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Abstract

Duchenne muscular dystrophy (DMD) is a muscle wasting disease arising from mutations in

the dystrophin gene, affecting about 1 in 5000 boys. Whilst there is currently no available cure

for DMD, a number of therapeutic strategies are under development. One such therapy aims to

promote expression of utrophin, an autosomal paralogue of dystrophin. Utrophin upregulation

rescues the dystrophic phenotype in disease model mice. A novel small molecule utrophin

modulator, ezutromid (Summit Therapeutics; formerly SMT C1100), which was identified

using a phenotypic screen, progressed to Phase II clinical trials in DMD patients. Interim

24-week data demonstrated reduced muscle fibre damage and increased levels of utrophin,

providing the first evidence of ezutromid target engagement and proof of mechanism. However,

these effects were not seen after the full 48 weeks of the trial. This work aims to define the

mechanism of ezutromid in order to help understand the trial results, and to aid development

of new generations of utrophin modulators.

Target identification through affinity based protein profiling (AfBPP) has been carried out

in this work alongside phenotypic profiling studies. AfBPP requires bioactive analogues suit-

able for affinity purification. Biotinylated and photoaffinity-labelled analogues of ezutromid

designed to be positive and negative control probes have been synthesised and bioactivity con-

firmed. These probes were used in AfBPP experiments with disease model mouse myoblasts

followed by LC-MS/MS. The results from this experiment and phenotype profiling converged

on the aryl hydrocarbon receptor (AhR) as a target of ezutromid. Target validation studies

demonstrated that ezutromid binds AhR potently, behaving as an AhR antagonist. More-

over, reported AhR antagonists also upregulate utrophin, showing that this pathway could be

exploited in future DMD therapies.
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Chapter 1

Introduction

1.1 Duchenne muscular dystrophy

1.1.1 Disease condition

Duchenne muscular dystrophy (DMD) is a fatal, X-linked muscle wasting disease that affects

about 1 in 3500-5000 boys.1,2 This makes DMD the most common lethal genetic disease

diagnosed in childhood, with first symptoms emerging from the ages of 3-6 years.3 As the

disease progresses, patients become wheelchair dependent by their early teens and average life

expectancy is reduced to the late 20s to 30s, due to heart and respiratory failure.4,5

DMD is caused by loss of function mutations in the DMD gene, which encodes the protein

dystrophin and which at 2.3 Mb, is the largest known human gene. Thousands of DMD gene

mutations exist, with an estimated one-third caused by spontaneous mutations6,7 including

deletions, duplications and point mutations. Less commonly, DMD mutations occur which

maintain the reading frame or are compensated for by exon skipping and result in expression

of truncated but semi-functional dystrophin proteins, leading to Becker muscular dystrophy

(BMD).8 BMD symptoms are milder than DMD: the disease onset is typically later and

patients can retain ambulation and independence into their 60s-70s.9

1.1.2 Dystrophin

Dystrophin protein (427 kDa) is a structural component of skeletal muscle fibres, linking the

cytoskeleton to the extracellular matrix. As part of the dystrophin-associated protein com-

plex (DAPC) (Figure 1.1), dystrophin contributes to strength and flexibility in muscle fibres.11

Dystrophin’s N-terminal domain binds actin to absorb shock during muscle contraction, while

its cysteine rich domain anchors it to the sarcolemma-bound dystroglycan complex.12 The

dystrophin C-terminal domain interacts with cytosolic proteins such as syntrophins and dys-
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Figure 1.1: Schematic of the dystrophin-associated protein complex (DAPC), adapted from
Vuorinen.10 NTD: N-terminal domain, CR: cysteine-rich domain, CTD: C-terminal domain, nNOS:
neuronal nitric oxide synthase

trobrevin, to recruit signalling proteins including nNOS, voltage-gated sodium channels and

stress-activated kinases.13 Thus, the DAPC performs roles in both membrane stabilisation

and signal transduction. In DMD patients, loss of dystrophin results in loss of the DAPC,

membrane collapse and cell death. Fibre degeneration leads to calcium misregulation, ox-

idative stress and chronic inflammation which further contribute to the pathophysiology of

DMD.14 Subsequently, cycles of muscle necrosis and regeneration continue until satellite cells

are depleted, and the muscle is replaced with connective tissue and fat (fibrosis).11

1.1.3 The mdx mouse DMD animal model

The mdx mouse15 is the most commonly used DMD animal model, with rat16 and canine17

models developing subsequently (reviewed elsewhere18). Although the mdx mouse DMD gene

contains a premature stop codon precluding expression of dystrophin, the mice present a milder

phenotype due to higher muscle regeneration than seen in DMD patients.19 Regardless, clear

DMD pathogenesis is observed and can be monitored over their lifespan, facilitating research

into the mechanisms of the disease.

1.2 Therapeutic strategies for DMD

DMD is a challenging disease to treat as dystrophin is not only expressed in skeletal mus-

cles, but also in cardiac and respiratory muscles, as well as in the brain.20 Indeed, DMD

mutations are correlated with an increased risk of cognitive impairment and neurological dis-

orders, including autism spectrum disorder, attention deficit hyperactivity disorder, obsessive-
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compulsive disorder and epilepsy.21–23 Meanwhile, the magnitude of the DMD gene poses a

delivery challenge for gene therapies, and its high mutation rate results in large genotype vari-

ation and therefore clinical heterogeneity.24 Any DMD therapy must be systemically bioavail-

able and safe enough for chronic administration. An ideal therapy would be appropriate for

the whole patient population, rather than subpopulations with specific genotypes. Sadly these

challenges have meant that there is currently no cure for DMD patients.

1.2.1 Current standard of care

Developments in the clinical standard of care have led to improvements in quality of life and

longevity.25,26 Multidisciplinary disease management includes chronic treatment with corticos-

teriods (typically prednisolone and deflazacort), machine-assisted ventilation and coughing,

treatment of complications such as scoliosis, and genetic counselling. Corticosteroids have

been shown to improve cardiopulmonary function and prolong ambulation and survival.27,28

However, there are considerable side effects concomitant with long-term daily use of corticos-

teriods, including deterioration of bone density, weight gain, height suppression, Cushingoid

facies, impairment of glucose tolerance and behaviour changes.29 Prescription of ACE in-

hibitors and beta blockers is common to treat cardiomyopathy, while bisphosphonates are

used to treat the bone weakness brought on by muscle weakness, reduced mobility and the

use of corticosteroids.

However, the current standard of care fails to tackle the causes of DMD, instead mitigating

the symptoms of the disease. Extensive research and development has resulted in a variety

of therapeutic strategies which are currently undergoing clinical trials.30 These focus on one

of three strategies: (1) restoring dystrophin expression (discussed in sections 1.2.2-1.2.4), (2)

upregulating a compensatory related protein utrophin (section 1.2.5) or (3) targeting the

consequences of dystrophin deficiency (reviewed elsewhere30).

1.2.2 Nonsense mutation stop codon read-through

In 2014, Translarna 1 (Figure 1.2a, formerly Ataluren or PTC124, PTC Therapeutics) be-

came the first licensed treatment for DMD after receiving conditional approval by the EMA

for nonsense mutation DMD,31 found in about 10% of DMD patients. Translarna is a oral

small molecule which facilitates ribosomal read-through translation of premature stop codons,

and was found to increase dystrophin in 23/38 (61%) of trial patients, with a mean dys-

trophin increase of 11%.32 The FDA rejected the PTC Therapeutics New Drug Application

3



for Translarna based on the failure of two clinical trials (NCT00847379 and NCT01826487)

to meet their endpoints.33,34 The advisory panel concluded that a full placebo-controlled trial

was required before approval could be granted.35

(a)

F
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(b)
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B30
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2

Figure 1.2: (a) Translarna (formerly Ataluren or PTC-124, PTC Therapeutics), an EMA approved
oral drug for nonsense mutation DMD; (b) Exondys51 (formerly eteplirsen, Sarepta), an FDA approved
phosphorodiamidate morpholino oligomer therapy for DMD patients with mutations in exon 51

1.2.3 Exon skipping

The DMD coding sequence comprises 79 exons which are spliced together during mRNA pro-

cessing. Treatment with antisense oligonucleotides complementary to mutation-containing

exons could allow these exons to be ‘skipped’ during splicing, thus bypassing the mutation

and allowing patients to express their own Becker-like dystrophins. Drisapersen (PRO051/-

GSK2402968, Prosensa/Biomarin and GSK) is an antisense oligonucleotide targeting exon

51 with a 2’-O-methyl-phosphorothioate backbone, designed to increase stability and speci-

ficity of RNA hybridisation. However, drisapersen failed to secure FDA approval after phase

III trial results raised concerns about efficacy and toxicity.36 In 2016, Exondys51 2 (Fig-

ure 1.2b, formerly eteplirsen, Sarepta), an intravenously delivered phosphorodiamidate mor-

pholino oligomer (PMO) which facilitates reading frame correction of dystrophin pre-mRNA,

was granted accelerated FDA approval.37,38 However, like drisapersen, this treatment is ap-

plicable only for the 13% of DMD sufferers who have genetic mutations in exon 51, at an

estimated cost of $300,000.39 Furthermore, eteplirsen’s approval was viewed as controversial

since it was granted against the recommendations of the FDA’s internal and external scientific

advisors, and based on a small treatment-dependent increase in dystrophin (0.22 - 0.32% of

wildtype levels after one year of treatment40) rather than clinical outcomes.41–43 Exon skipping

therapies targeting exons 44, 45 and 53 are currently being evaluated in clinical trials.44

1.2.4 Gene therapy

An ideal cure for DMD would be replacement of the faulty dystrophin gene with a fully

functional one. Encouragingly, an increase in dystrophin production to approximately 20%
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of wildtype levels is sufficient to significantly ameliorate the DMD condition.45 However, the

large 11 kb coding sequence of the DMD gene presents a challenge for viral vector delivery.

Therefore, inspired by the Becker-like dystrophins, researchers developed truncated forms of

dystrophin containing the most essential domains (actin binding, cysteine rich etc.) termed

‘microdystrophins’ which are small enough to be packaged into adeno-associated viral vectors

(AAV).46 Successful trials in mouse47,48 and canine DMD models49,50 featuring various config-

urations of microdystrophins has sparked a race between Pfizer, Sarepta and Solid Biosciences

to complete human trials.51

Challenges remain for this approach, however, due to the need to improve viral transduc-

tion efficiency, maintain dystrophin transgene expression over time and manage the immune

responses incurred by the AAV as well as the introduced microdystrophins.52

Gene editing using CRISPR-Cas9 is an alternative approach, although it requires improve-

ments to gene editing efficiency and specificity, as well as development of delivery strategies,

whether by viral vectors or autologous ex vivo gene correction and transplantation. Exon

skipping, frameshifting and exon knock-in using CRISPR-Cas9 has successfully restored full-

length dystrophin in a DMD-patient-derived induced pluripotent stem cells (iPSCs) with an

exon 44 deletion.53 Furthermore, a 725 kb internal deletion corresponding to exons 45-55 of

the DMD gene has been carried out, resulting in the production of functional dystrophin in

vitro and in vivo.54 This gene therapy strategy could restore the DMD gene reading frame for

approximately 60% of DMD patients.

Dystrophin restoration was demonstrated in mdx mice one year after a single intravenous

administration of an AAV-CRISPR targeting exon 23, although immune responses and per-

sistent unintended genome modifications were also reported.55 Administration of an AAV-

CRISPR targeting exon 51 in DMD dogs has been recently found to restore dystrophin ex-

pression (n = 4) ranging from 3 to 90% of normal, depending on muscle type up to 8 weeks

after treatment.56

1.2.5 Utrophin modulation

An alternative therapeutic approach is to compensate for the lack of dystrophin with its

autosomal paralogue, utrophin.57 The DNA sequences of the genes share 65% identity and

highly similar intron-exon structures, suggesting that the two may have arisen via an ancient

duplication event.58
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Figure 1.3: Structural domains of dystrophin and utrophin proteins are highly conserved, leading to
a similar binding affinity to other DAPC components through the CR and CTD. Both proteins bind
to actin via the NTD. The main difference between the two is that dystrophin has an additional actin
binding domain in the central rod region (black labelled domains).

As a result, utrophin and dystrophin proteins are highly similar in sequence (80% identity59),

size and function (Figure 1.3),60 leading to a similar binding affinity to other DAPC compo-

nents through the CR and CTD.61 However, the two proteins have differing spatiotemporal

patterns of expression. While dystrophin is expressed in skeletal, smooth and cardiac muscle

and brain, utrophin is ubiquitously expressed, including in the lung, liver and kidney.62,63

In adult skeletal muscle cells, dystrophin is found throughout the sarcolemma. Meanwhile,

utrophin is expressed at the sarcolemma during foetal development and in developing or re-

generating muscles, after which it is progressively replaced with dystrophin (Figure 1.4).64,65

In mature skeletal muscle, utrophin is normally localised at neuromuscular and myotendinous

junctions, however in mdx mice and DMD patients it is expressed along the sarcolemma, at

sites normally occupied by dystrophin.66–68

Dystrophin Utrophin Unoccupied sites

Normal fibre

DMD fibre

DMD fibre 
+ utrophin
modulator

Developing or 
regenerating fibre Maturing fibre

Progression of muscle fibre development

Mature fibre

Figure 1.4: Loss of dystrophin from the sarcolemma of maturing DMD muscle fibres could be com-
pensated for by upregulation of the related protein utrophin

The milder phenotype of mdx mice compared to DMD patients is correlated with increased

production of utrophin, while double knockout mice, deficient in both dystrophin and utrophin,

exhibit increased disease severity, comparable to the human DMD condition.19,69 Similarly, in-
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creased utrophin expression was found to correlate with improved clinical outcomes in human

DMD patients.70 Furthermore, overexpression of utrophin in mdx mice was shown to rescue

the dystrophic phenotype without undesirable side-effects.71–73 Indeed, increases in utrophin

of just 1.5 fold along the sarcolemma were found to be beneficial. Gene therapies comprising

AAV-mediated transfer of truncated utrophins have been shown to mitigate the dystrophic

phenotype in DMD mice and dogs, while obviating introduction of a immune challenge from

exogenous dystrophin.74–76 Meanwhile, the delivery of Zinc Finger artificial transcription fac-

tors designed to target and activate the utrophin promoter has also been shown to improve

DMD pathology in mdx mice.77 Attractively, a utrophin modulation approach could offer a

potential therapy to all DMD patients regardless of mutation type.78

1.3 Small molecule utrophin modulators

Transcriptional upregulation of utrophin using small molecules is an appealing strategy for

the clinic, due to their potential for systemic delivery via a facile oral administration. This

opportunity has sparked research interest into understanding the regulatory mechanisms of

utrophin gene expression which could be targeted by a drug discovery campaign.

1.3.1 Regulation of utrophin gene expression

There are two full-length utrophin isoforms, denominated A and B, which differ in their first

two exons and are under the control of different, independently regulated promoters.79 This

gives rise to differences in localisation, with utrophin A widely expressed and utrophin B

restricted to vascular endothelia.66 Several transcriptional regulatory elements and associated

signalling pathways have now been characterised for the utrophin A promoter, and investigated

for their therapeutic potential. These include the N-box via extracellular signal-regulated

kinases (ERB) and GA-binding protein (GABP),80 the E-box via MyoD/myogenin81 and

the CG box via Sp1 phosphorylation.82 Additional elements include the calcineurin/nuclear

factor of activated T cells (NFAT),83 peroxisome proliferator-activated receptor γ coactivator

1α (PGC-1α)83 and peroxisome proliferator-activated receptor β/δ (PPAR-β/δ).84

1.3.2 Utrophin modulators in the literature

A large number of therapeutic agents have been developed to target various signalling path-

ways upstream of the utrophin promoter, each demonstrating a similar capacity to increase

utrophin expression 1.5-2 fold at the mRNA and/or protein level. Many of these therapies
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are in preclinical trials in mdx mice (Table 1.1), while the most advanced is the diabetes drug

metformin, which could be repurposed for the treatment of DMD. Heregulin and interleukin-6

are perhaps disadvantaged by the requirement of intraperitoneal injection for administration.

Table 1.1: Summary of the main known utrophin modulators and their mechanism and current status
as therapies, adapted from Guiraud et al.57

Therapy Type Mechanism of action Utrophin A fold
change

Status Ref.

Metformin Small
molecule

AMPK - PGC-1α
activation

∼ 1.5× protein Phase III
clinical trial
(NCT01995032)

[85, 86]

AICAR Small
molecule

AMPK - PGC-1α
activation

∼ 1.2× mRNA,
∼ 1.3− 2.1×
protein

Preclinical
(mdx)

[87]

GW501516 Small
molecule

PPAR-β/δ agonist ∼ 1.5− 1.7×
mRNA, ∼ 1.5×
protein

Preclinical
(mdx)

[84]

Heparin Small
molecule

Utrophin mRNA
stabilisation through p38
activation

∼ 1.6× mRNA,
∼ 1.5− 3×
protein

Preclinical
(mdx)

[88]

Celecoxib Small
molecule

Utrophin mRNA
stabilisation through p38
activation

∼ 1.5× mRNA,
∼ 1.5− 2.5×
protein

Preclinical
(mdx)

[89]

Resveratrol Small
molecule

Proposed Sirt1-PGC-1α
pathway

∼ 1.4× mRNA Preclinical
(mdx)

[90]

Heregulin Peptide GABPα/β activation ∼ 1.8× mRNA,
∼ 2.7× protein

Preclinical
(mdx)

[80, 91,
92]

Interleukin-6 Recombinant
protein

NRG-1/ErbB signalling ∼ 1.5× mRNA Preclinical
(mdx)

[93]

Nabumetone Small
molecule

Unknown ∼ 1.8× mRNA,
∼ 1.2× protein

In vitro [94]

Okadaic acid Small
molecule

Sp1 phosphorylation ∼ 2× mRNA In vitro [95]

1.3.3 Discovery of novel utrophin modulators by phenotypic screen

Phenotypic drug discovery (PDD) involves screening compounds for the ability to perturb a

cell’s phenotype in a therapeutically desirable manner. PDD does not assume a target or mech-

anism of action and has emerged as a popular route to first-in-class drugs.96 A great advantage

of phenotypic over target-based screening is the ability to efficiently discover new compounds
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for diseases with complex pathology and regulatory mechanisms that are not fully under-

stood. Furthermore, the efficacy of the compound can be demonstrated in a physiologically-

and disease-relevant cellular context at the earliest stages of development.
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Figure 1.5: Schematic of the H2K mdx utrophin A - Firefly luciferase reporter gene assay and
representative concentration-response curve.

In the late 1990s, researchers in Prof. Dame Kay Davies’ group (Department of Physi-

ology, Anatomy and Genetics, University of Oxford) developed a cell-based Firefly luciferase

reporter gene assay as a readout for utrophin gene expression (Figure 1.5).97,98 8.4 kb of the

mouse utrophin A promoter, 5' to the transcription start site, was transfected into a stable

H2K mdx myoblast cell line.99 High-throughput screening of compounds proceeded, measuring

the induced bioluminescent readout which depends on the quantity of luciferase, and hence

activation of the utrophin promoter. Initial pilot screens identified a stilbene hit series 3 and

an isosteric benzoxazole hit 4 (Figure 1.6). Hit-to-lead evaluation gave rise to a family of

novel 2-arylbenzoxazoles and ultimately 5 was optimised as the lead compound and named

SMT C1100 (later ezutromid).100 Ezutromid was demonstrated to increase utrophin mRNA

1.4 fold100 and double utrophin protein expression in a human DMD muscle cell line,101 war-

ranting assessment of its therapeutic potential in preclinical trials in mdx mice.

Meanwhile, further optimisation of ezutromid has led to a second generation of phosphinate

utrophin modulators such as 6 with improved physicochemical properties and a more robust

metabolism profile.102 In addition, further screening has engendered new hit series’ which have

been developed into third generation utrophin modulators.10
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Figure 1.6: Hit-to-lead development of novel utrophin modulators led to selection of SMT
C1100/ezutromid 5 as the clinical candidate. Second generation modulator phosphinate 6 was de-
veloped subsequently.
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1.4 Ezutromid − a first-in-class utrophin modulator

1.4.1 Preclinical trials in mdx mice

Daily oral treatment of mdx mice with ezutromid led to increased utrophin expression in

skeletal, cardiac and respiratory muscles after 28 days, without toxicity.101 Ezutromid was

also found to diminish muscle membrane damage, evidenced by a reduction in force drop

after eccentric contractions.101 Meanwhile, serum creatine kinase, muscle fibrosis and necrosis

were also reduced, indicating that ezutromid mitigates the damaging secondary pathology

associated with DMD.101 Furthermore, ezutromid demonstrated synergism with prednisolone,

the corticosteroid standardly prescribed for DMD patients.101

1.4.2 Clinical trials

Ezutromid’s maximum thermodynamic solubility was determined to be a suboptimal 3 µM

by Cyprotex (Alderley Park, UK). Optimisation of ezutromid’s formulation was required to

ameliorate its poor pharmacokinetic profile, much of which derives from its planar, hydropho-

bic structure. This resulted in the development of two formulations: a microfluidized aqueous

oral suspension formulation (F3) and a powder for suspension formulation (F6), which were

used in parallel for the later clinical trials.57

Phase I trials

In a Phase I trial in healthy volunteers, ezutromid was found to be safe and well-tolerated,

and available in plasma concentrations considered sufficient for a therapeutially beneficial

50% increase in utrophin expression.98 In a subsequent dose-finding Phase Ib trial in DMD

patients, ezutromid treatment was again found to be free of significant adverse events, and

was found to decrease levels of muscle damage biomarkers such as creatine phosphokinase,

alanine aminotransferase and aspartate aminotransferase.103 However, markedly lower plasma

concentrations of ezutromid were observed in the DMD boys compared with the healthy

volunteers, along with high patient variability in exposure independent of dose. Additionally,

exposure was significantly reduced (56 - 65%) on the final (11th) day of treatment compared

to day 1.103

Metabolism of ezutromid occurred within hours of dosing, mostly via hydroxylation and

subsequent hydroxyl conjugations. Ezutromid’s primary metabolites were two dihydrodiols

formed from dihydroxylation of its naphthyl ring. In total, 17 metabolites were detected in
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plasma, and 25 in urine samples.103

Phase II trial: PhaseOut DMD

PhaseOut DMD, a multi-centre phase II, open-label proof-of-concept study began in 2016.

Ezutromid (parallel F3 and F6 formulations) was administered orally BID in 40 ambulatory

paediatric male subjects (aged 5-10 years) with DMD (Table 1.2). The primary endpoint was

evaluation of % fat fraction within muscle tissue by quantitative MRI, a validated measure

of DMD severity and progression.104 The secondary endpoint was evidence of an increase in

utrophin and decrease in developmental heavy chain myosin, a biomarker for muscle damage105

in muscle biopsies. In addition, functional endpoints such as the 6-min walk distance and North

Star Ambulatory Assessment were monitored throughout the study.

Table 1.2: Study design of the PhaseOut DMD trial, adapted from Guiraud et al.57

Screening Day −28
Cohort 1: 2.5 g BID F3 formulation, n = 30

Optional extension
Cohort 2: 1.0 g BID F6 formulation, n = 10

Day 1 Week 12 Week 24 Week 36 Week 48 Week 72 Week 96+

Biopsy X X X

MRI X X X X X X X

Functional tests X X X X X X X
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Figure 1.7: Patient muscle biopsies show a significant decrease in the disease biomarker developmental
myosin after 24 weeks of ezutromid treatment.

In January 2018, the 24-week interim results were published, finding that all patients

achieved plasma levels of ezutromid sufficient to modulate utrophin. Further, ezutromid in-

duced a 7% increase in mean utrophin protein intensity levels in biopsies, alongside a 23%

decrease in mean developmental heavy chain myosin (Figure 1.7). Ezutromid also significantly
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reduced muscle inflammation as measured by the quantitative MRI.106 Together, these data

provided the first evidence of ezutromid target engagement and proof of mechanism.

However, in July 2018, after the full 48 weeks of trial, the primary and secondary endpoints

were not met and development of ezutromid was discontinued. Since the target and molecular

mechanism of action of ezutromid were unknown, it was difficult to rationalise this lack of

sustained clinical efficacy. Arguably, this is the most significant challenge facing the phenotypic

approach to drug discovery.107

1.5 Target identification and mechanism of action (MoA)

discovery

Target identification is of increasing significance due to the resurging popularity of phenotypic

drug discovery, where an unknown target can lead to a difficult blind medicinal chemistry

and drug development campaign. Target identification can allow for a rational compound

design strategy and provide biomarkers for monitoring efficacy in clinical trials. It can also

provide insights into potentially deleterious on- and off-target side effects, which is crucial

given that drugs have been found to bind on average between 6 and 12 different proteins.108

Target identification has the potential to significantly reduce attrition in the drug discovery

process. However, its resource- and time-intensive nature represents a major bottleneck.

Modern methods to elucidate direct protein targets and mechanism of action of small

molecules comprise a diverse range of fields, and have been extensively reviewed.109–115 Tar-

get ID strategies can be divided into direct methods, which identify the protein interacting

partner(s) of a compound, and indirect phenotypic profiling methods, which can infer mecha-

nism by assessing changes in phenotype in response to compound treatment. Direct methods

typically lead to a shortlist of targets of the small molecule, without any functional informa-

tion about the interaction. Determining which are involved in the compound’s therapeutic

mechanism poses a significant challenge, which is assisted by phenotypic profiling methods.

Hence a combination of methods is usually required to deconvolute a compound’s mechanism

of action. Recent developments in target ID methods will be briefly discussed.

1.5.1 In silico target prediction

Computational target inference is based on the principle of chemical similarity (i.e. similar

compounds bind similar targets) or on the biophysical calculation of the binding energy be-

tween compound and query target. Similarity comparisons can be made between compound
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two-dimensional (2D) fingerprint, 3D shape, pharmacophore or phenotype. The Similarity

Ensemble Approach (SEA) applies 2D similarity on a systems level, by relating different

protein targets based on the whole set of ligands that are known to bind them.116 In one

study, 23 out of 30 SEA-predicted interactions between FDA approved drugs and off-target

proteins were validated experimentally.116 Drug target interactions can also by predicted by

network-based117 and machine learning methods,118 which mine the vast quantities of ge-

nomic, transcriptomic, proteomic and metabolomic along with protein structural data that

are now available in public repositories such as PubChem, ChEMBL and the PDB. Across

the different strategies for in silico target prediction, a variety of accessible tools have been

developed including ChemProt, SPiDER, TargetHunter and SwissTargetPrediction.114 How-

ever, while prediction of the protein targets of a compound using cheminformatics can be an

excellent place to start, its utility is limited by the need for well-annotated biological targets

with known inhibitors.

1.5.2 Chemical genetics

Chemical genetics is the study of compound-induced perturbation of biological systems, in

analogy to the perturbations caused by gene mutations. By relating the phenotype of a gene

mutation with that of compound treatment, the compound’s mechanism of action can be

inferred. This section will briefly describe phenotypic profiling and genome-wide screening

approaches for MoA discovery.

