its base, and possesses a key recognition residue that hydrogen 

bonds to the KAc; in canonical bromodomains this is an Asn residue. A sustained effort over recent 

years has resulted in small-molecule ligands being identified for an increasing number of these 

bromodomains.7-12 The majority of work has focused on the development of ligands for the 

bromodomain and extra terminal domain (BET) family of BCPs, comprising bromodomain-

containing proteins 2-4 (BRD2-4) and the testis-specific BRDT; each of these proteins contains two 

adjacent canonical bromodomains. There is also increasing work on the development of ligands for 

the non-BET bromodomains.13-16 The BET bromodomains have emerged as exciting therapeutic 

targets with over 20 clinical trials involving BET bromodomain ligands in progress, primarily 

focused on oncology indications.14, 17-19 Here we report further cellular data for our previously 

reported BET bromodomain ligand OXFBD02 (1),20, 21 and subsequent structure-activity 

relationship (SAR) studies aimed at optimising the solubility and metabolic stability of this series of 

compounds. This work resulted in the development of OXFBD04 (9j), which displays improved 

BRD4(1) affinity and substantially enhanced metabolic stability compared to OXFBD02. 
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2. Results and discussion 

A common feature of almost all bromodomain ligands is a component that occupies the KAc-

binding pocket and mimics the interactions formed by KAc with the bromodomain. Work by us20-25 

and others26-35 has shown that the 3,5-dimethylisoxazole group is a particularly effective KAc 

mimic, which has been used as the basis of ligands for the CREBBP bromodomain and the BET 

family of BCPs (Fig. 1). 

 

Fig. 1. Chemical structures and in vitro inhibition data of the 3,5-dimethylisoxazole-based BET 
bromodomain ligands 1-5,21, 26, 27, 31, 33, 34 the 3,5-dimethylisoxazole-based CREBBP bromodomain 
ligand 6,24 and the structurally unrelated BET bromodomain ligands PFI-1 (7)36 and (+)-JQ1 (8).37 

 

Using a fragment-based approach we previously developed OXFBD02 (1a) and OXFBD03 (1b) 

which have IC50 values of 384 nM and 371 nM in an AlphaScreen assay for the first bromodomain 

of BRD4 [BRD4(1)], and IC50 values for cytotoxicity of 794 nM and 616 nM in the MV4;11 acute 

myeloid leukaemia (AML) cell line, respectively.20, 21 
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2.1. Cellular evaluation of OXFBD02 (1) 

To determine its activity against a wider panel of cancer cell lines, OXFBD02 (1a) was submitted 

for testing at a single dose against the NCI-60 human cancer cell line screen.38 Growth inhibition 

(GI) was determined after 48 h treatment at 10 μM, using a sulforhodamine B assay (to indicate 

cellular protein content). The compound was subsequently evaluated at five concentrations 

between 10 nM and 100 μM to obtain GI50 values, and to indicate the concentration required 

(if < 100 μM) for total growth inhibition (TGI) (Table S1). A box plot of the data grouped by cancer 

type is shown (Fig. 2). 

 
Fig. 2. Box plot of growth inhibition (GI) by OXFBD02 (1a) in NCI-60 panel. Plot indicates median, range and 
quartiles of GI by 1a after 48 h treatment at 10 μM in the NCI-60 DTP Human Tumour Cell Screen, grouped 
by cancer type. The number in brackets is the number of cell lines of each type in the NCI-60 panel. 
(Graphical representation in analogy to Lucas et al.)

39
 

 

Similar to other BET bromodomain ligands, OXFBD02 (1a) was particularly effective at inhibiting 

the growth of leukaemia-, breast-, and renal-cancer cell lines. Calculation of the GI50 values (see 

Table S1) allow comparison of OXFBD02 (1a) with the NCI-60 data obtained for PFI-1 (7, see Fig. 

1), which is a chemically-distinct well-characterised BET bromodomain ligand.36 PFI-1 (7) and 

OXFBD02 (1a) display well correlated patterns of cancer cell toxicity (Pearson’s product-moment 

correlation coefficient, r = 0.82; Table S1, Fig. S1 and S2).36 These data suggest that the activity 

displayed by both compounds results predominantly from interaction with the BET bromodomains, 

rather than other chemotype-specific off-target cellular interactions. 
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Beyond its interactions with KAc residues in histone proteins, BRD4 has been reported to bind 

KAc310 of the RelA subunit of NF-κB. The binding of BRD4 leads to recruitment of cyclin-

dependent kinase 9 (CDK9), phosphorylation of RNA polymerase II, and consequent activation of 

NF-κB-dependent gene expression.40-43 Disruption of the RelA-BRD4 interaction with the BET 

ligand (+)-JQ1 (8) was previously shown to suppress NF-κB-dependent transcription.41 To 

investigate whether OXFBD02 (1a) also disrupts the interaction of BET bromodomains KAc310 of 

RelA, and to assess the cellular effects of OXFBD02 (1a) in a functional assay, we employed a 

luciferase reporter system based on a previously published procedure.44 This allowed us to 

determine the effects of BRD4 bromodomain binding on NF-κB-dependent transcription. (+)-JQ1 

(8, see Fig. 1) was employed as a positive control and exerted a potent suppression of NF-κB-

dependent gene expression, whereas the inactive enantiomer (–)-JQ1 did not show significant 

effects. Addition of OXFBD02 (1a) led to a concentration-dependent suppression of NF-κB-

dependent gene expression (Fig. 3), indicating that it also disrupts the interaction of the BRD4 

bromodomains with KAc310 of RelA. The fact that complete repression of NF-κB-dependent 

transcription was not observed with either 1a or (+)-JQ1 suggests that there might be other PPIs 

involved in this process. 

 

Fig. 3. Luciferase reporter gene assay allows assessment of the effect of compounds on NF-κB-dependent 
gene expression. HeLa cells were transiently transfected with a reporter plasmid containing luciferase and 
five κB binding sites. The cells were treated with DMSO as a control (–), or different concentrations (0.2, 1, 5 
and 25 µM) of OXFBD02 (1a), (+)-JQ1 (8), or (–)-JQ1 for 12 hours before stimulation with IL-1β (+). The 
gene expression without stimulation of IL-1β (–) was also measured for the DMSO-treated control. Results 
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were obtained in quadruplicate and averaged, with error bars signifying standard deviation. OXFBD02 (1a) 
shows a concentration-dependent effect on transcription.  

 

2.2. Designing compounds to investigate the WPF shelf-binding region 

Taken together the data above indicate that the series of compounds exemplified by OXFBD02 

(1a) are potentially useful tools to investigate the function of the BET bromodomains in cellular and 

ultimately in vivo settings. With this in mind, we used Metasite 3.1.2 (phase I) and Meteor 2.0.2 

(phase I and II) to predict the metabolic liabilities of OXFBD02 (1a) (Fig. S3). This analysis 

indicated that the 4-position of the phenyl ring was the most significant liability, presumably through 

CYP450-catalysed oxidation. In accordance with this prediction, investigation of the metabolic 

stability of OXFBD02 (1a) in human liver microsomes showed that 1a is a relatively high clearance 

compound, with CLint of 34.8 µL/min/mg protein and a cellular half-life of 39.8 mins (Table S2). 

These data are consistent with work by Sharp et al. who showed that, in a direct comparison, 3,5-

dimethylisoxazole-based compounds showed the highest affinity for the BET bromodomain, but 

also poor metabolic stability.31 Therefore, while optimising our compounds we wished to determine 

whether poor metabolic stability is an inherent problem with 3,5-dimethylisoxazole-based 

compounds, or whether by carefully balancing the properties of the whole molecule this apparent 

liability can be overcome. 

Given the structure of 1a, and the metabolic liability of the para-position, the region of the molecule 

that is most suitable for optimisation is the WPF shelf-binding phenyl ring. It has generally been 

observed that binding of a lipophilic moiety to this region confers high affinity for the BET 

bromodomains.7 However, the lipophilicity of this group has to be balanced with the overall 

properties of the molecule to ensure that the compound is soluble. Solubility Forecast Index 

(SFI = clogDpH7.4 + #Ar)45 is a useful parameter for predicting compound solubility, and is especially 

useful for comparing molecules within a series. OXFBD02 (1a) is soluble enough to be used in in 

vitro and cellular settings, and has SFI = 6.6, suggesting that new analogues should have an SFI 

value of 6.6 or lower to ensure useful solubility. In addition, CLint is hydrophobicity dependent and 

therefore reducing compound hydrophobicity might help to improve compound metabolic stability.46 
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Based on these observations, and cognisant of work by Gehling et al.30 we designed a series of 

compounds to probe the WPF shelf-binding region of the molecule. In particular we wished to 

explore blocking the 4-position of the phenyl ring with metabolically stable functionality to be a 

facile way to overcome the issue of metabolic oxidation. 

Compounds with both electron-withdrawing and electron-donating substituents at the 2-, 3-, and 4-

positon of the ring (9a-e, g, l, m, o) were designed to probe the optimum electronics and vector for 

ring substitution. Compound 9f contains 3,4-dichloro-substitution to determine whether two 

substituents are tolerated on the phenyl ring. The 2-, 3-, and 4-pyridyl derivatives (9j, k, p) were 

designed as these compounds have favourable SFI values of 5.9, and the 4-chloro-2-pyridyl 

derivative (9n) was designed to reduce the basicity of the pyridine nitrogen atom (pKa = 2.22 (pKa 

value of the conjugated acid), predicted using ACD/Labs I-Lab 2.0 software [Algorithm Version: 

v12.1.0.50374]). We designed compounds with cyclohexyl and cyclopropyl substituents (9h-i) to 

determine whether non-aromatic rings are accepted by the WPF shelf. We also wished to probe 

whether the secondary hydroxyl group is essential for good BET bromodomain affinity, and so a 

series of compounds was designed without this functionality, which also allowed the introduction of 

less polar solubilising groups, mainly via reductive amination. In this series, we investigated 

whether more polar groups, conveying favourable physicochemical properties to the molecule 

(10a-g), are able to bind the WPF shelf. We were particularly interested in 4,4-difluoropiperidinyl 

analogue (10d) as the two geminal fluorine substituents were predicted to lower basicity of the 

tertiary amine (pKa = 4.67 (conjugated acid of the tertiary amine)), predicted using ACD/Labs I-Lab 

2.0 software [Algorithm Version: v12.1.0.50374], Table S3), which suggests that the compound will 

exist in a predominantly deprotonated state at physiological pH, allowing binding of the WPF shelf. 

We also designed two amide-based compounds (11a-b) to investigate the importance of the 

tetrahedral carbon atom proximal to the WPF shelf-binding group.  

 

2.3. Synthesis 

Our general synthetic strategy is based on that previously reported for the OXFBD02 (1a).21 The 

synthesis of aldehyde 17 has been optimised (Scheme 1A and Supporting Information) as this is a 
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key intermediate in the synthesis of the secondary alcohols 9a-n, and the amines 10a-d. The 

secondary alcohols 9o-p were generated by reaction of the TIPS-protected analogue 18 with 

organolithium reagents (Scheme 1A), followed by deprotection.  

 

Scheme 1. Synthesis of the 3,5-dimethylisoxazole-based compounds 9-11. (A) Synthesis of the secondary 

alcohols 9a-p (9a: R = 4-chlorophenyl, 9b: R = 2-methoxyphenyl; 9c: R = 3-methoxyphenyl; 

9d: R = 4-methoxyphenyl; 9e: R = 4-tolyl; 9f: R = 3,4-dichlorophenyl; 9g: R = 4-fluorophenyl; 

9h: R = cyclohexyl; 9i: R = cyclopropyl; 9j: R = 3-pyridyl; 9k: R = 4-pyridyl; 9l: R = 3-fluorophenyl; 

9m: R = 4-cyanophenyl; 9n: R = 4-chloro-2-pyridyl, 9o: R = 2-fluorophenyl, 9p: R = 2-pyridyl) and the amines 
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10a-f (10a: R = N-methylpiperazinyl; 10b: R = morpholinyl; 10c: R = N-benzylamino; 

10d: R = 4,4-difluoropiperidinyl; 10e: R = piperidinyl; 10f: R = pyrrolidinyl). Reagents and conditions: (a) KF, 

L-(+)-tartaric acid, CH3CN/THF, rt, 30 min, 59-73% (n =2); (b) BH3·THF, THF, 0 °C then rt, 18 h, 80-96% (n=3); 

(c) MnO2, CHCl3/EtOAc, reflux, 2 h, 49-78% (n=3), (d) Pd(OAc)2, RuPhos, Na2CO3, EtOH, 80 °C, 85%; (e) for 9a-e: 

RMgBr, THF, rt, 3-19 h, 51-80%; for 9f: 3,4-dichlorophenylmagnesium bromide, THF, 50 °C, 14 h, 11%; for 9g-i: 

Aryl/alkyl bromide, Mg, I2, THF, rt to reflux, 30-60 min, then 17, THF, 0 °C to rt, 2-18 h, 72-85%; for 

9j: 3-bromopyridine, isopropylmagnesium chloride lithium chloride complex, THF, rt, 2 h, then 17, THF, rt, 4 h, 73%; 

for 9k: 4-iodopyridine , isopropylmagnesium chloride, THF, rt, 1 h, then 17, THF, rt to 50 °C, 22 h, 9%; for 9l-n: Aryl 

iodide, isopropylmagnesium chloride lithium chloride complex, THF, −10 °C to rt, 2-5 h, then 17, THF, rt to 50 °C, 3 h 

to 2 d, 11-23%; (f) for 10a-c: amine, AcOH, EtOH, pH = 4, rt, 20-40 min, then NaBH3CN, rt, 17-23 h, 20-69%; for 

10d: 4,4-difluoropiperidine hydrochloride, EtOH, rt, 30 min, then NaBH3CN, rt, 19 h, 33%; (g) TIPSCl, imidazole, 

DMF, 0 °C to rt, 13 h, 84%; (h) Amine, AcOH, EtOH, rt, 1 h, then NaBH3CN, rt, 22 h, then TBAF, THF, 0 °C to rt, 

1-2 h, 8-33%; (i) Aryl bromide, 
n
BuLi, THF, −78 °C, 40 min, then 18, THF, −78 °C to rt, 3-16 h, then TBAF, THF, 

0 °C, 0.5-2 h, 17-89%; (B) Synthesis of 10g. Reagents and conditions: (a) Et
3
SiH, TFA, rt, 15 min, 70%; 

(C) Synthesis of 11a-b. Reagents and conditions: (a) 13, Pd(OAc)2, RuPhos, Na2CO3, EtOH, 90 °C, mw, 

1.5 h, 68%; (b); LiOH, THF, rt, 24 h, 96%; (c) EDC hydrochloride, HOBt hydrate, THF, rt, 20 min, then amine, 

55 °C, 3 d, 52-56% (see Experimental Section for more detailed procedures). 

 

Reductive amination of 18 with subsequent deprotection furnished the amines 10e-f (Scheme 1A). 

The methylene derivative 10g was synthesised by treating OXFBD02 (1a) with TFA and Et3SiH to 

reduce the secondary alcohol (Scheme 1B). To obtain the amides 11a-b we coupled the carboxylic 

acid 21 to the appropriate secondary amine using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDC) (Scheme 1C). Detailed information for the synthesis of all final compounds (9a-p, 10a-f, 

11a-b) as well as the intermediates (13, 15-18, 20-21) can be found in the Experimental Section. 
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2.4. In vitro inhibition and SAR studies 

A well-validated Amplified Luminescence Proximity Homogeneous Assay (AlphaScreen™) peptide 
displacement assay was used to measure the BRD4(1) IC50 values for the synthesised compound, 
and the data obtained are shown in Table 1.47  

 

Table 1. IC50 values, pIC50 values, ligand efficiencies (LE), clogP values, lipophilic ligand efficiencies (LLE), 
cLogDPH7.4 values, and solubility forecast index (SFI) for 9a-p, 10a-g, 11a-b, including 1a as a reference 
compound. Heat map shows relative IC50 values obtained in an AlphaScreen assay.

47
 Red indicates low IC50 

values, and green indicates high IC50 values. Quoted IC50 values are a mean of three technical repeats. 
Ranges in parentheses represent 95% confidence intervals resulting from sigmoidal curve fitting to the 
triplicate data. 

 

Compound Substituent BRD4(1) IC50 (µM)
a
 pIC50 LE cLogP

b
 LLE cLogDpH7.4

b
 SFI 

1a 

 

0.384 
(0.346-0.420)

c
 

6.42 0.41 2.53 3.89 3.62 6.62 

9a 

 

0.631 
(0.539-0.739) 

6.20 0.38 3.13 3.07 4.28 7.28 

9b 

 

0.270 
(0.223-0.327) 

6.57 0.38 2.45 4.12 3.80 6.80 

9c 

 

0.478 
(0.402-0.570) 

6.32 0.37 2.45 3.87 3.80 6.80 

9d 

 

0.585 
(0.531-0.644) 

6.23 0.36 2.45 3.78 3.80 6.80 

9e 

 

0.296 
(0.264-0.332) 

6.53 0.40 2.99 3.54 4.32 7.32 

9f 

 

0.945 
(0.865-1.03) 

6.02 0.35 3.60 2.42 5.01 8.01 

9g 

 

0.842 
(0.697-1.02) 

6.07 0.37 2.59 3.48 4.00 7.00 

9h 

 

0.166 
(0.158-0.175) 

6.78 0.43 3.24 3.54 4.24 6.24 

9i 

 

0.377 
(0.339-0.420) 

6.42 0.47 1.54 4.88 3.26 5.26 

9j 

 

0.166 
(0.142-0.193) 

6.78 0.43 1.04 5.74 2.96 5.96 
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9k 

 

0.303 
(0.262-0.349) 

6.52 0.41 1.04 5.48 2.86 5.86 

9l 

 

0.793 
(0.685-0.919) 

6.10 0.37 2.59 3.51 4.00 7.00 

9m 

 

0.604 
(0.536-0.680) 

6.22 0.36 1.97 4.25 3.53 6.53 

9n 

 

0.495 
(0.427-0.574) 

6.31 0.38 1.89 4.42 3.49 6.49 

9o 

 

1.42 
(1.21-1.68) 

5.85 0.36 2.59 3.26 4.00 7.00 

9p 

 

4.68 
(3.40-6.45) 

5.33 0.34 1.04 4.29 2.96 5.96 

10a 
 

1.23 
(1.02-1.47) 

5.91 0.38 0.72 5.19 1.41 3.41 

10b 
 

0.956 
(0.802-1.14) 

6.02 0.40 0.97 5.05 2.34 4.34 

10c 
 

2.25 
(1.82-2.77) 

5.65 0.34 3.21 2.44 2.34 5.34 

10d 

 

0.235 
(0.210-0.263) 

6.63 0.40 1.37 5.26 3.62 5.62 

10e 
 

4.28 
(3.39-5.40) 

5.37 0.36 2.55 2.82 2.22 4.22 

10f 
 

3.27 
(2.43-4.38) 

5.49 0.38 1.98 3.51 1.27 3.27 

10g 
 

1.10 
(0.990-1.22) 

5.96 0.40 4.00 1.96 4.96 7.96 

11a 

 

0.722 
(0.568-0.918) 

6.14 0.39 1.62 4.52 3.21 5.21 

11b 

 

3.80 
(3.04-4.74) 

5.42 0.34 0.07 5.35 2.38 4.38 

a
Protein concentration was adjusted to a final assay concentration of 10 nM, peptide concentration was 4 nM 

(see Supporting Information for detailed assay procedures). 
b
cLogP and cLogDpH7.4 values were calculated 

using ACD/Labs I-Lab 2.0 software (Algorithm Version: 5.0.0.184). 
c
Values taken from Hewings et al.

21
 

 

Addition of a 4-chloro substituent (9a, Table 1) resulted in a small drop in BRD4(1) affinity (IC50 = 

0.631 μM). Addition of a methoxy group was generally well tolerated, with 2-position (9b) 

substitution preferred (IC50 = 0.270 μM) over 3- (9c) or 4-position (9d) substitution. The 4-tolyl 

derivative (9e) showed similar affinity to 1a, indicating that lipophilic substituents are favourable for 

BRD4(1) binding. Interestingly, fluorine was less well tolerated than other substituents (9g, l, o), 

with the 2-fluoro derivative (9o) displaying the lowest BRD4(1) affinity (IC50 = 1.42 μM). The 3-

pyridyl (9j, IC50 = 0.166 μM) and 4-pyridyl (9k, IC50 = 0.303 μM) derivatives showed high BRD4(1) 
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affinity. Intriguingly the 2-pyridyl derivative (9p) showed substantially reduced BRD4(1) affinity (IC50 

= 4.68 μM). Both the cyclopropyl (9i) and cyclohexyl substituents (9h) were well tolerated. The 

cyclohexyl derivative displayed the joint highest affinity (IC50 = 0.166 μM) for BRD4(1), albeit at the 

expense of increased lipophilicity (clogD7.4 = 4.24, LLE = 3.54) compared to the equipotent 3-

pyridyl derivative (9j, clogD7.4 = 2.96, LLE = 5.74). The phenyl derivative in which the secondary 

hydroxyl group is removed (10g) showed a significantly reduced BRD4(1) affinity (IC50 = 1.10 μM) 

compared to the matched pair of compound 1a. In general, other more polar substituents were 

poorly tolerated and displayed higher IC50 values. The piperazine amide derivative (11a) was 

relatively well tolerated, whereas the morpholine derivative (11b) was not. 

We determined a BRD4(1) dissociation constant (Kd) for 9j of 0.247 μM ± 0.08 μM using isothermal 

titration calorimetry (ITC) (Fig. S4A), which is consistent with the AlphaScreen results. For 1a we 

determined a Kd value of 0.435 μM ± 0.16 μM (Fig. S4B). Selectivity profiling in a BROMOscan 

assay against 12 phylogenetically diverse bromodomains confirmed that both 1a and 9j potent 

BET bromodomain ligands, with additional modest affinity for the CREBBP bromodomain, but no 

significant affinity for any of the other of the selected bromodomains investigated (Table S4). 

 

2.5. Structural studies 

To understand the structural basis of our SAR observations we obtained X-ray crystal structures of 

the 3-pyridyl derivative (9j; PDB code 6FSY), the cyclopropyl derivative (9i; PDB code 6FT3), and 

the difluorinated piperidine derivative (10d; PDB code 6FT4) in complex with BRD4(1). In all cases 

the molecules bind to BRD4(1) broadly as expected. The 3,5-dimethylisoxazole acts as the KAc 

mimic and forms a hydrogen bond with N140 and a water-mediated hydrogen bond with Y97 (Fig. 

4A). Interestingly in the case of 9j and 9i, only the (R)-enantiomer is observed in the X-ray crystal 

structure, despite a racemate being submitted to crystallisation. It should be noted that despite 

these two molecules having the same absolute configuration, they have the opposite sense of 

stereochemistry due to the priority assignment of the pyridine ring compared to the cyclopropyl 

ring. 
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A 

 

B 

 
C 

 

D 

 
Fig. 4A. Overlaid X-ray crystal structures of (R)-OXFBD04 [(R)-9j, PDB code 6FSY, carbon = yellow; 

resolution: 1.34 Å] and the diacetylated histone H4-mimicking peptide H41-12KAc5KAc8 (PDB code 3UVW, 
carbon = purple) bound to BRD4(1). B. Overlaid X-ray crystal structures of (R)-OXFBD04 [(R)-9j, PDB code 
6FSY, carbon = yellow) and (S)-OXFBD02 [(S)-1a, PBD code 4J0S, carbon = orange]

21
 bound to BRD4(1), 

showing that the molecules have very similar binding modes to BRD4(1). (R)-9j forms additional water-
mediated interactions with D145, which are not possible for 1a. C. Overlaid X-ray crystal structures of (R)-
OXFBD04 [(R)-9j, PDB code 6FSY, carbon = yellow) and the I-BET151 (3, PDB code 3ZYU, carbon = 
marine blue) bound to BRD4(1), showing that the pyridine nitrogen does not overlay with that of I-BET151. 
D. Overlaid X-ray crystal structures of the cyclopropyl derivative (R)-9i (PDB code 6FT3, carbon = light teal; 
1.28 Å) and (R)-OXFBD02 (1a, PBD code 4J0S, carbon = orange) bound to BRD4(1), showing that the 
molecules do not overlay precisely when binding to BRD4(1). 
 

Compound 9j overlays precisely with (S)-OXFBD02 (which has the same sense of 

stereochemistry; PDB code 4J0S) with the pyridine ring occupying the WPF shelf (Fig. 4B). The 

pyridine nitrogen is oriented away from the W81 and forms a water-mediated hydrogen bond with 

D145. It is feasible that this additional interaction, which is not present in OXFBD02, is responsible 

(at least in part) for the increase in BRD4(1) affinity displayed by 9j. Interestingly, the pyridine 
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nitrogen does not overlay with that of I-BET151 (3) when bound to BRD4(1) (PDB code 3ZYU) 

(Fig. 4C), and the nitrogen atom in I-BET151 does not appear to form any interactions with 

BRD4(1). The phenol moiety of 9j forms a hydrogen bond to the ZA-channel water molecule in the 

same manner as OXFBD02 (1a). The cyclopropyl derivative (9i) does not overlay so precisely with 

(R)-OXFBD02, with the hydroxyl group oxygen atoms displaced by 1.4 Å. The cyclopropyl group 

occupies the WPF shelf and is oriented towards W81. However, analysis of the B-factors for the 

ligand indicates that the cyclopropyl ring is the most flexible component of the molecule, and that in 

general 9i is more flexible than 9j, perhaps reflecting the higher affinity of the latter for BRD4(1). 

The SAR of the pyridyl derivatives (9j, k, p) is particularly intriguing given the significant difference 

in BRD4(1) resulting from moving the nitrogen atom one position around the ring. We hypothesised 

that the decreased potency of 2-pyridyl derivative 9p could be affected by the formation of an 

intramolecular H-bond between the nitrogen lone pair of the 2-pyridyl substituent and the 

secondary hydroxyl group. This interaction cannot form in the 3-pyridyl derivative 9j. We conducted 

1H NMR experiments to determine whether we could detect formation of an internal hydrogen bond 

in 9p in solution. To assess the presence and strength of a solution-phase hydrogen bond we 

observed the change in chemical shift of the given hydrogen atom when the 1H NMR solvent is 

changed from CDCl3 to D6-DMSO.48 The chemical shift of hydrogen atoms that are not engaged in 

hydrogen bonds typically show a Δppm CDCl3→ D6-DMSO = 2-4 ppm, as their environment is 

predominantly dictated by the surrounding solvent. Hydrogen atoms that are involved in a 

hydrogen bond typically show Δppm CDCl3→ D6-DMSO < 1 ppm, as their environment is mainly 

dictated by the intramolecular interaction, and hence less affected by the surrounding solvent. This 

technique is especially powerful when combined with structural studies, as it allows comparison 

between intramolecular hydrogen bonds formed in solution phase and those present when a ligand 

is bound to a protein. 

In D6-DMSO, the signal for the phenolic hydroxyl group of 9p shifts downfield (Δppm CDCl3→D6-

DMSO = +4.2 ppm) consistent with this group being solvent exposed. In contrast, only a small 

change was seen for the secondary alcohol (Δppm CDCl3→ D6-DMSO = +0.8 ppm), which supports 

the idea that this group is engaged in an intramolecular hydrogen bond (Fig. 5A). We hypothesised 
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that the 4-chloro-2-pyridyl derivative (9n) would have a less basic nitrogen atom due to the 

inductive electron withdrawing effects of the 4-chloro substituent, and that this would result in a 

weaker internal H-bond. Consistent with this prediction, we observed an increased Δppm 

CDCl3→D6-DMSO of +1.6 ppm for the secondary alcohol, indicating a weaker internal hydrogen 

bond (Δppm CDCl3→D6-DMSO = +4.7 ppm for the phenol of 9n). This compound shows 

intermediate BRD4(1) affinity (IC50 = 495 nM) between 9j and 9p. 

 

Fig. 5. Studies to rationalise the observed structure-activity relationship. A) 
1
H NMR spectra of 9p dissolved 

in different mixtures of CDCl3 and D6-DMSO displayed in a range from 5.0-10.0 ppm. (B) Chemical shifts 
of -CHOH protons of pyridyl analogues 9p, 9n, 9j, and 1a, which was used as a control for a compound that 
is not able to form an intramolecular H-bond, plotted against D6-DMSO concentration. All experiments were 
performed at a compound concentration of 2 mg/mL. See Figure S5-8 for additional information. (C) 
Molecular dynamics studies for the enantiomers of 9p and 9j bound to BRD4(1). Representative plots 
showing the moving average of the dihedral angle between the bonds shown in red during three 50 ns MD 
simulations. A graph summarising the results of all randomised MD simulations that have been performed 
can be found in Figure S9-10.  
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We proposed that the internal hydrogen bond present in 9p would result in the molecule adopting a 

solution state conformation that was unfavourable for protein binding. To investigate this idea, we 

conducted molecular dynamics (MD) simulations to predict the conformation that both enantiomers 

of 9p would adopt when bound to BRD4(1). A 50 ns simulation indicates that (S)-9p adopts a very 

similar conformation to (R)-OXBDF02, and that in this conformation the internal hydrogen bond is 

intact (Fig. 6A). In this conformation the pyridine nitrogen atom is facing towards the solvent and 

away from W81, which is also the case in the X-ray crystal structure of 9j, and an X-ray crystal 

structure of I-BET151 (3) which contains a 2-pyridyl substituent (Fig. 4C). 

A 

 

B 

 
Fig. 6A. A representative image of a 45 ns MD simulation of (S)-9p overlaid with the X-ray crystal structures 
of (R)-OXFBD04 [(R)-9j, PDB code 6FSY, carbon = yellow] bound to BRD4(1). The predicted internal 
hydrogen-bond is present in (S)-9p. B. A representative image of a 50 ns MD simulation of (R)-9p overlaid 
with the X-ray crystal structures of (R)-OXFBD04 [(R)-9j, PDB code 6FSY, carbon = yellow] bound to 
BRD4(1). The simulation indicates that it is favourable for the pyridine nitrogen atom of (S)-9p to orient away 
from W8, requiring the internal hydrogen bond to be broken. 
 

We reasoned that the orientation of the nitrogen atom away from the hydrophobic W81 residue is 

likely favourable. However, while the (S)-enantiomer of 9p can adopt this orientation and maintain 

the internal hydrogen bond, the (R)-enantiomer would not be able to bind to BRD4(1) and maintain 

the internal hydrogen bond. This was shown to be the case in a 50 ns MD simulation, where the 

pyridine nitrogen is oriented away from W81, and consequently the internal hydrogen bond is 

broken (Fig. 6B). This observation provides an explanation for the low BRD4(1) affinity displayed 

by racemic 9p, as only half the concentration of the ligand can bind to BRD4(1) with the internal 

hydrogen bond intact. In the opposite enantiomer a large enthalpic penalty to break the hydrogen 



  

 18 

bond must first be overcome before the ligand can bind to BRD4(1). This observation predicts that 

(S)-9p should have a much higher affinity for BRD4(1) than (R)-9p. Work to investigate this is 

ongoing but is beyond the scope of these studies. 

Compounds 10a-f were designed to investigate whether more polar groups would be tolerated on 

the WPF shelf. As might be expected, most of these compounds show low BRD4(1) affinity, in line 

with the idea that a lipophilic group is preferred in this region. The notable exception in this series 

is the geminal difluorinated piperidine (10d), which has an IC50 value of 235 nM for BRD4(1). We 

attribute this to the electron-withdrawing effects of the fluorine atoms resulting in reduced basicity 

that supresses amine protonation, allowing the piperidine to interact better with the lipophilic WPF 

shelf. An X-ray crystal structure of 10d bound to BRD4(1) (PDB code 6FT4; Fig. 7A) confirms that 

the difluoropiperidine moiety does reside on the WPF shelf, as predicted. We calculated the pKa 

values of the amine analogues (Table S3) and plotted the predicted appearance of the non-ionic 

state under assay conditions against the detected IC50 values (Fig. 7B). These data suggest that 

positively charged amines do not bind well to the WPF shelf, with a correlation (linear regression 

R2 = 0.8162) between BRD4(1) affinity and the pKa of the conjugated acid of the tertiary amine 

observed. 
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A 

 

B 

 
Fig. 7A. Overlaid X-ray crystal structures of 10b (PDB code 6FT4, carbon = yellow; resolution: 1.34 Å) and 
(S)-OXFBD02 (1a, PBD code 4J0S, carbon = orange)

21
 bound to BRD4(1). The inductive electron-

withdrawing effect of the fluorine atoms reduces the basicity of the piperidine nitrogen sufficiently for it to 
remain unprotonated and bind to the WPF shelf. B. BRD4(1) IC50 values of amines (10a-f) plotted against 
the predicted appearance of the non-ionic state under assay conditions (pH = 7.6). Linear regression gives a 
R

2
 value of 0.8162, indicating a good correlation between reduced basicity and increased BRD4(1) affinity. 

a
Calculated using ACD/Labs I-Lab 2.0 software (Algorithm Version: v5.0.0.184). 

 

While the cyclopropyl-derived 9i shows the highest LE of the series, the 3-pyridyl derivative 9j and 

the cyclohexyl analogue 9h have the highest BRD4(1) affinity. However, while 9h has a LLE of 

3.54, 9j shows a LLE of 5.74, indicating that this BRD4(1) ligand has an optimised balance of 

affinity and physicochemical properties. 

 

2.6. Metabolism and cellular studies 

The metabolic stability of our most promising compounds (9j, 10d) was tested in a human 

microsomal stability assay using OXFBD02 (1a) as a reference. The cyclohexyl derivative 9h was 

excluded from these studies as its more lipophilic nature limits its solubility and increases the 

likelihood of a poor metabolic profile. OXFBD02 (1a) and the 4,4-difluoropiperidinyl derivative (10d) 

exhibited similar metabolic half-lives, with t1/2 = 39.8 min and t1/2 = 27.0 min, respectively. 

Compounds 1a and 10d displayed CLint values of 34.8 and 51.4 µL/min/mg protein and are 

consequently considered to be medium and high clearance compounds, respectively.49 In contrast, 

the 3-pyridyl analogue (9j) displayed a significantly longer metabolic half-life of 388 min (Table 2). 

With an intrinsic clearance (CLint) of 3.57 µL/min/mg protein, 9j is therefore classified as a low 
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clearance compound. These properties indicate that 9j is the optimal ligand in this series for 

progression to use in cellular and potentially in vivo studies. However, it should be noted that the 

microsomal stability assay only provides insights into phase I metabolism. More comprehensive 

metabolic characterisation, including phase II conjugation reactions, will be included in future 

studies.   

Table 2. Metabolic stability data of 1a, 9j, and 10d including the intrinsic clearance (CLint ± standard error) 
and the apparent half-life (t1/2) detected by means of a microsomal stability assay using human liver 
microsomes. Dextromethorphan and verapamil were used as medium and high clearance controls, 
respectively. Compounds were tested at a concentration of 3 µM. 
 