Gene expression profiling

Improvements in throughput and cost-effectiveness of sequencing and mass-spectrometry meth-

odologies have increased access to global analyses of cell transcriptomes, proteomes and meta-

bolomes. Profiling of differences in gene expression in response to acute or chronic compound

treatment can reveal pathways activated or suppressed by compound treatment, which may be

related to on- or off-target activity. Drug-induced changes in RNA expression can be readily

assessed by microarray (a probe hybridisation technique) or RNA-seq, which can sequence

tens of thousands of RNAs. Meanwhile, quantitative shotgun proteomics enables detection of

changes in protein abundance as well as post-translational modification status.

Integration of the data that results from these experiments into MoA hypotheses can be

challenging, and is perhaps best achieved by comparison to signatures of compounds with

known targets. A microarray-based gene expression profiling platform focussed on 1000 ‘land-
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mark’ genes (L1000 GEx, Genometry Inc., Cambridge MA) has been used to amass 1.3 million

publicly available profiles from 19,811 small molecules, 18,493 shRNAs, 3,462 cDNAs, and 314

biologics tested in 3 to 77 different cell lines into a ‘Connectivity Map’ (CMap).119 CMap has

been successfully used in academia and industry to determine compound MoA and repurpose

drugs.114,120

Genetic mutagenesis

Genome- and transcriptome-wide sequencing can also be used to elucidate MoA by identifying

resistance-conferring mutations. The identification of resistance mutations can also provide

information about compound transport and efflux, helping to inform compound design to

prolong the lifespan of the compound once on the market. Resistance mutations can be spon-

taneously acquired by evolutionary selection from chronic compound treatment, or identified

through screening of mutant libraries.

The first chemical genetics MoA studies were carried out in yeast, due to its genetic

tractability. Libraries of diploid yeast with one gene copy deleted (i.e., half the gene dosage)

were screened for increased drug-induced sensitivity in a process termed haploinsufficiency

profiling (HIP).121 Along with homozygous profiling (HOP) which involves complete gene

deletion, HIP has been successfully used to study compound MoAs.122,123 More recently,

combining compound treatment with systematic gene disruption using RNA interference with

short hairpin RNAs or genome editing with CRISPR-Cas9 allows for identification of genes

that mediate the compound’s activity.124–126

1.5.3 Target identification

Many techniques to determine a small molecule’s direct interacting partners have been devel-

oped, all of which in some way exploit the compound’s affinity and specificity for its protein

target(s). A straightforward approach is to test large panels of prospective targets in bio-

chemical assays for binding or inhibition. This can be achieved conveniently with commercial

screens for specific target classes such as kinases or GPCRs. In a recent example,127 GSK

had success by testing a compound with unknown mechanism of action against 800 differ-

ent proteins ranging from kinases, epigenetic readers and nuclear receptors in target-based

assays. However this approach requires large resources, has limited biological relevance and

limited target scope. The most commonly used methods for identifying small molecule binding

partners are briefly described below and are further reviewed elsewhere.113,114
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Chemical probe-based target enrichment by affinity purification

In this strategy, chemical probes are designed as ‘baits’ to capture and enrich their direct

binding partners from complex biological systems, including disease model cells, lysates or

tissue homogenates. Enriched proteins can then be identified by western blotting or digested

and analysed by LC-MS/MS. However, it requires an established SAR of the parent compound

to develop active probes bearing tags for pulldown purification or visualisation. These tags

can be fluorophores, expression tags or substrates for affinity resins e.g., biotin, -NH2 etc. but

importantly introduction of these linkers and tags must not adversely affect probe activity,

localisation, cell permeability or solubility. This can present a significant challenge, especially

in developing SAR in the absence of a known target.

A popular method for target ID involves pre-conjugation of the chemical probe to solid

supports (typically streptavidin beads or resins such as sepharose or agarose) followed by

incubation with cell or tissue homogenates (Figure 1.8a).
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Figure 1.8: (a) Schematic overview of chemical probe-based target enrichment with an immobilised
affinity matrix. (b) Examples of probes that have been used in successful target identification, black:
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Development of these kind of probes for bioactive compounds such as QS11 7,128 with-

aferin A129 8, pironetin130 9, centrocoutin131 10 and KL001132 11 (Figure 1.8b) has led to the

successful identification of their molecular targets. However a disadvantage of using immo-

bilised compound matrices is the requirement for cell lysis which may disrupt protein folding,

complexation and post-translational modification state.

Activity-based protein profiling (ABPP) exploits the functional reactivity of enzymes (such

as proteases and kinases) to design probes containing warheads capable of covalent attachment

to the active sites of their protein target. ABPP combined with mass spectrometry has been

used to great effect to describe the functionality of uncharacterised proteins133 and identify

compound targets through competition with ABPP reporters.134 However, ABPP is limited

by its inability to target the majority of druggable proteins or allosteric binding sites. As a

result, affinity-based protein profiling (AfBPP),135–137 which relies on the chemical probe’s

non-covalent affinity for its target, has a much larger target scope.

In situ target enrichment, i.e. in live cells in culture or in vivo, requires the use of a

cell-permeable probe, but addition of enrichment tags including biotin often reduces cell-

permeability. In these cases, in situ enrichment can be accomplished by a two-step process:

first, binding of a cell-permeable probe to its target protein; second, the ligation of a purifi-

cation tag via a bioorthogonal reaction.138 This requires the incorporation of a bioorthogonal

handle into the chemical probe, which importantly must not be buried in the binding site,

rather accessible to click reagents in the solvent. In situ experiments have been shown to

enrich targets which could not be found in in vitro experiments.136

Bioorthogonal ‘click’ reactions

A variety of bioorthogonal or ‘click’ reactions have been developed,139,140 with the most

commonly used in target ID being copper(I)-catalysed alkyne-azide cycloaddition (CuAAC),

strain promoted alkyne-azide cycloaddition (SPAAC) and inverse electron demand Diels-Alder

(IEDDA) cycloaddition (Figure 1.9). CuAAC and SPAAC use azides 12 as sources of 1,3-

dipoles for cycloaddition since they do not naturally exist in cells and are metabolically stable,

making them ideal for bioorthogonal transformations. The use of copper(I) to catalyse and im-

prove regioselectivity of the Huisgen 1,3-dipolar cycloaddition between azides and alkynes 15

to give 1,4-substituted 1,2,3-triazoles 16 was reported in 2002 by Sharpless and Meldal141,142

and since then has become the most widely used bioorthogonal reaction. One drawback of

CuAAC which can limit its use in living cells is Cu(I)-mediated generation of reactive oxygen
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species from molecular oxygen. Subsequent development of water-soluble ligands to stabilise

Cu(I) can restrict this toxicity.143,144
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dition (SPAAC); (b) copper(I)-catalysed alkyne-azide cycloaddition (CuAAC); (c) inverse electron
demand Diels-Alder (IEDDA) cycloaddition between trans-cyclooctene (TCO) and tetrazine.

Meanwhile, SPAAC was leveraged for bioorthogonal applications by the Bertozzi group in

2004145 and its significant advantage over CuAAC is its catalyst-free nature, allowing it to

be used in live cells. Typically cyclooctynes 13 are used for SPAAC as they are the smallest

stable cycloalkyne. Their reactivity is driven by enthalpic release of ring-strain going from a

deformed sp-hybridised ring system to a favourable sp2-hybridised one 14. However, SPAAC

suffers from slow kinetics and side reactions of the cycloalkyne with thiols.

More recently, inverse electron demand [4+2] cycloadditions of 1,2,4,5-tetrazines 18 with

various dienophiles have been used for bioorthogonal reactions . IEDDA cycloadditions, partic-

ularly using strained dienophiles such as trans-cyclooctenes 17 (TCO), demonstrate extremely

fast kinetics (up to 10,000 faster than CuAAC). One study comparing the efficiency of IEDDA

(with TCO), SPAAC and CuAAC in target enrichment of PARP1 inhibitor olaparib deter-

mined relative efficiencies of 100%, 45% and 9% respectively.146 However, both tetrazines and

TCO are bulky groups and may be difficult to incorporate into a probe without abrogating

activity. For this reason, cyclopropenes have been used as IEDDA reactants, for example by

the Yao group in the design of a probe for bromodomain inhibitor (+)-JQ1.147
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Photoaffinity probes

AfBPP can be enhanced by inclusion of a photoaffinity label on the pulldown probe, which

facilitates discovery of low affinity binding partners.148 Photoaffinity groups are stable until

activated by irradiation with specific wavelengths of light to reveal highly reactive interme-

diates, such as radicals and carbenes.149 Thus, a ligand modified to contain a photoaffinity

label can bind to its protein targets via its usual reversible intermolecular forces, and after

photoactivation, by covalent attachment at the binding site. The concept of photoaffinity la-

belling was introduced by Westheimer in 1962, with the use of an α-keto diazo group to label

chymotrypsin.150 However, the use of these groups as photoaffinity labels is limited by Wolff-

type rearrangements. Since then, several photoaffinity labels (PALs) have been developed and

the most commonly used are shown in Figure 1.10.
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Figure 1.10: Most commonly used photoaffinity labels, their activation and their reactive inter-
mediates. (a) Alkyl diazirine 20; (b) trifluoromethylphenyl diazirine 21; (c) aryl azide 22; (d)
benzophenone 23.

In general, the photoaffinity label approach suffers from low crosslinking efficiencies owing

to the short half-life of the reactive intermediate and non-specific binding to other proteins,

usually driven by the hydrophobic effect.148 Addition of the PAL to the chemical probe must

be at a protein-binding rather than solvent-exposed part of the molecule which can be chal-

lenging to achieve without decreasing activity of the probe. However, for dual-tagged probes

containing both a PAL and a click handle, after the covalent binding of the ligand to the target

the subsequent click ligation can occur under denaturing conditions, improving accessibility

of the click handle.

Aryl azides 22 were originally popular as photoaffinity labels, due to their small size and
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facile synthesis. However, their activation wavelengths are higher energy than other PALs,

ranging from 250-360 nm, meaning a greater risk of UV damage to biological molecules. Fur-

thermore, the nitrene 26 generated with photoirradiation can rearrange to form benzazirines

and dehydroazepines/ketenimines leading to undesired side products rather than insertion into

the biological target.148 These rearrangements can be suppressed by the presence of electron-

withdrawing groups in the aryl ring, and this solution was used to develop probe 29 containing

a tetrafluorophenyl azide and alkyne, and based on the γ-secretase modulator GSM-1 28151

(Figure 1.11).
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Diazirines were first proposed as photoaffinity labels in 1973 by Smith and Knowles with

their report on the preparation of 3-aryl-3H-diazirines,152 and have since grown to be the most

popular PAL. However, both aryl and aliphatic diazirines 20 are liable to photoisomerisation

to linear diazo groups as well as generation of the desired carbenes 24.153 The relative yield

of the carbene to diazo isomer upon diazirine photolysis varies depending on the substituents

on the diazirine. Brunner et al. reported the synthesis of trifluoromethylphenyl diazirines

(TPDs) 21 which reduced diazo isomer generation to 35% vs. 65% carbene 25.154 This is

a higher carbene yield than typically seen for aliphatic diazirines.155 However, the small size

of aliphatic diazirines makes them easy to incorporate into probes and even amino acids,

for example, the integration of photo-Leucine into fungal cyclodepsipeptide HUN-7293 30 to

produce photoaffinity probe 31156 (Figure 1.11). While TPDs are larger to incorporate into

a probe, they can often substitute existing aryl rings, as seen in the design of probe 33 based

on type II kinase inhibitor 32157 (Figure 1.11).

Benzophenones are another popular PAL 23, reversibly forming reactive triplet diradicals

27 when photoirradiated. Like diazirines, benzophenones have considerably milder activat-

ing wavelengths (∼ 350 nm) than aryl azides, implying less radiation damage when used

in cellulo.158 Benzophenones have been used in probes of dasatinib 34136 and the BACE-

1 inhibitor 37159 (Figure 1.11). However, benzophenones tend to require longer irradiation

and this together with their hydrophobic bulk often contributes to increased non-specific

labelling.148

Ligand-directed protein labelling

Ligand-directed (affinity-based) protein labelling is an alternative strategy to PAL. Chemical

probes consisting of a protein ligand ‘bait’ and a reactive group bind to their target before

undergoing an SN2-type reactions with a neighbouring nucleophilic amino acid. Various re-

active groups have been applied including tosyl groups,160 acyl imidazoles,161 dibromophenyl

benzoates162 and epoxides.163 These methods have been successfully used to label receptors

on the surfaces of live cells as well as intracellular proteins. In another method, DMAP was

appended to the small molecule bait and was incubated with cells along with tags (e.g. biotin)

primed with a thioester.164 The DMAP catalyses labelling of the protein target with the tag

on a nucleophilic residue in the vicinity (Figure 1.12). The protein can then be enriched and

identified by western blot or LC-MS/MS. This method was successfully used by Wang et al. to

label bradykinin B2 receptors on the surfaces of live cells,164 but is limited by the requirement
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for a local nucleophilic amino acid sidechain for labelling to occur.

Figure 1.12: Schematic overview of ligand-directed protein labelling using DMAP as a catalyst.

Target display techniques

These strategies involve the artificial enrichment of libraries of proteins followed by screen-

ing for those that bind to a particular small molecule. The advantage of this approach is

that an interaction can be found even where the protein’s physiological abundance is low.

Bacteriophage display using full length cDNA libraries has been successfully used for target

identification, even of weak affinity targets.165 However, a limitation of this technique is a

dependency on bacterial expression systems, reducing the post-translational modification of

proteins.

A related approach, termed the chemical yeast-three hybrid, exploits the binding interac-

tion between target protein and small molecule to bring two parts of transcription machinery

in close enough proximity to allow for transcription of an essential gene to occur (see section

1.6.1).166 In this way, a positive selection pressure is applied and only yeast expressing protein-

fusions that bind to the small molecule survive. Limitations include the artificial nature of

the gene fusions which may affect conformation, high numbers of false positives and the need

to immobilise the small molecule.

Targeted protein degradation

Small-molecule-induced proteasomal degradation of target proteins is a promising new modal-

ity for drug discovery.167 This technique, using proteolysis-targeting chimeras (PROTACs),

has also been used to validate the ENL YEATS domain as a novel target for acute leukaemia.168

It is possible that PROTACs technology could be used in the future for target identification

by looking for proteins degraded by PROTACs treatment, although there are challenges in

developing an optimised degrader without a known target.
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Modification-free target ID methods

The methods described above are complemented by capture-free target ID methods, such as

Cellular Thermal Shift Assays (CETSA)169 (discussed further in section 6.2.1), Stability of

Proteins from Rates of Oxidation (SPROX) assays170 and limitation of proteolysis in Drug

Affinity Responsive Target Stability (DARTS) assays171 (reviewed in detail elsewhere172).

These methods all exploit the stabilisation imparted by small molecule binding to differentiate

between bound and non-bound proteins. Importantly, they can be combined with multiplexed

quantitative mass spectrometry to achieve an unbiased, proteome-wide profiling of drug-target

interactions in cells or lysates. A significant advantage of these approaches is the ability to

use the original compound without modification. However, a challenge is an abundance bias

without the enrichment of target proteins. Typically, 5000-8000 proteins can be identified by

routine whole cell shotgun proteomics, which currently limits the targets that can be assessed

by these methods. However, these experiments can be useful for target engagement and

validation experiments by western blot.

1.6 Preliminary target identification studies for ezutromid

As ezutromid progressed through clinical trials, interest in its mechanism of action was grow-

ing. This was especially in light of the limitations of ezutromid’s pharmacokinetic profile, as a

deconvoluted target could help development of improved clinical candidates. Furthermore, it

would help differentiate later hit series which would ideally operate through a disparate mech-

anism. Consequently, three target ID studies were commissioned by Summit Therapeutics,

and the results of these are described in the following sections.

1.6.1 Yeast three-hybrid study

In 2014, Hybrigenics Services SAS carried out a yeast three-hybrid experiment to help iden-

tify ezutromid’s protein targets. ‘Prey’ proteins were derived from a human adult/foetal

skeletal muscle cDNA library and fused to a HIS3 gene transcriptional activation domain

and expressed in yeast (Figure 1.13a). Meanwhile, ezutromid analogues were tethered via a

PEG chain to trimethoprim (TMP), a potent ligand (KD = 6 pM) of dihydrofolate reductase

(DHFR), which was in turn expressed as a fusion protein with a DNA-binding domain specific

for the HIS3 gene promoter. The yeast were grown in medium lacking histidine to provide

a selection pressure for those whose prey proteins are targets of the ezutromid-like bait and

therefore capable of forming a trimeric complex and activate HIS3 gene transcription. Two
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ezutromid probes were used in this experiment, 39 and 40 (Figure 1.13b).
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Figure 1.13: (a) Schematic overview of the yeast three-hybrid target ID experiment, left: the prey
is not a target of the bait, transcription of the essential gene is switched off, right: the prey is a target
of the bait, bringing the transcriptional activation domain and recruited transcriptional machinery in
proximity of the gene promoter, switching on gene transcription and leading to yeast survival; (b)
The ezutromid-based probes (linked by a PEG chain to TMP (green)) used in this study. DHFR:
dihydrofolate reductase, TMP: trimethoprim

Initially, the yeast were treated with the probes and grown on non-selective medium to

confirm their non-toxicity. Then the yeast were grown on the selective medium, and probe 39

was initially found to bind to 18 of the prey proteins. Four of the highest confidence genes

(FHL1, CSK, STRADB, MYH1) were re-amplified and freshly transformed into yeast for a

repeat experiment as the first validation step. However, in each case, the yeast survival was

not recapitulated and resultantly none of these interactions were validated. Probe 40, which

was intended as the negative control, was found to bind BLVRB (biliverdin reductase B) and

this interaction was validated. Unfortunately this experiment failed to identify any targets to

follow up.

1.6.2 Profiling of ezutromid in a DiscoverX BioMAP® study

Ezutromid was next profiled in a DiscoverX BioMAP® Diversity PLUS study which examines

changes in activity of 148 biomarkers across 12 different human primary cell-based co-culture

systems upon compound treatment.173 Ezutromid was found to dose-dependently decrease

activity of sIgG, and sIL-17F, indicating downregulation of the immune response (Figure
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(a)

(b)

Figure 1.14: (a) Profile of ezutromid in the DiscoverX BioMAP Diversity PLUS panel, dosed at
0.37 µM(green), 1.11 µM(yellow), 3.33 µM(orange), 10 µM(red); (b) Profile of ezutromid (10 µM, red)
overlaid on the profile of AhR antagonist CH223191 (10 µM, blue), Pearson correlation of 0.854. Grey
profiles represent baseline variation, biomarkers with activity deviating from the baseline are annotated

1.14a). Meanwhile, ezutromid caused modest decreases in sPGE2, E-selectin and IL1α, which

are hallmarks of an anti-inflammatory response. The best match to ezutromid’s profile (red)

from a database of >4500 reference compounds was that of aryl hydrocarbon receptor (AhR)

antagonist CH223191 (blue, Pearson correlation, r = 0.854) (Figure 1.14b). However, there is

no known connection between AhR modulation and utrophin expression.

In summary, the ‘hits’ generated from the preliminary target ID experiments carried out

for ezutromid were insufficient to identify a high confidence target or mechanism to follow up

in validation studies. However, they could be returned to in the context of results of more

target ID experiments.

1.7 Aims of this work

The aim of this work is to uncover ezutromid’s molecular mechanism of action to help un-

derstand the trial results and thus develop better utrophin modulators for the future. Each

target ID technique has its own associated limitations and hence a combination of strategies

is prudent to optimise likelihood of success. Moreover, it is likely that ezutromid binds to a

large number of protein targets, since ligand promiscuity is associated with linearity, planarity

and hydrophobicity.174,175 Deconvolution of proteins to identify the therapeutically relevant

target from non-specific hits would be best facilitated by comparing results from orthogonal

experiments.
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The starting point for this DPhil research is identification of ezutromid’s direct binding

partners through affinity purification, to complement phenotypic profiling studies that collab-

orators were working on: RNA-seq at our partners at Evotec and ChIP-seq and ATAC-seq

by the Davies group (DPAG). Chapter 2 discusses the design and synthesis of biotinylated

and dual-tagged probes and controls for AfBPP experiments and describes the difficulties

encountered in determining probe bioactivity, stemming from artefacts in the primary firefly

luciferase reporter gene assay. Chapter 3 explores the causes of the firefly luciferase inhibition

which resulted in the assay artefacts. Chapter 4 discusses the secondary assays employed

to eventually demonstrate probe bioactivity. Chapter 5 details the affinity capture experi-

ments and results. Chapter 6 discusses hit prioritisation and validation – as a true target of

ezutromid as well as a valid target for utrophin modulation.
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Chapter 2

Design and Synthesis of Ezutromid-based Probes for

Chemoproteomics Target ID Experiments

2.1 Aims

The target(s) and mechanism of action of ezutromid were still unclear after the preliminary

experiments described in the section 1.6. In order to shed more light on both target and

mechanism, the strategy for this DPhil research was to identify ezutromid’s direct binding

partners through affinity capture, to complement phenotypic profiling studies. This chapter

discusses the design and synthesis of active and inactive ezutromid-based probes for use in in

vitro and in situ affinity purification. The design of negative controls, which are chemically

similar to the active probes, is important to help distinguish between specific and non-specific

binding proteins in affinity capture. Development of SAR around ezutromid’s structure was

required to determine which parts of the molecule could be substituted without abolishing

activity.

2.2 Design of probes for in vitro affinity purification

Kubota and co-workers have suggested that the probability of target identification success

can be higher with compound-immobilised matrices for in vitro affinity purification than with

other chemical proteomics approaches, due to its well-established protocol and less extensive

derivatisation required compared to PAL strategies.115 The use of biotinylated probes for

affinity purification for target identification is highly precedented. Biotin-avidin is one of

the strongest known non-covalent interactions (KD ∼ 10−15 M).176 Along with other biotin-

binding proteins streptavidin and NeutrAvidin™, avidin is a homotetrameric protein, capable

of binding up to four biotin molecules. Its high specificity, high on-rate and resilience to

changes in pH and temperature have long been exploited in molecular biology. The design of
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biotinylated probes was chosen as a starting point for development of ezutromid-based probes.

The yeast three-hybrid experiment carried out by Hybrigenics services (section 1.6.1) used

probes comprising ezutromid appended to trimethoprim via a polyethylene glycol (PEG)

chain. The design elements of these probes was replicated in the design of biotinylated probes

41 and 43 (Figure 2.1), keeping the hydrophilic PEG chain to enhance solubility. Biotinylated

probe 42 was envisaged to be a potential alternative active probe, based on the activity of

the meta-substituted second generation utrophin modulator SMT022357 6 (Figure 1.6).102
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Figure 2.1: Proposed structures of active (41 and 42) and inactive (43) biotinylated probes. Blue:
linker, pink: affinity matrix substrate.

2.3 Synthesis of biotinylated probes

To test whether themeta-substitution proposed in probe 42 would retain ezutromid’s bioactiv-

ity, compound 51 equipped with a meta-PEG chain was synthesised according to Scheme 2.1

to serve as a model for 42.

First, acid chloride 48 was obtained from the corresponding acid 47 using SOCl2 in quan-

titative yields. Next, benzoxazole ring cyclisation between aminophenol 47 and acid chloride

48 was mediated by microwave activation to afford 49.100 Alkylation of the phenol 49 was

achieved with mono-tosylated tetraethylene glycol 45 (accessed from tetraethylene glycol 44).

Subsequent methylation yielded probe 51.

Probe 51 was tested by Sarah Squire (Davies group, DPAG) in the H2K mdx cellular

utrophin A-firefly luciferase (FLuc) reporter gene assay (Figure 1.5), giving an encouraging

EC50 of 0.258 ± 0.148 µM (graph presented in Appendix A). Thus synthesis of biotinylated

probe 42 was embarked on. Since the attachment of biotin often impedes cell permeability, a

truncated analogue 52 containing only the linker was also desired for confirmation of bioactiv-
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Scheme 2.1: Synthesis of ezutromid analogue 51, with a PEG chain appended in the meta position
of the 2-phenyl ring.a
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aReagents and conditions: (a) p-TsCl (0.1 eq.), NEt3, CH2Cl2, 16 h, 73%; (b) SOCl2, DMF, CH2Cl2, 0 ℃
→ rt, 16 h; (b) 1,4-dioxane, 210 ℃, 15 min under microwave activation, 33% over two steps; (d) 45, K2CO3,
DMF, 80 ℃, 80%; (e) NaH, 0 ℃, THF, then MeI, 0 ℃ → rt, 95%.

ity in the cellular reporter gene assay. The planned synthetic route allowed for step-efficient

synthesis of both analogues, beginning with alkylation of phenol 49 using linker compound 53

(kindly supplied by Aini Vuorinen10), followed by deprotection to yield amine 54 (Scheme 2.2).

Amide coupling with D-biotin and with acetic anhydride afforded biotinylated probe 42 and

truncated analogue 52 respectively.

Scheme 2.2: Synthesis of biotinylated ezutromid analogue 42, with a PEG chain appended in the
meta position of the 2-phenyl ring, and a truncated form without the biotin, 52, for testing in cellular
assays.a
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H2, MeOH, 16 h, 57% over two steps; (c) D-biotin, EDC hydrochloride, HOBt, NEt3, DMF, 16 h, 71%; (d)
Ac2O, DMAP, NEt3, CHCl3, 3 h, quant.

The synthesis of biotinylated probe 41 was envisaged using the disconnections shown in

Figure 2.2, starting with synthesis of linker 59, followed by two subsequent amide couplings

to attach biotin and ezutromid analogue 63 (Scheme 2.3).
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Figure 2.2: Proposed disconnections for the synthesis of biotinylated probe 41.

However, alkylations of both Boc- and CBz-protected aminoalcohol 56 using 3-bromo-

propionic acid to form the linkers 59 and 60 were unsuccessful, with no conversion to prod-

uct. Instead, ezutromid analogue 63, produced via condensation of 61 and 62, was coupled

with acryloyl chloride to form α/β-unsaturated amide 64. Then, by adapting a literature

procedure,177 attachment of linkers via a copper-catalysed Michael addition was achieved, al-

beit in poor yields (<15%). However, since quantities of biotinylated probe 41 and truncated

version 65 sufficient for biological evaluation were obtained, further yield optimisation was

not attempted.

Scheme 2.3: Synthesis of biotinylated ezutromid analogue 41 and a truncated form, without the
biotin 65, for testing in cellular assays.a
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℃, 64 h, 95%; (e) acryloyl chloride, NEt3, CH2Cl2, 0 ℃ → rt, 16 h, 86%; (f) 2-(2-methoxyethoxy)ethanol,
CuCl2, Cs2CO3, CH2Cl2, reflux, 64 h, 11%; (g) 58, CuCl2 (0.1 eq.), Cs2CO3, CH2Cl2, reflux, 64 h; (h) Pd/C,
H2, CH2Cl2 : MeOH (1:1), 16 h; (i) D-biotin, EDC hydrochloride, HOBt, NEt3, DMF, 16 h, 2% over 3 steps.