Compound CLint (µL/min/mg protein) t1/2 (min) n 

OXFBD02 (1a) 34.8 ± 3.76 39.8 5 

9j 3.57 ± 2.21 388 5 

10d 51.4 ± 2.6 27.0 5 

dextromethorphan 25.4 ± 4.23 54.5 5 

verapamil 192 ± 11.3 7.20 3 

 

To rationalise the selection of compounds used for further cellular studies we have predicted the 

cell permeability of all final compounds presented herein. All compounds were predicted to have 

an absorption rate constant (Ka) between 0.053 – 0.058 min-1 which suggests excellent cellular 

uptake (Table S5). As there is no significant difference in permeability among the synthesised 

compounds we decided to further study the compound 9j displaying to most promising results in 

our previous studies in a cellular setup. In a cell growth assay using A498 (renal), HT-29 (colon), 

and MCF7 (breast) cancer cell lines, 9j showed low micromolar activity (Table 3 and Fig. S11). 

OXFBD02 was used as a positive control, and the data for OXFBD02 are in line with that obtained 

in the NCI-60 screen. To address the mechanism of cytotoxicity, we probed the effect of 9j and 1a 

on MYC suppression in MCF7 cells. We show that 9j exerts a potent and time-dependent effect of 

MYC suppression similar to 1a and (+)-JQ1, which was used as a positive control (Fig. 8). These 

data indicate that OXFBD04 (9j) shows similar cellular efficacy to OXFBD02 (1a), which combined 

with its enhanced metabolic stability makes OXFBD04 (9j) a useful tool compound for studying the 

function of the BET bromodomains. 
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Table 3. GI50 data for OXFBD02 (1a) and OXFBD04 (9j). A498 (renal), HT-29 (colon), and MCF7 (breast) 
cancer cell lines were used. Values quoted are a mean of three repeats. The standard deviation is shown. 
 

Compound GI50 (μM) A498 GI50 (μM) HT-29  GI50 (μM) MCF7  

OXFBD02 (1a) 1.58 ± 1.35 5.79 ± 0.84 1.25 ± 0.47 

OXFBD04 (9j) 4.88 ± 1.54 4.40 ± 0.81 1.40 ± 0.60 

 

 

Fig. 8. Inhibition of BET bromodomains by means of 3,5-dimethylisoxazole-based ligands OXFDD02 (1a) or 
OXFBD04 (9j) induces MYC suppression in MCF7 breast cancer cells. Representative western blot 
detection of c-myc after treatment with OXFBD02 (1a), OXFBD04 (9j), or (+)-JQ1 as a reference. 
Compounds were tested at a concentration of 10 µM.  

 

3. Conclusion 

In conclusion, we have shown that the BET bromodomain ligand OXFBD02 (1a) displays a 

promising profile in the NCI-60 panel of cancer cell lines, but a short metabolic half-life of 40 

minutes in human liver microsomes. To optimise the metabolic stability of this compound series, 

we investigated the SAR of WPF-binding groups, with a view to optimising the overall compound 

properties. In the pyridyl series we showed that an intramolecular hydrogen bond detrimentally 

affects the affinity of 2-pyridyl derivative (9p), by holding the (R)-enantiomer in a conformation that 

disfavours BRD4(1) binding. However, the 3-pyridyl derivative, OXFDB04 (9j), displays higher 

BRD4(1) affinity than the parent compound and an LLE value of 5.74, indicating that it is a 

BRD4(1) ligand with an optimised balance of affinity and physicochemical properties. The addition 

of the pyridine ring led to an increased metabolic half-life of 6.5 hours in human liver microsomes. 

These data indicate that the 3,5-dimethylisoxazole group is not inherently metabolically labile, and 

optimisation of the overall compound properties can lead to compounds with useful metabolic 

stabilities. In cancer cell lines, OXFDB04 (9j) showed similar effects on cytotoxicity and MYC 

suppression compared to the parent compound OXFBD02 (1a). Consequently, we report 
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OXFDB04 (9j) as an improved tool compound to study BRD4 in in vitro and potentially in vivo 

settings. 
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4. Experimental 

4.1. General chemistry experimental details 

1H NMR spectra were recorded on Bruker AVIII HD 400 (400 MHz) or Bruker AVII 500 (500 MHz). 

Chemical shifts are reported as δH part per million (ppm) relative to the solvent reference peak as internal 

deuterium lock.50 The multiplicity of each signal is indicated by: s (singlet), d (doublet), t (triplet), dd 

(doublet of doublets), q (quartet), sp (septet) or m (multiplet). Identical proton coupling constants (J) are 

averaged in each spectrum and are reported to the nearest 0.1 Hz. Coupling constants were determined 

using Bruker TopSpin software. 13C NMR spectra were recorded on Bruker AVIII HD 400 (101 MHz) or 

Bruker AVII 500 (126 MHz). Chemical shifts are reported as δC part per million (ppm) relative to the 

solvent reference peak as internal deuterium lock. Coupling constants (J) are quoted in Hz and are 

recorded to the nearest 1 Hz. Identical coupling constants (J) are averaged in each spectrum and 

reported to the nearest 1 Hz. The coupling constants are determined by analysis using Bruker TopSpin 

software. 19F NMR spectra were recorded on a Bruker AVII 500 (470 MHz) using a broadband proton 

decoupling pulse sequence and deuterium internal lock. The chemical shift data for each signal are given 

as δF in units of parts per million (ppm). 11B NMR spectra were recorded on a Bruker DRX500 (160 MHz). 

The chemical shift data for each signal are given as δB in units of parts per million (ppm). Coupling 

constants (J) are quoted in Hz and are recorded to the nearest 1 Hz. Identical coupling constants (J) are 

averaged in each spectrum and reported to the nearest 1 Hz. The coupling constants are determined by 

analysis using Bruker TopSpin software. Note: in all isoxazole-containing compounds, positions on the 

central aromatic ring are numbered first, the isoxazole ring with primes (´) and any additional rings with 

double primes (´´) etc. Low-resolution mass spectra (LRMS) using electron spray ionisation were 

recorded on a Micromass LCT Premier spectrometer. Electrospray Ionisation (ES) High-Resolution Mass 

Spectrometry (HRMS) spectra were acquired on either a Bruker MicroTOF spectrometer or a Thermo 

Exactive mass spectrometer, equipped with Agilent 1100 liquid chromatography systems for flow 

injection analysis, from solutions of MeOH, H2O or MeCN as stated. MicroTOF data were processed 

using Bruker Hystar software, while Exactive data were analysed using Thermo Xcalibur software. 

Melting points on crystallised samples were determined using either a) a Leica Galen III hot stage 

microscope or b) a Griffin capillary tube melting point apparatus and are uncorrected. The solvents of 



  

 24 

crystallisation are shown in parentheses. Infrared spectra were obtained from thin films using a diamond 

attenuated total reflectance module. The spectra were recorded on a Bruker Tensor 27 spectrometer. 

Absorption maxima (νmax) are reported in wavenumbers (cm-1) and are classified as broad (br), strong (s), 

medium (m) or weak (w). 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 following methods were 

applied. Method 1 (M1): a Dionex Acclaim® 120 column (C18, 5 μm, 120 Å, 4.6 × 150 mm) was used and 

the solvents employed were A = 0.1% (v/v) solution of formic acid in 95% H2O/5% MeCN; B = 0.1% (v/v) 

solution of formic acid in 95% MeCN/5% H2O, and the gradient (A:B). A 10-minute linear gradient of 0-

100% B was run with a flow rate of 1 mL/min and detection at 254 nm. Samples were injected in DMSO, 

MeOH, DMSO/MeOH or DMSO/CHCl3. Method 2 (M2): a Dionex Acclaim® 120 column (C18, 5 μm, 120 

Å, 4.6 × 150 mm) was used and the solvents employed were A = H2O; B = MeCN. Linear gradient 

conditions (0−10 min, linear increase from 5% to 95% of B; 10−15 min, B = 95%) with a flow rate of 1.5 

mL/min and detection at 254 nm. Samples were injected in DMSO, MeOH, DMSO/MeOH or 

DMSO/CHCl3. Method 3 (M3): a Dionex Acclaim® 120 column (C18, 5 μm, 120 Å, 4.6 × 150 mm) was 

used and the solvents employed were A = H2O; B = MeCN. Linear gradient conditions (0−10 min, linear 

increase from 5% to 95% of B; 10−15 min, B = 95%) with a flow rate of 1.5 mL/min and detection at 220 

nm. Samples were injected in DMSO, MeOH, DMSO/MeOH or DMSO/CHCl3. All compounds that were 

subjected to biological evaluation had purity of ≥95% determined by HPLC and LCMS analysis. 

Anhydrous solvents were obtained under the following conditions: anhydrous DMF, anhydrous MeOH 

and anhydrous EtOH were purchased from Sigma-Aldrich UK in SureSeal™ bottles and used without 

further purification; anhydrous THF and CH2Cl2 were dried over activated 3 Å molecular sieves under an 

argon or nitrogen atmosphere; where stated, THF was distilled from sodium and benzophenone and 

pyridine was distilled from CaH2. Chemicals were purchased from Acros, Sigma-Aldrich, Alfa Aesar, 

Fisher, Apollo Scientific or Fluorochem. 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. MnO2 

was activated at 250 °C overnight prior to use. Organolithium reagents were titrated against 

diphenylacetic acid,51 and commercially-available organomagnesium compounds were titrated against 

salicaldehyde phenylhydrazone.52 Where stated, NEt3 was dried with KOH and distilled onto KOH pellets. 
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Isolute® SCX-2 cartridges for cation exchange were purchased from Biotage UK and were used 

according to manufacturers’ protocols. 

4.2. Synthetic procedures 

4.2.1. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-[hydroxyl(phenyl)methyl]phenol (1a)21 

Following the procedure of Hewings et al.,21 to a solution of 17 (2.63 g, 12.1 mmol, 1.0 eq) in 

anhydrous THF at 0 °C was added dropwise a 1 M solution of phenylmagnesium bromide (34.0 mL, 

34.0 mmol, 2.8 eq) in THF. The reaction solution was warmed to rt and stirred for 4 h. After this 

time, the volatile components were removed in vacuo. The resulting solid was crystallised from hot 

MeCN and the mother liquor was purified by silica gel chromatography, eluting with 1% AcOH and 

EtOAc in petroleum ether (gradient elution 15 → 40%). The combined solids were crystallised from 

hot MeCN yielding 1a (1.43 g, 40%) as an off-white crystalline solid: Rf (50% EtOAc/petroleum 

ether) 0.38; mp 187-190 °C (MeCN) [lit. mp 187-188 °C21]; 1H NMR (400 MHz, D6-acetone) δ 8.44 

(1H, br s, C(1)OH), 7.49-7.43 (2H, m, C(2’’)H & C(6’’)H), 7.34-7.28 (2H, m, C(3’’)H and C(5’’)H), 

7.24-7.19 (1H, m, C(4’’)H), 6.94-6.91 (1H, m, C(6)H), 6.91-6.88 (1H, m, C(4)H), 6.67 (1H, dd, J = 

1.9, 1.9 Hz, C(2)H), 5.83-5.79 (1H, m, CHOH), 4.90 (1H, d, J = 3.9 Hz, CHOH), 2.36 (3H, s, 

C(5’)CH3), 2.18 (3H, s, C(3’)CH3); LRMS m/z (ES+) 296 ([M + H]+, 100%). Data are in good 

agreement with literature values.21  

 

4.2.2. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-[(4-chlorophenyl)(hydroxy)methyl]phenol (9a)  

To a solution of 17 (96 mg, 442 µmol, 1.0 eq) in anhydrous THF (2 mL) was added a 1 M solution 

of 4-chlorophenylmagnesium bromide (1.00 mL, 216 mg, 1.00 mmol, 2.3 eq) in Et2O at rt, and the 

reaction solution was stirred for 19 h. The reaction was quenched with a saturated aqueous 

solution of NH4Cl (15 mL), and the aqueous phase was extracted with EtOAc (3 × 15 mL). The 

combined organic layers were washed with H2O (45 mL), passed through an anhydrous frit and 

concentrated in vacuo. Purification by silica gel chromatography, eluting with EtOAc in 

cyclohexane (gradient elution 5 → 100%) followed by mass-directed autopurification (0.1% formic 

acid, gradient elution MeCN/H2O 30 → 85%) afforded the desired product 9a (74 mg, 51%) as a 

clear and colourless oil that solidified under vacuum to give a colourless amorphous solid: Rf (50% 
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EtOAc/cyclohexane) 0.35; νmax (thin film)/cm–1: 3457 (br) (O–H), 3015 (br), 2970 (w), 2949 (br); 1H 

NMR (400 MHz, CD3OD) δ 7.42-7.36 (2H, m, C(2’’)H & C(6’’)H), 7.34-7.28 (2H, m, C(3’’)H & 

C(5’’)H), 6.88-6.83 (1H, m, C(6)H), 6.82-6.77 (1H, m, C(4)H), 6.64 (1H, dd, J = 2.2, 1.6 Hz, C(2)H), 

5.75 (1H, s, CHOH), 2.36 (3H, s, C(5’)CH3), 2.21 (3H, s, C(3’)CH3); 
13C NMR (101 MHz, CD3OD) δ 

166.9 (C(5’)), 160.0 (C(3’)), 159.0 (C(1)), 148.0 (C(5)), 144.7 (C(4’’)), 134.0 (C(1’’)), 132.6 (C(3)), 

129.4 (C(3’’) & C(5’’)), 129.3 (C(2’’) & C(6’’)), 119.7 (C(4)), 117.9 (C(4’)), 115.9 (C(2)), 114.0 (C(6)), 

75.9 (CHOH), 11.5 (C(5’)CH3), 10.8 (C(3’)CH3); HRMS m/z (ES+) Found: 352.0715 & 354.0698. 

C18H16ClNNaO3
+ requires [M(35Cl)]+ & [M(37Cl)]+ 352.0711 & 354.0683; LRMS m/z (ES−) 328 

([M(35Cl) – H]–, 100%), 330 ([M(37Cl) – H–, 39%]; HPLC RT = 11.55 min, purity 95.5% (M1).  

 

4.2.3. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-[hydroxy(2-methyoxyphenyl)methyl]phenol (9b) 

To a solution of 17 (94 mg, 433 µmol, 1.0 eq) in anhydrous THF (2 mL) was added a 1 M solution 

2-methoxyphenylmagnesium bromide (1.00 mL, 211 mg, 1.00 mmol, 2.3 eq) in THF at rt, and the 

reaction solution was stirred for 3 h. The reaction was quenched with a saturated aqueous solution 

of NH4Cl (15 mL), and the aqueous phase was extracted with EtOAc (3 × 15 mL). The combined 

organic layers were washed with H2O (45 mL), passed through an anhydrous frit and concentrated 

in vacuo. Purification by silica gel chromatography, eluting with EtOAc in cyclohexane (gradient 

elution 10 → 60%) afforded 9b (113 mg, 80%) as a colourless solid: Rf (50% EtOAc/cyclohexane) 

0.36; νmax (thin film)/cm–1: 3196 (br) (O–H), 2993 (w), 2837 (w), 1642 (m) 1596 (s); mp 167-169 °C 

(EtOAc); 1H NMR (400 MHz, CD3OD) δ 7.49 (1H, dd, J = 7.5, 1.5 Hz, C(6’’)H), 7.25 (1H, ddd, J = 

7.8, 7.8, 1.5 Hz, C(3’’) H), 7.01-6.92 (2H, m, C(4’’)H & C(5’’)H), 6.88-6.84 (1H, m, C(6)H), 6.80-

6.76 (1H, m, C(4)H), 6.60 (1H, dd, J = 1.9, 1.9 Hz, C(2)H), 6.12 (1H, s, CHOH), 3.81 (3H, s, OCH3), 

2.37 (3H, s, C(5’)CH3), 2.21 (3H, s, C(3’)CH3); 
13C NMR (101 MHz, CD3OD) δ 166.7 (C(5’)), 160.0 

(C(3’)), 158.8 (C(1)), 157.7 (C(2’’)), 148.1 (C(5)), 133.9 (C(1’’)), 132.0 (C(3)), 129.5 (C(3’’)), 127.9 

(C(6’’)), 121.6 (C(4’’) or C(5’’)), 119.9 (C(4)), 118.0 (C(4’)), 115.4 (C(2)), 114.2 (C(6)), 111.7 (C(5’’) 

or C(4’’)), 70.5 (CHOH), 55.9 (OCH3), 11.4 (C(5’)CH3), 10.7 (C(3’)CH3); HRMS m/z (ES+) Found: 

326.1386. C19H20NO4
+ requires M+ 326.1387; LCMS (formic acid) RT = 0.88, [M + H]+ = 326; HPLC 

RT = 10.95 min, purity 98.0% (M1).  
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4.2.4. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-[hydroxy(3-methyoxyphenyl)methyl]phenol (9c) 

To a solution of 17 (103 mg, 474 µmol, 1.0 eq) in anhydrous THF (2 mL) was added a 1 M solution 

of 3-methoxyphenylmagnesium bromide (1.00 mL, 211 mg, 1.00 mmol, 2.1 eq) in THF at rt, and 

the reaction solution was stirred for 5 h. The reaction was quenched with a saturated aqueous 

solution of NH4Cl (15 mL), and the aqueous phase was extracted with EtOAc (3 × 15 mL). The 

combined organic layers were washed with H2O (45 mL), passed through an anhydrous frit and 

concentrated in vacuo. Purification by silica gel chromatography, eluting with EtOAc in 

cyclohexane (gradient elution 10 → 60%) afforded 9c (106 mg, 68%) as a colourless solid: Rf (50% 

EtOAc/cyclohexane) 0.34; νmax (thin film)/cm–1: 3176 (br) (O–H), 2933 (w), 1640 (w), 1596 (w); mp 

94-96 °C (EtOAc); 1H NMR (400 MHz, CD3OD) δ 7.24 (1H, dd, J = 7.8, 7.8 Hz, C(2’’)H), 7.05-6.93 

(2H, m, C(4’’)H & C(5’’)H or C(4’’)H & C(6’’)H or C(5’’)H & C(6’’)H), 6.89-6.84 (1H, m, C(6)H), 6.84-

6.76 (2H, m, C(4)H & C(4’’)H, C(5’’)H or C(6’’)H), 6.67-6.59 (1H, m, C(2)H), 5.72 (1H, s, CHOH), 

3.78 (3H, s, OCH3), 2.73 (3H, s, C(5’)CH3), 2.22 (3H, s, C(3’)CH3); 
13C NMR (101 MHz, CD3OD) δ 

166.8 (C(5’)), 161.2 (C(3’’)), 160.0 (C(3’)), 158.9 (C(1)), 148.3 (C(1’’)), 147.4 (C(5)), 132.4 (C(3)), 

130.3 (C(2’’)), 120.0 (C(4’’), C(5’’) or C(6’’)), 119.8 (C(4’’), C(5’’) or C(6’’)), 118.0 (C(4’)), 115.7 

(C(2)), 114.1 (C(6)), 113.7 (C(4)), 113.2 (C(4’’), C(5’’) or C(6’’)), 76.6 (CHOH), 55.7 (OCH3), 11.4 

(C(5’)CH3), 10.7 (C(3’)CH3); HRMS m/z (ES+) Found: 326.1386. C19H20NO4
+ requires M+ 326.1387; 

LCMS (formic acid) RT = 0.87, [M + H]+ = 326; HPLC RT = 10.84 min, purity 98.5% (M1).  