With biotinylated probes designed to be active in hand, attention was turned to the syn-

thesis of inactive probe 43. The synthesis was intended to follow an analogous route to that of

probe 42, beginning with benzoxazole cyclisation forming 68, followed by phenol O-alkylation

with linker 53 and hydrogenation to liberate the amine from Cbz-protected compound 69
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(Scheme 2.4). However, hydrogenation with palladium on carbon also caused inadvertent

dechlorination of the benzoxazole ring, affording 70. Alternative Cbz-deprotection using con-

centrated HCl (80 ℃, 10 min) resulted in opening of the benzoxazole ring (71) as well as the

desired product (72), in a 5:4 ratio. However, as 71 and 72 proved separable, sufficient quan-

tities of both amines 72 and 70 were isolated for the next step: acetylation to give truncated

probes 73 and 74 respectively.

Scheme 2.4: Synthesis of PEGylated ezutromid analogue 73, and dechlorinated analogue 74 as an
unintended side-product.a
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aReagents and conditions: (a) PPA, 110-180 ℃, 5 h, 18%; (b) K2CO3, DMF, 80 ℃, 16 h, (53 kindly provided
by Aini Vuorinen10); (c) conc. HCl, 80 ℃, 10 min, 45% of 72 over two steps; (d) Pd/C, H2, MeOH, 20 h, 65%
over two steps; (e) Ac2O, DMAP, NEt3, CHCl3, 73: 76%, 74: 81%.

Truncated probe analogues 52, 65, 73 and 74 were tested in the utrophin-FLuc reporter

gene assay (73 and 74 by collaborators at Evotec). Encouragingly, probe 52 showed activity

with an EC50 = 0.0606 ± 0.0726 µM (Figure 2.3), although the curve was bell-shaped, impair-

ing the fit (caveats for interpretation discussed in section 2.4). Probe 65 was less potent, with

no plateau reached, while probe 73 was confirmed as inactive. Interestingly, the dechlorinated

probe 74, also showed good activity, with an EC50 = 0.113 ± 0.0211 µM. As anticipated, the

biotinylated probes gave no response in the reporter assay (data presented in Appendix A).

With confirmation of truncated probe 73’s inactivity, and the possibility of using the

dechlorinated analogue as an additional active probe, a higher yielding synthetic strategy

towards the full biotinylated probes 75 and 43 was now desired.
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Figure 2.3: Representative concentration-response curves in the H2K mdx utrophin-FLuc reporter
gene assay for PEGylated ezutromid probes (a) 52; (b) 65; (c) 73; (d) 74. Data for 73 and 74
collected by collaborators at Evotec.

Aminoalcohol 76 was first coupled to D-biotin, then activated as the tosylate 77 to enable

alkylation of phenols 78 and 68 and yield the final biotinylated probes 75 and 43 respectively

(Scheme 2.5).

Scheme 2.5: Synthesis of biotinylated ezutromid analogues 43 and 75.a
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aReagents and conditions: (a) D-biotin, EDC hydrochloride, HOBt, NEt3, DMF, 16 h; (b) p-TsCl, NEt3,
CH2Cl2, 6 h, 48% over two steps; (c) 77, K2CO3, DMF, 80 ℃, 2 h, X = H 85%, X = Cl 12%.

32



2.4 Caveat for using FLuc reporter gene assays

Firefly luciferase reporter gene assays are susceptible to false positive and negative artefacts

caused by small molecule inhibition and stabilisation of the FLuc enzyme (discussed in depth

in chapter 3). Ezutromid itself displays a bell-shaped curve, distinctive of FLuc inhibitors

which stabilise FLuc and inhibit the bioluminescence reaction at high concentrations (Fig-

ure 1.5). Therefore, evaluation of the ezutromid-based probes for FLuc inhibition was re-

quired to validate the interpretation of the results from the utrophin-Fluc reporter gene assay.

This was assessed using recombinant FLuc in vitro and measuring luminescence output in the

presence of increasing doses of compound (Figure 2.4). Truncated probes 74 and 73 with

ortho-substituted PEG chains did not show FLuc inhibition, therefore their results in the re-

porter gene assay were unlikely to be affected by artefacts. However, the ≤ micromolar FLuc

inhibition exhibited by probes 52 and 65 meant that their encouraging reporter gene assay

results may be false positives.
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Figure 2.4: (a) Inhibition of FLuc activity by PEGylated ezutromid probe 52; (b) submicromolar
inhibition of FLuc activity by probe 65; (c)-(d) probes 73 and 74 do not inhibit significantly inhibit
FLuc below 30 µM.
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2.5 Design of cell-permeable photoaffinity probes for in situ

affinity capture

Initial results from testing non-FLuc inhibiting 74 and 73 in the utrophin reporter gene assay

indicated that their biotinylated counterparts 75 and 43 would be suitable for use in AfBPP

experiments as active and inactive probes respectively. However, as discussed in section 1.5.3,

there are certain limitations to consider with using biotinylated probes: first, cell lysates must

be used rather than live cells, decreasing physiological relevance; second, non-covalent binding

of probe to target reduces the stringency of wash steps employed and thus can lead to an

increase in background of non-specifically binding proteins; third, weakly binding targets may

be missed. This is particularly pertinent due to ezutromid’s unknown target binding affinity.

Therefore, photoaffinity probes for in situ affinity capture were desired for use in parallel to

aid target identification.

2.5.1 Incorporation of a photoaffinity label into ezutromid-based probes

Of popular options for photoaffinity groups (discussed in section 1.5.3), the trifluoromethyl-

phenyl diazirine was chosen for ezutromid due to its small size and excellent PAL profile.

Previous work in the group resulted in the development of diazirine analogue 79, with ezutro-

mid’s 5-position ethylsulfonyl moiety substituted for a trifluoromethyl diazirine178 (Figure 2.5).

The rationale for this design was the close match between the sterics and electronics of the

diazirine and the sulfonyl group. 79 was found to be active in the utrophin-Fluc reporter

gene assay with an EC50 comparable to that of ezutromid.178 An additional analogue, 80, was

designed on the basis of previous SAR studies100 to be a negative control (Figure 2.5). The

chemical properties of 80 are similar to those of PAL-labelled ezutromid analogue 79 yet 80

has been found to be inactive in utrophin upregulation.178 This negative control could be use-

ful to distinguish non-specifically binding proteins identified by affinity purification, which are

especially likely given ezutromid’s small size and hydrophobicity. Additional negative controls

would aid this target convolution further still.

N

O

F3C

N N

EC50 = 0.02 µM
6

5
79

(a)

N

O

F3C

N N

EC50 > 10 µM80

(b)

Figure 2.5: Structures of previously synthesised photoaffinity probes for ezutromid. The reporter
assay was carried out by Sarah Squire (Davies group, DPAG), data presented in Appendix A.
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Since changing regiochemistry from 5-substituted to 6-substituted benzoxazoles was also

known to ablate bioactivity,100 a second negative control 81 was designed, the synthesis for

which is described in Scheme 2.6. The disadvantage of the choice of diazirines as PALs

is their relatively lengthy synthesis (reviewed extensively elsewhere179,180). However, once

incorporated they are stable to a variety of conditions (strong acid, base, high temperature,

oxidation and reduction), allowing for further synthetic manipulations.

Scheme 2.6: Synthesis of negative control diazirine 81a
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aReagents and conditions: (a) p-xylene, 140 ℃, 5 h; (b) DDQ, 1,4-dioxane, rt, 16 h, 44% over 2 steps; (c)
LiAlH4, THF, 0 ℃; then reflux, 3 h, 99%; (d) DMP, CH2Cl2, rt, 16 h, 75%; (e) TMS-CF3, K2CO3, DMF, rt,
16 h, quant; (f) DMP, MeCN, reflux, 5 h, 79%; (g) NH2OH.HCl, pyridine, EtOH, 3 Å mol. sieves, reflux, 16 h,
91%; (h) p-TsCl, DMAP, NEt3, CH2Cl2, 40 ℃, 16 h, 85%; (i) liq. NH3, CH2Cl2, −78 ℃ → rt, 6 h, 76% (94%
brsm); (j) I2, NEt3, CH2Cl2, 0 ℃ → rt, 15 min, 64% (90% brsm).

Starting materials 82 and 83 were refluxed together to drive imine formation, which was

immediately followed by oxidative ring closure mediated by DDQ to give acid 84. Next,

oxidation level manipulation was required, beginning with reduction of acid 84 to the alco-

hol, followed by DMP oxidation to the aldehyde 85. Perfluoroalkylation of 85 was achieved

smoothly with Ruppert’s reagent in quantitative yield,181 followed by a second DMP oxidation

step to yield trifluoromethyl ketone 86. Compound 86 was converted to an oxime, then acti-

vated as the tosyl oxime 87 (geometric isomers (4:7), uncharacterised as E or Z ). Treatment

of 87 with liquid ammonia furnished the diaziridine, which was readily oxidised with iodine

to deliver diazirine 81 in a yield of 10% over 10 steps. The overall yield was diminished by

poor performance of the last two steps, where appreciable quantities of starting material were

recovered (19-29%).

With the two photoaffinity-labelled probes designed as negative controls in hand, confirma-

tion of their inactivity was desired. 1-naphthyl probe 80 had already displayed no activity in

the primary utrophin-FLuc reporter gene assay (Figure 2.5b). Testing in the FLuc inhibition

assay showed that 80 did not inhibit FLuc < 10 µM (data presented in Appendix B), indicat-

ing that its reporter gene assay result was a true negative. Evaluation of 6-substituted probe

35



81 in the utrophin-FLuc reporter gene assay (performed by Sarah Squire, DPAG) showed no

activity until the highest dose of 10 µM (Figure 2.6a), but 81 was found to moderately inhibit

FLuc (Figure 2.6b), raising concerns about the reporter gene assay result.
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Figure 2.6: (a) Concentration-response curve for 6-substituted photoaffinity probe 81 in the utrophin-
FLuc reporter gene assay indicates inactivity (data collected by Sarah Squire, DPAG); (b) Inhibition
of FLuc activity by 81 with an approximate IC50 of 18 µM, no plateau reached.

To verify the inactivity of 80 and 81 they were dosed (0.03, 0.3, 3 µM, in triplicate) onto

H2K mdx myoblasts for 24 h, alongside the vehicle and the endogenous utrophin modulator

heregulin as a positive control. Levels of utrophin protein were evaluated by western blot

analysis, and fold change relative to DMSO calculated (Figure 2.7). Heregulin was found to

upregulate utrophin ∼1.6 fold (in keeping with reported results182), while probes 80 and 81

appeared inactive, although weak activity (< 1.2 fold) was seen at the highest concentration

of probe 80.
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Figure 2.7: Heregulin upregulated utrophin
∼1.6 fold in H2K mdx myoblasts, while probes
80 and 81 were inactive. Error bars are stan-
dard deviation of technical replicates.

Therefore, with sites for photoaffinity label attachment and ablation of activity identified,

attention was turned to identifying positions dispensable for bioactivity in order to append a

‘click’ handle.
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2.5.2 Incorporation of a ‘click’ handle into ezutromid-based probes

Options for click handles were discussed in section 1.5.3, and an alkyne for CuAAC was se-

lected for its small size and well-precedented use in target ID affinity chromatography. Meta-

and para-phenyl acetylene substituents (92, 93, 98 and 99, Table 2.1) were designed to re-

place ezutromid’s naphthyl ring with minimal impact on the size of the overall compound. A

bioisostere for the trifluoromethyl diazirine was desired in the 5 position, to allow approxima-

tion of the SAR of the final dual-tagged photoaffinity probes, without the lengthy diazirine

syntheses. The trifluoromethoxy group was chosen as this bioisostere, based on its electronic

and steric similarity to the trifluoromethyl diazirine, and the commercial availability of start-

ing material 91. Hence, compounds 94, 95, 100 and 101 were synthesised to act as models

for the diazirine analogues of ezutromid to help elaborate the probe SAR.

Scheme 2.7: Initial route for the synthesis of alkyne-tagged ezutromid probes.a

O
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O
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+
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     OCF3, m: 

89 90 46 92 96
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aReagents and conditions: (a) SOCl2, DMF, CH2Cl2, 0 ℃ → rt, 16 h; (b) 1,4-dioxane, 210 ℃, 15 min under
microwave activation; (c) p-xylene, 110 ℃, 2 h; then MeSO3H (0.2 eq.) room temperature; then reflux, 16 h.

Initially, the synthesis of these probes was conceived as a two-step process from commer-

cial reagents (Scheme 2.7). Generation of acid chlorides 90 from the corresponding acids 89

(SOCl2, 0 ℃ → rt) proceeded in quantitative yields. However, subjection of these acid chlo-

rides to microwave radiation at 210 ℃ with aminophenols 46 and 91 was met with mixed

success. Whilst the para-alkynes proceeded to product in acceptable yields (R = −SO2Et, 93:

40%, R = −OCF3, 95: 41%) the reactions with the meta-alkynes produced significant quan-

tities of side products 96 and 97. The meta-alkynes were found to be prone to Markovnikov

side-reactions with addition of HCl (liberated from the acid chloride during cyclisation). This

was attributed to the greater availability of the meta-alkyne electrons, which cannot be delo-

calised to the oxygen or nitrogen in the benzoxazole core, compared to those of the para-alkyne.

The desired alkyne 94 and side-product alkene 97 (8:1 ratio) could be separated on alumina

gel. However, for the ethylsulfonyl derivative, the side-product 96 was the major product and

the desired alkyne 92 undetectable. It was hypothesised that the microwave activation and

extreme high temperature (210 ℃) may be responsible for the observed side-reaction.
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Scheme 2.8: General route for the synthesis of alkyne-tagged ezutromid probes.a
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aReagents and conditions: (a) SOCl2, DMF, CH2Cl2, 0 ℃ → rt, 16 h; (b) 1,4-dioxane, 210 ℃, 15 min under
microwave activation; (c) TMS-acetylene, Pd(PPh3)2Cl2, CuI, NEt3, THF, 70 ℃, 1 h; (d) TBAF, THF, rt, 30
min.

Compound Structure Yield /%
steps a-b

Yield /%
steps c-d

Utrophin A-FLuc
reporter assay EC50 /µM

FLuc inhibition
IC50 /µM

92 O

NS
OO

69 57 0.00686± 0.0335* 0.375 ± 0.0691

93
S N

O

OO

40† − 1.22± 1.51 > 30

98 O

N

Cl

S

OO

52 62 > 10 > 30

99 O

N

OMe

S

OO

78 66 > 10 > 30

94
OF

F
F O

N

5† − 1.86 ± 0.353 4.14 ± 0.828

95
OF

F
F O

N
41† − > 10 2.58 ± 0.891

100
OF

F
F O

N

Cl

76 42 > 10 6.73 ± 1.38

101
OF

F
F O

N

OMe

62 71 > 10 > 10

102
O

N
I

S

O O

72 − 0.0514 ± 0.0139 4.64 ± 0.867

103
OF

F
F O

N
I 51 − > 10 > 30

104
F3CO

I

N

O 35 − > 10 > 10

105
O

NS

O O

97 − > 10 3.86 ± 0.974

Table 2.1: Structure-activity relationships for variation of the 2-aryl substituent in the H2K mdx
utrophin A-FLuc reporter assay and in FLuc inhibition. The reporter assay was carried out by Sarah
Squire (Davies group, DPAG). Graphs for both assays presented in Appendices A and B. Values were
calculated by fitting a four-parameter logistic function to the data, error indicates goodness of fit.
† Synthesis according to Scheme 2.7, * bell-shaped result.

38



Therefore, an alternative approach was trialled: aminophenol 46 and acid chloride 90 were

heated (110 ℃), followed by addition of a catalytic quantity of methanesulfonic acid to form

the benzoxazole. Unfortunately, this method also gave only the undesired side-product 96.

Synthesis of 92 and the remaining alkyne-tagged probes was instead achieved according

to general Scheme 2.8, each beginning with formation of an acid chloride from the corre-

sponding halobenzoic acid, followed by microwave-assisted benzoxazole cyclisation with an

aminophenol as described previously (yields reported in Table 2.1). Sonagashira couplings

with TMS-acetylene and subsequent TMS deprotection with TBAF were then performed

to install the alkynes. The activity of the synthesised probes was investigated along with

intermediate aryl iodides 102, 103 and 104 in the utrophin A-FLuc reporter gene assay

(performed by Sarah Squire, DPAG). Unfortunately, few alterations to the ezutromid’s struc-

ture were tolerated (Table 2.1). Ethylsulfonyl-substituted probes were typically more active

than their trifluoromethoxy-substituted counterparts, for example for meta-alkynes 92 (EC50

= 6.7 nM) vs. 94 (1.86 µM) or para-alkynes 93 (1.22 µM) vs. 95 (>10 µM). Combining

meta-substitutions (−OMe and −Cl) with para-alkynes to approximate the steric size of the

naphthyl ring in the parent compound ezutromid did not yield increased activity. The aryl

iodide 102 had a potent EC50 of 0.05 µM but the trifluoromethoxy analogues 103 and 104

were far less active.

Assessment of FLuc inhibition revealed that the probes with most promising EC50 results

were also potent FLuc inhibitors, contravening interpretation of their activity as utrophin

modulators. However, interestingly, para-alkyne 93 exhibited activity independent of FLuc

inhibition, making a para-alkyne containing a 5-trifluoromethyl diazirine (106, Scheme 2.10)

a candidate for an active AfBPP probe. Further, the most active compound, meta-alkyne 92,

displayed activity with EC50 > 50 times lower than its FLuc inhibition IC50, suggesting that

a meta-alkyne AfBPP probe (107) could potentially also be active.

In addition to the negative control probes, a competition control was desired for the chem-

ical proteomics experiments. This competitor compound is co-treated at an excess concen-

tration to occupy the target binding sites and block the binding of the photoaffinity probe.

Proteins that are identified in the AfBPP workflow but are absent from the competition control

samples are likely to be specific hits. Unfortunately, ezutromid’s thermodynamic solubility of

3 µM makes it a poor candidate for the competition control. However, the phosphinate series

of second generation utrophin modulators (e.g. SMT022357 6, Figure 1.6) had been devel-

oped with superior physicochemical properties, and significantly improved aqueous solubility,
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allowing for dosage at the excess concentrations appropriate for competition experiments. As

a result, the synthesis of 6 and alkyne derivative 118 was undertaken (Scheme 2.9), route

adapted from that developed by the group and collaborators at Evotec.

Scheme 2.9: Synthesis of phosphinate second generation utrophin modulators 6 and 118.a
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aReagents and conditions: (a) 1,4-dioxane, 210 ℃, 15 min under microwave activation, 110: 70%, 115: 72%;
(b) ethyl phosphinic acid, Xantphos, palladium(II) acetate, DIPEA in DME and toluene, 105 ℃, 5 h, 111: 69%;
(c) SOCl2, DMF, reflux, 2 h, then MeOH, DMAP, DIPEA, CH2Cl2, 0 ℃ → rt, 3 h, 63%; (d) palladium(II)
acetate, PPh3, Cs2CO3, copper(I) iodide, DMF, 100 ℃, 6 h, 13%; (e) TMS-acetylene, Pd(PPh3)2Cl2, CuI,
NEt3, THF, 70 ℃, 1 h, 90%; (f) TMS-diazomethane, MeOH, toluene, 26% over two steps from 116.

2-Arylbenzoxazoles 110 and 115 were synthesised from the corresponding aminophenol

and acid chloride as described previously. An alternative route to 115, using palladium-

catalysed C-H activation of benzoxazole 112 was also attempted, but proceeded in a poorer

yield (13% vs. 72%) and therefore was not pursued further. Phosphinic acids 111 and 117

were installed via palladium-catalysed cross-coupling with ethyl phosphinic acid. Formation

of the methylated phosphinate was carried out via either activation of 111 as the phos-

phinic chloride, followed by methanol addition-elimination to afford 6 or treating 117 with

TMS-diazomethane to give 118. SMT022357 6’s ability to modulate utrophin and diminish

dystrophic pathology in mdx mice has been previously reported.102 In the FLuc reporter gene

assay, alkyne-tagged phosphinate 118 demonstrated an encouraging EC50 of 88 nM (data

presented in Appendix A). However, the result was marred by a marked bell-shaped curve,

reflecting compound 118’s potent FLuc IC50 of 66 nM (data presented in Appendix B). Given

the ambiguity of compound 118’s activity, SMT022357 6 was proposed as the competitor for

the planned chemical proteomics experiments.
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2.6 Synthesis of dual-tagged photoaffinity probes

Given the indications of activity of para- and meta-alkyne probes 93 and 92, the synthesis

of para- and meta-alkyne probes 106 and 107 containing 5-trifluoromethylphenyl diazirines

was embarked on (Scheme 2.10). The complicating factor of FLuc inhibition by ezutromid

analogues required the dual-tagged probes to be tested subsequently in orthogonal activity

assays.

Scheme 2.10: Synthesis of dual-tagged ezutromid analogues 106 and 107a
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aReagents and conditions: (a) SOCl2, DMF, CH2Cl2, 0 ℃ → rt, 16 h; (b) 1,4-dioxane, 210 ℃, 15 min
under microwave activation; (c) NHMeOMe.HCl, EDC.HCl, NEt3, DMF, rt, 16 h, 45-49% over 3 steps; (d)
TMS-CF3, CsF, toluene, rt, 3 days; (e) TBAF, THF, 50 ℃, 3 h; (f) NH2OH.HCl, pyridine, EtOH, 3 Å
mol. sieves, reflux, 16 h; (g) p-TsCl, DMAP, NEt3, CH2Cl2, 40 ℃, 16 h, 20-39% over 4 steps; (h) liq. NH3,
CH2Cl2, −78 ℃ → rt, 6 h; (i) I2, NEt3, CH2Cl2, 0 ℃ → rt, 15 min, 95-99% over 2 steps; (j) TMS-acetylene,
Pd(PPh3)2Cl2, CuI, NEt3, THF, 70 ℃, 1 h; (k) TBAF, THF, rt, 30 min, 50-70% over 2 steps.

The previous photoaffinity probe synthesis (Scheme 2.6) was significantly lengthened by

oxidation and reduction steps, and an alternative approach was desired. It was noticed that

formation of Weinreb amides 119 and 120 from the corresponding carboxylic acids could

subsequently furnish the trifluoromethyl ketones 127 and 128 in one step using the Ruppert-

Prakash reagent,183 thus reducing overall step count to this intermediate by two. The synthesis

of the TPDs from trifluoromethyl ketones proceeded as before, starting from oxime formation

and activation (O-tosylation) followed by liquid ammonia induced diaziridine cyclisation and

lastly oxidation to afford the diazirine. Sonagashira couplings with TMS-acetylene furnished

the final dual-tagged probes 106 and 107 in overall yields of 5-13% over 11 steps.

Attention was next turned to the synthesis of negative control dual-tagged probes. 1-

naphthyl 80 and 6-substituted 81 photoaffinity probes had been determined as inactive in the

utrophin western blot assay (Figure 2.7). Therefore, alkyne-bearing dual-tagged probes 129,

containing a 1-naphthyl ring, and 130, with the 6-substitution pattern, were synthesised to

serve as negative controls in the AfBPP experiments (Scheme 2.11). The placement of the
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alkyne in probe 129 was due to the commercial availability of bromo-1-naphthyl starting ma-

terial 131 and the synthetic route used was performed as previously described in Scheme 2.10.

Briefly, the synthesis proceeded from benzoxazole cyclisation, TMS-CF3-mediated installation

of the trifluoromethyl ketone, 4-step diazirine synthesis and finally Sonagashira alkyne cou-

pling. Sonagashira coupling with the aryl bromide substrate to afford 129 proceeded slowly

at 70 ℃ and was therefore prematurely halted after 1 h to limit undesired reactions at the

diazirine. Probe 129 and 130 were accordingly obtained in overall yields (11 steps) of 8%

each.
Scheme 2.11: Synthesis of dual tagged ezutromid analogues 129 and 130a

(a) - (e)

+

OH

NH2

O

HO

HO

O

I

N

O
I

F3C

O (f) - (k)

N

OF3C

NN

(a) - (e)

+

OH

NH2

O

HO N

O

(f) - (k)

N

O

HO

O

F3C

O

F3C

N N

Br Br

132 131 133 129

82 134 135 130

aReagents and conditions: (a) SOCl2, DMF, CH2Cl2, 0 ℃ → rt, 16 h; (b) 1,4-dioxane, 210 ℃, 15 min under
microwave activation; (c) NHMeOMe.HCl, EDC.HCl, NEt3, DMF, rt, 16 h, 58-62% over 3 steps; (d) TMS-CF3,
CsF, toluene, rt, 3 days; (e) TBAF, THF, 50 ℃, 3 h; (f) NH2OH.HCl, pyridine, EtOH, 3 Å mol. sieves, reflux,
16 h, 29-56% over three steps; (g) p-TsCl, DMAP, NEt3, CH2Cl2, 40 ℃, 16 h, 74-77%; (h) liq. NH3, CH2Cl2,
−78 ℃ → rt, 6 h, quant.; (i) I2, NEt3, CH2Cl2, 0 ℃ → rt, 15 min, 94-99%; (j) TMS-acetylene, Pd(PPh3)2Cl2,
CuI, NEt3, THF, 70 ℃, 1 h; (k) TBAF, THF, rt, 30 min, 34-59% over 2 steps.

2.7 Initial biological testing of dual-tagged photoaffinity

probes

With active and inactive dual-tagged probes prepared, confirmation of bioactivity was re-

quired. Testing in the utrophin-FLuc reporter assay showed micromolar activity for probes

106 and 107, weaker than that of ezutromid and with no plateau reached. No appreciable

activity was observed for negative control probes 129 and 130 (Figure 2.8a).

As with the previously synthesised probes, assessment of FLuc inhibition was also required,

to validate interpretation of the results from the reporter gene assay. Active probes 106 and

107 had significant FLuc inhibition IC50s of 1.12 ± 0.55 µM and 2.29 ± 0.78 µM while inactive

probes 129 and 130 inhibited FLuc to a lesser extent (Figure 2.8b). These results suggest that

probes 129 and 130 are suitable inactive controls, but that secondary assays, independent of

FLuc reporters, are required to prove bioactivity for compounds 106 and 107.
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Figure 2.8: (a) Probes 106 and 107 show activity in the utrophin-FLuc reporter gene assay, although
to a lesser extent than ezutromid. Negative control probes 129 and 130 have negligible activity. N=4,
representative graph shown; (b) probes 106 and 107 significantly inhibit FLuc below 10 µM. Negative
control probes 129 and 130 inhibit FLuc to a lesser extent.

2.8 Summary

In conclusion, probes for both immobilised matrix and in situ approaches to target enrichment

by affinity capture were synthesised, to maximise chances of successful target identification.

Three proposed active and one inactive biotinylated probes were developed, drawing inspi-

ration from existing SAR around ezutromid’s structure. After the synthesis of a series of

alkyne-bearing ezutromid analogues, two active and two inactive probes equipped with both a

photoaffinity label and click handle were synthesised. A phosphinate alkyne analogue was also

developed to serve as a competitor control for the affinity capture experiments. All the probes

were tested in the primary utrophin reporter gene assay, however, in many cases, particularly

those with structures most similar to ezutromid’s, valid interpretation of their bioactivity was

prevented by assay artefacts caused by FLuc inhibition. For these compounds, additional

testing for bioactivity in secondary assays was required, the results of which are discussed

in chapter 4. To improve the probe development process, it was of interest to characterise

ezutromid’s inhibition of firefly luciferase. The experiments carried out to characterise the

mechanism of ezutromid’s FLuc inhibition are described in chapter 3.
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Chapter 3

Characterisation of Ezutromid as a Firefly Luciferase

Inhibitor

3.1 Aims

The discovery of FLuc-related artefacts in the primary utrophin reporter gene assay results for

the probes developed in the previous chapter led to the desire to investigate and overcome their

cause. Understanding the mechanism by which ezutromid inhibits firefly luciferase has the

potential to improve the probe development process, by allowing rational design of probes free

from FLuc inhibition. Further, this knowledge could inform the development of another series

of utrophin modulators that was undergoing preclinical development and was also affected by

FLuc inhibition. Finally, FLuc could serve as a model system for techniques to determine

ligand binding sites, which could be later applied to validate targets identified through the

AfBPP experiments.

3.2 Introduction to Firefly Luciferase (FLuc)

3.2.1 FLuc as a tool for molecular biology and drug discovery

Firefly luciferase (FLuc) is widely used in academia and industry due to its excellent sen-

sitivity and dynamic range, and its ease of use.184 Firefly luciferase (Photinus pyralis) is a

bioluminescent enzyme, enabling sensitive detection because a light excitation source is not

required, reducing the background signal.185 Dynamic changes in luciferase abundance can be

detected due to its short half-life of 3-4 hrs in mammalian cells.186 FLuc is used in a broad

range of often high-throughput applications including reporter gene assays, in vivo imaging,

cell viability assays, cAMP sensing for cell signalling assays and more.185

However, FLuc assays are sensitive to positive and negative artefacts arising from com-

pound interferences.184 Studies conducted by Auld et al. have shown that ∼5% of compounds
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in large libraries interfere with FLuc at 11 µM,187 while ∼6% of the GSK published protein

kinase inhibitor set are FLuc inhibitors.188 Furthermore, up to 98% of compounds identi-

fied as high throughput screen (HTS) hits from FLuc reporter assays have been found to be

FLuc inhibitors.189,190 Many commonly used tool compounds such as p53-inhibitor pifithrin-

α,191 resveratrol192 and aryl hydrocarbon receptor inhibitor β-naphthoflavone193 have also

been found to be FLuc inhibitors. Consequently, hit and tool compounds should be routinely

assessed for FLuc inhibition to validate interpretation of results from FLuc assays.

FLuc interferences are typically due to direct binding of the compound to luciferase rather

than through light attenuation or scattering.187,194 Compound binding has been found to im-

part a thermal stabilisation on the FLuc enzyme, which increases its half-life independently of

transcription or translation.186,195 This stabilisation effect is amplified by the short half-life of

FLuc coupled with long compound incubation times (12-48h) typically seen with reporter gene

assays.196 Increases in luciferase abundance by compound binding can lead to false positives,

while false negatives arise from inhibition of the bioluminescence reaction.

Firefly luciferase’s catalytic bioluminescence reaction proceeds via a relatively well char-

acterised multistep mechanism (Figure 3.1a). FLuc binds substrates D-luciferin (D-LH2) 136

and ATP to form the reactive intermediate luciferyl-adenylate (LH2-AMP) 137.197 Upon

adenylation, FLuc undergoes a conformational change.198 Then, LH2-AMP reacts with molec-

ular oxygen to form an electronically excited dioxetanone 138 which collapses to generate

oxyluciferin 139 in an excited state and carbon dioxide.199 Relaxation to the ground state of

oxyluciferin releases a photon of light of wavelength 560-610 nm.199 FLuc can also perform

‘dark’ reactions such as oxidation of the intermediate LH2-AMP to form the potent tight-

binding inhibitor L-AMP 140 which is responsible for the flashing of firefly lanterns.194,197,200

3.2.2 Mechanisms of FLuc inhibition

FLuc inhibitors are typically linear, planar small molecules and some related structure-activity-

relationships have been established in the literature.187,194,201 Interestingly, inhibitors comprise

a broad range of chemotypes (Figure 3.1b), revealing FLuc to be a highly promiscuous en-

zyme. This wide structural diversity complicates prediction of compounds as FLuc inhibitors,

hindering recognition of assay artefacts. It also suggests that multiple binding sites might

exist on the FLuc enzyme to accommodate such a range of inhibitors.

Reported mechanisms of luciferase inhibition so far include substrate competition, multi-

substrate adduct inhibition (MAI) and non-specific unfolding.202–204 Most common amongst
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Figure 3.1: (a) Mechanism of FLuc bioluminescence reaction (b) Examples of FLuc inhibitors. Red
box (left): luciferin competitors, orange box: ATP competitor, blue boxes: multisubstrate adduct
inhibitors, green box (right): non-competitive inhibitors.

the reported mechanisms are inhibitors that compete with the substrate D-luciferin (FLuc KM

∼10 µM205,206). These include the analogues L-luciferin,207 dehydroluciferin,208 oxyluciferin,209

as well as distinct chemotypes such as fatty acids,210 and 2-phenylnaphthalenes 141211 (Fig-

ure 3.1b). Three inhibitor-bound FLuc complexes have been reported from soaking of apo

crystals, each of which found the inhibitor (benzothiazole derivative 142,187 bromoform212

and chalcone derivative 143213) bound in the luciferin pocket. These findings are in keeping

with the hydrophobic nature of the luciferin binding pocket as evidenced by the fluorescence

induction of the hydrophobic 2-(p-toluidino)naphthalene-6-sulfonate (TNS) probe.214 Compu-

tational analysis of FLuc inhibitors binding to this pocket has led to predictor tools designed

to flag potential HTS false positives.215,216

FLuc inhibitors which compete with the ATP substrate have been less frequently observed

but include a series of quinoline containing compounds 144 which were also found to compete

with luciferin.194 The lower frequency of identification of inhibitors of this mechanism is likely

due to high saturating intracellular concentrations of ATP (∼1 mM) which masks the evidence

of this inhibition mode.

Multisubstrate adduct inhibitors (MAI) are single molecules comprising two or more sub-

strates of the enzyme.217,218 This approach often leads to highly potent and selective inhibitors,
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with examples for FLuc including the naturally occuring L-AMP inhibitor and PTC124 1

(Ataluren/Translarna), both of which contain carboxylic acids and form adenylate adducts af-

ter reaction with ATP and release of pyrophosphate.219 As described in section 1.2.2, PTC124

has been granted conditional approval in Europe as a treatment for Duchenne muscular dys-

trophy in patients with nonsense mutations. It was originally discovered using a cellular FLuc

reporter nonsense codon assay220 but was subsequently found to inhibit FLuc with an IC50 of

7 nM, correlating to the activity in the original assay.203

Numerous examples of inhibitors of FLuc which are non-competitive with respect to lu-

ciferin or ATP or both exist in the literature. These include compounds such as resveratrol

145192 and NF-κB inhibitor 146,221 which continue to be used in luciferase reporter assays

without control for their artefactual behaviour.222 Other non-competitive inhibitors of differ-

ent chemotypes have been identified with IC50 values as low as 0.26 nM.194,195,201 However,

the binding mode of these inhibitors has not yet been reported. The LH2-AMP mimic DLSA

147 reported by Branchini et al. was found to be non-competitive with respect to the two

substrates luciferin and ATP, but competitive with the LH2-AMP intermediate.223 This was

rationalised by the significant conformational change involving a ∼140° rotation of the C ter-

minal domain that occurs after the activating adenylation reaction forming LH2-AMP, offering

different binding environments within the same active site.198

Anaesthetics are another class of compounds that have been found to bind and inhibit

FLuc with non-competitive kinetics, although via a non-specific mechanism.224,225 Examples

including chloroform, halothane and fluroxene have been shown to irreversibly thermally de-

nature FLuc due to preferential binding to hydrophobic residues exposed in the unfolded

protein.204,226 The same behaviour was seen with detergent molecules such as dodecylamine.210

3.3 Investigation of ezutromid’s mechanism of FLuc

inhibition

Ezutromid was originally discovered using a FLuc reporter gene assay for utrophin upregula-

tion. Although it was later shown to upregulate utrophin at both the mRNA and protein level

in DMD mouse models and in human DMD patients’ cells,57,100,101 in dose-response analyses

in the original reporter gene assay it displayed a bell-shaped curve, distinctive of FLuc in-

hibitors which stabilise FLuc and inhibit the bioluminescence reaction at high concentrations

(Figure 1.5). This led us to suspect that an interaction between ezutromid and FLuc may

be at least contributing to the output, in common with many of the derivatives described
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in chapter 2. As anticipated, when subjected to an in vitro enzyme assay with recombinant

FLuc, ezutromid was found to be a potent FLuc inhibitor, with an IC50 of 0.030 µM (Figure

3.2a).
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Figure 3.2: Ezutromid inhibits firefly luciferase. (a) Inhibition of FLuc luminescence by ezutromid;
(b) UV-visible absorbance spectrum of 1 µM ezutromid in DMSO; (c)-(f) inhibition of FLuc by ezutro-
mid is independent of the presence of a range of detergents CHAPS (zwitterionic), cholic acid (ionic),
triton X-100 (non-ionic) and Tween-20 (non-ionic) at concentrations of approximately 10, 25 and 50%
of their critical micelle concentrations (the concentration above which micelles form spontaneously).227

Since ezutromid does not absorb above 380 nm, it cannot quench the green tone FLuc

luminescence (Figure 3.2b), so must be interfering with FLuc via a different mechanism.

Conservation of ezutromid’s inhibition of FLuc in the presence of a range of detergents (Figure

3.2c-3.2f) excluded small molecule aggregation as the mechanism of inhibition.228

An approximation of the KD for the binding interaction between ezutromid and FLuc was

now desired, and a fluorescence quenching assay was proposed for this purpose. Ezutromid’s

planar aromatic structure, in particular its naphthyl ring, suggested that its intrinsic fluores-

cence could be leveraged for this assay. The absorbance spectrum of ezutromid (40 µM in

water with 5% DMSO to ensure compound dissolution) was measured to identify potential

excitation wavelengths (Figure 3.3a). Lower compound concentrations (0.3 µM ezutromid,

1% DMSO in water) were used for the more sensitive fluorescence experiments. The peak

absorbance wavelength (313 nm) was then used to generate an emission spectrum, revealing

a peak emission at 390 nm (Figure 3.3b). The fluorescence excitation spectrum was measured
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next, confirming a peak excitation of 310-313 nm (Figure 3.3c).
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Figure 3.3: (a) UV-visible light absorbance spectrum for ezutromid (40 µM in water:DMSO, 19:1);
(b) fluorescence emission spectrum of ezutromid (0.1 µM, 1% DMSO in Tris buffer, see experimen-
tal methods section 8.1), excitation wavelength of 313 nm; (c) fluorescence excitation spectrum of
ezutromid (0.3 µM, 1% DMSO in water), emission wavelength of 390 nm.

Ezutromid’s binding affinity for FLuc was then determined via quenching of the its fluo-

rescence upon binding of the protein (Figure 3.4a-3.4b). Fitting of the fluorescence quenching

with a four parameter logistic function gave an apparent KD of 0.40 ± 0.15 µM and Hill coef-

ficient of 0.98 ± 0.24 (Figure 3.4c), indicating a 1:1 stoichiometry of binding. This apparent

FLuc KD correlates well with the EC50 from the FLuc reporter gene assay (0.36 ± 0.22 µM,

Figure 1.5), indicating that the original result was likely biased by FLuc interference.
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Figure 3.4: (a) Schematic of the fluorescence quenching binding assay using ezutromid; (b) incubation
of ezutromid with FLuc results in quenching of the compound’s intrinsic fluorescence (300 nM, 313
nm excitation, 390 nm emission); (c) fluorescence of ezutromid (300 nM, 313 nm excitation, 390 nm
emission) measured after incubation (15 min) with firefly luciferase (5 − 3000 nM).

3.3.1 Docking studies of ezutromid and FLuc crystal structure

Ezutromid’s benzoxazole core and planar, hydrophobic structure are characteristic of luciferin

competitors. Docking studies using the benzothiazole inhibitor 142 bound FLuc structure

(PDB: 4e5d187) in AutoDock Vina (default settings, described in the experimental methods)229
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supported this hypothesis (Figure 3.5), with ezutromid found to overlay the inhibitor pose as

anticipated in the estimated lowest energy binding conformation.

Figure 3.5: Docking studies predict that ezutromid (yellow) overlays the crystallised pose of benzoth-
iazole inhibitor 142 (blue) in the FLuc luciferin pocket (green), PDB deposit: 4e5d.

3.3.2 Kinetic evaluation of ezutromid’s FLuc inhibition

However, kinetic experiments varying first luciferin then ATP (with the other substrate held

at saturating concentrations) indicated that substrate competition was not the mechanism by

which ezutromid operates. Instead, fitting of initial rates to the Michaelis-Menten equation

under rapid-equilibrium steady state kinetics led to determination of non-competitive inhibi-

tion with respect to luciferin (Figure 3.6a), and uncompetitive with respect to ATP (Figure

3.6b).
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Figure 3.6: The dependence of the initial velocity on the concentration of luciferin (a) and ATP
(b) at different concentrations of ezutromid (µM, coloured lines). Curves fitted using the Michaelis-
Menten equation under rapid-equilibrium steady state kinetics to the data. Decrease in Vmax at 500
µM luciferin (D-LH2) is caused by substrate inhibition.230
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These results were supported by Lineweaver-Burk analysis of the results, which showed

FLuc’s KM for luciferin unchanged at 18.2 µM (close to the literature value of 16.9 µM206)

as is expected for non-competitive inhibition (Figure 3.7a) and the KM for ATP decreasing

as seen in uncompetitive inhibition (Figure 3.7b). The KI was calculated as 0.76 ± 0.43 µM

from Dixon plot analysis of the results (Figure 3.7c-3.7d).
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Figure 3.7: (a)-(b) FLuc KM, determined by Lineweaver-Burk analysis of kinetic data, for luciferin
and ATP respectively with increasing ezutromid concentration; (c) Dixon plot of the reciprocal of the
initial velocity against increasing concentration of ezutromid, at different concentrations of luciferin
substrate. (d) The KI of ezutromid is estimated as 0.76 ± 0.43 µM, based on the x-axis intersection
of lines in the Dixon plot.

To assess whether ezutromid could be competing with LH2-AMP for binding to FLuc’s

second catalytic conformation, further kinetic experiments were carried out, varying LH2-

AMP which was supplied as the sole substrate (initial velocity and Lineweaver-Burk plots in

Figures 3.8a and 3.8b respectively).

DLSA was used as a positive control and was confirmed to compete with LH2-AMP (data

presented in Appendix C). Ezutromid was found not to compete with LH2-AMP, but instead

was shown to display partial mixed inhibition, meaning it binds to both the FLuc and the

FLuc:LH2-AMP complex, and also does not fully inhibit light production. Other compounds

that have been found to bind via mixed type inhibition have also been reported. A class of
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Figure 3.8: Mechanistic evaluation of known inhibitors of firefly luciferase with respect to the enzyme
intermediate luciferyl adenylate. (a) The dependence of the initial velocity on the concentration of
luciferyl adenylate (LH2-AMP) at different concentrations of ezutromid. Curves were fitted using the
Michaelis-Menten equation under rapid-equilibrium steady state kinetics to the data using Dynafit.
Inhibition model selection was achieved with Akaike and Bayesian Information Criteria; (b) The same
data presented in double reciprocal Lineweaver-Burk plots; (c) Table of the effects on FLuc kinetic
parameters KM and Vmax induced by DLSA, ezutromid, resveratrol, NF-κBAI4 and 148, and whether
full or partial inhibition is observed. KM and Vmax were calculated from slope and the reciprocal of
the intercept of Lineweaver-Burk plots (data presented in Appendix C). Mechanism of inhibition with
respect to LH2-AMP (red box) was determined after analysis using both Dynafit and Lineweaver-Burk
methods.

aryl triazoles were found to have mixed non-competitive inhibition with respect to substrate

analogue aminoluciferin,211 while some pyrrolo[2,3-d]pyrimidines had mixed competitive in-

hibition with respect to luciferin.231 To determine whether ezutromid’s mode of inhibition

is similar to that of other reported non-competitive inhibitors, resveratrol 145, NF-κBAI4

146 and compound 148232 were included in further experiments (data presented in Appendix

C). Resveratrol and structurally related 146 were found to have non-competitive and partial

non-competitive inhibition respectively regarding LH2-AMP, whilst 148 had mixed partial

inhibition similar to ezutromid (table, Figure 3.8c). These findings indicate that these non-

competitive inhibitors are binding via a previously undescribed mechanism. This indicates

that FLuc has multiple inhibitor binding sites and conformations beyond that which is cur-

rently understood.

53



3.3.3 Towards determination of ezutromid’s FLuc binding mode

Co-crystallisation

X-ray crystallography is a powerful method for determining protein-ligand binding modes.

Crystal soaking and co-crystallisation of FLuc with ezutromid alone or in the presence of

ATP, luciferin or DLSA was attempted in collaboration with Frank von Delft’s group at the

SGC to determine the exact location of the ezutromid binding site. However these crys-

tallisation attempts yielded only needle apo structures matching those previously reported in

the literature (Figure 3.9a),212,213 or alternatively crystals of ezutromid (Figures 3.9b-3.9f).

Soaking of apo crystals with compound also failed to yield protein-ligand complexes, which

suggests that ezutromid may bind to a higher energy conformation of FLuc which we have

been unable to crystallise.

(a) (b) (c)

(d) (e) (f)

Figure 3.9: Photographs of crystals grown from solutions of FLuc and ezutromid, each were mounted
and X-ray data collected at the Diamond Light Source, Harwell, UK (data collected by collaborators in
the von Delft group). X-ray data was processed using PHENIX233 and structures solved by molecular
replacement with Phaser234 using structure 1lci235 as a model. (a) Needle crystals of apo firefly
luciferase; (b)-(f) crystals of small molecules.

Photoaffinity approach

In the absence of X-ray crystal data, a photoaffinity strategy was employed to elucidate the

binding mode of ezutromid. This approach involves incorporation of a photoaffinity group

into a probe compound then exploiting its affinity for its protein target (Figure 3.10b). Once
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bound, UV irradiation to activate the photoaffinity group results in carbene generation, then

covalent binding to nearby residues.149 The site of incorporation can be established by mass

spectrometry to reveal the molecule’s binding site. Trifluoromethylphenyl diazirines are well-

characterised and have been successfully used in the literature for binding site identification

studies.154,236,237 Photoaffinity probe 79, synthesised by Jess Reynolds, was found to retain

FLuc inhibition behaviour, although with a reduced affinity, IC50 = 0.595 ± 0.112 µM (graph

presented in Appendix B).
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Figure 3.10: Irradiation studies of ezutromid-related photoaffinity probe with firefly luciferase.
(a) Scheme of products generated from irradiation of diazirine probe 79 under conditions listed in
table (c); (b) Schematic of photo-induced covalent crosslinking of trifluorophenyl diazirines into -CH
or -XH where X is a heteroatom; (d) LC-MS of FLuc with (bottom) and without (top) diazirine probe
79; (e) LC-MS of products formed from diazirine irradiation, bottom left: MS/MS spectrum of peak
344, bottom right: MS/MS spectrum of peak 360.

However, incubation of the probe with FLuc, followed by UV irradiation (365 nm) and LC-

MS of the reaction mixture resulted in no observation of probe incorporation into the enzyme

(Figure 3.10d, spectrum presented in Appendix D). Instead, two species were generated from

the probe, one whose mass corresponds to the addition of H2O2 (assigned as hydrate 150), the

other corresponding to the addition of water, assigned as 149 (Figure 3.10a). This finding was

replicated with the addition of substrates luciferin, ATP and DLSA. However, interestingly,

when the probe was irradiated in the absence of FLuc (Figure 3.10c), only the water adduct

was observed, indicating the requirement of the enzyme for the oxidation of the probe (chro-

matograms for the peak corresponding to the oxidised probe presented in the Appendix D).
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ESI MS/MS fingerprint analysis of the putative water 149 and H2O2 150 adducts generated

in the irradiation experiments corresponded with the spectra generated from authentic sam-

ples of the compounds (Figure 3.10e). These authentic samples were intermediates towards

diazirine probe 79 previously synthesised by Jess Reynolds (synthetic route as reported in

Scheme 2.6 for regioisomer 81). The authentic sample of hydrate 150 derives from the cor-

responding trifluoromethyl ketone, since ketones with strongly electron-withdrawing groups

exist predominantly as hydrates in aqueous solutions.238

Reaction of molecular oxygen with TPDs has been reported in the literature239 and FLuc

has oxygenase activity (Figure 3.1a), indeed an oxygen/pantetheine tunnel to the active site

that has been postulated by Branchini et al..240,241 Furthermore, the approach of oxygen to

the active site has been modelled by molecular dynamics and mechanics, finding that oxygen

can move inside FLuc without any energetic barrier.242 The results of this experiment are not

conclusive but suggest that probe 79 might bind to an oxygen binding FLuc conformation.

3.4 Summary

Ezutromid has been identified as an FLuc inhibitor, requiring cautious interpretation of results

from its use in FLuc reporter gene assays. Ezutromid is a non-competitive inhibitor with re-

spect to luciferin and uncompetitive with respect to ATP. Alongside three other literature non-

competitive inhibitors, ezutromid was found to have previously undescribed non-competitive

and mixed inhibition mechanisms with respect to the intermediate LH2-AMP. Photoirradia-

tion studies to identify the binding site of a ezutromid probe revealed the formation of an FLuc

dependent oxygenated species, indicating binding of the probe in the proximity of molecular

oxygen. However, the binding site of these non-competitive inhibitors is still uncharacterised.

Despite investigations into FLuc’s mechanism stretching back 70 years, it seems that much of

the dynamic conformational changes involved is still not fully understood. Full characterisa-

tion of ezutromid’s binding mode in FLuc was not achieved, and ezutromid’s non-competitive

mode of inhibition means that probe design circumventing FLuc binding is difficult to ratio-

nalise. In conclusion, the biological evaluation of ezutromid-related analogues in FLuc reporter

gene assays requires experimental counter-screening for FLuc inhibition. Given the significant

FLuc inhibition exhibited by 5 of the 8 probes prepared in chapter 2, their evaluation in

secondary assay(s) to determine utrophin modulation is essential.
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Chapter 4

Biological Evaluation of Probes for Target ID

Experiments

4.1 Aims

Chapter 2 discussed the design and synthesis of biotinylated and dual-tagged photoaffinity

probes for in vitro and in situ target identification studies. Cell-permeable truncated versions

of the biotinylated probes were also generated for assessment of bioactivity in cellular assays

(65, 52, 74 and 73, Figure 4.1). However, evaluation of probe bioactivity using the primary

utrophin-FLuc reporter gene assay was impaired by FLuc-related artefacts. This chapter

describes studies to unambiguously ascertain the bioactivity of the prepared active and inactive

probes (Figure 4.1), and the competitor control 151.
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Figure 4.1: Left: structures of the proposed active and inactive PEGylated ezutromid analogues
(truncates of the biotinylated probes); right: structures of the proposed active and inactive dual-tagged
photoaffinity probes.
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4.2 Introduction: assays for utrophin upregulation

There are significant challenges in developing robust and high-throughput assays to quantify

utrophin expression in DMD muscle. Firstly, both muscle and the dystrophic phenotype are

dynamic systems that are difficult to reproduce in in vitro models. Secondly, utrophin is a scaf-

fold protein without enzyme or signaling activity that could be quantified using biochemical or

cell-based assays. Thirdly and most importantly, utrophin is a regeneration-associated protein

and is increased 2–5-fold over wild type as part of the repair process, following rounds of mus-

cle necrosis in DMD boys and animal models.243,244 The level of regeneration and utrophin

expression in DMD boys and animal models varies with age, individual and muscle type,

providing a high and inconsistent background against which small molecule-induced utrophin

upregulation needs to be measured.57 Adding to the complexity, high levels of regeneration

are correlated with increased disease severity in DMD boys.245 Indeed, utrophin related to

regeneration is heterogenously expressed in muscle and its increase is associated with a reduc-

tion of muscle function.105 It is the uniform increase of utrophin at the sarcolemma, seen in

transgenic mdx mice, that reduces the regeneration mechanism and restores muscle function,

and is the desired outcome of small molecule utrophin modulator treatment.

The development of assays for quantifying utrophin upregulation has been extensively

pursued by our collaborators at DPAG, Evotec and Summit Therapeutics. Assays to examine

utrophin promoter activation were developed from the original transfected 8.4 kb utrophin A

promoter-FLuc fragment (Figure 1.5) to a FLuc knock-in murine cell line, where one allele of

utrophin was replaced with the reporter to allow control of gene expression in the endogenous

genomic context. Replacement of FLuc with nanoLuc and mCherry reporters for use in human

DMD cell lines to circumvent FLuc-related artefacts was ongoing during this project.

Real time quantitative PCR was used for mRNA quantification, while protein quantifi-

cation was attempted by western blot, Meso Scale Discovery® (MSD), Homogeneous Time

Resolved Fluorescence (HTRF), and High Content Imaging (HCI) assays. However, attempts

to increase the throughput of these protein quantification assays via miniaturisation have not

been successful, with the failure of positive controls to behave as anticipated. Our in vitro

models of choice were mdx and human DMD immortalised myoblasts which offer improved

assay flexibility and throughput compared to differentiated myotubes.14,246
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4.3 Evaluation of the ability of ezutromid-based probes to

upregulate utrophin

Additional challenges lie in the biological evaluation of ezutromid-based probes due to the mod-

est activity (1.5-2 fold change) of the parent molecule, which is compounded by the typical

reduction in activity following introduction of purification handles or photoaffinity labels. Fur-

thermore, ezutromid’s limited aqueous solubility (3 µM) is shared by its photoaffinity-labelled

analogues∗, restricting possible dosage concentrations and potentially impairing maximal ac-

tivity calculations required to generate IC50 and EC50 values.

The primary utrophin-FLuc reporter gene assay protocol involves preparation of a com-

pound dilution plate serially diluted from a maximum compound concentration of 200 µM

in 20% DMSO in water, prior to 20× dilution when dosing seeded cells in media. Although

ezutromid was discovered in this screen, this protocol results in formation of needle crys-

tals of ezutromid in the high concentration compound plate, which are transferred during

cell treatment (Figure 4.2). Crystallisation rather than precipitation gives the appearance of

dissolution by eye, but renders meaningful determination of activity impossible.

Figure 4.2: Treatment of H2K mdx utrnA-luc cells with ezutromid according to the utrophin-FLuc
reporter gene assay results in the formation of needle crystals, scale bar: 400 µm.

To accommodate the poor solubility of ezutromid and its dual-tagged photoaffinity ana-

logues during biological testing, compound concentrations never exceeded 3 µM, DMSO con-

centrations up to 1% were employed and serial dilution was not performed. Experiments to

examine the activity of the PEGylated and photoaffinity probes, and phosphinate competitor

compounds are described below.