 

4.2.5. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-[hydroxy(4-methyoxyphenyl)methyl]phenol (9d) 

To a solution of 17 (102 mg, 470 µmol, 1.0 eq) in anhydrous THF (2 mL) was added a 0.5 M 

solution of 4-methoxyphenylmagnesium bromide (2.00 mL, 211 mg, 1.00 mmol, 2.1 eq) in THF at 

rt, and the reaction solution was stirred for 3 h. The reaction was quenched with a saturated 

aqueous solution of NH4Cl (15 mL), and the aqueous phase was extracted with EtOAc (3 × 15 mL). 

The combined organic layers were washed with H2O (45 mL), passed through an anhydrous frit 

and concentrated in vacuo. Purification by silica gel chromatography, eluting with EtOAc in 

cyclohexane (gradient elution 10 → 60%) afforded 9d (104 mg, 68%) as a clear and colourless oil. 

Precipitation from Et2O and hexane afforded a colourless amorphous solid: Rf (50% 

EtOAc/cyclohexane) 0.44; νmax (thin film)/cm–1: 3016 (w) (O–H), 2970 (w), 1739 (s); 1H NMR (400 
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MHz, CD3OD) δ 7.34-7.26 (2H, m, C(3’’)H & C(5’’)H), 6.91-6.84 (3H, m, C(2’’)H, C(6’’)H & C(6)H), 

6.81-6.78 (1H, m, C(4)H), 6.65-6.60 (1H, m C(2)H), 5.72 (1H, s, CHOH), 3.74 (3H, s, OCH3), 2.35 

(3H, s, C(5’)CH3), 2.20 (3H, s, C(3’)CH3); 
13C NMR (126 MHz, CD3OD) δ 166.8 (C(5’)), 160.4 

(C(4’’)), 160.0 (C(3’)), 158.9 (C(1)), 148.6 (C(5) or C(1’’)), 137.9 (C(1’’) or C(5)), 132.3 (C(3)), 129.0 

(C(3’’) & C(5’’)), 119.6 (C(4)), 118.0 (C(4’)), 115.5 (C(2)), 114.7 (C(2’’) & C(6’’)), 113.9 (C(6)), 76.2 

(CHOH), 55.7 (OCH3), 11.4 (C(5’)CH3), 10.7 (C(3’)CH3); HRMS m/z (ES−) Found: 324.1243. 

C19H18NO4
− requires M−, 324.1241; LRMS m/z (ES−) 324 ([M – H]–, 100%); HPLC RT = 10.74 min, 

purity 97.1% (M1).  

 

4.2.6. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-[hydroxy(4-methylphenyl)methyl]phenol (9e) 

To a solution of 17 (93 mg, 428 µmol, 1.0 eq) in anhydrous THF (2 mL) was added a 1 M solution 

of 4-tolylmagnesium bromide (1.00 mL, 195 mg, 1.00 mmol, 2.3 eq) in THF at rt, and the reaction 

solution was stirred for 1 h. To aid solubility, additional THF (2 mL) was added and the reaction 

solution was stirred at rt for 17 h. The reaction was quenched with a saturated aqueous solution of 

NH4Cl (15 mL), and the aqueous phase was extracted with EtOAc (3 × 15 mL). The combined 

organic layers were washed with H2O (45 mL), passed through an anhydrous frit and concentrated 

in vacuo. Purification by silica gel chromatography, eluting with acetone in petroleum ether 

(gradient elution 10 → 50%) afforded 9e (75 mg, 56%) as a clear and colourless oil. Precipitation 

from Et2O and hexane gave a colourless, amorphous solid: Rf (20% EtOAc/cyclohexane) 0.08; νmax 

(thin film)/cm–1: 3280 (br) (O–H), 1596 (s), 1421 (s); 1H NMR (400 MHz, CD3OD) δ 7.27 (2H, d, J = 

7.9 Hz, C(3’’)H & C(5’’)H), 7.12 (2H, d, J = 7.9 Hz, C(2’’)H & C(6’’)H), 6.90-6.85 (1H, m, C(6)H), 

6.82-6.77 (1H, m, C(4)H), 6.65-6.60 (1H, m, C(2)H), 5.72 (1H, s, CHOH), 2.33 (3H, s, C(5’)CH3), 

2.28 (3H, s, C(4’’)CH3), 2.19 (3H, s, C(3’)CH3); 
13C NMR (126 MHz, CD3OD) δ 166.4 (C(5’)), 159.9 

(C(3’)), 158.5 (C(1)), 148.1 (C(5)), 142.4 (C(1’’)), 137.7 (C(4’’)), 131.9 (C(3)), 129.5 (C(2’’) & C(6’’)), 

127.3 (C(3’’) & C(5’’)), 119.3 (C(4)), 117.6 (C(4’)), 115.2 (C(2)), 113.6 (C(6)), 76.1 (CHOH), 20.7 

(C(4’’)), 11.1 (C(5’)), 10.4 (C(3’)); HRMS m/z (ES+) Found: 310.1433. C19H20NO3
+ requires M+ 

310.1438; LRMS (formic acid) RT = 0.92, [M + H]+ = 310; HPLC RT = 11.29 min, purity 98.5% (M1).  
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4.2.7. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-[(3,4-dichlorophenyl)(hydroxy)methyl]phenol (9f) 

To a solution of 17 (110 mg, 506 µmol, 1.0 eq) in anhydrous THF (2 mL) was added a 0.5 M 

solution of 3,4-dichlorophenylmagnesium bromide (2.50 mL, 313 mg, 1.25 mmol, 2.5 eq) in THF at 

rt, and the reaction solution was stirred for 7 h, then was heated at 50 °C for 15 h. Additional 3,4-

dichlorophenylmagnesium bromide (1.00 mL, 125 mg, 500 µmol, 1.0 eq) was added and the 

reaction solution was stirred at 50 °C for 7 h. The reaction was quenched with a saturated aqueous 

solution of NH4Cl (15 mL), and the aqueous phase was extracted with EtOAc (3 × 15 mL). The 

combined organic layers were washed with H2O (45 mL), passed through an anhydrous frit and 

concentrated in vacuo. The residue was resuspended in MeOH, filtered and the filtrate was 

concentrated in vacuo. Purification by silica gel chromatography, eluting with EtOAc in 

cylcohexane (gradient elution 5 → 55%) followed by mass-directed autopurification (0.1% formic 

acid, gradient elution MeCN/H2O 30 → 85%) afforded 9f (20 mg, 11%) as a colourless solid: Rf (50% 

EtOAc/cyclohexane) 0.49; νmax (thin film)/cm–1: 3198 (br) (O–H), 1637 (m), 1596 (s); 1H NMR 

(400 MHz, CD3OD) δ 7.58 (1H, d, J = 1.8 Hz, C(2’’)H), 7.47 (1H, d, J = 8.3 Hz, C(5’’)H), 7.31 (1H, 

dd, J = 8.3, 1.8 Hz, C(6’’)H), 6.86-6.82 (1H, m, C(6)H), 6.82-6.78 (1H, m, C(4)H), 6.69-6.63 (1H, m, 

C(2)H), 5.74 (1H, s, CHOH), 2.38 (3H, s, C(5’)CH3), 2.23 (3H, s, C(3’)CH3); 
13C NMR (101 MHz, 

CD3OD) δ 166.9 (C(5’)), 160.0 (C(3’)), 159.2 (C(1)), 147.5 (C(3’’)), 146.9 (C(4’’)), 133.2 (C(3)), 

132.7 (C(5)), 131.9 (C(1’’)), 131.4 (C(5’’)), 129.6 (C(2’’)), 127.5 (C(6’’)), 119.7 (C(4)), 117.9 (C(4’)), 

116.2 (C(2)), 113.9 (C(6)), 75.3 (CHOH), 11.5 (C(5’)CH3), 10.7 (C(3’)CH3); HRMS m/z (ES+) Found: 

386.0322, C18H15Cl2NNaO3
+ requires M+ 386.0321; LCMS (formic acid) RT = 1.05, [M + H]+ 364; 

HPLC RT = 13.52 min, purity 99.2% (M1).  

 

4.2.8. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-[(4-fluorophenyl)(hydroxyl)methyl]phenol (9g) 

Magnesium turnings (63 mg, 2.49 mmol, 6.0 eq) and a crystal of iodine were added to anhydrous 

THF (5 mL) and the mixture was stirred. 1-Bromo-4-fluorobenzene (314 µL, 500 mg, 

2.85 mmol, 6.6 eq) in anhydrous THF (5 mL) were added to the dropping funnel. The solution was 

added dropwise at rt, and the funnel was rinsed with further anhydrous THF (0.5 mL). The reaction 

mixture was heated under reflux with stirring for 1 h. After this time, the Mg turnings had dissolved 

and the solution became cloudy. The solution was cooled to 0 °C and an ice-cooled solution of 17 
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(94 mg, 433 µmol, 1.0 eq) in anhydrous THF (10 mL) added via cannulation. The reaction solution 

was warmed to rt and stirred for 16 h, then the reaction was quenched with H2O (20 mL) and 

neutralised with an aqueous 1 M solution of HCl. The THF was removed in vacuo, and the 

aqueous phase was extracted with EtOAc (3 × 20 mL). The combined organic layers were washed 

with brine (30 mL), dried over anhydrous MgSO4, filtered, and concentrated in vacuo. Purification 

by silica gel chromatography, eluting with EtOAc in petroleum ether (gradient elution 25 → 40%) 

afforded a colorless oil, from which 9g was precipitated by the addition of CHCl3 to give a 

colourless solid (98 mg, 72%): Rf (50% EtOAc/petroleum ether) 0.24; νmax (thin film)/cm–1: 3285 (br) 

(O–H), 2985 (m), 2972 (m), 2939 (m), 2923 (m), 2866 (m), 2844 (m), 2826 (m), 1597 (w); 1H NMR 

(400 MHz, CD3OD) δ 7.34-7.25 (2H, m, C(2’’)H & C(6’’)H), 6.98-6.89 (2H, m, C(3’’)H & C(5’’)H), 

6.74-6.70 (1H, m, C(6)H), 6.69-6.64 (1H, m, C(4)H), 6.52-6.50 (1H, m, C(2)H), 5.63 (1H, s, CHOH), 

2.25 (3H, s, C(5’)CH3), 2.10 (3H, s, C(3’)CH3); 
13C NMR (126 MHz, CDCl3) δ 166.4 (C(5’)), 163.1 (d, 

J = 243.8 Hz, C(4’’)), 159.6 (C(3’)), 158.7 (C(1)), 147.8 (C(5)), 141.6 (d, J = 2.9 Hz, C(1’’)), 132.1 

(C(3)), 129.2 (d, J = 8.2 Hz, C(2’’) & C(6’’)), 119.2 (C(4)H), 117.6 (C(4’)), 115.51 (d, J = 29.3 Hz, 

C(3’’) & C(5’’)), 115.45 (C(2)H), 113.6 (C(6)H), 75.5 (CHOH), 11.1 (C(5’)CH3), 10.4 (C(3’)CH3); 
19F 

NMR (377 MHz, CD3OD) δ –117.7; HRMS m/z (ES+) Found: 336.1011. C18H16FNNaO3
+ requires 

M+ 336.1006; LRMS m/z (ES−) 312 ([M – H]−, 100%); HPLC RT = 11.03 min, purity 95.7% (M1).  

 

4.2.9. 3-[Cyclohexyl(hydroxyl)methyl]-5-(3,5-dimethyl-1,2-oxazol-4-yl)phenol (9h) 

Cyclohexanebromide (0.39 mL, 0.51 g, 3.1 mmol, 6.8 eq) in dry THF (1.0 mL) was added dropwise 

to a flask containing magnesium turnings (69 mg, 2.8 mmol, 6.1 eq) and a crystal of iodine in 

anhydrous THF (1.0 mL) at rt. Following initiation, the reaction solution was stirred for 1 h, then 17 

(0.10 g, 0.46 mmol, 1.0 eq) in dry THF (2.0 mL) was added dropwise. The reaction solution was 

stirred at rt for 2 h then the reaction was quenched with a saturated aqueous solution of NH4Cl (15 

mL), and the aqueous phase was extracted with EtOAc (3 × 50 mL). The combined organic layers 

were washed with brine (50 mL), dried over anhydrous MgSO4, filtered, and concentrated in vacuo. 

Purification by silica gel chromatography, eluting with EtOAc in petroleum ether (gradient elution 0 

→ 80%) afforded 9h (103 mg, 74%) as a colourless solid foam: Rf (50% EtOAc/petroleum ether) 
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0.51; mp 84–86°C (CHCl3); vmax (thin film)/cm-1 3273 (br) (O–H), 2927 (m), 2852 (w), 2363 (br), 

1632 (w), 1595 (s), 1422 (s), 730 (s); 1H NMR (500 MHz, CD3OD) δ 6.77-6.74 (1H, m, C(4)H), 

6.71-6.68 (1H, m, C(6)H), 6.53-6.50 (1H, m, C(2)H), 4.26 (1H, d, J = 7.2 Hz, CHOH), 2.39 (3H, s, 

C(5’)CH3), 2.24 (3H, s, C(3’)CH3), 2.03-1.96 (1H, m, CH), 1.80-1.73 (1H, m, CH), 1.72-1.61 (2H, m, 

2 × CH), 1.61-1.52 (1H, m, CH), 1.45-1.37 (1H, m, CH), 1.31-0.84 (5H, m, 5 × CH); 13C NMR 

(126 MHz, CD3OD) δ 166.7 (C(5’)), 160.0 (C(3’)), 158.8 (C(1)), 147.7 (C(5)), 132.0 (C(3)), 119.9 

(C(4)), 118.1 (C(4’)), 115.6 (C(2)), 114.2 (C(6)), 79.8 (CHOH), 46.4 (CHCHOH), 30.6 (CH2), 30.2 

(CH2), 27.6 (CH2), 27.3 (CH2), 27.2 (CH2), 11.5 (C(5’)CH3), 10.8 (C(3’)CH3) ; LRMS m/z (ES–) 300 

([M – H]–, 100%); HRMS m/z (ES+) found 302.17507 (100%), 303.17851 (30%); C18H23NO3 

requires [M + H]+ 302.17507; HPLC RT = 9.11 min, purity 99.3% (M2).  

 

4.2.10. 3-[Cyclopropyl(hydroxyl)methyl]-5-(3,5-dimethyl-1,2-oxazol-4-yl)phenol (9i) 

To a flask containing magnesium turnings (55 mg, 2.26 mmol, 6.1 eq) and a crystal of iodine was 

added dropwise bromocyclopropane (200 µL, 302 mg, 2.50 mmol, 6.8 eq) in anhydrous THF (2 

mL). Following initiation, the reaction solution was stirred for 30 min, then 17 (80 mg, 368 µmol, 1.0 

eq) and distilled THF (2 mL) were added. The reaction solution was stirred at rt for 18 h then the 

reaction was quenched with a saturated aqueous solution of NH4Cl (15 mL), and the aqueous 

phase was extracted with EtOAc (3 × 15 mL). The combined organic layers were washed with H2O 

(45 mL) and brine (45 mL), dried over anhydrous MgSO4, filtered, and concentrated in vacuo. 

Purification by silica gel chromatography, eluting with EtOAc in petroleum ether (gradient elution 

20 → 80%) afforded 9i (81 mg, 85%) as a clear and colourless oil: Rf (50% EtOAc/petroleum ether) 

0.24; νmax (thin film)/cm–1: 3240 (br) (O–H), 3001 (w), 2361 (w), 2343 (w), 1638 (w), 1597 (m); 1H 

NMR (400 MHz, CD3OD) δ 6.80-6.76 (1H, m, C(6)H), 6.74-6.70 (1H, m, C(4)H), 6.53 (1H, dd, J = 

1.8. 1.8 Hz, C(2)H), 3.82 (1H, d, J = 8.3 Hz, CHOH), 2.30 (3H, s, C(5’)CH3), 2.15 (3H, s, C(3’)CH3), 

1.09-0.98 (1H, m, CHCHOH), 0.55-0.46 (1H, m, CH), 0.45-0.31 (2H, m, 2 × CH), 0.29-0.22 (1H, m, 

CH); 13C NMR (101 MHz, CD3OD) δ 166.8 (C(5’)), 160.0 (C(3’)), 158.9 (C(1)), 148.3 (C(5)), 132.2 

(C(3)), 119.3 (C(4)), 118.1 (C(4’)), 115.7 (C(2)), 113.6 (C(6)), 78.9 (CHOH), 19.8 (CHCHOH), 11.5 

(C(5’)CH3), 10.8 (C(3’)CH3), 4.4 (CH2), 3.1 (CH2); HRMS m/z (ES+) Found: 282.1110. C15H17NaO3
+ 
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requires M+ 282.1101; LRMS m/z (ES+) 260 ([M + H]+, 97%), 282 ([M + Na]+, 100%); HPLC RT = 

9.98 min, purity 98.7% (M1). 