∗Probes 106 and 107 are difficult to dissolve in DMSO and were considered to be insoluble in water (semi-
thermodynamic solubility < 2 µM) by Cyprotex Discovery Ltd., Alderley Park, Cheshire, SK10 4TG (UK)
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4.3.1 Evaluation of probe bioactivity by RT-qPCR

First, the PEGylated and dual-tagged photoaffinity probes were assessed for their ability to

upregulate utrophin mRNA in murine mdx myoblasts after 24 h treatment (30 nM) using real

time quantitative PCR (RT-qPCR). Gratifyingly, PEGylated probes 65 and 74 retained the

ability of ezutromid to increase utrophin mRNA levels > 2 fold (Figure 4.3a). Meta-substituted

probe 52 gave a weaker ∼1.5 fold utrophin increase, while probe 73 was confirmed to be

inactive. Further, treatment with photoaffinity probes designed to be active 106 and 107,

and also alkyne-bearing phosphinate probe 118 led to ∼1.5 fold increases in utrophin mRNA

expression. However, while 1-naphthyl probe 129 gave a response indistinguishable from

the DMSO vehicle, as anticipated for the negative control, 6-substituted 130 unexpectedly

displayed activity similar to 5-substituted analogues 106 and 107, throwing its assignment

as an inactive control into doubt. Statistical significance was not calculated as these results

were derived from three seeded replicates of cells from the same biological population (same

passage number of immortalised H2K mdx cell line).
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Figure 4.3: (a) Probes 65 and 74 retain the ability of ezutromid 5 to increase utrophin mRNA
levels after 24 h of compound treatment (30 nM). Meta-substituted probe 52 gives a weaker ∼1.5 fold
utrophin increase, while probe 73 is inactive; (b) probes 106, 107, 130 and 118 give ∼1.5 fold increase
in utrophin mRNA expression after 24 h of compound treatment (30 nM). Probe 129 gives a response
indistinguishable from the DMSO vehicle. Utrophin mRNA expression levels were normalized to S13
and relative to DMSO as the mean ± SD (n = 3, technical replicates).

4.3.2 Evaluation of probe bioactivity by western blot

Next, fold change in utrophin protein levels post probe treatment compared to the vehicle

control was evaluated by western blot analysis. Due to the low throughput of this assay, only

the dual-tagged photoaffinity probes, which had less conclusive responses in the qPCR assay
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were assessed. Compound 130, which was found to increase utrophin mRNA rather than

acting as a inactive control, was not tested. Remaining compounds 106, 107 and 129 were

tested in three concentrations (0.03, 0.3, 3 µM, 24 h incubation) to allow determination of any

dose-response. Each experiment (human DMD or mouse (mdx) myoblasts) was performed

with three replicates, and each experiment carried out three times in total, using different

frozen cell stocks. One experiment using the human DMD cell line was carried out by Lee

Moir (Davies group, DPAG) and the results combined in the data presented.

Mouse H2K mdx experiments

Both probes 106 and 107 were found to upregulate utrophin protein in mdx myoblasts after

24 h, with meta-substituted 107 demonstrating a response comparable to the parent com-

pound ezutromid (Figure 4.4). At 3 µM, probes 106 and 107 were found to increase utrophin

protein ∼1.5 fold (p < 0.05), similar to other reported utrophin modulators (section 1.3.2) and

the endogenous utrophin modulator heregulin. Levels of utrophin protein post treatment with

1-naphthyl probe 129 were indistinguishable from the vehicle control at all concentrations.
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Figure 4.4: (a) Probes 106 and 107 increase utrophin protein levels comparable to heregulin and
ezutromid after 24 h of compound treatment in H2K mdx cells. Inactive probe 129 does not increase
utrophin. Bars represent means of utrophin levels normalised to total protein and relative to DMSO,
error bars are standard error of the mean, n = 3. * p < 0.05, ** p < 0.005. (b) Representative utrophin
western blot from probe treatment of mouse H2K mdx myoblasts. H; heregulin. Uncropped blots are
presented in Appendix E.
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Human DMD myoblast experiments

The activity of probes 106 and 107 was further profiled in human DMD cells. Meta-

substituted probe 107 increased utrophin protein levels after 24 h to a similar extent as

ezutromid (Figure 4.5), with both leading to a ∼1.8 fold increase with 3 µM treatment (p <

0.05). However, no significant increase in utrophin protein was observed for para-substituted

106. The small compound effect (< 2 fold change) coupled with high variability of the utrophin

expression background made determination of significant effects by western blot challenging. A

more robust and higher throughput secondary assay would be required for further assessment

of probe bioactivity.
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Figure 4.5: (a) Probe 107 increases utrophin protein levels comparable to ezutromid after 24 h of
compound treatment in human DMD cells. Probe 106 led to no significant increase. Bars represent
means of utrophin levels normalised to total protein and relative to DMSO, error bars are standard
error of the mean, n = 3. * p < 0.05, ns = not significant. One replicate experiment was performed
by Lee Moir (Davies group, DPAG); (b) Representative utrophin western blot from probe treatment
of human DMD myoblasts. M; protein standard (in kDa). Uncropped blots are presented in Appendix
E.

4.3.3 Selection of an appropriate competitor control

The alkyne-bearing phosphinate probe 118 had been synthesised to be used as a competitor

control for AfBPP experiments, and shown encouraging signs of activity in the preliminary

utrophin qPCR assay. However, due to the challenges with low throughput and small assay

window in confirming utrophin modulating activity, second generation compound SMT022357

6 with in vivo activity established by collaborators in the Davies group102 was advanced as a

62



potential competitor instead. The toxicity of 6 at the high dosage concentrations appropriate

for a competitor control was assessed by its effect on cell viability after 2 h incubation (Figure

4.6a). SMT022357 was found to be cytotoxic above 100 µM; indeed it was safety issues that

had halted the progression of this compound during maximum tolerated dose determination.

However, this hepatoxicity was found to be alleviated after substitution of the meta-CF3 for

a para-F (Cyprotex Discovery Ltd., Alderley Park, Cheshire, SK10 4TG, UK). Further, the

(+)-isomer, SMT022332 151 (Figure 4.6c) was found to have greater in vivo efficacy than its

(−)-isomer counterpart (Davies group, DPAG). In this work, SMT022332 was confirmed to

be well-tolerated at all concentrations tested (Figure 4.6a), and dose-dependently increased

utrophin protein expression in human DMD myoblasts (Figure 4.6b-c).
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Figure 4.6: (a) Second generation compound SMT022357 is cytotoxic above 100 µM, while analogue
SMT022332 151 is well-tolerated at all concentrations tested. SMT022332 dose-dependently increases
utrophin protein levels after 24 h of compound treatment in human DMD myoblasts, determined by
western blot. (b) Bars represent means of utrophin expression normalised to total protein and relative
to DMSO, error bars are standard error of the mean, n = 4. One replicate experiment was performed
by Lee Moir (Davies group, DPAG). Representative blot shown in (c), uncropped blot presented in
appendix E; (d) Structures of SMT022357 6 and SMT022332 151.

4.4 Physiological evaluation of bioactivity of ezutromid-based

probes

The fusion of myoblasts into mature myotubes is required during muscle development and

repair, and is dysregulated in dystrophic muscles.247 Increases in rate of fusion of treated hu-

man DMD myoblasts into mature myotubes (Figure 4.7a) indicates improved myogenesis.248

The effects of compound treatment were examined in a high content imaging (HCI) assay de-

veloped by collaborators at Evotec International GmbH (Hamburg, Germany). Immortalised

DMD myoblasts were treated with compound or vehicle (0.1% DMSO) during five days of

differentiation, then fixed and stained for utrophin, myosin heavy chain (a myotube marker)
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Figure 4.7: Utrophin modulators such as heregulin, ezutromid and probes 106 and 130 increase
fusion of DMD myoblasts into mature myotubes. (a) Schematic of the process of fusion of proliferating
myoblasts into myotubes. Immortalised DMD myoblasts were treated with compound or vehicle (0.1%
DMSO) during five days of differentiation, then fixed and stained for utrophin (green), myosin heavy
chain (red) and DAPI (blue); (b) vehicle control, (c) 10 µM ezutromid. (d) Dose-dependent increase
in fusion of myoblasts to mature myotubes observed after 5 days of heregulin and ezutromid treatment
is also observed after treatment with para-substituted probes 106 and 130, but not meta-alkyne probe
107, inactive 1-naphthyl probe 129 or the biotinylated probes. Fusion index is shown (top) as mean
± SD and nuclei count (bottom) mean ± SD, each n = 4.
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and DAPI. Images were taken with a Perkin Elmer Operetta high-content imaging system

with a 10 × objective; representative images for DMSO and ezutromid (10 µM) are shown

in Figure 4.7b-c. Accurate automated determination of utrophin protein fold change which

gave expected results for the positive controls was not established in this high content imaging

assay format before the end of the collaboration and is therefore not presented here. However,

dose-dependent increase in fusion of myoblasts to mature myotubes after 5 days was observed

after heregulin and ezutromid treatment (Figure 4.7d). Interestingly, this behaviour was also

observed after treatment with para-substituted probes 106 and 130, but not meta-alkyne

probe 107, inactive 1-naphthyl probe 129 or the biotinylated probes.

4.5 Summary

The results of this chapter are summarised in Table 4.1. The cell-permeable truncated ana-

logues of the four biotinylated probes and the four dual-tagged photoaffinity probes synthesised

in chapter 2 were tested for their ability to upregulate utrophin mRNA levels by RT-qPCR.

Encouragingly, three of the truncated biotinylated probes were found to be active, with two

retaining the same activity as ezutromid. Further, the probe designed to serve as a nega-

tive control was confirmed to be inactive. Although none of these truncated analogues were

found to replicate ezutromid’s ability to increase fusion of myoblasts into myotubes, all four

biotinylated probes were taken forward for target identification studies.

The two dual-tagged photoaffinity probes designed to be active (106 and 107) were also

found to upregulate utrophin mRNA production, although to a lesser extent than ezutromid

(∼1.5 vs. > 2 fold). One of the intended negative control compounds (1-naphthyl probe 129)

was confirmed not to increase utrophin, while the other (6-substituted 130) was found to be

as active as 106 and 107. The three successful probes were further assessed for their effect

on utrophin protein levels by western blot analysis. Pleasingly, probes 106 and 107 were

also found to increase utrophin protein ∼1.5 fold in both mouse and human DMD cells, while

probe 129 was confirmed to be inactive. However, only 106 retained ezutromid’s ability to

increase the rate of myoblast fusion.

Probe 106-induced increases in utrophin expression, while small, were consistently ob-

served in orthogonal assay formats. Therefore, based on the strength of this combined activity

data, 106 was deemed the most similar to ezutromid’s phenotype and selected to be the active

in situ AfBPP probe in target identification studies. The 6-substitution pattern seen in para-

alkyne probe 130 had been reported to ablate activity in the utrophin-FLuc reporter gene
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Compound Structure
Mouse

utrophin mRNA
fold change

Mouse
utrophin protein

fold change
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utrophin protein

fold change
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∼1.5× ∼1.5 × ∼1.5 ×* Active

107 O

NF3C

N N

∼1.5 × ∼1.5 × ∼1.8 × Inactive

129 O

NF3C

N N

Inactive Inactive Not tested Inactive

130 O
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F3C

NN

∼1.5 × Not tested Not tested Active

118
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O

P

O

O ∼1.5 × Not tested Not tested Not tested

151 N

O
F

P

O

O Not tested Not tested ∼2.0 × Not tested

Table 4.1: Summary table of biological activity of ezutromid-based PEGylated, dual-tagged and
competitor probes; green: active, red: inactive. Fold changes shown are the highest obtained for
each compound, at any concentration. mRNA data are the means of technical replicates (n = 3, no
statistical significance calculated). Protein data are the means of biological replicates, n = 3, * denotes
statistically non-significant result.
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assay.100 However, in section 2.7, 130 was revealed as an FLuc inhibitor, flagging this result

as a potential false negative. With further investigation, it transpired that 6-substituted 130

retained ezutromid’s ability to upregulate utrophin mRNA and also to increase fusion index.

As a result, only 1-naphthyl probe 129 was taken forward as the negative control. Second

generation compound SMT022332 was established as an active, non-toxic ezutromid analogue

suitable for use as a competitor control for target identification studies, which are the subject

of the next chapter.
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Chapter 5

Target Identification by Affinity Capture Chemical

Proteomics

5.1 Aims

Chapter 4 discussed the selection of biotinylated and dual-tagged probes for AfBPP studies,

based on their biological activity. The aim of this chapter is to develop and deliver in vitro

and in situ chemical proteomics strategies to identify probe-interacting protein targets by

gel-based and mass spectrometry methods.

5.2 AfBPP experiments using biotinylated probes

In vitro affinity capture experiments using compound-immobilised beads require less optimi-

sation, with fewer steps in the workflow than in situ photoaffinity experiments, and were

therefore selected as the starting point.

5.2.1 Experimental design

The workflow for affinity purification experiments using a compound-bound matrix was out-

lined in Figure 1.8. First, probe ‘baits’ are immobilised on a matrix. Background signals

from matrix-binding ‘sticky’ proteins can be diminished by incubating the protein source with

the matrix alone, then exposing the ‘pre-cleared’ proteins to the probe-functionalised matrix

for target binding. Wash steps to remove non-specifically binding proteins must be mild in

order not to disrupt target binding. Finally, bound proteins can be eluted and identified by

mass spectrometry, either directly on the enriched protein mixture or after SDS-PAGE and

gel band excision.

The preparation of complex protein mixtures for mass spectrometry requires disulfide

bond reduction and S-alkylation to prevent bridge reformation. These steps facilitate protease
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digestion to generate peptides, which offer higher accuracy mass detection and identification by

fragmentation compared to full length proteins.249 The peptides can then be desalted on a C18

column, dried in vacuo and reconstituted. LC-MS/MS analysis begins with peptide separation

using high-performance reverse phase liquid chromatography, from which the peptides are

directly sprayed into the mass spectrometer. Upon ionisation, peptides are scanned and high

abundance or pre-selected ions are isolated for fragmentation and measurement of the fragment

ion mass spectra. Peptide and inferred protein identifications arise from matching the MS and

MS/MS mass data to that of known peptides via database search. Methods for relative peptide

quantitation between MS samples have been extensively reviewed250,251 and include:

• Label-free quantitation (LFQ)

• Metabolic labelling through SILAC (stable isotope labelling by amino acids in cell cul-

ture)

• Isotope labelling of peptides using iCAT (isotope-coded affinity tags), iTRAQ (isobaric

tags for relative and absolute quantitation), TMT (tandem mass tags) or dimethylation

Label-free quantitation was used for the MS data generated from the affinity capture experi-

ments described in this chapter. LFQ entails comparison of a peptide’s total signal intensity

(area under the curve of mass spectra peaks) by searching its m/z and retention time across

multiple samples. Assuming consistent sample preparation, stable LC-MS/MS machine and

sufficient data redundancy, LFQ offers a robust and straightforward approach to quantitation,

applicable for unlimited sample numbers.252 Developments in software enable normalisation of

retention time and peak intensity, suppression of noise and enhanced peptide peak detection,

improving quantitation accuracy.253 However, LFQ is low throughput as samples must be run

individually rather than multiplexed, leading to lengthy instrument run times.

5.2.2 Analysis of enriched proteins by SDS-PAGE
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Figure 5.1: Structures of the biotinylated ezutromid-based probes.

Appropriate selection of lysis buffer can be important for efficient affinity capture, which is

contingent on the cellular localisation and native-state stability of the target. In the absence

70



of a known target, preliminary experiments using active and inactive biotinylated probes 75

and 43 were carried out to compare the affinity capture protocol using different reported lysis

buffers:

A) 25 mM HEPES pH 7.5, 150 mM NaCl, 2 mM MgCl2, 0.1% Tween-20, 0.1% Triton

X-100136

B) 50 mM PIPES pH 7.5, 50 mMNaCl, 5 mMMgCl2, 5 mM EGTA, 0.1% β-mercaptoethanol,

0.1% NP-40, 0.1% Tween-20, 0.1% Triton X-100131

C) 50 mM Tris, 5% glycerol, 100 mM NaCl, 1.5 mM MgCl2, 0.8% NP-40, 1 mM DTT10

The biotinylated probes (50 µM) were conjugated to streptavidin beads (1 h, rt), while

H2K mdx lysate (2 mg/mL in each of buffers A, B and C) was precleared with additional

streptavidin beads (1 h, 0 ℃). The probe-functionalised beads were washed then incubated

with the precleared lysate (16 h, 4 ℃, 60 rpm). Unbound proteins, contained in the super-

natant after pelleting the beads, were then removed and the beads washed three times with

lysis buffer. Bound proteins were eluted from the streptavidin beads by heating (95 ℃, 5 min)

in 1 × Laemmli buffer, 50 mM DTT and 8 M urea in 50 mM ammonium bicarbonate, then

separated by SDS-PAGE (Figure 5.2).

M A B C A B C A B C

Pulldown Supernatant

225

76

52

38
31

25
17

12

Figure 5.2: Proteins enriched by affinity capture
using active and inactive biotinylated probes 75
and 43; and 75 non-enriched proteins (the super-
natant after pelleting of the protein-bound strepta-
vidin beads), Coomassie staining. A, B, C: lysis
buffers listed above, M: protein standard in kDa, un-
cropped gel presented in Appendix E.

75 43 75

Enriched proteins were stained with Coomassie brilliant blue (the ca. 12 kDa molecular

weight band corresponds to monomeric streptavidin). Low abundance of binding proteins in

the pulldown samples resulted in few observed bands. This could be due to weak binding

affinity of proteins for the probes or insufficient sensitivity of the Coomassie stain. The

detection limit for silver stains is lower than for Coomassie, and hence could be used to enhance

staining,254 although low abundance proteins would still be difficult to observe. The profiles
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for the active and inactive probe appeared the same, with the enriched proteins therefore

consistent with non-specific binders. Each of the lysis buffers appeared equally suitable for

the protocol, and therefore just one, A, was used in the following experiments.

A significant challenge for enrichment of unknown targets is their unknown abundance and

localisation. Investigations into target localisation could have been undertaken via the develop-

ment of cell-permeable fluorophore-conjugated probes. Indeed, TAMRA- and BODIPY-based

fluorophores exhibit good cellular uptake and intracellular distribution.255 However, the effects

of fluorophore conjugation on the overall probe cell permeability, localisation and activity are

unknown and may require significant time and effort to determine and optimise. Therefore,

in collaboration with the Mohammed group (Department of Biochemistry, Oxford) it was

decided to proceed directly with analysis of affinity-enriched proteins by the more sensitive

technique of mass spectrometry.

5.2.3 Analysis of enriched proteins by LC-MS/MS

For the MS experiments, the biotinylated probe ‘baits’ (active: 41, 42 and 75, inactive:

43, Figure 5.1) were immobilised in triplicate on streptavidin beads, then exposed to cell

lysates for target binding, in the presence or absence of competitor 151 (100 µM, Figure 5.1).

Sample preparation was performed according to the standard procedures developed in the

Mohammed group (described in the experimental methods), followed by analysis using nano

liquid chromatography–tandem mass spectrometry (nanoLC–MS/MS). Two sample Student’s

t-tests were performed to distinguish the proteins enriched by the active probes but displaced

by the competitor (results for probes 41, 42 and 75 presented in Figure 5.3a, 5.3c and 5.3e

respectively) and not enriched by the inactive control (Figure 5.3b, 5.3d, 5.3f). The most

significantly enriched proteins are shown in Table 5.3g.

During the experiment, the beads functionalised with probe 41 appeared to aggregate

after overnight incubation with lysate, although the explanation for this behaviour is unclear.

MS analysis showed that a higher median peptide intensity was observed in the six probe 41

samples than in the others, presumably due to an increased background of non-specific binding

with bead aggregation. This resulted in the majority of proteins appearing upregulated relative

to the inactive control (Figure 5.3b). The high abundance of these proteins in the presence

of competitor SMT022332, indicate the non-specificity of the interactions (Figure 5.3a). As

such the hits from probe 41 were not considered relevant for target identification.

Results analysis for probes 42 and 75 on the other hand gave rise to a short list of
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Gene Protein Major protein functions

Ctbp2 C-Terminal Binding Protein 2 Corepressor targeting diverse transcription
regulators

Git2 GPCR Kinase Interacting ArfGAP 2 GTPase activator activity
Son SON DNA Binding Protein mRNA splicing cofactor
Nuf2 Cell Division Cycle-Associated Protein 1 Chromosome segregation and spindle

checkpoint activity
Hmgn1 Non-Histone Chromosomal Protein HMG-14 Nucleosomal DNA binding
Eif3d Eukaryotic Translation Initiation Factor 3

Subunit D
Translation initiation factor activity

Drg1 Developmentally-regulated GTP-binding
protein 1

Translation factor GTPase

Dimt1 Dimethyladenosine transferase 1 homologue Processing of pre-rRNA
Srsf9 Serine/Arginine-Rich Splicing Factor 9 RNA splicing
F10 Coagulation Factor Xa Blood clotting factor
Sun1 SUN domain-containing protein 1 Component of the LINC (LInker of

Nucleoskeleton and Cytoskeleton) complex
Cenpe Centromere Protein E Involved in cell division
Cse1l Exportin-2 Mediation of nuclear transport
Rbm15 RNA-binding protein 15 Regulation of RNA methylation

Figure 5.3: (a), (c) and (e): Volcano plots of proteins enriched by biotinylated probes 41, 42, 75
respectively in the presence and absence of competitor 151; (b), (d) and (f): volcano plots of proteins
enriched by biotinylated probes 41, 42, 75 respectively compared to negative control biotinylated
probe 43. Proteins with p < 0.05 and t-test difference > 2 marked in red; (g) Top hits from (a)-(f).
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significantly enriched proteins (p < 0.05, marked in red in Figure 5.3 plots). However, no

protein hits were identified by an active probe against both its controls. Interestingly, one

protein, Dimt1, was observed as a significant hit by both active probes 42 and 75 compared

to the inactive 43, however, its role in processing of ribosomal pre-RNA256 did not provide

an obvious connection to a utrophin modulation mechanism. Similarly, literature searches for

the other hits did not yield clear on-target mechanism hypotheses.

Since no one identified protein hit directly warranted a time-consuming target validation

campaign, attention was turned to performing the in situ photoaffinity capture experiments.

Photoaffinity experiments could alleviate problems caused by low affinity binding and may

confirm one of these proteins as a hit of interest or provide alternative leads to follow.

5.3 In situ AfBPP experiments using photoaffinity probes

5.3.1 Experimental design and preliminary studies

The experimental workflow for the target identification in live cells by AfBPP using photoaffin-

ity probes is outlined in Figure 5.4. Briefly, probe-treated cells are UV irradiated to trigger

covalent binding of the probe to its protein target. A click reaction is performed to ligate a

fluorophore or enrichment tag, such as biotin, to the probe. After enrichment, proteins are

analysed using western blot or mass spectrometry.

Figure 5.4: Outline of the AfBPP strategy for identification of the targets of small molecule probes
in live cells.

With active and inactive dual-tagged ezutromid-based probes in hand (Figure 4.1), pre-

liminary irradiation and click studies were performed to optimise conditions for their use in

the AfBPP experiments. Photolysis of trifluoromethylphenyl diazirines can result in insertion

into CH, OH, SH and NH bonds as well as undesirable side reactions from insertion into water
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or molecular oxygen (Figure 5.5). Of note, insertions into NH bonds can lead to undesirable

loss of photoaffinity labels after HF elimination followed by imine hydrolysis (Figure 5.5). As a

result of these undesired reactions, productive target capture yields through covalent diazirine

crosslinking are typically less than 10%.257
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Figure 5.5: Reactions proceeding from photolysis of trifluoromethylphenyl diazirines can result in
productive target capture (green) and undesirable side reactions (red). XH: CH, OH, NH, SH; ISC:
intersystem crossing. Adapted from Smith and Collins.148

The duration of irradiation required to activate PALs depends on the type of PAL and

the wavelength and power of the lamp used. Therefore, preliminary irradiation studies were

carried out to optimise PAL activation, using diazirine probe 79 (used in chapter 3) and

para-iodophenyl probe 126, the precursor to active alkyne probe 106 which was used as a

model system. The probes (2 mM in methanol) were irradiated (365 nm, 5 cm distance, 100

W lamp) for 0.5 min or 2.5 min on ice, and the products analysed by LC-MS (Figure 5.6).

The complete loss of the two starting material diazirine probes 79 and 126 was observed

after 0.5 min irradiation. The major products had m/z values consistent with reaction with

the methanol solvent to form methyl ethers 154 and 155, although these products were not

fully characterised. Additional minor products were not assigned. This experiment showed

that the diazirines are rapidly activated, with product distributions similar after 0.5 and 2.5

min irradiation. Resultantly, an irradiation duration of 3 min was selected for use in the

scaled-up photaffinity labelling experiments in lysates and live cells.

Attention was then turned to the optimisation of the click reaction required for bioorthog-
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5.95 99.57 0 0 353.9 79
6.57 4.65 6.56 2.36 296.2 −

6.73 10.79 440.3 −
7.52 93.46 7.5 74.76 358.1 154
8.21 1.89 8.19 1.11 130.2 −

126

6.21 2.67 6.21 4.58 280.2 −
6.45 100 0 0 N.D. 126

6.74 19.69 6.63 296.2 −
6.93 3.1 6.92 5.2 396.3 −
7.66 66.63 7.64 84.15 433.9 155
8.39 1.04 130.2 −

Figure 5.6: LC-MS results from the preliminary irradiation studies. RT; retention time, N.D.; not
detected (compound 126 does not ionise easily). Chromatograms and mass spectra are presented in
Appendix F.

onal handle ligation in the AfBPP experimental workflow. Attempts to monitor progress of

probe click reactions in lysis buffer by LC-MS were hindered however by poor aqueous solubil-

ity of the probe. Therefore, a model reaction using probe 94 and benzyl azide was performed

in THF:H2O (10:1) (Scheme 5.1), according to a literature procedure.258 Probe 94 was chosen

as a model rather than a diazirine-containing probe as the click reaction was envisaged to

occur post PAL activation in the AfBPP workflow. The click reaction yielded 89% of product

156, providing confidence to attempt the reaction on lysates as part of the AfBPP workflow.

Scheme 5.1: Model CuAAC reaction using ezutromid analogue 94 and benzyl azide.

F3CO

O

N F3CO

O

N

N
N

N

N3+
CuSO4, Na ascorbate

THF:H2O 10:1

94 156

H2K mdx cell lysates (4 mg/mL) were treated with diazirine probe 107 (2 µM, 0.5% final

assay concentration (FAC) of DMSO) for 30 min at 0 ℃. The lysates were then irradiated

on ice (365 nm, 5 cm distance, 3 min) to enable target labelling. The proteins were then
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denatured (addition of SDS to 1% FAC) and subjected to a CuAAC reaction with biotin azide

according to the protocol reported by Heal et al.,259 with a control sample containing no source

of copper. Proteins enriched by streptavidin beads (procedure reported in the experimental

methods) were analysed by SDS-PAGE (Figure 5.7). Protein labelling was weaker in the

copper free sample, indicating a dependence of enrichment on the CuAAC reaction. This

experiment indicated that the AfBPP workflow was operating satisfactorily and experiments

using active probe 106 were initiated.

225

76

52

38
31

25
17

12

CuSO4 + + ——

Figure 5.7: Labelling of the H2K mdx proteome by diazirine
probe 107 is limited in the absence of copper. Left: proteins en-
riched by affinity capture using 107, right: non-enriched proteins
(the supernatant after pelleting of the protein-bound streptavidin
beads); uncropped gel presented in Appendix E.