 

4.2.11. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-[hydroxy(pyridine-3-yl)methyl]phenol (9j)  

To a solution of 3-bromopyridine (351 mg, 2.22 mmol, 5.1 eq) in anhydrous THF (2 mL) was added 

a 1.3 M solution of isopropylmagnesium chloride lithium chloride complex (2.00 mL, 378 mg, 

2.60 mmol, 6.0 eq) in THF dropwise at rt. The reaction mixture was stirred for 2 h, after which time 

a solution of 17 (94 mg, 433 µmol, 1.0 eq) in anhydrous THF (2 mL) was added dropwise, and the 

reaction solution stirred at rt for 4 h. The reaction was quenched with a saturated aqueous solution 

of NH4Cl (15 mL), and the aqueous phase was extracted with EtOAc (3 × 15 mL). The combined 

organic layers were washed with H2O (45 mL), brine (45 mL), dried over anhydrous MgSO4, filtered, 

and concentrated in vacuo. Purification by silica gel chromatography, eluting with MeOH in CH2Cl2 

(gradient elution 0 → 10%) afforded 9j (94 mg, 73%) as a colourless solid: Rf (10% MeOH/CH2Cl2) 

0.46; νmax (thin film)/cm–1: 2970 (br), 2949 (w), 2923 (br), 2866 (br), 2844 (w); 1H NMR (400 MHz, 

DMSO-D6) δ 9.57 (1H, s, C(1)OH), 8.62 (1H, d, J = 2.0 Hz, C(2’’)H), 8.44 (1H, dd, J = 4.8, 2.0 Hz, 

C(6’’)H), 7.76 (1H, ddd, J = 7.9, 2.0, 2.0 Hz, C(4’’)H), 7.35 (1H, dd, J = 7.9, 4.8 Hz, C(5’’)H), 6.87-

6.76 (2H, m, C(4)H & C(6)H), 6.61 (1H, dd, J = 2.3, 1.6 Hz, C(2)H), 6.07 (1H, d, J = 4.0, CHOH), 

5.75 (1H, d, J = 4.0, CHOH), 2.37 (3H, s, C(5’)CH3), 2.19 (3H, s, C(3’)CH3); 
13C NMR (101 MHz, 

CD3OD) δ 166.9 (C(5’)), 159.9 (C(3’)), 159.3 (C(1)), 148.8 (C(6’’)), 148.6 (C(2’’)), 147.4 (C(3’’) or 

C(5)), 142.4 (C(5) or C(3’’)), 136.4 (C(4’’)), 132.8 (C(3)), 125.1 (C(5’’)), 119.5 (C(4)), 117.8 (C(4’)), 

116.2 (C(2)), 113.9 (C(6)), 74.3 (CHOH), 11.5 (C(5’)CH3), 10.7 (C(3’)CH3); HRMS m/z (ES−) Found: 

295.1092. C17H17N2O3
− requires M− 295.1088; LRMS m/z (ES−) 295 ([M – H]–, 100%); HPLC RT = 

8.29 min, purity 97.8% (M1). 

 

4.2.12 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-[hydroxy(pyridine-4-yl)methyl]phenol (9k)  

To a solution of 4-iodopyridine (242 mg, 1.18 mmol, 5.1 eq) in anhydrous THF (4 mL) was added a 

2 M solution of isopropylmagnesium chloride (1.20 mL, 247 mg, 2.40 mmol, 10.3 eq) in THF 

dropwise at rt and the reaction solution was stirred for 1 h. To a solution of 17 (50 mg, 230 µmol, 

1.0 eq) in anhydrous THF (4 mL) was added a portion of the above Grignard solution (2.60 mL, 
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590 µmol, 2.6 eq), and the solution was stirred at rt for 4 h, then was heated at 50 °C for 18 h. The 

reaction was quenched with a saturated aqueous solution of NH4Cl (15 mL), and the aqueous 

phase was extracted with EtOAc (3 × 15 mL). The combined organic layers were washed with H2O 

(45 mL), passed through an anhydrous frit and concentrated in vacuo. Purification by silica gel 

chromatography, eluting with MeOH in CH2Cl2 (gradient elution 0 → 20%) afforded 9k (6 mg, 9%) 

as a yellow oil: Rf (10% EtOAc/cyclohexane) 0.40; νmax (thin film)/cm–1: 3356 (br) (O–H), 2482 (br), 

2244 (w), 2072 (m), 1598 (m); 1H NMR (400 MHz, CD3OD) δ 8.56-8.43 (2H, m, C(2’’)H & C(6’’)H), 

7.53-7.48 (2H, m, C(3’’)H & C(5’’)H), 6.87-6.84 (1H, m, C(6)H), 6.84-6.81 (1H, m, C(4)H), 6.67 (1H, 

dd, J = 2.2, 1.6 Hz, C(2)H), 5.78 (1H, s, CHOH), 2.38 (3H, s, C(5’)CH3), 2.22 (3H, s, C(3’)CH3); 
13C 

NMR (101 MHz, CD3OD) δ 166.9 (C(5’)), 159.9 (C(3’)), 159.3 (C(1)), 156.4 (C(5) or C(4’’)), 150.0 

(C(2’’)H & C(6’’)H), 147.0 (C(4’’) or C(5)), 132.9 (C(3)), 123.0 (C(3’’) & C(5’’)), 119.8 (C(4)), 117.8 

(C(4’)), 116.4 (C(2)), 114.1 (C(6)), 75.2 (CHOH), 11.4 (C(5’)CH3), 10.7 (C(3’)CH3); HRMS m/z (ES+) 

Found: 297.1238. C17H17N2O3
+ requires M+ 297.11234; LRMS m/z (ES+) 297 ([M + H]+, 100%); 

HPLC RT = 8.27 min, purity 95.4% (M1). 

 

4.2.13. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-[(3-fluorophenyl)(hydroxyl)methyl]phenol (9l) 

To a solution of 1-fluoro-3-iodobenzene (270 µL, 511 mg, 2.30 mmol, 5.3 eq) in anhydrous THF 

(8 mL) was added a 1.3 M solution of isopropylmagnesium chloride lithium chloride (2.00 mL, 

378 mg, 2.60 mmol, 5.8 eq) in THF dropwise at –10 °C. The reaction solution was warmed to rt 

and stirred for 5 h. To a solution of 17 (94 mg, 433 µmol, 1.0 eq) in anhydrous THF (8 mL) was 

added dropwise a portion of the above Grignard solution (4.00 mL, 909 µmol, 2.1 eq). The reaction 

was stirred at rt for 3 h, then was heated at 50 °C for 18 h. Additional Grignard solution (1.00 mL, 

227 µmol, 0.5 eq) was added and the reaction solution was heated at 50 °C for 2 h, before addition 

of the remaining Grignard solution (5.00 mL, 1.15 mmol, 2.7 eq). The reaction solution was stirred 

at 50 °C for 1 h, then the reaction was quenched with a saturated aqueous solution of NH4Cl 

(15 mL), and the aqueous phase was extracted with EtOAc (3 × 15 mL). The combined organic 

layers were washed with H2O (45 mL), passed through an anhydrous frit and concentrated in 

vacuo. Purification by silica gel chromatography, eluting with EtOAc in cyclohexane (gradient 

elution 5 → 100%) followed by mass-directed autopurification (0.1% formic acid, gradient elution 
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MeCN / H2O 15 → 55%) afforded 9l (15 mg, 11%) as a clear and colourless oil that solidified under 

vacuum to give a colourless, amorphous solid: Rf (50% EtOAc/petroleum ether) 0.49; νmax (thin 

film)/cm–1: 3291 (br) (O–H), 2470 (br), 1593 (s); 1H NMR (400 MHz, CD3OD) δ 7.37-7.29 (1H, m, 

C(5’’)H), 7.24-7.19 (1H, m, C(6)H), 7.19-7.13 (1H, m, C(2’’)H or C(4’’)H), 7.01-7.93 (1H, m, C(4’’)H 

or C(2’’)H), 6.88-8.83 (1H, m, C(6)H), 6.82-6.78 (1H, m, C(4)H), 6.67-6.62 (1H, m, C(2)H), 5.76 

(1H, s, CHOH), 2.38 (3H, s, C(5’)CH3), 2.22 (3H, s, C(3’)CH3); 
13C NMR (101 MHz, CD3OD) δ 

168.8 (C(5’)), 164.3 (d, J = 245 Hz, C(3’’)), 159.9 (C(3’)), 159.1 (C(1)), 148.9 (d, J = 7 Hz, C(1’’)), 

147.9 (C(5)), 132.5 (C(3)), 131.0 (d, J = 8 Hz, C(5’’)), 123.4 (d, J = 3 Hz, C(6’’)), 119.7 (C(4)), 

117.9 (C(4’)), 115.9 (C(2)), 114.8 (d, J = 21 Hz, C(2’’) or C(4’’)), 114.1 (d, J = 22 Hz, C(4’’) or 

C(2’’)), 114.0 (C(6)), 75.9 (CHOH), 11.4 (C(5’)CH3), 10.7 (C(3’)CH3); 
19F NMR (377 MHz, CD3OD) 

δ –115.4; HRMS m/z (ES–) Found: 312.1043. C18H15FNO3
– requires M– 312.1041; LRMS m/z (ES−) 

312 ([M – H]–, 100%); HPLC RT = 11.08 min, purity 95.4% (M1). 

 

4.2.14. 3-{[3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-hydroxyphenyl](hydroxyl)methyl}benzonitrile 

(9m)  

To a solution of 4-iodobenzonitrile (484 mg, 2.11 mmol, 4.4 eq) in anhydrous THF (2 mL) was 

added a 1.3 M solution of isopropylmagnesium chloride lithium chloride complex (2.00 mL, 378 mg, 

2.60 mmol, 5.4 eq) in THF dropwise at –10 °C. The reaction solution was stirred for 4 h. To a 

solution of 17 (105 mg, 483 µmol, 1.0 eq) in anhydrous THF (8 mL) at –10 °C was added dropwise 

the Grignard solution. The solution was stirred for 3 h, then was warmed to rt and quenched with a 

saturated aqueous solution of NH4Cl (15 mL), and the aqueous phase was extracted with EtOAc (3 

× 15 mL). The combined organic layers were washed with H2O (45 mL) and brine (45 mL), dried 

over anhydrous MgSO4, filtered, and concentrated in vacuo. Purification by silica gel 

chromatography, eluting with EtOAc in petroleum ether (gradient elution 10 → 60%) afforded 9m 

(34 mg, 23%) as a clear and colourless oil: Rf (50% EtOAc/petroleum ether) 0.32; νmax (thin 

film)/cm–1: 3319 (br) (O–H), 2972 (w), 2230 (w) (C≡N), 1632 (w), 1595 (m); 1H NMR (400 MHz, 

CD3OD) δ 7.71-7.66 (2H, m, C(3’’)H & C(5’’)H), 7.62-7.57 (2H, m, C(2’’)H & C(6’’)H), 6.83-6.80 (1H, 

m, C(6)H), 6.79-6.77 (1H, m, C(4)H), 6.79-6.77 (1H, m, C(2)H), 5.79 (1H, s, CHOH), 2.36 (3H, s, 
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C(5’)CH3), 2.20 (3H, s, C(3’)CH3); 
13C NMR (126 MHz, CD3OD) δ 165.5 (C(5’)), 158.5 (C(3’)), 

157.8 (C(1)), 150.3 (C(5)), 146.0 (C≡N), 131.9 (C(3’’) and C(5’’)), 131.3 (C(3)), 127.0 (C(2’’) and 

C(6’’)), 118.4 (C(4’’)), 118.3 (C(4)), 116.4 (C(4’)), 114.7 (C(2)), 112.6 (C(6)), 110.5 (C(1’’)), 74.5 

(CHOH), 10.0 (C(5’)CH3), 9.3 (C(3’)CH3); HRMS m/z (ES+) Found: 343.1061. C19H16N2NaO3
+ 

requires M+ 343.1053; LRMS m/z (ES–) 319 ([M – H]–, 52%), 639 ([2M – H]–, 100%); HPLC RT = 

10.83 min, purity 95.7% (M1).  

 

4.2.15. 3-[(5-Chloropyridin-2-yl)(hydroxyl)methyl]-5-(3,5-dimethyl-1,2-oxazol-4-yl)phenol (9n) 

To a solution of 5-chloro-2-iodopyridine (532 mg, 2.22 mmol, 5.1 eq) in anhydrous THF (2 mL) was 

added a 1.3 M solution of isopropylmagnesium chloride lithium chloride complex (2.00 mL, 378 mg, 

2.60 mmol, 6.0 eq) in THF dropwise at rt. The reaction solution was stirred for 2 h. To a solution of 

17 (94 mg, 433 µmol, 1.0 eq) in anhydrous THF (2 mL) was added dropwise a portion of the above 

Grignard solution (2.00 mL, 1.11 mmol, 2.6 eq). The reaction was stirred at rt for 23 h, then was 

heated at 50 °C for 21 h, before the remaining Grignard solution (2.00 mL, 1.11 mmol, 2.6 eq) was 

added. The reaction solution was stirred for a further 5 h at 50 °C, then the reaction was quenched 

with a saturated aqueous solution of NH4Cl (15 mL), and the aqueous phase was extracted with 

EtOAc (3 × 15 mL). The combined organic layers were washed with H2O (45 mL) and brine 

(45 mL), dried over anhydrous MgSO4, filtered, and concentrated in vacuo. Purification by silica gel 

chromatography, eluting with acetone in petroleum ether (gradient elution 20 → 80%) afforded 9n 

(22 mg, 15%) as a clear and colourless oil. Precipitation from CHCl3 and hexane afforded 9n as a 

colourless amorphous solid: Rf (50% EtOAc/cyclohexane) 0.35; νmax (thin film)/cm–1: 3457 (br), 

3016 (br) (O–H), 2970 (w), 2837 (w), 1631 (m), 1369 (s); 1H NMR (400 MHz, CD3OD) δ 8.45 (1H, d, 

J = 2.4 Hz, C(6’’)H), 7.85 (1H, dd, J = 8.5, 2.4 Hz, C(4’’)H), 7.61 (1H, d, J = 8.5 Hz, C(3’’)H), 6.87-

6.80 (2H, m, C(4)H and C(6)H), 6.61 (1H, dd, J = 1.8, 1.8 Hz, C(2)H), 5.76 (1H, s, CHOH), 2.36 

(3H, s, C(5’)CH3), 2.20 (3H, s, C(3’)CH3); 
13C NMR (126 MHz, CD3OD) δ 166.9 (C(5’)), 163.1 

(C(2’’)), 159.9 (C(3’)), 159.2 (C(1)), 148.1 (C(6’’)), 146.6 (C(5)), 138.3 (C(4’’)), 132.6 (C(3)), 131.9 

(C(5’’)), 123.1 (C(3’’)), 119.6 (C(6)), 117.8 (C(4’)), 116.1 (C(2)), 114.0 (C(4)), 76.7 (CHOH), 11.4 

(C(5’)CH3), 10.7 (C(3’)CH3); HRMS m/z (ES+) Found: 353.0659. C17H15ClN2NaO3
+ requires M+ 

353.0663; LRMS m/z (ES–) 329 ([M – H]–, 100%); HPLC RT = 9.93 min, purity 97.2% (M1). 
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4.2.16. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-[(2-fluorophenyl)(hydroxyl)methyl]phenol (9o) 

To a solution of 1-bromo-2-fluorobenzene (27.0 µL, 43 mg, 247 µmol, 1.2 eq) in anhydrous THF 

(2 mL) at –78 °C was added a 2.3 M solution of nBuLi in THF (12.0 µL, 28 mg, 431 µmol, 2.1 eq). 

The reaction solution was stirred at –78 °C for 40 min before a solution of 18 (75 mg, 201 µmol, 

1.0 eq) in anhydrous THF (2 mL) was added. The solution was stirred at –78 °C for 3 h, then was 

warmed to rt and quenched with H2O (5 mL) and neutralised with an aqueous 1 M solution of HCl. 

The THF was removed in vacuo, and the aqueous phase was extracted with EtOAc (3 × 10 mL). 

The combined organic layers were washed with H2O (30 mL) and brine (30 mL), dried over 

anhydrous MgSO4, filtered, and concentrated in vacuo. To a solution of the resulting residue in 

distilled THF (5 mL) at 0 °C was added a 1 M solution of TBAF (65.0 µL, 59 mg, 224 µmol, 1.1 eq) 

in THF. The solution was stirred at 0 °C for 2 h, then the volatile components were removed in 

vacuo. The resulting residue was partitioned between H2O (10 mL) and EtOAc (10 mL). The 

phases were separated, the aqueous layer was extracted with EtOAc (2 × 10 mL) and the 

combined organic layers were washed with brine (30 mL), dried over anhydrous MgSO4, filtered, 

and concentrated in vacuo. Purification by silica gel chromatography, eluting with EtOAc in 

petroleum ether (gradient elution 20 → 100%) afforded 9o (11 mg, 17%) as a clear and colourless 

oil, which was precipitated from CHCl3 with hexane to give a colourless, amorphous solid: Rf (50% 

EtOAc/petroleum ether) 0.45; νmax (thin film)/cm–1: 2970 (w), 2866 (br), 2844 (br), 1739 (s), 1435 

(w), 1371 (w); 1H NMR (500 MHz, CD3OD) δ 7.56 (1H, ddd, J = 7.6, 7.6, 1.6 Hz, C(6’’)H), 7.30-7.24 

(1H, m, C(4’’)H), 7.17 (1H, ddd, J = 7.6, 7.6, 1.0 Hz, C(5’’)H), 7.04 (1H, ddd, J = 10.5, 8.1, 1.0 Hz, 

C(3’’)H), 6.84-6.82 (1H, m, C(6)H), 6.78-6.76 (1H, m, C(4)H), 6.62-6.60 (1H, m, C(2)H), 6.03 (1H, s, 

CHOH), 2.35 (3H, s, C(5’)CH3), 2.19 (3H, s, C(3’)CH3); 
13C NMR (126 MHz, CD3OD) δ 166.8 

(C(5’)), 161.2 (d, J = 244 Hz, C(2’’)), 159.9 (C(3’)), 159.0 (C(1)), 147.3 (C(5)), 132.9 (d, J = 13 Hz, 

C(1’’)), 132.4 (C(3)), 130.1 (d, J = 8 Hz, C(5’’)), 128.8 (d, J = 4 Hz, C(3’’)), 125.4 (d, J = 3 Hz, 

C(4’’)), 119.5 (C(4)), 117.9 (C(4’)), 116.1 (d, J = 22 Hz, C(6’)), 115.8 (C(2)), 113.9 (C(6)), 69.9 (d, 

J = 3 Hz, CHOH), 11.4 (C(5’)CH3), 10.7 (C(3’)CH3); 
19F NMR (377 MHz, CD3OD) δ –120.6; HRMS 

m/z (ES+) Found: 336.1013. C18H16FNNaO3
+ requires M+ 336.1006; LRMS m/z (ES+) 314 ([M + H]+, 

100%); HPLC RT = 11.00 min, purity 95.2% (M1). 
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4.2.17. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-[hydroxy(pyridine-2-yl)methyl]phenol (9p) 

To a solution of 2-bromopyridine (38.0 µL, 64 mg, 402 µmol, 1.5 eq) in Et2O (3mL) at -78 °C was 

added a 2.3 M solution of nBuLi in hexanes (180 µL, 420 mg, 414 µmol, 1.5 eq). The reaction 

solution was stirred at –78 °C for 40 min, then was warmed to rt and stirred for a further 40 min 

before cooling to –78 °C. To this was added a solution of 18 (100 mg, 268 µmol, 1.0 eq) in Et2O 

(5 mL). The solution was allowed to warm to rt, over 16 h then the reaction was quenched with 

H2O (5 mL) and neutralised with an aqueous 20% (w/v) solution of NH4Cl. The aqueous phase was 

extracted with EtOAc (4 × 10 mL). The combined organic layers were washed with brine (40 mL), 

dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. Purification by silica gel 

chromatography, eluting with EtOAc in 30-40 °C petroleum ether (gradient elution 4 → 50%) 

afforded the TIPS-protected intermediate (65 mg, 54%) as a yellow oil. To a solution of this 

intermediate (50 mg, 110 µmol, 1.0 eq) in distilled THF (2 mL) at 0 °C was added a 1 M solution of 

TBAF (121 µL, 110 mg, 121 µmol, 1.1 eq). The reaction was stirred at 0 °C for 30 min, then the 

volatile components were removed in vacuo. Purification by silica gel chromatography, eluting with 

acetone in 30-40 °C petroleum ether (gradient elution 20 → 60%) afforded 9p (29 mg, 89%) as a 

colourless solid: Rf (40% EtOAc/petroleum ether) 0.26; mp 221-223 °C (acetone); νmax (thin 

film)/cm-1: 3389 (br), 2925 (w), 1593 (s); 1H NMR (400 MHz, DMSO-D6) δ 9.53 (1H, s, C(1)OH), 

8.48-8.43 (1H, m, C(6’’)H), 7.78 (1H, ddd, J = 9.5, 7.6, 1.8 Hz, C(4’’)H), 7.59-7.54 (1H, m, C(3’’)H), 

7.24 (1H, ddd, J = 7.6, 4.9, 1.1 Hz, C(5’’)H), 6.84-6.79 (2H, m, C(4)H & C(6)H), 6.59-6.56 (1H, m, 

C(2)H), 6.08 (1H, d, J = 4.1 Hz, CHOH), 5.66 (1H, d, J = 4.1, CHOH), 2.35 (3H, s, C(5’)CH3), 2.17 

(3H, s, C(3’)CH3); 
13C NMR (126 MHz, DMSO-D6) δ 164.9 (C(5’)), 163.9 (C(3’)), 157.9 (C(1)), 

157.4 (C(2’’)), 148.3 (C(6’’)), 146.4 (C(5)), 136.8 (C(4’’)), 130.5 (C(3)), 122.2 (C(5’’)), 120.0 (C(3’’)), 

117.7 (C(4)), 115.9 (C(4’)), 114.1 (C(2)), 112.4 (C(6)), 75.4 (CHOH), 11.3 (C(5’)CH3), 10.5 

(C(3’)CH3); HRMS m/z (ES+) Found: 319.1048. C17H17N2NaO3
+ requires M+ 319.1053; LRMS m/z 

(ES+) 297 ([M + H]+, 100%), 319 ([M + Na]+, 20%); HPLC RT = 8.42 min, purity 98.9% (M1). 

 

4.2.18. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-[(4-methylpiperazin-1-yl)methyl]phenol (10a)  

To a solution of 17 (106 mg, 488 µmol, 1.0 eq) and 1-methylpiperazine (70.0 µL, 63 mg, 631 µmol, 

1.3 eq) in EtOH (5 mL) was added AcOH dropwise until the solution was pH 4. The reaction 
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solution was stirred at rt for 20 min before addition of NaBH3CN (20 mg, 318 µmol, 0.7 eq). The 

solution was stirred for a further 17 h and the volatile components were removed in vacuo. 

Purification by silica gel chromatography, eluting with MeOH in CH2Cl2 (gradient elution 0 → 20%) 

yielded 10a (101 mg, 69%) as an oil that crystallised under vacuum. A small sample of 10a was 

purified by semi-preparative HPLC for biological testing. The degree of TFA salt formation was 

quantified using 1,4-difluorobenzene (DFB) as an internal standard in 19F NMR and gave a TFA 

content of 19.2% (w/w). The difference in relaxation times of 19F nuclei of TFA and DFB was 

addressed by an external calibration using samples containing known amounts of TFA and DFB. 

Rf (20% MeOH/CH2Cl2) 0.43; mp free amine 144-146 °C (MeOH), TFA salt (from MeCN) > 250 °C; 

νmax (thin film)/cm–1: 2965 (w), 2813 (w), 1589 (m); 1H NMR (400 MHz, CD3OD) δ 6.91-6.84 (2H, m, 

C(4)H & C(6)H), 6.79-6.74 (1H, m, C(2)H), 3.99 (2H, s, CH2Ar), 3.53-3.36 (4H, m, 4 × NCH2), 3.28-

3.04 (4H, m, 4 × NCH2), 2.92 (3H, s, NCH3), 2.41 (3H, s, C(5’)CH3), 2.25 (3H, s, C(3’)CH3); 
13C 

NMR (126 MHz, CD3OD) δ 167.0 (C(5’)H), 159.9 (C(3’)H), 159.5 (C(1)), 137.6 (C(3)), 132.5 (C(5)), 

122.5 (C(4)), 117.6 (C(2)), 115.8 (C(6)), 114.1 (C(4’)), 62.0 (CH2Ar), 53.8 (2 × NCH2), 50.5 (2 × 

NCH2), 43.5 (CH3), 11.4 (C(5’)CH3), 10.7 (C(3’)CH3); 
19F NMR (377 MHz, CD3OD) δ –77.3; HRMS 

m/z (ES+) Found: 302.1858. C17H24N3O2
+ requires M+ 302.1863; LRMS m/z (ES+) 302 ([M + H]+, 

100%); HPLC RT = 8.14 min, purity 99.7% (M1). 

 

4.2.19. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-(morpholin-4-ylmethyl)phenol (10b) 

To a solution of 17 (100 mg, 460 µmol, 1.0 eq) and morpholine (50.0 µL, 50 mg, 572 µmol, 1.2 eq) 

in EtOH (5 mL) was added AcOH dropwise until the solution was pH 4. The reaction solution was 

stirred at rt for 40 min before addition of NaBH3CN (23 mg, 366 µmol, 0.8 eq). The solution was 

stirred for a further 23 h and the volatile components were removed in vacuo. Purification by silica 

gel chromatography, eluting with EtOAc in petroleum ether (gradient elution 40 → 100%) yielded 

10b (27 mg, 20%) as a yellow oil. A small sample of 10b was purified by semi-preparative HPLC 

for biological testing. The degree of TFA salt formation was quantified using 1,4-difluorobenzene 

(DFB) as an internal standard in 19F NMR and gave a TFA content of 23.9% (w/w). The difference 

in relaxation times of 19F nuclei of TFA and DFB was addressed by an external calibration using 

samples containing known amounts of TFA and DFB. Rf (80% EtOAc/petroleum ether) 0.10; νmax 
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(thin film)/cm–1: 2982 (m), 2886 (w), 2359 (m), 2344 (m), 1673 (m); mp TFA salt (MeCN) > 250 °C; 

1H NMR (400 MHz, CD3OD) δ 6.97 (1H, dd, J = 1.9, 1.9 Hz, C(4)H), 6.94 (1H, dd, J = 1.4, 1.4 Hz, 

C(6)H), 6.88 (1H, dd, J = 1.9, 1.4 Hz, C(2)H), 4.34 (2H, s, CH2Ar), 4.19-3.94 (2H, m, 2 × CHAHB), 

3.87-3.63 (2H, m, 2 × CHAHB), 3.50-3.07 (4H, m, 2 × CH2), 2.42 (3H, s, C(5’)CH3), 2.27 (3H, s, 

C(3’)CH3); 
13C NMR (126 MHz, CD3OD) δ 167.2 (C(5’)), 160.0 (C(3’)), 159.8 (C(1)), 133.9 (C(3)), 

131.7 (C(5)), 123.8 (C(4)), 118.7 (C(2)H), 118.4 (C(6)), 117.1 (C(4’)), 64.9 (2 × CH2O), 61.7 

(CH2Ar), 52.9 (2 × CH2N), 11.5 (C(5’)CH3), 10.7 (C(3’)CH3); 
19F NMR (377 MHz, CD3OD) δ –77.1; 

HRMS m/z (ES+) Found: 289.1547. C16H21N2O3
+ requires M+ 289.1547; LRMS m/z (ES+) 289 

([M + H]+, 100%); HPLC RT = 8.58 min, purity 99.5% (M1). 

 

4.2.20. 3-[(Benzylamino)methyl]-5-(3,5-dimethyl-1,2-oxazol-4-yl)phenol (10c) 

To a solution of benzylamine (100 µL, 98 mg, 916 µmol, 1.9 eq) and AcOH (100 µL, 104 mg, 

1.75 mmol, 3.6 eq) in EtOH (5 mL) was added 17 (105 mg, 483 µmol, 1.0 eq). The reaction 

solution was stirred at rt for 30 min, then NaBH3CN (39 mg, 621 µmol, 1.3 eq) was added. The 

solution was stirred for a further 19 h, then the volatile components were removed in vacuo. 

Purification by silica gel chromatography, eluting with EtOH in EtOAc (gradient elution 0 → 50%), 

followed by ISOLUTE® SCX-2 amine catch and release column yielded 10c (103 mg, 69%) as a 

clear and colourless oil. A small sample of 10c was purified by semi-preparative HPLC for 

biological testing. The degree of TFA salt formation was quantified using 1,4-difluorobenzene (DFB) 

as an internal standard in 19F NMR and gave a TFA content of 18.6% (w/w). The difference in 

relaxation times of 19F nuclei of TFA and DFB was addressed by an external calibration using 

samples containing known amounts of TFA and DFB. Rf free amine (70% EtOAc/petroleum ether) 

0.18; νmax (thin film)/cm–1: 2982 (w), 2361 (m), 2344 (m), 1670 (m); mp TFA salt > 250 °C (MeCN); 

1H NMR (500 MHz, CD3OD) δ 7.52-7.44 (5H, m, C6H5), 6.95-6.92 (1H, m, C(6)H), 6.91-6.88 (1H, m, 

C(4)H), 6.84-6.81 (1H, m, C(2)H), 4.26 (2H, s, CH2Ph), 4.22 (2H, s, CH2Ar), 2.41 (3H, s, C(5’)CH3), 

2.25 (3H, s, C(3’)CH3); 
13C NMR (126 MHz, CDCl3) δ 167.2 (C(5’)), 159.8 (C(3’)) & (C(1)), 134.5 

(C(5)), 133.8 (C(3)), 132.4 (C(1’’)), 131.1 (C(2’’) & C(6’’) or C(3’’) & C(5’’)), 130.8 (C(4’’)), 130.3 

(C(3’’) & C(5’’) or C(2’’) & C(6’’)), 122.4 (C(4)), 118.1 (C(2)), 117.4 (C(4’)), 117.2 (C(6)), 52.2 

(CH2Ph), 51.8 (CH2Ar), 11.5 (C(5’)CH3), 10.7 (C(3’)CH3); 
19F NMR (377 MHz, CD3OD) δ –77.1; 
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HRMS m/z (ES+) Found: 309.1592. C19H21O2N2
+ requires M+ 309.1598; LRMS m/z (ES+) 309 ([M + 

H]+, 100%); HPLC RT = 9.67 min, purity 97.7% (M1). 

 

4.2.21. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-(4,4-difluoropiperidin-1-ylmethyl)phenol (10d) 

To a solution of 4,4-difluoropiperidine hydrochloride (156 mg, 987 µmol, 2.1 eq) in EtOH (5 mL) 

was added 17 (100 mg, 460 µmol, 1.0 eq). The reaction solution was stirred at rt for 30 min, then 

NaBH3CN (49 mg, 780 µmol, 1.6 eq) was added. The solution was stirred for a further 19 h, then 

the volatile components were removed in vacuo. Purification by silica gel chromatography, eluting 

with EtOAc in petroleum ether (gradient elution 15 → 100%), followed by ISOLUTE® SCX-2 amine 

catch and release column yielded 10d (49 mg, 33%) as a clear and colourless oil. A small sample 

of the 10d was purified by semi-preparative HPLC before biological evaluation. The degree of 

protonation was quantified by 19F NMR and gave a TFA content of 31.5% (w/w). Rf free amine (100% 

EtOAc) 0.69; νmax (thin film)/cm–1: 2982 (m), 2886 (w), 2359 (m), 2344 (m), 2160 (w); mp TFA salt > 

250 °C (MeCN); 1H NMR (400 MHz, CD3OD) δ 6.99-6.96 (1H, m, C(6)H), 6.94 (1H, dd, J = 1.4, 1.4 

Hz, C(4)H), 6.90-6.87 (1H, m, C(2)H), 4.37 (2H, s, CH2Ar), 3.71-3.22 (4H, m, 2 × NCH2), 2.48-2.23 

(4H, m, 2 × CF2CH2), 2.42 (3H, s, C(5’)CH3), 2.27 (3H, s, C(3’)CH3); 
13C NMR (126 MHz, CDCl3) δ 

167.2 (C(5’)), 160.0 (C(3’)), 159.8 (C(1)), 134.0 (C(3)), 132.5 (C(5)), 123.5 (C(4)), 120.2 (t, J = 

242 Hz, CF2), 118.7 (C(6)), 118.2 (C(2)), 117.1 (C(4’)), 60.7 (CH2Ar), 50.4 (t, J = 6 Hz, 2 × NCH2), 

32.1 (t, J = 26 Hz, 2 × CF2CH2), 11.5 (C(5’)CH3), 10.7 (C(3’)CH3); 
19F NMR (377 MHz, CD3OD) δ –

77.0 (CF3CO2), –98.7 (1F, d, J = 195 Hz, CFAFB), –104.9 (1F, d, J = 195 Hz, CFAFB); HRMS m/z 

(ES+) Found: 323.1560. C17H21O2N2F2
+ requires M+ 323.1566; LRMS m/z (ES+) 323 ([M + H]+, 

100%); HPLC RT = 9.29 min, purity 99.6% (M1). 

 

4.2.22. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-(piperidin-1-ylmethyl)phenol (10e) 

To a solution of piperidine (50.0 µL, 43 mg, 506 µmol, 1.5 eq) and AcOH (50.0 µL, 52 mg, 

873 µmol, 2.7 eq) in EtOH (5 mL) was added 18 (123 mg, 329 µmol, 1.0 eq). The reaction solution 

was stirred at rt for 1 h, then NaBH3CN (11 mg, 175 µmol, 0.5 eq) was added. The solution was 

stirred for a further 22 h, then the volatile components were removed in vacuo. Purification by silica 

gel chromatography, eluting with EtOAc in petroleum ether (gradient elution 0 → 50%), followed by 
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ISOLUTE® SCX-2 amine catch and release column yielded an oil that contained a mixture of 10e 

(1 mg, 3.49 µmol) and the TIPS-protected intermediate (14 mg, 31.6 µmol). To a solution of the oil 

resuspended in distilled THF (1 mL) was added a 1 M solution of TBAF (35.0 µL, 32 mg, 35.0 µmol, 

1.1 eq) in THF dropwise at 0 °C. The reaction was warmed to rt and stirred for 2 h, then the 

reaction was quenched with H2O (5 mL). The aqueous phase was extracted with EtOAc (3 × 5 mL), 

and the combined organic layers were washed with brine (15 mL), dried over anhydrous MgSO4, 

filtered, and concentrated in vacuo. Purification by silica gel chromatography, eluting with EtOH in 

EtOAc (gradient elution 0 → 50%) yielded 10e (11 mg, 8%) as a clear and colourless oil: Rf (20% 

MeOH/CH2Cl2) 0.56; νmax (thin film)/cm–1: 2982 (w), 2938 (w), 2361 (m), 2334 (m); 1H NMR 

(500 MHz, CD3OD) δ 6.79 (1H, dd, J = 1.8, 1.8 Hz, C(4)H), 6.77-6.64 (1H, m, C(6)H), 6.65 (1H, dd, 

J = 1.8, 1.8 Hz, C(2)H), 3.48 (2H, s, CH2Ar), 2.52-2.40 (4H, m, 2 × CH2N), 2.40 (3H, s, C(5’)CH3), 

2.25 (3H, s, C(3’)CH3), 1.61 (4H, tt, J = 5.7, 5.7 Hz, 2 × CH2CH2N), 1.53-1.32 (2H, m, 

CH2CH2CH2N); 13C NMR (126 MHz, CD3OD) δ 166.8 (C(5’)), 160.0 (C(3’)), 159.1 (C(1)), 140.5 

(C(5)), 132.4 (C(3)), 122.6 (C(4)), 117.9 (C(4’)), 117.2 (C(6)), 116.0 (C(2)), 64.5 (CH2Ar), 55.4 (2 × 

CH2N), 26.5 (2 × CH2CH2N), 25.1 (CH2CH2CH2N), 11.5 (C(5’)CH3), 10.7 (C(3’)CH3); HRMS m/z 

(ES+) Found: 287.1759. C17H23N2O2
+ requires M+ 287.1754; LRMS m/z (ES+) 287 ([M + H]+, 100%); 

HPLC RT = 9.24 min, purity 99.2% (M1).  