5.3.2 Analysis of enriched proteins by SDS-PAGE

First, the protein-interaction profile of active dual-tagged probe 106 was assessed with gel-

based labelling experiments using live H2K mdx cells. This compound was used alongside two

controls: (1) negative control probe 129 and (2) SMT022332 151 dosed at >30 × concentra-

tion to competitively block enrichment of 106-binding proteins.

Active probe 106 (3 µM), alongside DMSO vehicle, negative control dual tagged probe

129 (3 µM) and competitor SMT022332 (100 µM) were dosed for 2 h. After irradiation (365

nm, 0 ℃) and cell lysis, the probe-labelled lysate was subjected to a CuAAC-mediated click

reaction with TAMRA-azide followed by SDS-PAGE.

In gel fluorescence showed probe-dependent labelling of proteins (Figure 5.8a), with little to

no labelling in the vehicle control. Multiple proteins were labelled in the three conditions, with

only a subset of proteins outcompeted by SMT022332 151, indicating a shortlist of specifically

labelled targets amongst a majority of non-specific hits. The labelling of proteins with probe

106 was also shown to be concentration-dependent (Figure 5.8b), and again few proteins

experienced reduced labelling in the presence of the competitor. However, in this subsequent

experiment higher background labelling was observed in the DMSO-treated samples.
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(a)
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(b)

Figure 5.8: (a) In gel fluorescence of active probe 106, inactive probe 129 and active 106 with com-
petitor SMT022332 151 labelled H2K mdx proteome; (b) probe 106 shows concentration-dependent
labelling of protein targets. H2K mdx cells were treated with 106 (2 h) and irradiated (365 nm, 3 min,
0 ℃) to trigger crosslinking. Probe labelled proteins were ligated to TAMRA, separated by SDS-PAGE
and visualised by in gel fluorescence. Red boxes, bands that appear stronger in active probe treated
samples than in the negative controls; M, protein standard (in kDa); bottom, Coomassie blue stained
gel represents total protein.

5.3.3 Analysis of enriched proteins by LC-MS/MS

Next, proteome-wide target identification proceeded with click-mediated ligation of probe-

labelled proteins to biotin and affinity enrichment with streptavidin beads as above, followed by

on-bead tryptic digest. Samples were analysed by LC–MS/MS as described in the experimental

methods. Comparison of proteins enriched by active probe 106 but displaced in the presence

of competitor SMT022332 gave a list of high occupancy binders (red proteins, Figure 5.9a).

Combining differences in proteins identified in active probe samples but not in the two

controls delivered a shortlist of potential targets (red marked proteins in Figure 5.9b and

listed in Table 5.9c, full list of proteins identified available in Appendix G). Since none of the

shortlisted proteins matched those identified by experiments using the biotinylated probes, the

results of the previous target ID experiments were employed to determine the most promising

potential targets. The DiscoverX BioMAP phenotypic profiling study, identifying biomarkers

which are differentially activated post exposure to ezutromid, indicated a profile match with

AhR antagonist CH223191 (previously discussed in section 1.6.2). Interestingly, AhR was

found to be one of the most differentially enriched proteins in the in situ AfBPP LC-MS/MS

experiment, comparing the active probe to the two inactive controls (Figure 5.9b). Although
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the t-test difference for AhR was large (≥ 4 for the two controls), the p-value was not significant

because the protein was found in only two of the three replicates for the active probe. However,

it should be noted that AhR is not highly expressed in skeletal muscle cells,260 which may

have led to difficulties for MS detection.
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Gene Protein Major protein functions

Nccrp1 F-box only protein 50 Positive regulation of cell
proliferation

Rpn2 Dolichyl-diphosphooligosaccharide–protein
glycosyltransferase subunit 2

Protein glycosylation

AhR Aryl hydrocarbon receptor Ligand-binding transcription factor
Cat Catalase Peroxidase
Dync1i2 Cytoplasmic dynein 1 intermediate chain 2 Organelle and vesicle transport
Arfip2 Arfaptin-2 Membrane ruffling
Dsg1a Desmoglein-1-alpha Cell-cell adhesion
Cyb5b Cytochrome b5 type B Electron transport

Figure 5.9: (a) Volcano plot of proteins pulled down by probe 106 +/− competitor 151, top hits in
red, n = 3 technical replicates; (b) protein enrichment by probe 106 compared to inactive probe 129
and competitor 151. Proteins strongly enriched by 106 but not the controls in red; (c) Top hits from
(b).

5.4 Summary

This chapter discussed the use of four ezutromid-based biotinylated probes in affinity capture

experiments in H2K mdx cell lysates alongside a competitor control. Meanwhile, dual-tagged

photoaffinity probes were tested for their suitability as PAL and click reagents, then utilised

in AfBPP experiments in live cells. Both experiments led to the identification of a shortlist

of potential probe-binding proteins after LC-MS/MS analysis, including the aryl hydrocarbon

receptor as a possible lead. Target validation is a time-consuming process and therefore further

complementary target ID experiments were desired to aid hit prioritisation. Hit prioritisa-
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tion with the support of CETSA-MS and RNA-seq studies and subsequent target validation

experiments are the subject of the next chapter.
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Chapter 6

Target Validation

6.1 Aims

The previous chapter described the identification of shortlists of potential ezutromid targets

from both lysate and in situ MS affinity capture experiments. This chapter will discuss the

following:

1. Prioritisation of protein hit(s) for target validation

2. Confirmation of binding interaction between the target and ezutromid

3. Validation of the target as a mechanism for utrophin modulation in human DMD my-

oblasts

6.2 Hit prioritisation

Deconvolution of therapeutically relevant hit(s) from irrelevant and non-specific ones poses a

significant challenge. In this work, two additional target ID methods were employed to com-

plement the results of the probe affinity capture experiments: CETSA and RNA-seq. Both are

physiologically relevant ‘in situ’ global profiling techniques, and were chosen for their orthog-

onality to affinity purification methods and hence differing limitations. This combination of

experiments increases the likelihood of successful target identification and aids prioritisation

of the most promising hit for target validation studies.

6.2.1 CETSA

This method relies on the principle of thermodynamic equilibria, whereby proteins which bind

compounds are stabilised, and relatively preserved against unfolding and aggregration at high

temperatures compared to unbound proteins (Figure 6.1). Aggregated protein masses are

insoluble and readily removed by centrifugation.169

A CETSA-MS experiment was carried out in collaboration with the Huber group (Target

Discovery Institute, University of Oxford), dosing H2K mdx myoblasts with ezutromid (3 µM)
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Δ

Figure 6.1: Schematic overview of the Cellular Thermal Shift assay (CETSA)

for 30 min at 37 ℃ in duplicate alongside DMSO vehicle control (Figure 6.1). The cells were

detached then divided into ten aliquots and heated at one of ten different temperatures, ranging

from 37−73 ℃, before lysis and centrifugation to pellet unfolded proteins. The samples were

prepared for LC-MS/MS submission with a standard tryptic digest procedure then multiplexed

with TMT 10plex labels. Sample submission and results analysis were carried out by Kathryn

Pugh and collaborators of the Huber group.

Unfortunately, poor reproducibility between replicates prevented conclusive differentiation

between treated and untreated samples in most of the identified proteins. However, one

protein, Park7/DJ-1, was identified as a tentative hit and is reported to have a role in muscle

growth through positive regulation of the PI3K/AKT pathway in Callipyge sheep,261 making

it a potentially relevant target for DMD. Disappointingly, probing the same CETSA samples

with an anti-Park7/DJ-1 antibody did not indicate stabilisation by ezutromid on Park7 relative

to DMSO control (Figure 6.2a), nor was it identified in the affinity capture experiments.

Therefore Park7/DJ-1 was not validated as a target of ezutromid, and was pursued no further.

A second CETSA experiment was commissioned by Summit Therapeutics plc. to be car-

ried out by Pelago Bioscience AB (Solna, Sweden). This time, ‘2D CETSA’ was carried out

with ezutromid on human DMD myoblasts and lysates, where both concentration (0.03, 0.3, 3,

10 µM) and temperature were varied to give EC50s of the identified binding interactions. In to-

tal, 6000 proteins were sequenced and approximately 300 weak compound-target interactions

were identified. However, very few proteins were significantly stabilised (Figures 6.2c-6.2d),

and of these, many were considered to be ‘frequent hitters’ which are often perturbed by small

molecule treatment. For example, the protein identified with highest confidence, ferrocheta-

lase, which was dose-dependently stabilised by ezutromid (Figure 6.2b) is a known frequent

hitter. The proteins which were most significantly stabilised in response to ezutromid are

listed in Table 6.1. Unfortunately, AhR protein was not identified in the samples.
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(a)
(b)

(c) (d)

Figure 6.2: (a) Plot of western blot derived data of CETSA samples, quantifying for Park7/DJ-
1 protein normalised to baseline temperature 37 ℃; (b) Heatmap of ferrochetalase protein intensity
in the 2D CETSA samples, show dose-dependent stabilisation by ezutromid. Blue: stabilised, red:
destabilised, relative to DMSO vehicle control; (c) - (d) Volcano-plots of CETSA-MS results in intact
cells (c) and lysate (d). Dashed lines indicate the p-value (<0.05) and amplitude cut-offs (>0.5)

As yet there are few examples of thermal profiling being used for target identification262–264

and there are a number of limitations of CETSA. These include the assumptions that the ligand

binds in a classical reversible sense, as opposed to slow or tight binding, and that the binding

has an appreciable effect on protein stabilisation. For instance, multi-protein complexes as

targets may not show significant stabilisation if the ligand only binds at a small part of

it.265 Next, the abundance of the target protein in the cell must be considered, due to the

detection limit of mass spectrometry. Lastly, whole cell procedures such as CETSA generally

identify large numbers of interacting proteins as a result of polypharmacology and false positive

effects, of which only a minority are truly involved in the therapeutic mechanism. No obvious

connections to utrophin modulation or DMD were observed amongst these proteins, nor any

correlation with proteins identified in the affinity purification experiments, impeding MoA

hypothesis generation.
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Protein Gene name Experiment p-value Max.
Amplitude

Frequent
hitter?

Ferrochetalase FECH in situ
and lysate

0.0012
and 0.025

0.92
and 0.25 X

Pirin PIR in situ
and lysate

0.018
and 0.0043

0.29
and 0.37 ×

Nicotinamide
N-methyltransferase

NNMT in situ 0.01 0.63 Maybe

Glioblastoma-Amplified
Sequence/NipSnap2

GBAS in situ 0.014 0.51 X

Glyoxylate and
Hydroxypyruvate
Reductase

GRHPR in situ 0.019 0.71 ×

Phosphodiesterase 6D PDE6D lysate 0.043 0.47 ×

Methylmalonyl-CoA
Mutase

MUT in situ 0.037 0.24 ×

Methylenetetrahydrofolate
Dehydrogenase

MTHFD1 in situ 0.04 0.2 X

Quinoid Dihydropteridine
Reductase

QDPR in situ 0.047 0.26 ×

Table 6.1: Manually evaluated proteins that are stabilised by Ezutromid treatment, p < 0.05. Max.
amplitude is the highest log fold change observed for any temperature, relative to the DMSO vehicle
and normalised to the median fold change. The p-value is determined by comparing the amplitudes in
a window of four concentration conditions at four consecutive temperatures to the general trend of the
entire dataset (assuming a normal distribution around 0).

6.2.2 RNA-seq study

As discussed in section 1.5.2, identifying changes in gene expression that are caused by com-

pound treatment can reveal the mechanism by which the compound operates. Therefore, an

RNA-seq study was carried out by Evotec AG to assess changes in RNA expression as a result

of ezutromid treatment. Human DMD myoblasts were treated 24 h after seeding with ezutro-

mid (3 or 10 µM) or DMSO vehicle control (0.1%) for 4, 8 or 24 h. After RNA extraction,

sample preparation and next generation sequencing, differences in gene expression were calcu-

lated for each timepoint and concentration. Overall, treatment of ezutromid resulted in small

differences to the transcriptome, reflected in small variations in the principle components of

the samples (Figure 6.3a). Of the differentially expressed genes, most significant was the aryl

hydrocarbon receptor repressor (AhRR), which was downregulated (log fold change of −0.3 to
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−2.0) in almost all ezutromid treatment conditions. Meanwhile, the aryl hydrocarbon receptor

(AhR) was found enriched in treated samples compared to the vehicle (Figure 6.3b). These

results point to an ability of ezutromid to modulate AhR signalling and expression. Since

AhRR is a downstream target of AhR,266 the downregulation observed indicates antagonism

of AhR signalling.

(a)

(b)

Figure 6.3: (a) Principle component analysis of RNA-seq samples, red: ezutromid treatment (crosses:
3 µM, circles: 10 µM), blue: DMSO vehicle; (b) heatmap of RNA expression of AhR and AhR
repressor, values indicate expression level; blue: downregulated, red: upregulated relative to DMSO
vehicle control. Low: 3 µM, high: 10 µM

The DiscoverX phenotypic profiling study described in section 1.6.2 suggested ezutromid

behaves similarly to AhR antagonist CH223191. Based on this finding, coupled with the

RNA-seq results and the identification of AhR as a possible target in the chemical proteomics

experiment, AhR was prioritised for follow-up confirmatory and validation experiments.

6.3 Introduction to the aryl hydrocarbon receptor (AhR)

AhR is a pleiotropic ligand-binding transcription factor which acts as an environmental sensor

to control complex transcriptional programmes in a ligand-, cell-type- and context-dependent
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manner. AhR has been widely proposed as a potential therapeutic target for immune and

inflammatory diseases, cancer chemotherapy, bone remodelling, neurological disorders and

more.267–271

(a)

(b)

Figure 6.4: (a) Architecture and function of aryl hydrocarbon receptor protein domains; bHLH, basic
helix-loop-helix domain; PAS, Per-ARNT-Sim domain (A and B repeat regions); (b) Crystal structure
of truncated AhR (red) and ARNT (blue) proteins in complex with DNA. The two truncates span
the start of the bHLH domains and finish before the start of the PAS B domains of their respective
proteins, PDB deposit: 5v0l.272

AhR is composed of an N-terminal basic helix-loop-helix (bHLH) domain required for

DNA binding, two Per-ARNT-Sim domains (PAS A and B) and C-terminal transactivation

domain273 (Figure 6.4a). AhR binds structurally diverse small molecule agonists and antag-

onists, with its PAS B domain constituting the ligand binding domain.274,275 AhR is found

constitutively inactive, bound to chaperone proteins including Hsp90 and Xap2 in the cy-

tosol. Agonist binding induces conformational changes in AhR, leading to chaperone disso-

ciation and exposure of nuclear localization sequences.276 Upon nuclear translocation, AhR

heterodimerises with the AhR nuclear translocator protein (ARNT, also known as HIF1-β),

to form a stable, high-affinity DNA-binding complex277 (Figure 6.4b).

The classical minimal recognition motif of the AhR:ARNT complex is 5′-GCGTG-3′ and

termed either the AhR-, dioxin- or xenobiotic- responsive element (AHRE, DRE or XRE).278,279

Promoter-bound AhR:ARNT activates transcription of AhR-responsive genes (Figure 6.5a)
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involved in a range of processes including development, immunity, cancer and the xenobi-

otic response. AhR:ARNT also induces expression of the AhR repressor protein (AhRR), a

bHLH/PAS family protein which is capable of dimerising with ARNT but lacks ligand-binding

and transactivation domains, thus behaving as an AhR-competitive inhibitor.266 In this way, a

negative feedback loop is created to regulate the effects of agonist-binding. Antagonist-binding

to AhR results in increased retention of AhR in the cytosol and a decrease in expression of

AhR-responsive genes compared to the wild-type baseline (Figure 6.5b). Baseline expression

of AhR responsive genes is the result of dynamic basal nucleocytoplasmic shuttling, which

was revealed in studies utilising nuclear export inhibitors which reported accumulation of

unliganded AhR in the nucleus.280

(a) (b)

Figure 6.5: Localisation of AhR induced by treatment with an agonist (a) and antagonist (b).

AhR binds a range of endogenous, naturally occurring and xenobiotic ligands. Historically,

the most studied ligands are AhR agonist environmental contaminants including halogenated

or polycyclic aromatic hydrocarbons including dioxins, dibenzofurans, biphenyls such as 158,

pyrenes 159, anthacenes and fluorenes 160 (Figure 6.6).281 The prototypical AhR agonist

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 157 is amongst the most potent AhR ligands,

with a KD of 1 pM – 10 nM (species- and assay-dependent).282,283

However, AhR binds structurally diverse ligands, indicating a promiscuous binding site fit

for its role as an environmental sensor, and leading to diverse responses, many of which do

not induce toxicity.284 Amongst non-classical AhR agonists are ITE 161,285,286 YH439 162287

and leflunomide 163288 (Figure 6.6). Many metabolites and derivatives of dietary indoles

such as tryptophan and indole-3-carbinol have been found to be AhR ligands,281 including
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Figure 6.6: Examples of AhR agonists (red box): 157, TCDD; 158, PCB126; 159, benzo[a]pyrene;
160, fluorene; 161, ITE; 162, YH439; 163, leflunomide; 164, FICZ; partial AhR agonists/antagonists
(orange box): 168, 3′-methoxy-4′-nitroflavone; 169, 5F203; 170, α-naphthoflavone; and AhR antago-
nists (green box): 171, GNF-351; 166, CH223191; 145, resveratrol; 167, 6,2′,4′-trimethoxyflavone.

the potent endogenous ligand 6-formylindolo[3,2-b]carbazole (FICZ) 164.289 Reported AhR

antagonists include GNF-351 165290 (and structurally related SR1291), CH223191 166,292

resveratrol 145293 and 6,2′,4′-trimethoxyflavone 167294 (Figure 6.6).

However, in the absence of a crystal structure of the ligand binding PAS B domain, there

is much unknown about the complex different binding modes and mechanisms of AhR ag-

onists and antagonists. For example, CH223191 166 and 6,2′,4′-trimethoxyflavone 167 are

reportedly capable of inhibiting AhR activation by TCDD 157 and other halogenated aro-

matic hydrocarbons, but have little effect on other agonists including flavonoids and poly-

cyclic aromatic hydrocarbons, thus exhibiting a ligand-specific antagonism, the mechanism

for which is unknown.284 Concentration-dependent partial AhR agonism/antagonism has also

been reported for ligands including α-naphthoflavone 170 and 3′-methoxy-4′-nitroflavone 168,
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both of which exhibit antagonist activity at lower concentrations and full agonism at higher

concentrations.295,296 Furthermore, species-specific partial AhR agonism/antagonism has been

reported for benzothiazole 5F 203 169 (rat vs. human)297 and synthetic flavones (mouse vs.

guinea pig).298 So far, site directed mutagenesis studies have shown that certain ligand binding

domain residues are responsible for ligand selectivity and ligand-dependent Hsp90 displace-

ment and hence determination of agonist/antagonist behaviour.287,299 In one case, a single

mutation (F318L) was found to be sufficient to transform AhR agonist β-naphthoflavone to a

partial agonist/antagonist.299

In summary, AhR biology is highly complex and only partially understood. However,

it is eminently druggable and its potential as a therapeutic agent for cancer, inflammatory

disorders and more makes it an exciting target. The remainder of this chapter investigates

AhR as a receptor for ezutromid, and as a potential therapeutic target for DMD.

6.4 Validation of the binding between ezutromid and AhR

The MS result presented in section 5.3.3 indicated that ezutromid-based photoaffinity probe

106 binds AhR in mouse myoblasts. Ezutromid’s planar hydrophobic structure is characteris-

tic of AhR ligands and reminiscent of benzothiazole ligand 5F 203 169. However, experimental

evidence of direct binding between ezutromid and AhR was necessary.

6.4.1 Validation of MS pulldown hit by western blot

To validate the MS result from the previous chapter and investigate its relevance for DMD

patients, the affinity capture experiment was performed in human DMD myoblasts. Binding

of AhR to probe 106 but not negative control probe 129 was verified by western blot, using

an AhR-specific antibody (Figure 6.7).

μ

μ

Figure 6.7: Immunoblot of AfBPP samples post biotin enrichment, derived from human DMD my-
oblast cells, showing selective enrichment of AhR by active probe 106, but not negative control inactive
probe 129 and enrichment competition between ezutromid and SMT022332. M; protein standard (in
kDa), uncropped blot is presented in Appendix E.

The binding of competitor SMT022332 to human AhR was confirmed by dose-dependent
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disruption of AhR enrichment by probe 106. Furthermore, AhR enrichment by 106 was

markedly reduced in the presence of ezutromid, indicating ezutromid’s ability to competitively

bind the human aryl hydrocarbon receptor.

6.4.2 Determination of binding affinity between ezutromid and AhR

Competition of affinity capture by AfBPP probe 106 indicated binding between ezutromid

and AhR. Next, confirmation and characterisation of the binding interaction was desired.

Evaluation of AhR ligands in the literature typically exploits cellular reporter assays, with re-

porters (usually firefly luciferase) fused to the promoters of AhR-responsive genes like Cyp1a1

or AhRR.290,292,294,300–305 Furthermore, INDIGO Biosciences Inc. (Pennsylvania, USA) pro-

vides commercial kits and services based on a firefly luciferase reporter gene assay. However,

ezutromid’s FLuc inhibition preclude the utility of FLuc reporter gene assays, and moreover,

Cyp1a1 induction has been found to be a non-specific biomarker of direct AhR binding.306

Characterisation of protein-ligand binding by biophysical methods such as isothermal titra-

tion calorimetry (ITC),307 fluorescence and NMR spectroscopies,308,309 surface plasmon reso-

nance (SPR),310 biolayer interferometry (BLI)311 and microscale thermophoresis (MST)312

require testing of purified protein. Recombinant full-length AhR protein production via

baculovirus313 and TNT® Quick coupled transcription/translation reticulocyte cell-free pro-

tein (Promega)285,303,314 expression systems have been reported, however challenges in produc-

tion of soluble AhR containing the PAS B domain have meant that a purification method for

the full protein has not been published.272 As a result, AhR binding studies in the literature

often use hepatic cytosol extracts as a source of AhR.290,292,294,306

Competitive ligand displacement studies have been reported using tritium-labelled or PAL

versions of prototypical AhR agonist TCDD 157. In the former, cytosol extracts are incu-

bated with [3H]TCDD with and without the ligand of interest as a competitor. Subsequently,

radioligand signals of the samples are compared after separation of bound and unbound ligand

by dextran-charcoal adsorption,293,297,313 velocity sedimentation on sucrose gradients285,303,315

or hydroxyapatite adsorption.299,306,316

Radiolabelled TCDD-based PAL probe 2-azido-3-[125I]iodo-7,8-dibromodibenzo-p-dioxin

172 (Figure 6.8) was synthesised by Poland and co-workers in 1986.317 Arylazide probe 172 has

been used in competitive binding assays with AhR agonists benzo[a]pyrene 159 and fluorene as

well as antagonists GNF-351 165 and 6,2′,4′-trimethoxyflavone 167 with radiolabelled proteins

analysed by SDS-PAGE and autoradiography.290,294,317 PAL probe 172 has also been used to
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demonstrate increased TCDD-binding affinity of mouse over human AhR.318

O

OBr

Br

N3

I*

172

Figure 6.8: Photoaffinity-labelled analogue of AhR agonist TCDD 157; I*, 125I.

Recently, apparent dissociation constants have been reported for the binding interac-

tion between purified mouse and human truncated AhR:ARNT complexes with resveratrol

145 and structurally related anti-inflammatory agent tapinarof, using a fluorescence quench-

ing assay.127 This assay exploits the compounds’ intrinsic fluorescence in solution which is

quenched upon protein binding, and was employed in chapter 3. Purified mouse truncated

AhR:ARNT (including the AhR bHLH, PAS A and B domains, kindly provided by Prof.

Fraydoon Rastinejad, TDI, Old Road Campus, Oxford) allowed for the binding affinity of

ezutromid to be investigated. The assay revealed a potent apparent KD of 50.1 ± 22.1 nM

(Figure 6.9), confirming ezutromid as an AhR ligand. The high affinity of this interaction

indicates relevance to ezutromid’s treatment phenotype.
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Figure 6.9: Fluorescence of ezutromid (100 nM, 313 nm excitation, 390 nm emission) measured after
incubation (16 h) with AhR:ARNT (5 − 10000 nM). Fitting with a four-parameter logistic function
provides an approximate KD of 50.1 ± 22.1 nM.

6.5 Characterisation of ezutromid as an AhR antagonist

Ezutromid’s profile match with AhR antagonist CH223191 166 in the DiscoverX BioMAP

study, and the decreased expression of AhR-responsive gene AhRR in the RNA-seq study

indicate that ezutromid has AhR antagonist activity. The ability of ezutromid to antagonise

AhR activation was further investigated by immunofluorescence of AhR localisation after

compound treatment. Human DMD cells were treated with ezutromid (3 µM, 2 h) and imaging
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with an AhR-specific antibody revealed no induction of nuclear translocation, unlike that

observed with the potent endogenous AhR agonist ITE 161 (1 µM, 2 h), which was used as

a positive control (Figure 6.10). Co-treatment of ezutromid with ITE led to retention of AhR

in the cytoplasm (Figure 6.10), manifesting the ability of ezutromid to counteract the action

of a potent AhR agonist.

Figure 6.10: Localisation of AhR induced by compound treatment, determined by immunofluores-
cence. AhR is mostly localised in the cytoplasm of human DMD myoblasts, ezutromid does not increase
nuclear translocation, unlike agonist ITE. Co-treatment of ezutromid with ITE results in retention of
AhR in the cytoplasm.

6.6 Towards validation of AhR as a target for utrophin

modulation

To determine whether AhR antagonism represents a viable mechanism to modulate utrophin

in human DMD cells, AhR antagonists GNF-351 165 and CH223191 166 were assessed for

their effect on utrophin protein levels by western blot (Figure 6.11). Gratifyingly, GNF-351
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treatment (24 h) showed a dose-dependent 2.7-fold increase in utrophin protein, which was

accompanied by a 3-fold increase in AhR protein (both p < 0.05). Meanwhile, dosing with

antagonist CH223191 led to a 2-fold increase in utrophin which was not statistically signifi-

cant, and without a corresponding increase in AhR protein. The result for GNF-351 provides

encouraging evidence that AhR antagonism could be exploited as a mechanism for utrophin

modulation. The smaller, less significant increase in utrophin observed with CH223191 treat-

ment may be related to the lack of AhR induction, although further studies are required to

confirm this.
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Figure 6.11: AhR antagonist GNF-351 increases AhR and utrophin, while antagonist CH223191
increases utrophin without changing AhR, determined by western blot. Bars represent means of ex-
pression normalised to total protein and relative to DMSO, error bars are standard error of the mean,
n = 3. * denotes p < 0.05.

The identification and validation of AhR as a target for ezutromid is an intriguing result

given the evidence for utrophin modulation by AhR ligands in the literature. For example,

resveratrol 145, which has AhR antagonist activity,293 has been shown to increase utrophin

expression and decrease inflammation in mdx mice.90 Furthermore, AhR agonist PCB-126 has

been shown to decrease utrophin mRNA expression in rat liver progenitor cells.319

A mechanism by which AhR antagonism modulates utrophin has not been established.

However, prototypical AhR agonist TCDD 157 has been shown to decrease activity and abun-

dance of transcriptional coactivator peroxisome proliferator-activated receptor-γ coactivator-

1α (PGC1α),320 which stimulates utrophin expression at neuromuscular junctions.83 This

dysregulation was removed by co-treatment with an AhR antagonist, leading to stabilisation

of active PGC1α. Treatment with AhR antagonists alone could lead to an increase in PGC1α

and consequently utrophin.
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6.7 Summary

In conclusion, unbiased global CETSA-MS and RNA-seq studies were conducted to generate

MoA hypotheses as methods orthogonal to the affinity capture experiments discussed in the

previous chapter. While the CETSA experiments did not produce high confidence hits, the

most significant changes in mRNA expression observed in the RNA-seq study were consistent

with AhR antagonism, supporting the finding of AhR amongst top hits from the in situ chem-

ical proteomics experiment and previous phenotypic profiling work performed by DiscoverX.

AhR was consequently prioritised for target validation.

The identification of AhR as a target by the photoaffinity affinity capture MS experiment

in H2K mdx cells was confirmed in human DMD cells. Furthermore, the binding interac-

tion between dual-tagged PAL probe 106 and AhR was displaced by ezutromid treatment.

Ezutromid was found to bind AhR:ARNT potently with an apparent KD of 50.1 ± 22.1 nM,

and to behave as an AhR antagonist, decreasing the expression of AhR-responsive genes and

antagonising AhR nuclear translocation. Finally, two additional, structurally distinct AhR

antagonists, GNF-351 and CH223191, were found to upregulate utrophin, providing the first

evidence that AhR may be a valid target for utrophin modulation.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The utrophin modulator ezutromid 5 was originally developed using a phenotypic screen, and

hence its molecular target(s) were unknown. The aim of this thesis was to uncover ezutromid’s

mechanism of action to help understand its phase II trial results and thus develop improved

utrophin modulators.

7.1.1 Summary of research findings

In this work, biotinylated and dual-tagged photoaffinity ezutromid-based probes for use as

active and inactive controls in affinity capture target ID studies were designed and synthesised

(Figure 7.1). Truncated forms of the biotinylated probes were also generated for use in cellular

assays, thus evading the limited cell permeability of the biotin-containing probes. Recognition

of ezutromid’s behaviour as an FLuc inhibitor led to detailed kinetic analysis demonstrating

its behaviour as a non-competitive inhibitor with a novel but unknown binding site. Many of

the ezutromid-based probes were also found to exhibit FLuc inhibition behaviour, and hence

their bioactivity could not be accurately determined in the utrophin-FLuc reporter gene assay.

As a result, they were tested for their ability to emulate ezutromid’s therapeutic effects in mdx

and human DMD myoblasts in orthogonal experiments including RT-qPCR, western blot and

a myoblast fusion assay.

Three of the truncated biotinylated probes (41, 42 and 75) were found to be active,

with two (41 and 75) retaining similar levels of activity as ezutromid. Further, the probe

designed to serve as a negative control (43) was confirmed to be inactive. The two dual-

tagged photoaffinity probes designed to be active (106 and 107) were also found to upregulate

utrophin mRNA production, although to a lesser extent than ezutromid. One of the intended

negative control compounds (1-naphthyl probe 129) was confirmed not to increase utrophin,
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Figure 7.1: Biotinylated and dual-tagged photoaffinity ezutromid-based probes synthesised in this
work.

while the other (6-substituted 130) was found to be as active as 106 and 107. Probes 106

and 107 were also found to increase utrophin protein in both mouse and human DMD cells,

while probe 129 was confirmed to be inactive. However, only 106 retained ezutromid’s ability

to increase the rate of myoblast fusion. Para-alkyne probe 106 had consistently exhibited

utrophin modulating activity and was most similar in treatment phenotype to ezutromid and

was therefore selected for use as the active AfBPP probe, alongside inactive control 129.

Additionally, second generation phosphinate compound SMT022332 151 was established as

an active, non-toxic ezutromid analogue suitable for use as a competitor control.

Next the protein interactomes of the biotinylated and photoaffinity ezutromid-based probes

were profiled in mdx myoblasts and analysed by LC-MS/MS. Significantly enriched proteins

were identified by comparing the active probe samples with both inactive and competitor

controls. The results were then integrated with those obtained from CETSA, RNA-seq and

DiscoverX BioMAP studies. Ultimately, the aryl hydrocarbon receptor was identified as a

potential target through this combination of chemical proteomics and phenotypic profiling

techniques, and prioritised for validation studies.

Ezutromid was found to compete with the active photoaffinity AfBPP probe for binding to

AhR in human DMD myoblasts and to bind mouse AhR:ARNT with high affinity (apparent

KD of 50.1 ± 22.1 nM). Ezutromid was also revealed as a novel AhR antagonist, inhibiting

nuclear translocation and downregulating the AhR-responsive gene AhRR in human DMD

cells. Finally, two additional AhR antagonists were found to upregulate utrophin in human

DMD myoblasts, one of which in a dose-dependent manner (p < 0.05), suggesting that AhR
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may be a valid target for utrophin modulation in DMD patients.

7.1.2 Significance of this work

While numerous AhR agonists have been described, and are additionally found amongst exist-

ing pharmaceuticals,306 antagonists are much fewer in number.303 Furthermore, while human

and mouse AhR are known to have substantial differences in ligand specificity,321 in this work,

ezutromid is shown to bind both species’ receptors. AhR antagonists are typically free of the

dioxin-like carcinogenicity of some AhR agonists and are increasingly being investigated as

possible therapeutic agents in a diverse range of indications including multiple myeloma,322

treatment-resistant triple-negative breat cancer,303 glioblastoma,323 head and neck squamous

cell carcinoma,324 atheroscelerosis,325 obesity326 and rheumatoid arthritis.327 Furthermore,

AhR antagonism has a promising application in stem cell expansion and development291,328,329

and cancer immunotherapy.330 As a result, the identification of ezutromid as a novel, non-

toxic AhR antagonist represents an exciting addition to the literature by expanding the toolbox

available to interrogate AhR biology. Additionally, ezutromid’s activity as an anti-cancer or

anti-inflammatory agent could be investigated.

Phenotypic screening for drug discovery has many advantages and disadvantages, but

importantly, when it is combined with target identification, it can lead to the discovery of

novel therapeutic mechanisms. Signalling pathways connecting AhR to utrophin modulation

now warrant further investigation given that a known AhR antagonist, GNF-351 also upreg-

ulates utrophin protein expression, suggesting AhR is a valid target for utrophin functional

replacement therapies. This work could pave the way for the first target-based drug discovery

program in DMD as well as provide a biomarker for future clinical trials. Furthermore, AhR

modulation could be used in combination with other therapeutic approaches, amplifying ef-

ficacy. Excitingly, the results of this work justifies research into a new approach to deliver a

utrophin modulator to benefit all DMD patients.
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7.2 Future work

The discovery of AhR as the target of ezutromid opens up numerous exciting avenues for

future work. This section will propose experiments towards achieving the following goals:

• Explore AhR biology using ezutromid as a tool compound

• Determine whether third generation utrophin modulators developed by our team operate

by AhR antagonism or by alternative mechanisms

• Define the pathway by which AhR modulates utrophin expression

• Determine whether AhR modulation explains the whole ezutromid treatment phenotype,

or if other targets are involved

• Investigate whether AhR ‘on-target’ activity explains ezutromid’s lack of sustained clin-

ical efficacy

7.2.1 Investigation of the mechanism of ezutromid AhR antagonism

Ezutromid has been identified as a novel AhR antagonist, however full characterisation of

this activity, including binding site, ligand-selectivity and AhR response, has yet to be ac-

complished. AhR binding site determination in the literature has been limited to agonist

competition (typically using TCDD) and ligand binding domain docking studies. However,

the binding site could also be identified using a PAL strategy, and should be particularly feasi-

ble using probe 106 which identified AhR in the photoaffinity capture experiment. Incubation

of 106 with purified AhR followed by irradiation, digestion and LC-MS/MS analysis could

reveal the probe’s AhR binding site, assuming covalent addition of the probe to the protein

and sufficient protein sequence coverage.

Ezutromid’s antagonism of AhR could be further investigated to assess its time- and

concentration-dependence using mRNA expression of AhR responsive genes as a readout. This

experiment would also be important for eliminating the possibility of ezutromid partial AhR

agonism. It would additionally be interesting to determine whether ezutromid antagonises

the action of all agonists or is ligand-selective in the manner of CH223191.292 Competition

studies using [3H]TCDD could be performed according to well-precedented procedures in the

literature (discussed in section 6.4.2) or by comparing the effect of ezutromid treatment in

combination with AhR agonists on AhR:ARNT DNA binding in vitro by gel retardation

analysis, as performed by Denison and co-workers.281 Alternatively, competition may be in-

vestigated using the fluorescence quenching experiment reported in this thesis, by co-dosing
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with excess concentrations of other AhR ligands and assessing the impact on apparent KD.

However, a prerequisite for this experiment is that the chosen competing AhR ligands must

not significantly absorb the excitation wavelength.

In this work, retention of AhR in the cytosol upon ezutromid treatment was observed using

immunofluorescence. This finding and any attendant ligand-selectivity could be extended by

investigating AhR localisation after ezutromid treatment +/− various AhR agonists via Hsp90

co-localisation with AhR301 or western blotting of treated nuclear and cytosolic fractions.

Next, the AhR-mediated response to ezutromid binding should be characterised. Ligand-

specific AhR responses are well-documented in the literature, whereby ligands selectively pro-

duce some downstream AhR-dependent responses but not others. Ligand-specific differences in

AhR co-activator recruitment331 and AhR targeted DNA sequence have been reported,332,333

suggesting ligand-induced differences in AhR structure may account for the diversity of ligand-

specific AhR responses. Additionally, the generation of an AhR mutant unable to bind to the

DRE promoter has identified a ligand-activated DRE-independent role for AhR in suppression

of inflammation.334 This activity operates via suppression of NF-κB regulated-gene expres-

sion, especially cytokine-induced acute-phase genes including SAA1, CRP, LBP, C3, C1S, and

C1R, and is driven by AhR agonists including TCDD and benzo[a]pyrene.334 Another reported

transcription-independent AhR signalling function is mediation of Jak2-Src crosstalk.335

GNF-351 171 has been termed a ‘pure’ antagonist for its ability to antagonise DRE-

dependent AhR activity as well as alleviate suppression of acute-phase gene expression caused

by DRE-independent AhR activity, unlike antagonist 6,2′,4′-trimethoxyflavone 167 which only

exhibits the former.290 Meanwhile, most other AhR antagonists, including CH223191 166,

have only been assessed for their ability to modulate DRE-dependent rather than -independent

AhR activity. To determine whether DRE-independent AhR activity is required for utrophin

modulation, it would be instructive to investigate whether GNF-351’s ‘pure’ antagonism phe-

notype is shared by ezutromid. This could be achieved by investigating ezutromid’s ability to

antagonise AhR agonist driven suppression of NF-κB regulated acute-phase gene expression

using RT-qPCR. Additionally, the ability of selective AhR antagonist 6,2′,4′-trimethoxyflavone

167 to modulate utrophin could be assessed by reporter gene assay, RT-qPCR or western blot.

Taken together, future investigations into the mechanism of ezutromid’s AhR antagonism

could give insights into AhR’s complex biology, while also potentially revealing its mechanism

of utrophin modulation by analogy with other AhR antagonists. Finally, evidence for AhR

antagonism by third generation utrophin modulators developed by our team could be assessed
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using DRE-promoter reporter gene assays or RT-qPCR of AhR-responsive genes alongside

direct AhR binding studies. Evidence of AhR-independent utrophin modulation would war-

rant further target identification studies using these compound classes and opens the door to

combination therapies.

7.2.2 Investigation of AhR as a therapeutic target for DMD

The work described in this thesis indicates that AhR could be a therapeutic target for utrophin

modulation. However, there is an increasing awareness that polypharmacology (i.e. a com-

pound binding multiple targets) can contribute to a therapeutic effect.336 Indeed, 21% of FDA

approved agents in 2015-2017 were multi-targeting drugs.336 Ezutromid was found to weakly

bind ∼300 proteins in the 2D CETSA-MS study (section 6.2.1) and multiple other proteins

were identified as significant hits in the affinity capture experiments. Therefore, further stud-

ies are required to confirm whether AhR is solely (or principally) responsible for ezutromid’s

utrophin modulating activity.

Firstly, it would be interesting to determine whether the ability of ezutromid and GNF-

351 to upregulate utrophin is ablated in AhR null model systems. Genome editing using

CRISPR-Cas9 is a powerful tool in interrogate signalling pathways and evaluate drug targets

in living systems. CRISPR-Cas9 deletion of the aryl hydrocarbon receptor is precedented in

the literature,329,337 proving that it is a non-essential gene, but it has never been studied in the

context of muscular dystrophy. Alternatively, knockdown of AhR by shRNA as precedented by

Boitano and co-workers291 could be investigated, although achieving loss of AhR expression

is reportedly challenging, requiring 48-72 h.290 Additionally, a PROTACs probe has been

reported for AhR antagonist apigenin (4′,5,7-trihydroxyflavone).338 This strategy for AhR

knockdown could also be adapted for ezutromid, potentially exploiting the existing PEG

chain linker SAR established in this thesis.

However, one significant consideration for these experiments is whether loss of AhR (either

knockout or knockdown) is an appropriate model for AhR antagonism, where AhR is retained

in the cytoplasm and possibly performs other roles. Furthermore, in this work, treatment

with antagonists GNF-351 and ezutromid was demonstrated to actually lead to increased AhR

abundance compared to untreated. Therefore, it may be of more interest to investigate the

effect of AhR overexpression (in the absence of agonist treatment) on utrophin modulation. An

alternative experiment could investigate the effects on ezutromid-induced utrophin modulation

when combining treatment with an excess of AhR agonists or when employing a constitutively
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active AhR construct which lacks a ligand binding domain.291 Observation of a loss in activity

in these two cases would indicate that ezutromid’s ability to modulate utrophin is AhR-

dependent.

Next, the pathway by which AhR modulates utrophin should be investigated. A possible

pathway discussed in section 6.6 was AhR-mediated stabilisation of PGC1α, a utrophin tran-

scription factor.83 This could be investigated by measuring abundance and post-translational

modification status of PGC1α by western blot after ezutromid or vehicle control treatment.

Furthermore, ezutromid’s effect on AhR-responsive gene TIPARP (TCDD-inducible poly(ADP-

ribose) polymerase, PARP7) which has also been shown to influence PGC1α abundance could

be investigated.320 Ezutromid treatment could also be combined with inhibitors or activators of

signalling pathways influencing utrophin expression, including NFAT, PPAR and MAPK/ERK

pathways. Loss of activity in one of these combined treatments could indicate the pathway

by which ezutromid is operating. Additionally, assessment of phosphorylation of kinases such

as p38 MAPK, AMPK and JNK by western blot could also reveal which utrophin regulation

pathways are activated by ezutromid treatment.

In addition to these targeted approaches, the mechanism of ezutromid-induced utrophin

transcription could be investigated by the generation of a compound-resistant cell line and the

subsequent identification of resistance-conferring mutations by next generation sequencing.

Interestingly, the results of the ezutromid phase II trial, although disappointing, offer the

opportunity to study loss of compound efficacy in human DMD patients, which could reveal

aspects of its mechanism of action (discussed in the next section).

7.2.3 Explanation of PhaseOut DMD trial results

It has not been established whether AhR as ezutromid’s target is responsible for its lack

of sustained efficacy in the clinical trial or affects its overall exposure. In the short term,

antagonism of AhR, which regulates the xenobiotic response, is likely to suppress ezutromid

metabolism. However, it is unclear what the long term consequences of an increase in AhR

protein caused by antagonism would be.

The study of changes in gene expression in ezutromid-treated liver cells to determine

whether induction of xenobiotic metabolism or accommodation to AhR antagonism occurs

could help establish whether AhR ‘on-target’ activity is responsible for ezutromid’s limited

clinical efficacy. Global transcriptomics or proteomics in tissues of ezutromid-treated mdx

mice could investigate similar changes in gene expression in an in vivo model. These exper-
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iments could be additionally performed on the clinical trial biopsies comparing the baseline

prior treatment, the trial midpoint when efficacy was observed and the trial endpoint when

efficacy was lost. Alternatively, the trial samples could be analysed for specific biomarkers

(tissue sectioning and immunofluorescence or homogenisation and western blot), particularly

if proteins key to ezutromid-induced utrophin upregulation had been identified in the ex-

periments discussed in the previous section. One protein which could also be investigated

further is the AhR repressor (AhRR), the gene found to be most differentially expressed in

the RNA-seq study. The downregulation of AhRR observed with compound treatment was

an indication of ezutromid’s AhR antagonist activity. It would be interesting to establish

whether its repression is maintained over chronic treatment.

The rate of metabolism of ezutromid was observed to increase over the course of the phase

Ib study in DMD patients (discussed in section 1.4.2) and this progressive loss of compound

exposure is likely to contribute to loss of sustained efficacy in the phase II trial. Examina-

tion of the phase II clinical trial samples for ezutromid and its metabolites would test this

hypothesis. CYP1A1 and CYP1A2 have been determined as the primary P450 isoforms me-

diating ezutromid metabolism,339 and were also found among the main enzymes involved in

metabolism of GNF-351, leading to its poor absorption and limited in vivo efficacy.340 Induc-

tion of these enzymes is a consequence of AhR agonism, but is not expected with treatment

of an AhR antagonist. However, CYP1A1/2 induction could explain the increased rate of

ezutromid metabolism observed and the subsequent loss of efficacy. Therefore, CYP1A1/2

expression and activity should be monitored in human DMD cells during chronic exposure

of ezutromid. Additionally, ezutromid’s metabolites should be screened for AhR binding and

agonist activity, which could counteract the parent compound’s therapeutic effects.

Interestingly, less clearance and markedly higher plasma concentrations of ezutromid were

observed in healthy volunteers compared to DMD patients. Investigating whether the AhR

antagonism of ezutromid is sustained over chronic treatment in non-DMD models, for exam-

ple by extending the CYP1A1/2 studies to wildtype mice, could reveal whether ezutromid

treatment could be effectively deployed for different indications.
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Chapter 8

Experimental Methods

8.1 Biology Experimental Methods

Materials

The following materials were obtained from commercial sources: resveratrol (Santa Cruz

Biotechnology #sc-200808), NF-κB inhibitor NF-κBAI4 (Cambridge Bioscience Ltd #10009536),

D-luciferin (Promega, #E1602), ATP (Sigma), recombinant firefly luciferase (QuantiLum

Promega, E1701), biotin azide (Sigma #762024), TAMRA-biotin-azide (DC Biosciences #CCR-

1048), TBTA (Cayman Chemical #18816), TCEP (Sigma #C4706), CH-223191 (Selleckchem

#S7711), GNF351 (Sigma #182707), ITE (R&D systems #1803/10) and heregulin (Recombi-

nant Human NRG1-beta 1/HRG1-beta 1 EGF Domain Protein, R&D systems #396-HB-050).

Ezutromid, SMT022332 and ethyl phosphinic acid were provided by Summit Therapeutics plc.

AhR:ARNT protein complex was kindly provided by Prof. Fraydoon Rastinejad (Target Dis-

covery Institute, Old Road Campus, University of Oxford).

Cell culture

H2K-mdx99 and H2K-mdx utrnA-luc cells97,100 were maintained in DMEM (Life Technologies)

supplemented with 20% Fetal Bovine Serum (Life Technologies), 2% CEE (SLI), 2 mM L-

Glutamine (Life Technologies), 1% Penicillin Streptomycin (Life Technologies) and 2 µg/500

ml Mouse Interferon-γ (Roche). Cells were maintained at 10% CO2 at 33 °C.

Immortalised DMD myoblasts isolated from the Fascia lata muscle of a 10 year old male,

del 52 DMD (KM571DMD10FL) were acquired through collaboration with Professor Vincent

Mouly (Insitut de Myologie, Paris). These were cultured in Skeletal Muscle Cell Growth

Medium and Supplement (PromoCell C-23060), 20% Fetal Bovine Serum (Life Technologies)

and 1% Penicillin Streptomycin (Life Technologies). Cells were maintained at 5% CO2 at 37
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°C.

H2K mdx Utrophin A-FLuc reporter gene assay

White flat bottomed 96 well plates (Corning) were seeded with 5000 H2K mdx utrnA-luc

cells. After 24 h, cells were dosed with compound in triplicate, in the following concentration

series: 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10.0 µM from 10 mM solution stocks in DMSO (final

DMSO concentration was 0.3%). The cells were incubated for a further 24 h, (10% CO2, 33

°C). Relative luminescence readout after using the Luciferase Assay System (Promega, E1500)

reagents was measured using a FLUOstar Optima plate reader (BMG Labtech). The means

from the biological triplicates were fitted with a four parameter logistic function with least

squares regression (Levenberg-Marquardt algorithm) to calculate EC50 values.

Biochemical FLuc inhibition assay

Recombinant FLuc was assayed at a final concentration of 0.6 nM in a buffer containing 25

mM HEPES, 5 mM MgCl2, 1 mM EDTA, 5 mM DTT and 1 mg/ml BSA. Compounds were

diluted in the following concentration series: 0 nM, 0.95 nM, 3 nM, 30 nM, 95 nM, 0.3 µM,

0.95 µM, 3 µM, 9.5 µM, 30 µM, from 10 mM stocks in DMSO (with a final assay concentration

of DMSO at 0.3%). PTC124 was used as a positive control.219 Luciferase substrates ATP and

D-luciferin were used in a final assay concentration of 10 µM. Luciferase was pre-incubated

with ATP and the query compound at 0 °C for 15 min. D-Luciferin was dispensed and

endpoint luminescence output immediately read using a FLUOstar Optima plate reader (BMG

Labtech). Luminescence output was fitted with a four parameter logistic function with least

squares regression (Levenberg-Marquardt algorithm) to calculate EC50 values.

FLuc fluorescence quenching assay

Fluorescence quenching of ezutromid upon binding recombinant FLuc was monitored using a

fluorescence spectrophotometer (Hitachi F-4500 FL spectrophotometer, 317 nm excitation/390

nm emission). 0.3 µM ezutromid was incubated with FLuc (various concentrations ranging

0 − 3 µM) for 15 min in a buffer containing 25 mM HEPES, 5 mM MgCl2, 1 mM EDTA, 5

mM DTT and 1% DMSO. Fluorescence emission was measured in each sample and the KD

calculated by fitting the curve with a four parameter logistic function.
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Docking of FLuc luciferin pocket

Docking studies were carried out using AutoDock Vina using default settings.229 The lu-

ciferin pocket of FLuc crystal structure PDB: 4e5d was prepared as follows: bound ligands

were extracted using PyMOL, the protonation state relevant for pH 7.4 was applied using a

PDB2PQR341,342 server and the binding box was prepared using AutoDockTools4.343 Ligand

files were prepared from sdf files with 3D coordinates generated using ChemAxon tools344 then

prepared for docking using AutoDockTools4.

FLuc kinetics assay, varying ATP, luciferin or LH2-AMP as the sole

substrate

Recombinant FLuc was assayed at a final concentration of 0.6 nM in a buffer containing 25 mM

HEPES, 5 mM MgCl2, 1 mM EDTA, 5 mM DTT and 1 mg/ml BSA. Ezutromid was diluted in

a concentration series from 10 mM stocks in DMSO (with a final assay concentration of DMSO

at 0.3%). Either D-luciferin or ATP was varied in the following concentration series: 1, 5, 10,

50, 100, 500 µM in triplicate, with the other substrate held at the saturating concentration

of 250 µM (added immediately prior to measuring luminescence output). For the LH2-AMP

experiment, a concentration series of 0.5, 1, 2.5, 5, 10, 25 µM LH2-AMP was used and no

other substrate was supplied. Luminescence output was measured every 0.04 s for the first

4 s of the reaction using a FLUOstar Optima plate reader (BMG Labtech) and the initial

rate was calculated by linear slope fitting. The initial rates data were plotted and fitted using

Dynafit4 for inhibition model discrimination by Akaike and Bayesian Information Criteria.345

FLuc crystallisation studies

For the apo crystals, FLuc (13.1 mg/mL as supplied in a buffer containing 25 mM Tris pH 8.5,

0.2 M ammonium sulfate, 16 mM magnesium chloride, 1 mM EDTA, 1 mM DTT, 10% glycerol

and 25% ethylene glycol from Promega, E1701) was centrifuged to sediment aggregates and

used directly, since gel filtration was not found to improve crystallisation. Crystals were grown

in MRC SwissCi 3-well sitting-drop trays, and the well solution was 0.1 M Tris pH 8.5, 0.2

M sodium/potassium tartrate and 30% PEG3350. Drops were set at room temperature with

75 nL protein solution + 75 nL well solution, then trays were incubated at 4 ℃. Crystals

appeared within one week.

Co-crystallisation conditions: FLuc was diluted to 1 mg/mL and incubated with ezutro-

mid (40 µM, FAC 5% DMSO) plus of one of DLSA (40 µM), ATP (100 or 200 µM), luciferin
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(40 or 100 µM) or nothing at 4 ℃ for 3 h. The protein was then concentrated to 10 mg/mL,

reducing excess unbound substrates then seeded into MRC SwissCI 3-well sitting-drop trays

as above and incubated at 4 ℃. Crystals appeared within one week. Well conditions of the

crystals presented in Figure 3.9 are as follows:

Figure 3.9b: 0.8 M ammonium phosphate dibasic, 0.1 M acetate pH 4.5

Figure 3.9c: 0.1 M tris pH 8.5, 0.2 M magnesium chloride, 30% PEG4000

Figure 3.9d: 0.1 M tris pH 8.5, 0.3 M magnesium chloride, 7.5% PEG3350, 25% PEG400

Figure 3.9e: 0.15 M calcium chloride, 0.1 M acetate pH 4.5, 30% glycerol, 15% 2-propanol

Figure 3.9f: 0.2 M calcium acetate, 0.1 M cacodylate pH 6.5, 18% PEG8000

All crystals were harvested with 20% ethylene glycol as cryoprotection and flash-cooled

in liquid nitrogen. All X-ray diffraction data were collected on the beamline I04-1 at the

Diamond Light Source (Harwell, UK). Diffraction data were automatically processed by soft-

ware pipelines at the Diamond Light Source346 and refined using PHENIX.233 Structures were

solved by molecular replacement with Phaser234 using structure 1LCI235 as a model. Manual

refinement to build missing residues was performed using Coot.347

FLuc diazirine irradiation study

20 µM diazirine probe 79* was incubated with 10 µM recombinant FLuc in a buffer containing

25 mM HEPES, 5 mM MgCl2, 1 mM EDTA, 5 mM DTT and 5% DMSO. Where applicable,

100 µM ATP, 50 µM luciferin or 20 µM DLSA were included. After 15 mins incubation at 0

°C, the samples were irradiated (365 nm, 100 W UV lamp, UVP™ B-100AP) for 3 mins at 0

°C from a distance of 6 cm. The samples were diluted 1:1 with milli-Q water and submitted

for LC-MS analysis on a Waters Acquity 1525 µHPLC system coupled to a LCT Premier XE

(Waters) mass spectrometer. A flow rate of 0.3-0.75 mL/min was applied to a mobile phase of

A = water + 0.1% formic acid, B = MeCN with a gradient of % A: 0.0 min 97%, 1.0 min 97%,

5.0 min 2%, 6.0 min 2%, 7.0 min 97%, 10.0 min 97%. The electrospray source had a capillary

voltage of 3.00 kV and cone voltage of 100 V. Nitrogen was the nebuliser and desolvation

gas, flow of 300 L/hr. Total mass spectra were deconvoluted using the MaxEnt algorithm in

MassLynx 4.1 (Waters) according to the default settings.