 

4.2.23. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-(pyrrolidin-1-ylmethyl)phenol (10f) 

To a solution of pyrrolidine (50.0 µL, 43 mg, 493 µmol, 1.3 eq) and AcOH (50.0 µL, 52 mg, 

873 µmol, 2.4 eq) in EtOH (5 mL) was added 18 (138 mg, 369 µmol, 1.0 eq). The reaction solution 

was stirred at rt for 1 h, then NaBH3CN (13 mg, 207 µmol, 0.6 eq) was added. The solution was 

stirred for a further 22 h, then the volatile components were removed in vacuo. Purification by silica 

gel chromatography, eluting with EtOAc in petroleum ether (gradient elution 0 → 50%), followed by 

ISOLUTE® SCX-2 amine catch and release column yielded an oil that contained a mixture of 10f 

(10 mg, 3.67 µmol) and the TIPS-protected intermediate (54 mg, 126 µmol). To a solution of the oil 

resuspended in distilled THF (2 mL) was added a 1 M solution of TBAF (200 µL, 181 mg, 200 µmol, 

1.6 eq) in THF dropwise at 0 °C. The reaction was warmed to rt and stirred for 1 h, then the 

reaction was quenched with H2O (5 mL). The aqueous phase was extracted with EtOAc (3 × 5 mL), 
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and the combined organic layers were washed with brine (15 mL), dried over anhydrous MgSO4, 

filtered, and concentrated in vacuo. Purification by silica gel chromatography, eluting with EtOH in 

EtOAc (gradient elution 0 → 40%) yielded 10f (33 mg, 33%) as a clear and colourless oil: Rf (20% 

MeOH/CH2Cl2) 0.44; νmax (thin film)/cm–1: 2961 (m), 2930 (m), 1632 (w), 1593 (s); 1H NMR 

(500 MHz, CD3OD) δ 6.81 (1H, dd, J = 1.7, 1.7 Hz, C(4)H), 6.79-6.77 (1H, m, C(6)H), 6.66 (1H, dd, 

J = 2.2, 1.7 Hz, C(2)H), 3.66 (2H, s, CH2Ar), 2.67-2.60 (4H, m, 2 × CH2N), 2.39 (3H, s, C(5’)CH3), 

2.24 (3H, s, C(3’)CH3), 1.87-1.80 (4H, m, 2 × CH2CH2N); 13C NMR (126 MHz, CD3OD) δ 166.8 

(C(5’)), 159.9 (C(3’)), 159.2 (C(1)), 141.0 (C(5)), 132.6 (C(3)), 122.3 (C(4)), 117.8 (C(4’)), 116.8 

(C(6)), 116.2 (C(2)), 61.1 (CH2Ar), 54.9 (2 × CH2N), 24.1 (2 × CH2CH2N), 11.5 (C(5’)CH3), 10.7 

(C(3’)CH3); HRMS m/z (ES+) Found: 273.1597. C16H21N2O2
+ requires M+ 273.1598; LRMS m/z 

(ES+) 273 ([M + H]+, 100%); HPLC RT = 8.98 min, purity 95.9% (M1). 

 

4.2.24. 3-Benzyl-5-(3,5-dimethylisoxazol-4-yl)phenol (10g) 

To a mixture of 1a (30 mg, 102 μmol, 1.0 eq) and Et3SiH (81 μL, 59 mg, 510 μmol, 5.0 eq) was 

added TFA (0.5 mL). The solution was stirred for 15 min, after which time TLC analysis indicated 

complete consumption of starting material. The reaction was concentrated in vacuo and the 

residues were dissolved in CH2Cl2 (15 mL), washed with a saturated aqueous solution of NaHCO3 

(15 mL), H2O (15 mL), and brine (15 mL), dried (MgSO4), filtered, and concentrated in vacuo. 

Purification by silica gel column chromatography (gradient elution, 3 → 40% EtOAc/40-60 °C 

petroleum ether) gave 10g as a pale brown solid (20 mg, 70%); Rf (30% EtOAc/petroleum ether) 

0.24; mp 100 - 102 °C (acetone); νmax (thin film)/cm–1: 3217 (O‒H) (br), 3026, 2929, 2852 (C‒H) 

(w), 1632 (m), 1593 (s), 1420 (s), 1325 (s), 1258 (m); 1H NMR (500 MHz, D6-acetone) δ 8.44 (1H, 

s, OH), 7.35-7.28 (4H, m, C(2’’)H, C(6’’)H, C(3’’)H, C(5’’)H), 7.24-7.18 (1H, m, C(4’’)H), 6.76-6.73 

(1H, m, C(4)H), 6.73-6.71 (1H, m, C(2)H), 6.69-6.66 (1H, m, C(6)H), 3.98 (2H, s, CH2), 2.38 (3H, s, 

C(5’)CH3), 2.21 (3H, s, C(3’)CH3); 
13C NMR (126 MHz, D6-acetone) δ 164.8 (C(5’)), 158.0, 157.8 

(C(3’), C(1)), 143.7 (C(3)), 141.2 (C(1’’)), 131.7 (C(5)), 128.9 (C(2’’), C(6’’)), 128.4 (C(3’’), C(5’’)), 

126.0 (C(4’’)), 120.7 (C(4)), 116.2 (C(4’)), 114.9 (C(2)), 113.5 (C(6)), 41.3 (CH2), 10.7 (C(5’)CH3), 

10.0 (C(3’)CH3); HRMS m/z (ES) found [M + Na]+
 

302.1151; C18H17NNaO2
+
 requires M+ 302.1151; 
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LRMS m/z (ES+) 280 ([M + H]+, 100%), 302 ([M + Na]+, 88%); HPLC: RT 12.59 min, purity 97.5% 

(M1).  

 

4.2.25. [3-(3,5-Dimethylisoxazol-4-yl)-5-hydroxyphenyl](piperidin-1-yl)methanone (11a) 

To a solution of 21 (50 mg, 214 µmol, 1.0 eq) in THF was added EDC·HCl (62 mg, 323 µmol, 

1.5 eq.) and HOBt hydrate (15 mg, 111 µmol, 0.5 eq). The reaction solution was stirred at rt for 

20 min, then piperidine (64 µL, 55 mg, 644 µmol, 3.0 eq). The mixture was then heated at 55 °C for 

3 days, then diluted with EtOAc (5 mL), and washed with H2O (4 × 5 mL), and brine (3 × 5 mL), 

dried over anhydrous MgSO4, filtered, and concentrated in vacuo. Purification by silica gel 

chromatography, eluting with MeOH in CH2Cl2 (gradient elution 0 → 10%) yielded 11a (36 mg, 

56%) as a colourless solid: Rf (1% AcOH/EtOAc) 0.48; mp 189-191 °C (MeOH); νmax (thin film)/cm-1: 

3188 (br), 2969 (w), 2925 (w), 2857 (w), 1587 (s), 1432 (s), 1363 (w), 1324 (s), 1303 (med), 1244 

(s), 1113 (s), 1071 (w), 1030 (m); 1H NMR (400 MHz, MeOD) δ 6.82 (1H, dd, J = 2.1, 1.5 Hz, 

C(2)H), 6.79 (1H, dd, J = 2.1, 1.5 Hz, C(6)H), 6.77 (1 H, dd, J = 1.5, 1.5 Hz, C(4)H), 3.77-3.63 (2H, 

m, CH2N), 3.50-3.37 (2H, m, CH2N), 2.42 (3H, s, C(5’)CH3), 2.26 (3H, s, C(3’)CH3), 1.77-1.62 (4H, 

m, CH2CH2N & CH2CH2CH2N), 1.62-1.51 (2H, m, CH2CH2N); 13C NMR (101 MHz, MeOD) δ 171.7 

(R2NCO-Ar), 167.2 (C(5’)), 159.8 (C(3’)), 159.4 (C(1)), 139.3 (C(5)), 133.3 (C(3)), 119.1 (C(4)), 

118.3 (C(2)), 117.3 (C(4’)), 113.8 (C(6)), 50.0 (CH2N), 44.3 (CH2N), 27.6 (CH2CH2N), 26.7 

(CH2CH2N), 25.4 (CH2CH2CH2N), 11.4 (C(5’)CH3), 10.6 (C(3’)CH3); HRMS m/z (ES–) Found: 

299.14015. C17H19N2O3
– requires M– 299.1401; LRMS m/z (ES+) 299 ([M – H]–, 100%); HPLC: 

retention time 7.82 min, purity 97.9% (M3). 

 

4.2.26. [3-(3,5-Dimethylisoxazol-4-yl)-5-hydroxyphenyl](morpholin-4-yl)methanone (11b) 

To a solution of 21 (50 mg, 214 µmol,1.0 eq) in THF was added EDC·HCl (62 mg, 323 µmol, 

1.5 eq) and HOBt hydrate (15 mg, 111 µmol, 0.5 eq). The reaction was stirred at rt for 20 min, then 

morpholine (56 µL, 56 mg, 640 µmol, 3.0 eq). The reaction mixture was then heated at 55 °C for 3 

days, then diluted with EtOAc (5 mL), and washed with H2O (4  5 mL) and brine (3  5 mL), dried 

over anhydrous MgSO4, filtered, and concentrated in vacuo. Purification by silica gel 

chromatography, eluting with MeOH in CH2Cl2 (gradient elution 0 → 10%) yielded 11b (34 mg, 
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52%) as a colourless solid: Rf (10% MeOH/CH2Cl2) 0.28; mp 195-197 °C (CH2Cl2); vmax (thin 

film)/cm–1: 3175 (br) 2999 (med), 2937 (w), 2857 (w), 1585 (s), 1473 (m), 1416 (m), 1324 (m), 1253 

(m), 1231 (w), 1206 (w), 1116 (w), 1026 (w); 1H NMR (400 MHz, MeOD) δ 6.85-6.81 (3H, m, C(2)H, 

C(4)H, C(6)H), 3.84-3.44 (8H, m, 2 × OCH2CH2N), 2.40 (3H, s, C(5’)CH3), 2.25 (3H, s¸ C(3’)CH3); 

13C NMR (101 MHz, CDCl3) δ 171.8 (R2NCO-Ar), 167.2 (C(5’)), 159.8 (C(3’)), 159.4 (C(1)), 138.3 

(C(5)), 133.4 (C(3)), 119.3 (C(4)), 118.5 (C(2)), 117.1 (C(4’)), 114.1 (C(6)), 67.7 (2 × OCH2CH2N), 

49.5 (OCH2CH2N), 43.7 (OCH2CH2N), 11.4, 10.6; HRMS m/z (ES–) Found: 301.1193. C16H17N2O4
– 

requires M– 301.1194; LRMS m/z (ES–) 301 ([M - H]–, 100%). HPLC: RT 6.63 min, purity 97.4% 

(M3). 

 

4.2.27. Potassium (3,5-dimethylisoxazol-4-yl)trifluoroborate (13)53 

Following to the procedure of Lennox et al.,54 to a suspension of (3,5-dimethylisoxazol-4-yl)boronic 

acid (12, 2.5 g, 17.74 mmol, 1.0 eq) in CH3CN (15 mL), was added 7 mL of a 10 M aqueous 

solution of KF (4.12 g, 70.96 mmol, 4.0 eq). The reaction mixture was stirred at rt until the boronic 

acid had completely dissolved. A solution of L-(+)-tartaric acid (5.46 g, 36.37 mmol, 2.05 eq) in 

THF (27 mL) was added dropwise to the reaction mixture over a period of 10 minutes. A colourless 

precipitate formed instantly. The suspension was stirred at room temperature for 20 minutes. After 

this time the reaction mixture was filtered. The filter cake was rinsed several times with CH3CN, the 

combined filtrates were concentrated in vacuo to give 13 as a colourless solid (2.62 g, 12.9 mmol, 

73%). Rf (petroleum ether: Et2O 1:1) 0.10; mp >300 °C (acetone) [lit. mp > 200 °C53]; 1H NMR 

(400 MHz, D6-DMSO) δ 2.19 (3H, s, C(5’)CH3), 2.04 (3H, s, C(3’)CH3); 
11B NMR (160 MHz, D6-

DMSO) δ 2.33 (q, J = 49 Hz); 19F NMR (377 MHz, D6-DMSO) δ –134.1 - –134.9 (m); LRMS m/z 

(ES–) 164 ([M – K]–, 82%), 367 ([2M – K]–, 100%). Data are in good agreement with literature 

values.53 

 

4.2.28. 3-Bromo-5-hydroxybenzylalcohol (15)20, 55 

Following the procedure of Hewings et al.,20 to a solution of 3-bromo-5-hydroxybenzoic acid 

(5.15 g, 23.7 mmol, 1.0 eq) in anhydrous THF (200 mL) was added a 1 M solution of borane (70.0 
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mL, 6.02 g, 70.0 mmol, 3.0 eq) in THF dropwise at 0 °C. The reaction solution was warmed to rt 

and stirred for 44 h, then was cooled to 0 °C. This was followed by slow addition of MeOH 

(200 mL), then an aqueous 1 M solution of HCl (100 mL), and then the volatile components were 

removed in vacuo. The resulting residue was resuspended in H2O (150 mL) and extracted with 

EtOAc (3 × 150 mL). The combined organic layers were washed with a saturated aqueous solution 

of NaHCO3 (450 mL), and brine (450 mL), dried over anhydrous MgSO4, filtered, and concentrated 

in vacuo to give 15 (4.65 g, 22.9 mmol, 96%) as an oil that was deemed pure enough for use in the 

next step: Rf (30% EtOAc/petroleum ether) 0.22; 1H NMR (400 MHz, D6-DMSO) δ 9.81 (1H, s, 

C(5)OH), 6.93-6.88 (1H, m, C(2)H), 6.79 (1H, dd, J = 1.9, 1.9 Hz, C(4)H), 6.74-6.70 (1H, m, C(6)H), 

5.25 (1H, t, J = 5.7 Hz, CH2OH), 4.40 (2H, d, J = 5.7 Hz, CH2OH); LRMS m/z (ES–) 201 & 203 

([M(79Br) – H]– & [M(81Br) – H]–, 79%), 403 & 405 & 407 ([M(79Br)M(79Br) – H]– & [M(79Br)M(81Br) – 

H]– & [M(81Br)M(81Br) – H]–, 100%). Data are in good agreement with literature values.20 

 

4.2.29. 3-Bromo-5-hydroxybenzaldehyde (16)21 

To a solution of 3-bromo-5-hydroxybenzylalcohol 15 (1.79 g, 8.77 mmol, 1.0 eq) in CHCl3 (15 mL) 

and ethyl acetate (3 mL) was added activated MnO2 (5.34 g, 61.4 mmol, 7 eq). The reaction 

mixture was heated under reflux for 3 h after which time the reaction was judged to be complete by 

TLC analysis. After this time the suspension was cooled to rt and filtered through Celite®, eluting 

with CH2Cl2. The volatile components were removed in vacuo, and the resulting solid was purified 

by silica gel chromatography, ethyl acetate: petroleum ether 1:3, to yielded 16 (1.39 g, 78%) as an 

off-white solid: Rf (30% EtOAc/petroleum ether) 0.50; mp (from CHCl3) 137-139 °C [lit. mp 137-

140 °C21]; 1H NMR (400 MHz, D6-DMSO) δ 10.45 (1H, s, CHO), 9.86 (1H, s, C(5)OH), 7.52-7.45 

(1H, m, CArH), 7.30-7.19 (2H, m, 2 × CArH); LRMS m/z (ES–) 199 & 201 ([M(79Br) – H]– & [M(81Br) – 

H]–, 31%), 399 & 401 & 403 ([M(79Br)M(79Br) – H]– & [M(79Br)M(81Br) – H]– & [M(81Br)M(81Br) – H]–, 

100%). Data are in good agreement with literature values.21 

 

4.2.30. 3-(3,5-Dimethyl-1,2-oxazol-4-yl)-5-hydroxybenzaldehyde (17)21 

Na2CO3 (1.41 g, 13.3 mmol, 3.0 eq) was ground to fine powder and added together with 16 

(0.890 g, 4.43 mmol, 1.0 eq) and 13 (1.36 g, 6.64 mmol, 1.5 eq) into a Schlenk flask. The 
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atmosphere in the Schlenk flask was removed by applying a vacuum and replaced by N2. This 

process was repeated three times. Ethanol (4 mL) was added and the mixture was heated to 80 °C 

for 10-30 min. RuPhos (0.394 g, 0.531 mmol, 0.12 eq) and Pd(OAc)2 (60 mg, 0.531 mmol, 0.12 eq) 

were added to a scintillation vial, which was capped with a septum. The atmosphere in the 

scintillation vial was removed by applying a vacuum and replaced by N2. This process was 

repeated three times. Ethanol (2 mL) was added to the scintillation vial and the mixture was stirred 

until the solution was colored deep red. This solution was transferred from the scintillation vial to 

Schlenk flask using a syringe. Ethanol (2 mL) was used to transfer the residual catalyst from the 

scintillation vial to Schlenk flask. The reaction mixture was heated for 1 h at 80 °C. After 

completion, the reaction mixture was cooled to rt and diluted with ethyl acetate. The volatile 

components were removed in vacuo. The residue was dissolved in ethyl acetate (50 mL). The 

organic layer was washed with water (3 × 20 mL). The organic layer was concentrated in vacuo. 

Purification by silica gel chromatography, eluting with EtOAc in petroleum ether (gradient elution 0 

→ 50%) yielded 17 (803 mg, 85%) as a yellow solid. Rf (20% EtOAc/petroleum ether) 0.13; mp 

(from EtOAc) 184-186 °C [lit. mp 184-187 °C21]; 1H NMR (400 MHz, D6-acetone) δ 10.02 (1H, s, 

CHO), 9.11 (1H, br s, C(5)OH), 7.42 (1H, dd, J = 1.4, 1.4 Hz, C(6)H), 7.36 (1H, dd, J = 2.3, 1.4 Hz, 

C(2)H), 7.15 (1H, dd, J = 2.3, 1.4 Hz, C(4)H), 2.44 (3H, s, C(5’)CH3), 2.26 (3H, s, C(3’)CH3); LRMS 

m/z (ES–) 216 ([M – H]–, 100%). Data are in good agreement with literature values.21 

 

4.2.31. 3-(3,5-Dimethylisoxazol-4-yl)-5-((triisopropylsilyl)oxy)benzaldehyde (18) 

To a solution of 17 (475 mg, 2.19 mmol, 1.0 eq) and imidazole (420 mg, 6.17 mmol, 2.8 eq) in DMF 

(2 mL) at 0 °C, was added TIPSCl (500 µL, 451 mg, 2.34 mmol, 1.1 eq) dropwise. The reaction was 

allowed to warm to rt, and stirred for 22 h, then was diluted with H2O (25 mL). The aqueous phase was 

extracted with EtOAc (3 × 25 mL) and the combined organic layers were washed with brine (75 mL), 

dried over anhydrous MgSO4, filtered, and concentrated in vacuo, to yield 18 (683 mg, 84%) as a volatile 

liquid that was used without purification: Rf (20% EtOAc/ petroleum ether) 0.69; νmax (thin film)/cm-1: 2946 

(s), 2868 (s), 1702 (s), 1590 (s); 1H NMR (500 MHz, D6-acetone) δ 10.06 (1H, s, CHO), 7.56-7.54 (1H, m, 

C(6)H), 7.45-7.42 (1H, m, C(2)H), 7.23-7.20 (1H, m, C(4)H), 2.44 (3H, s, C(5’)CH3), 2.26 (3H, s, 

C(3’)CH3), 1.42-1.31 (3H, m, 3 × CH), 1.16 (9H, s, 3 × CH3), 1.14 (9H, s, 3 × CH3); 
13C NMR (126 MHz, 
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D6-acetone) δ 192.6 (CHO), 166.5 (C(5’)), 158.8 (C(5)), 157.9 C(3’), 139.7 (C(3)), 134.0 (C(1)), 127.0 

(C(2)), 124.6 (C(4), 119.2 (C(6)), 116.1 (C(4’)), 18.2 (3 × CH), 13.4 (6 × CH3), 11.6 (C(5’)CH3), 10.8 

(C(5’)CH3); HRMS m/z (ES+) Found: 396.1956. C21H31NNaO3Si+ requires [M + Na]+, 396.1965; LRMS 

m/z (ES+) 374 ([M + H]+, 100%). 

 

4.2.32. Ethyl 3-(3,5-dimethylisoxazol-4-yl)-5-hydroxybenzoate (20) 

To a dry 10-20 mL microwave vial were added ethyl 3-bromo-5-hydroxybenzoate (19, 500 mg, 

2.04 mmol, 1.0 eq), 13 (435 mg, 2.14 mmol, 1.05 eq), Pd(OAc)2 (5 mg, 20.0 μmol, 0.01 eq), 

RuPhos (29 mg, 61.1 μmol, 0.03 eq) and anhydrous Na2CO3 (649 mg, 6.12 mmol, 3.0 eq). The vial 

was sealed and purged with nitrogen, before the addition of ethanol (10 mL). The reaction solution 

was degassed, by bubbling with nitrogen for 40 min, then heated at 90 °C with microwave 

irradiation for 90 min. The mixture was allowed to cool to rt and filtered through a thin pad of silica 

gel, eluting with CH2Cl2, and the volatile components were removed in vacuo. Purification by silica 

gel chromatography, eluting with Et2O in petroleum ether (gradient elution 30 → 80%) yielded 20 

(224 mg, 68%) as a yellow solid: Rf (1% AcOH/EtOAc) 0.53; νmax (thin film)/cm-1: 3214 (br), 2983 

(w), 2935 (w), 1718 (s), 1633 (m), 1421 (m), 1329 (s), 1265 (s), 1235 (s), 1108 (w), 1023 (w); 1H 

NMR (400 MHz, MeOD) δ 7.43 (1H, dd, J = 2.4, 1.5 Hz, C(2)H), 7.41 (1H, dd, J = 1.5, 1.5 Hz, 

C(6)H), 6.97 (1 H, dd, J = 2.4, 1.5 Hz, C(4)H), 4.36 (2H, q, J = 7.1 Hz, CH2CH3), 2.42 (3H, s, 

C(5’)CH3), 2.26 (3H, s, C(3’)CH3), 1.39 (3H, t, J = 7.1 Hz, CH2CH3); 
13C NMR (101 MHz, CDCl3) δ 

167.6 (C=O), 167.1 (C(5’)), 159.7 (C(5)), 159.3 (C(3’)), 133.5 (C(3)), 132.9 (C(1)), 122.0 (C(2)), 

121.5 (C(4)), 117.1 (C(6)), 116.2 (C(4’)), 62.2 (CH2CH3), 14.5 (CH2CH3), 11.3 (C(5’)CH3), 10.6 

(C(3’)CH3); HRMS m/z (ES–) Found: 260.0927. C14H14NO4
– requires M– 260.0928; LRMS m/z (ES–) 

260 ([M – H]–, 100%). 

 

4.2.33. 3-(3,5-Dimethylisoxazol-4-yl)-5-hydroxybenzoic acid (21) 

To a solution of 20 (295 mg, 1.13 mmol, 1.0 eq) in THF (5 mL) and H2O (2.5 mL) was added LiOH 

(81 mg, 3.38 mmol, 3.0 eq). The reaction mixture was stirred for 25 h, then Et2O (10 mL) and an 

aqueous 2 M LiOH solution (10 mL) was added. The phases were separated, and the aqueous 

phase was washed with Et2O (2 × 10 mL), then acidified to pH 3 with an aqueous 1 M HCl solution. 
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The aqueous suspension was then extracted with EtOAc (5 × 10 mL). The combined organic 

layers were dried over anhydrous MgSO4, filtered, and concentrated in vacuo, yielding 21 (260 mg, 

98%) as a colourless solid: Rf (1% AcOH/EtOAc) 0.53; νmax (thin film)/cm–1: 3169 (br), 2661 (w), 

1695 (s), 1595 (s), 1489 (s), 1325 (s), 1231 (s), 1205 (s), 1078 (w); 1H NMR (400 MHz, MeOD) δ 

7.44 (1H, dd, J = 2.3, 1.5 Hz, C(2)H), 7.43 (1H, dd, J = 1.5, 1.5 Hz, C(6)H), 6.96 (1 H, dd, J = 2.3, 

1.5 Hz, C(4)H), 2.42 (3H, s, C(5’)CH3), 2.26 (3H, s, C(3’)CH3); 
13C NMR (101 MHz, CDCl3) δ 169.3 

(C=O), 167.1 (C(5’)), 159.8 (C(5)), 159.2 (C(3’)), 133.8 (C(3)), 123.8 (C(1)), 122.3 (C(2)), 121.4 

(C(4)), 117.2 (C(6)), 116.6 (C(4’)), 11.4 (C(5’)CH3), 10.6 (C(3’)CH3); HRMS m/z (ES–) Found: 

232.0615. C12H12NO4
– requires M– 232.0615; LRMS m/z (ES–) 232 ([M – H]–, 100%). 

 

4.3. Biological evaluation 

4.3.1. Cloning, protein expression and purification. 

cDNA encoding human BRD4 (NCBI accession numbers NP 055114.1) was obtained from 

FivePrime and was used as the template to amplify the N-terminal bromodomain region of the 

protein. Protein expression and purification was carried out as previously described.37 CREBBP 

was expressed and purified as previously described.23 

 

4.3.2. Bromodomain AlphaScreenTM assay 

Bromodomain AlphaScreen™ assays were carried out as previously described20, 47 with minor 

modifications using the following peptide: H4KAc4 peptide (H2N-

YSGRGK(Ac)GGK(Ac)GLGK(Ac)GGAK(Ac)RHRK(Biotin)-CONH2). All experiments were carried 

out in triplicate and OXFBD02 (1a) was used as a positive control on every plate. This compound 

afforded IC50 values in a range from 307-358 nM, which is in line with published values [BRD4(1) 

IC50 = 384 nM21]. AlphaScreen™ buffer (25 mM HEPES, 100 mM NaCl, 0.05% w/v CHAPS, 0.1% 

w/v BSA; pH 7.6) was prepared fresh each day by supplementing HEPES base with BSA, filter 

sterilisation through a 0.22 μm filter, and storage at 4 °C, with equilibration to room temperature 

before use. Biotinylated peptides employed and final assay concentrations were: his6BRD4(1) 
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10 nM, H4[1-20](KAc)4 4 nM; donor beads 5 μg/mL; acceptor beads 5 μg/mL; DMSO < 0.5%. 

Compounds were prepared as 30 mM DMSO stocks. Inhibition was reported as a reduction in 

signal arising from peptide-bromodomain interaction, with all plates including buffer and DMSO 

controls. Concentration-response curves against BRD4 were performed in triplicate on a 

ProxiPlate-384 Plus (Perkin Elmer), which was read using a Perkin Elmer Wallac Multilabel reader 

2104. 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. 

 

4.3.3. Isothermal titration calorimetry 

All calorimetric experiments were performed on a MicroCal PEAQ-ITC Automated (Malvern) and 

analysed with the MicroCal 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) was dialysed at 

4 °C overnight in a Slide-A-Lyzer® MINI Dialysis Device (2000 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 (3 min, 3,000 rpm, 25 °C). Protein concentrations were 

determined by measuring the absorbance at 280 nm using a NanoDrop Lite spectrophotometer 

(Nanodrop® Technologies Inc.) by using the predicted protein absorbance (BRD4(1): ε280 = 28420 

M−1 cm−1, CREBBP: ε280 = 26930 M−1 cm−1. Small molecules ligand were dissolved as 5 to 10 mM 

DMSO stock solution and diluted to the required concentration using dialysis buffer. The cell was 

stirred at 750 rpm, reference power set to 5 μcal/sec and temperature held at 25 ˚C. After an initial 

delay of 60 sec, 19 × 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, (10 to 20 μM)) were titrated with the protein 

solutions in the syringe (60 μL, 109 to 160 μM). 

 

4.3.4. Crystallisation 

Aliquots of the purified proteins were set up for crystallisation using a mosquito® crystallisation 

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 
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50+100 nL). Initial hits were optimised further using Greiner 1-well plates and scaling up the drop 

sizes in steps. All crystallisations were carried out using the sitting drop vapor diffusion method at 

4 °C. BRD4(1) crystals with 9j (1 mM final concentration) were grown by mixing 200 nL of the 

protein (7.3 mg/ml) with 100 nL of reservoir solution containing 20% PEG 3350 and 0.1 M citrate 

pH 5.5. BRD4(1) crystals with 9i (1 mM final concentration) were grown by mixing 200 nL of the 

protein (7.3 mg/ml) with an 100 nL of reservoir solution containing 0.1 M K(citrate), 0.1 M 

cacodylate pH 6.5. BRD4(1) crystals with 10d (1 mM final concentration) were grown by mixing 

200 nL of the protein (6.6 mg/ml) with an 100 nL of reservoir solution containing 24.0% PEG1K 

and 20.0% glycerol.  

 

4.3.5. Data collection and structure solution 

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 I24 using a 

Pilatus6M detector at 0.96861 Å. Indexing and integration were carried out using XDS56, 57 and 

scaling was performed with SCALA.58 Initial phases were calculated by molecular replacement with 

PHASER59 using an ensemble of known bromodomain models (PDB codes 2OSS, 2OUO, 2GRC, 

2OO1, 3DAI, 3D7C, 3DWY). Initial models were built by ARP/wARP60 and building was completed 

manually with COOT.61 Refinement was carried out in REFMAC5.62 Data collection and refinement 

statistics can be found in Supplemental Table S6. The models and structure factors have been 

deposited with PDB accession codes: 6FSY (BRD4(1)/ 9j complex), 6FT3 (BRD4(1)/ 9i complex) 

and 6FT4 (BRD4(1)/ 10d complex). 

 

4.3.6. Human microsomal stability assay 

These assays were performed by Cyprotex (Nether Alderley, UK) according to standard operating 

protocols.  

 

4.3.7. Luciferase reporter assay 

The NF-κB luciferase reporter plasmid carrying 6 tandem κB-sites, NF-κB-luc, CMV-β-Gal, and 

pBSSK were generously provided by Dr Jorge Iñigues-Lluhí (The University of Michigan 
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Pharmacology Department).63 All cells were maintained in 5% CO2 at 37 °C. HeLa cells were 

grown in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) supplemented with 10% FBS. 

For luciferase assays, 4×105 cells were seeded in a 6-well dish and allowed to adhere overnight. 

The media was removed, and cells were transfected in Opti-Mem (Invitrogen) with 400 ng NF-κB-

luc, 200 ng CMV-β-Gal, and 1,400 ng pBSSK using Lipofectamine 2000 (Life Technologies) 

according to manufacturer’s instructions. After 4.5 h, transfection solution was removed and 

replaced with DMEM containing 10% FBS. At 24 h after transfection, cells were trypsinized and 

resuspended in DMEM supplemented with 10% FBS and seeded into a 96-well plate at a density 

of 8×103 cells per well. After an additional 16 h, media was removed and replaced with Opti-Mem 

containing vehicle or the indicated compounds delivered in DMSO (1% v/v) at the indicated 

concentrations. After cells incubated with either vehicle or compound for 1 h, cells were treated 

with either PBS or IL-1β at a final concentration of 2 ng/mL. After an additional 3 h, media was 

removed and cells were lysed with 60 μL of passive lysis buffer. Luciferase and β-Galactosidase 

activities were determined as previously described.64 NF-κB luciferase activity and response curve 

analysis was performed using GraphPad software. 

 

4.3.8. Cell growth assay 

Growth inhibition was assessed by sulforhodamine B colorimetric assay as previously described.65 

Briefly, cells were seeded into 96-well plates at a density appropriate for exponential growth at the 

start of the assay, and treated with a range of concentrations of OXFBD02 (1a) or OXFBD04 (9j) 

for 48 h. Cells were then fixed in 10% (w/v) TCA and stained with sulforhodamine B. The 

concentrations required to inhibit cell growth by 50% compared to control cells were calculated 

using GraphPad Prism software (SanDiego, CA, USA). 

 

4.3.9. Western blot assay to detect MYC suppression  

MCF7 cells were treated with 10 µM of (+)-JQ1, OXFBD04 (9j) or OXFBD02 (1a) for 10, 24, or 

48 h. Cells were lysed in UTB (9 M urea, 75 mM Tris-HCl pH 7.5, 0.15 M β-mercaptoethanol) and 

briefly sonicated. Protein expression was assessed by immunoblotting with primary antibodies c-
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myc (Cell Signaling, 5605) and Actin (Santa Cruz, sc-69879), and secondary antibodies IRDye® 

800CW Donkey anti-Rabbit IgG (H+L) and IRDye® 680RD Goat anti-Mouse IgG (H+L) from LI-

COR Biosciences. Odyssey IR imaging technology (LI-COR Biosciences) was used for imaging. 

 

4.4. Computational methods 

4.4.1. Molecular dynamics 

The protein and ligand co-ordinates were taken from the crystal structures of 1a bound to 

BRD4(1), where ligand models for 9j and 9p were prepared by substituting the atoms of 1a. The 

AMBER99SB-IDLN forcefield was used for the protein.66 The ligands were protonated at pH 7.4 

using the Marvin Suite 16.16.6.0 from ChemAxon (https://www.chemaxon.com) and paramaterised 

using the General Amber forcefield (v. 1.8) found in AmberTools16.67 All crystallographic water 

molecules were retained and the TIP3P water model was used.68 The system was solvated within 

a dodecahedral box, with a minimum distance of 1.2 nm between the protein and the edge of the 

box. Water molecules were substituted with a sodium ion to neutralise the net charge and to 

maintain an overall salt concentration of 150 mM sodium chloride. The systems were subject to 

energy minimisation using the steepest decent algorithm, with a maximum force cut off of 100 kJ 

mol-1 nm-1. The systems then underwent 200 ps equilibration in the isothermal-isobaric ensemble. 

The temperature was coupled using a Langevin thermostat, with a target temperature of 300 K, 

and the pressure was coupled using the Berendsen weak coupling algorithm to a target pressure 

of 1 atm.69-71 Simulations were then carried out for 50 ns using GROMACS 2016.4, in triplicate.72 

Torsions were calculated using the MDAnalysis package for Python and a rolling average 

calculated over 10 time points.73  
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