ESI MS/MS analysis was carried out by Elisabete Pires on an Acquity-UPLC system

(Waters) connected to a Xevo G2-XS Q-TOF mass spectrometer (Waters) equipped with an

electrospray ion source. The analyte separated on an ACE equivalent 3 C18 analytical column
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(2.1 mm i.d. × 50 mm, 3 µm, 100 Å) using a linear gradient (length: 10 minutes, 5 % to

95 % solvent B (0.1% formic acid in acetonitrile)) at a flow rate: 0.4 mL/min (solvent A

0.1% formic acid in water). The separated peptides were electrosprayed directly into the mass

spectrometer operating in a full scan method using a CID based method. A full scan MS

spectrum was operated in electrospray positive mode with a scan range 100-900 m/z and a

scan time 1.5 s. Lockspray was used during analysis to maintain mass accuracy. Data was

obtained in continuum mode. The electrospray source of the MS was operated with a capillary

voltage of 3.00 kV and a cone voltage of 40 V. CID fragmentation was performed at a ramp

from 35 to 45 V of normalized collision energy. The MS and MS/MS analysis was processed

using Masslynx. The mass window search of precursor ion was set as 5 ppm error. All spectra

were manually checked and validated.

*Synthesised by Jess Reynolds.178

Utrophin RT-qPCR

6 well plates were seeded with H2K mdx cells (1 × 105) per well. After 24 h, cells were

dosed with 30 nM query compounds from 10 mM solution stocks in DMSO (0.3% final

DMSO concentration) in triplicate. RNA was extracted using TRIzol™ Reagent (Invit-

rogen) according to the manufacturer’s instructions. 500 ng of RNA from each sample

was used to generate cDNA with the QuantiTect Reverse Transcription kit (Qiagen). All

RT-qPCR reactions were amplified using the StepOne™ Real-Time Polymerase chain reac-

tion system (Applied Biosystems) with Fast SYBR™ Green Master Mix (Thermo Fisher).

Utrophin isoform A (mouse: forward primer 5’-ACGAATTCAGTGACATCATTAAGTCC-

3’ reverse primer 5’-ATCCATTTGGTAAAGGTTTT CTTCTG-3’) was normalised to ref-

erence S13 (mouse: forward primer 5’-CCCGAGGATCTCTACCATT-3’ reverse primer 5’-

GCCACTAGACAGAGGCTGT-3’) and values obtained according to the 2−∆∆CT method.348

Western blot assay

6 well plates were seeded with H2K mdx cells (1 × 105) per well. After 24 h, the cells were

dosed with query compounds in three concentrations from 10 mM solution stocks in DMSO

(0.3% final DMSO concentration) in triplicate. Heregulin at 30 nM was used as a positive

control. After 24 h, the cells were harvested (TrypLE Express, Gibco), washed (PBS) and

lysed (RIPA buffer and protease inhibitors, Sigma #P8340). Protein content was quantified

by a bicinchinonic acid protein assay (Thermo Scientific Pierce). For the western blot, 30
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µg lysate was separated by NuPAGE™ 3-8% Tris-Acetate protein gel electrophoresis and

transferred to a PVDF membrane (GE Healthcare). Utrophin protein was detected using

Mancho-3 antibody (1: 50, kind gift from G.E. Morris, Oswestry, UK) and an AlexaFluor™

680 anti-mouse antibody (1:10,000, Invitrogen). Blots were imaged with a Licor Odyssey

system and relative protein quantitation was performed using Image Studio Lite. REVERT™

total protein stain (Licor) was used as a loading control, along with β-actin detected with

anti-β-actin antibody (1: 20,000, Cell Signaling Technology #3700S) and an AlexaFluor™

680 anti-mouse antibody (1:10,000, Invitrogen). Experiments were carried out at least three

times.

Chemoproteomics workflow of immobilised compound affinity capture

followed by LC-MS/MS analysis

H2K mdx cells were lysed in a buffer containing 25 mM HEPES, 150 mM NaCl, 2 mM MgCl2,

0.1 % Tween-20 and protease inhibitors (0 ℃, 30 min). The lysates were sonicated (4 × 2 s

on, 3 s off, 20% amplitude) and centrifuged to pellet cell debris. Protein concentrations were

determined by a bicinchinonic acid protein assay (Thermo Scientific Pierce), then adjusted to

2 mg/mL. Streptavidin beads (55 µL per sample, Dynabeads™ MyOne™ T1, Invitrogen) were

washed three times (HEPES lysis buffer) and then incubated (1 h, rt, 1000 rpm) with lysate

(400 µL per sample) to preclear non-specifically binding proteins. Additional streptavidin

beads (15 µL per sample, Dynabeads™ MyOne™ T1, Invitrogen) were washed three times

(HEPES lysis buffer) then incubated (1 h, rt, 1000 rpm) with one of the following biotinylated

probes: 41, 42, 75, 43 (each 10 µM, 0.3% FAC of DMSO). The beads were then washed three

times (HEPES lysis buffer) and added to the precleared lysate with and without competitor

compound SMT022332 (100 µM, 0.3% FAC of DMSO) for 16 h at 4 ℃, 1000 rpm. The lysate

was then removed and the beads washed three times (HEPES lysis buffer).

On-bead digestion of pulled down proteins was achieved using a Filter Aided Sample Prepa-

ration (FASP) protocol.349 Briefly, Vivacon 500 filters (Sartorius, VN01H02 10 kDa/VNCT01)

were washed with 0.1% trifluoroacetic acid in 50% acetonitrile. The beads were loaded on the

filter in 8 M urea in 100 mM AB for 30 minutes at rt. On-bead proteins were reduced (10

mM TCEP, 30 minutes, rt), alkylated (50 mM chloroacetamide, 30 min, rt in the dark) and

washed (2 × 1 M urea in 50 mM AB). The proteins were subjected to tryptic digestion (0.2 µg

enzyme, Promega, 1 M urea in 50 mM AB) overnight at 37°C. Trypsinised peptides collected

from the filtrate were dried then desalted using C18 stage tips. Eluted peptides were then
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dried and resuspended in 50 µL 5% formic acid and 5% DMSO.

LC-MS/MS analysis was carried out on an Ultimate 3000 ultra-HPLC system (Thermo

Fisher) coupled to a QExactive mass spectrometer (Thermo Fisher). The peptides were

trapped on a C18 PepMap100 pre-column (300 µm i.d. x 5 mm, 100 Å, Thermo Fisher)

using solvent A (0.1% formic acid in water) at a pressure of 500 bar, then separated on an

in-house packed analytical column (75 µm i.d. packed with ReproSil-Pur 120 C18-AQ, 1.9

µm, 120 Å, Dr. Maisch GmbH) using a linear gradient (length: 60 minutes, 15% to 35%

solvent B (0.1% formic acid in acetonitrile), flow rate: 200 nl/min). Data were acquired in a

data-dependent mode (DDA). Full scan MS spectra were acquired in the Orbitrap (scan range

350-1500 m/z, resolution 70000, AGC target 3 × 106, maximum injection time 50 ms). The

10 most intense peaks were selected for HCD fragmentation at 30% of normalised collision

energy (resolution 17500, AGC target 5 × 104, maximum injection time 120 ms) with first

fixed mass at 180 m/z.

Peptide identification and quantification were performed by MaxQuant (version 1.5.0.35i).350

MS spectra were searched against the Mus musculus UniProt Reference proteome (retrieved

12/01/17) alongside a list of common contaminants. The search results were filtered to a 1%

false discovery rate (FDR) for proteins, peptides and peptide-spectrum matches (PSM). Pro-

tein intensity distributions were log2 transformed using Perseus (version 1.5.5.3) and missing

values were imputed with an value lower than the smallest measured intensity, to approximate

to background noise. The three replicates for each condition were grouped and Student’s t-

test (s0 = 0, FDR = 0.05) performed between the active probe samples and the two controls

(inactive probe and competitor). Results of this analysis were plotted using Python plotting

library Matplotlib.

Chemoproteomics workflow of in situ labelling followed by LC-MS/MS

analysis

H2K mdx cells were seeded in 12 × 10 cm diameter dishes and grown to 80% confluency.

Cells were treated with 3 µM probe 106 (with and without 100 µM competitor SMT022332),

3 µM probe 129 and the DMSO vehicle, in triplicate for each condition, to a final DMSO

concentration of 0.3% in serum-free media, for 2 h. The cells were then washed with 1 × PBS

and irradiated (3 min, 5 cm distance, 365 nm 100W lamp, VWR 36595-021) in serum-free

media. The cells were washed with 1 × PBS then lysed for 10 min at 4 °C with 300 µL of

a buffer containing 1% SDS, 1% triton X-100 and protease inhibitors (Sigma #P8340) in 1
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× PBS. The dishes were scraped to collect the lysate, which was sonicated (4 × 2 s on, 3 s

off, 20% amplitude) and the total protein concentration determined by a bicinchinonic acid

protein assay (Thermo Scientific Pierce). 350 µg of lysate at 0.8 mg/mL concentration per

sample was then Clicked to biotin-azide (FAC of 0.1 mM from 10 mM in DMSO stock) with

CuSO4 (FAC of 1 mM, from 50 mM in H2O stock), TCEP (FAC of 1 mM, from 50 mM in

H2O stock) and TBTA (FAC of 0.1 mM, from 10 mM in DMSO stock) for 1 h at rt, 1000 rpm

shaking.259 Excess Click reagents were removed by protein precipitation (MeOH/CHCl3) and

washing of the protein pellet (MeOH × 4). The proteins were then solubilized with 2% SDS

in PBS before dilution to 0.5 mg/mL protein, 0.5% SDS using 1 × PBS. Streptavidin beads

(15 µL per sample, Dynabeads™ MyOne™ T1, Invitrogen) were washed twice (1 × PBS)

then added to the labelled lysate samples. After 16 h rocking (65 rpm) at 4 °C, the beads

were washed (3 × 1% SDS, 1% triton X-100 in PBS, 3 × 4 M urea in 50 mM ammonium

bicarbonate buffer (AB), 3 × 6 M urea in 50 mM AB).

Sample preparation, LC-MS/MS analysis and peptide identification and quantification

were performed as above.

Chemoproteomics followed by AhR immunoblotting

Human DMD cells were seeded in 10 cm diameter dishes and grown to 80% confluency. Cells

were treated with 3 µM probe 106 (with and without 100 µM competitor SMT022332, 3

µM probe 129 and the DMSO vehicle, in duplicate for each condition, to a final DMSO

concentration of 1% in serum-free media, for 2 h. The cells were then irradiated and lysed as

above. 500 µg of lysate at 1 mg/mL concentration per sample was then Clicked to TAMRA-

biotin-azide (FAC of 0.1 mM from 10 mM in DMSO stock) as above. Excess Click reagents

were removed by protein precipitation (MeOH/CHCl3) and washing of the protein pellet

(MeOH × 4). The proteins were then solubilized with 2% SDS in PBS before dilution to 1

mg/mL protein, 0.2% SDS using 1 × PBS. Streptavidin beads (30 µL per sample, Dynabeads™

MyOne™ T1, Invitrogen) were washed twice (1 × PBS) then added to the labelled lysate

samples. After 16 h rocking (65 rpm) at 4 °C, the beads were washed as above. Proteins were

eluted from the beads by heating at 95 °C for 5 min in 1 × Laemmli buffer, 50 mM DTT,

8 M urea in 50 mM AB. The eluted proteins were separated by NuPAGE™ 4-12% Bis-Tris

protein gel electrophoresis and transferred to a PVDF membrane (Roche). AhR protein was

detected with an anti-AhR antibody (1:5000 in 2% BLOT-QuickBlocker™ (#WB57) solution

in PBST, Enzo BML-SA210) followed by an IRDye® 800CW anti-rabbit antibody (1: 5000,
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Licor). Blots were imaged with a Licor Odyssey system.

Protein expression and purification of recombinant truncated AhR:ARNT

complex

This procedure was carried out by Prof. Fraydoon Rastinejad.

The mAHR (residues 25-433) and mARNT (residues 82-464) proteins were co-expressed

in E. coli, using an expression and purification strategy similar to the purification of related

ARNT heterdimers (HIF-ARNT, NPAS1-ARNT, NPAS3-ARNT) described previously.351,352

For AHR-ARNT, the ARNT protein construct was expressed using a pMKH vector which did

not provide any affinity tag while the AHR protein was expressed simultaneously in the same

cells (BL21-CodonPlus DE3-RIL competent cells, from Agilent Technologies, Santa Clara,

CA, #230245) using the PSJ2 vector which produced a C-terminal histidine tagged protein.

Bacterial cultures were grown at 37℃, induced at 16℃ overnight using 0.2 mM IPTG. Cells

were then harvested, lysed using sonication, centrifuged to remove the pellet, and the super-

natant applied to a Ni-NTA resin following the manufacturer’s recommended procedure. After

extensive washing with buffer, the protein complex was eluted using buffer containing 250 mM

imidazole, and the heterodimer further purified using a 1-meter Superdex-200) gel filtration

column, which eluted at the expected position of the heterodimer. SDS-PAGE gels stained

with coommassie blue showed both subunits were co-purified in 1:1 stoichiometric amounts.

AhR:ARNT fluorescence quenching assay

Fluorescence quenching of ezutromid upon binding recombinant AhR:ARNT was monitored

using a fluorescence microplate reader (Tecan Spark, 313 nm excitation/390 nm emission).

100 nM compound was incubated with AhR:ARNT (various concentrations ranging 0 − 10

µM) for 18 h (4 °C) in black 96 well plates, with a buffer containing 20 mM Tris pH 8, 200

mM NaCl and 1% DMSO. Fluorescence emission was measured and the signal background

from the protein alone (0 − 10 µM) subtracted. The KD calculated by fitting the curve with

a four parameter logistic function.

AhR localisation immunofluorescence

Human DMD cells (3 × 104) were seeded on 18 mm coverslips. After 24 h, the cells were dosed

with ezutromid (3 µM), ITE (1 µM) or both (from 10 mM solution stocks in DMSO, 1% final

DMSO concentration) in serum-free media alongside a vehicle control. After 2 h, the cells
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were fixed (4% paraformaldehyde in PBS, 15 min), permeabilised (0.1% Triton X-100 in PBS)

and blocked (10% FBS, 0.1% Tween-20 in PBS, 1 h). The cells were probed with anti-AhR

antibody (1:200, Invitrogen, #MA1-514), anti-mouse AlexaFluor™ 488 (1:2000, #A-11059,

Invitrogen) and Hoescht 33342 (10 µM, Sigma #14533). The coverslips were mounted onto

slides with FluorSave™ reagent. The cells were imaged using an Evos fluorescence microscope

with a 40 × objective. Immunofluorescence experiments were carried out three times.

Statistics

Differences between group means were calculated by unpaired, two-tailed t-tests where p values

≤ 0.05 were considered statistically significant.
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8.2 Chemistry Experimental Methods

8.2.1 General Chemical Experimental Procedures

Reactions were carried out under inert conditions using an atmosphere of nitrogen, with

anhydrous solvents and oven dried glassware, unless aqueous reagents were used or otherwise

stated. Microwave reactions were carried out using a Biotage® Initiator Classic microwave

synthesiser.

Anhydrous solvents were dried by passing over an activated alumina column, under an inert

atmosphere, using a solvent purification system. Water was purified by an Elix® UV-10 system.

All other solvents and reagents were used as supplied (analytical or HPLC grade) without

further purification. PE refers to the fraction of petroleum ether boiling in the range 30-40

℃. Aqueous solutions of ammonium chloride (NH4Cl), sodium carbonate (Na2CO3), sodium

thiosulfate (Na2S2O3) and sodium bicarbonate (NaHCO3) were saturated. Concentration of

solvents in vacuo was achieved by rotary evaporation using a diaphragm pump. Purification

by flash column chromatography was carried out using Kieselgel 60 and a positive solvent

pressure. Reverse phase chromatography was carried out on C18 silica using a Biotage®

Isolera™ flash system.

8.2.2 Analytical Procedures

LC-MS sample analysis was performed using an Agilent 1260 series machine equipped with

a Agilent Poroshell 120 column, EC-C18 2.7 µm, 50 × 4.6 mm. A flow rate of 1.35 mL/min

was applied to a mobile phase of A = water + 0.1% formic acid, B = MeCN + 0.1% formic

acid at 40 ℃ with a gradient of %B: 0.00 min 20%, 2.45 min 98%, 4.90 min 98%, 5.00 min

20%, 6.00 min 20%. TLC was carried out using Merck Kieselgel 60 F254 plates which were

visualised with UV light (254 nm). Melting points were recorded on a EZ-Melt automated

melting point apparatus. Fourier transform IR spectroscopy was carried out using a Bruker

Tensor 27 FT-IR spectrometer as neat samples or thin films. Wavelengths of peak absorption

are given in wavenumbers (cm-1), with broad (br) signals indicated.

NMR spectra were recorded using Bruker Advance spectrometers (AVII 400 or AVII 500).
1H NMR and 13C NMR data were recorded at 298 K, locked to the relevant solvent standard.

NMR data are presented as: chemical shift δ (in ppm, δTMS = 0), integration, multiplicity (s

= singlet, d = doublet, t = triplet, q =quartet, m = multiplet, br = broad, obs = obscured)

and coupling constants (J in Hz). Proton peak assignments were based on 1D data and COSY

113



analysis and carbon peak assignments were based on 1D data and HSQC and HMBC analysis.

Low resolution mass spectroscopy was carried out on an Agilent 6120 mass spectrometer.

Accurate mass measurements were run on either a Bruker MicroTOF internally calibrated

with polyalanine, or a Micromass GCT instrument fitted with a Scientific Glass Instruments

BPX5 column (15 m × 0.25 mm) using amyl acetate as a lock mass. HR ESI and APCI

were run on a Waters Acquity Ultraperformance LC system coupled to a Thermo Orbitrap

Exactive MS.

8.2.3 Chemical Experimental Procedures and Data

General Procedure A

Benzoxazole ring closure from a benzoic acid and 2-aminophenol derivative

NH2

OH

+ R2R1HO

O

R1Cl

O

R2

N

O

R1

SOCl2, DMF

 0°C

µw, 210°C

To a suspension of the benzoic acid derivative (1 eq.) in CH2Cl2 at 0 ℃ was added thionyl

chloride (3 eq.) and dimethylformamide (cat.) The reaction mixture was warmed to rt and

stirred for 16 h. When the reaction was complete, the reaction mixture was concentrated in

vacuo, dissolved in Et2O and filtered. The filtrate was concentrated in vacuo to yield the acid

chloride, which was used immediately without further purification.

To a suspension of the 2-aminophenol derivative (1 eq.) in 1,4-dioxane was added a solution

of the prepared acid chloride (1 eq.) in 1,4-dioxane at rt. The reaction vessel was heated under

microwave activation at 210 ℃ for 15 min, then cooled to rt. The reaction mixture was poured

into NaOH solution (1 M aq.), and extracted with EtOAc three times. The combined organic

fractions were dried (Na2SO4) and concentrated in vacuo to yield the crude benzoxazole

product.

General procedure B

Sonagashira coupling of aryl halide with TMS-acetylene

Ar X Ar

1) TMS
    Pd(PPh3)Cl2, CuI
    NEt3

2) TBAF

To a solution of aryl halide (1 eq.), Pd(PPh3)2Cl2 (0.15 eq.) and copper(I) iodide (0.1

eq.) in THF was added NEt3 (excess) and trimethylsilylacetylene (1 eq.) dropwise. The
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reaction mixture was degassed and stirred at 70 ℃ until the reaction was complete by TLC.

The solvent was removed in vacuo and the residue purified by flash column chromatography.

The isolated TMS-alkyne intermediate was dissolved in THF and TBAF (1.5 eq., 1 M in THF)

was added dropwise. The reaction was stirred at rt until completion. The reaction mixture

was then diluted with EtOAc, washed with water and the phases separated. The organic layer

was dried (Na2SO4) and concentrated in vacuo to yield the crude alkyne product.

General procedure C

Formation of acetamides from primary amines

NH2

Ac2O, DMAP, CHCl3

 60°C
N
H

O

To a solution of primary amine (1 eq.), 4-dimethylaminopyridine (0.1 eq.) and acetic

anhydride (1.1 eq.) in CHCl3 was added NEt3 (1.1 eq.). The reaction mixture was heated

under reflux for 3 h, then cooled to rt and concentrated in vacuo to yield the crude acetamide

product.

General procedure D

Amide coupling with D-biotin

NH2

D-biotin, EDC.HCl,

NEt3, HOBt, DMF

N
H

O

S

NH
HN

O

H

H

A solution of primary amine (1 eq.), D-biotin (2 eq.), EDC hydrochloride (2 eq.), HOBt

hydrate (0.5 eq.), NEt3 (2 eq.) in DMF was stirred at rt for 16 h. The reaction mixture was

then concentrated in vacuo to yield the crude biotinylated product.

General procedure E

Formation of benzoxazole carboxamides

N

O

R1O

HO

N

O

R1O

N
EDC.HCl

NEt3

 NHMeOMe

O

Acid benzoxazole derivatives were obtained by following General Procedure A, with no

further purification. To a solution of the crude prepared acid (1 eq.) in DMF was added EDC

hydrochloride (2 eq.), N,O-dimethylhydroxylamine hydrochloride (2 eq.) and NEt3 (2 eq.).
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The reaction mixture was stirred at rt for 16 h, then concentrated in vacuo. The residue was

dissolved in EtOAc, then washed with citric acid solution (10% aq.), NaHCO3 solution (10%

aq.) and brine. The organic layer was concentrated in vacuo to yield the crude carboxamide

product.

General procedure F

Formation of trifluoromethylketone oximes from carboxamides

N

O

R1O

N 1) TMS-CF3, CsF

2) TBAF, ∆

O

N

O

R1O pyridine, ∆ N

O

R1N

F3C F3C

HO

NH2OH.HCl

Adapting a known procedure,183 caesium fluoride (0.2 eq.) and trifluoromethyltrimethylsilane

(2 eq.) were added to a solution of Weinreb amide derivative (1 eq.) in toluene. The

reaction mixture was stirred at rt with further equivalents of caesium fluoride and trifluo-

romethyltrimethylsilane added every 24 h until the reaction was complete by TLC. At this

point, the reaction was concentrated in vacuo and the residue dissolved in THF. TBAF (1.2

eq., 1 M in THF) was added dropwise and the reaction stirred at rt for 3 h at 50 ℃. The

reaction was cooled to rt, diluted with Et2O and washed with water and brine. The organic

layer was dried (Na2SO4) and concentrated in vacuo to yield the crude trifluoromethyl ketone

product. The crude was filtered through a silica plug, eluting with PE : EtOAc (2:1), and

concentrated in vacuo.

To a solution of the prepared crude trifluoromethylketone derivative (1 eq.) in pyridine

(excess) and ethanol over molecular sieves (3 Å) was added hydroxylammonium chloride (3

eq.). The reaction mixture was heated under reflux for 16 h, then concentrated in vacuo.

The residue was dissolved in EtOAc, washed with brine/water (1:1), dried (Na2SO4) and

concentrated in vacuo to yield the crude oxime product.

General procedure G

Formation of trifluoromethylketone tosyl oximes

NEt3, ∆ N

O

R1N

F3C

TsO

p-TsCl, DMAP

N

O

R1N

F3C

HO

To a solution of oxime (1 eq.), 4-dimethylaminopyridine (0.1 eq.) and NEt3 (3 eq.) in

CH2Cl2 was added p-toluenesulfonyl chloride (2 eq., recrystallised from PE) portionwise. The

reaction mixture was stirred at 40 °C for 16 h, then cooled to rt. The mixture was diluted
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with CH2Cl2, washed with water then brine, dried (Na2SO4) and concentrated in vacuo to

yield the crude tosyl oxime products as a mixture of E/Z isomers.

General procedure H

Formation of diaziridines

-78 °C N

O

R1

F3CNH3

N

O

R1N

F3C

TsO HN
NH

NH3 (excess) was condensed into a solution of tosyl oxime (1 eq.) in CH2Cl2 at −78 ℃.

The reaction mixture was stirred and warmed to rt over 6 h, then concentrated in vacuo to

yield the crude diaziridine product.

General procedure I

Formation of diazirines

0 °C→ rt N

O

R1

F3CI2, NEt3

N
NN

O

R1

F3C

HN
NH

To a solution of diaziridine (1 eq.) and NEt3 (3 eq.) in CH2Cl2 was added iodine (1.2 eq.)

portionwise. The reaction mixture was covered in foil to exclude light and stirred for 15 min

at rt. The mixture was then concentrated in vacuo to yield the crude diazirine product.
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3-(5-(Ethylsulfonyl)benzo[d]oxazol-2-yl)phenol 49

N

O

S

O O OH

2

3

6

7

2'
3'

4'

6' 5'

8
9

Benzoxazole 49 was obtained according to General Procedure A, using 3-hydroxybenzoic

acid (350 mg, 2.53 mmol), thionyl chloride (0.55 mL, 7.59 mmol) and DMF (0.10 mL) in

CH2Cl2 (15 mL). The acid chloride intermediate formed was reacted with 2-amino-4-ethyl-

sulfonylphenol (510 mg, 2.53 mmol) in 1,4-dioxane (5 mL). The crude product was purified

by flash column chromatography (PE : EtOAc, 3:2) to yield benzoxazole 49 (250 mg, 0.824

mmol, 33%) as an off-white solid.

Rf 0.23 (PE : EtOAc, 3:2); vmax (cm-1) 3649 (-OH), 2981 (C-H), 1473, 1305 (S=O), 1137

(S=O); mp 192-193 °C; 1HNMR (500 MHz, CO(CD3)2) δH 8.26 (1H, dd, J = 1.6, 0.8 Hz,

H6), 8.00-7.96 (2H, obs m, H2 and H3), 7.80-7.76 (2H, obs m, H2’ and H6’), 7.47 (1H, ddd,

J = 8.2, 7.5, 0.6 Hz, H5’), 7.15 (1H, ddd, J = 8.2, 2.5, 1.0 Hz, H4’), 3.29 (2H, q, J = 7.4

Hz, H8), 1.23 (3H, t, J = 7.4 Hz, H9); 13CNMR (125 MHz, CO(CD3)2) δC 165.9 (C7), 158.8

(C3’), 154.5 (C4), 143.4 (C5), 137.0 (C1), 131.4 (C5’), 128.4 (C1’), 126.4 (C2), 121.3 (C6),

120.5 (C4’), 119.9 (C6’), 115.1 (C2’), 112.4 (C3), 51.1 (C8), 7.8 (C9); HRMS (ES+) Calc. for

C15H14NO4S [M+H]+ 304.0638, found 304.0633.

2-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate 45

O
O

O
O

S

O O

HO 1'

1

23

45

67

8

2'

3'

4'

5'

To a solution of tetraethylene glycol (18.1 mL, 105 mmol) in CH2Cl2(25 mL) at 0 ℃ was

added p-toluenesulfonyl chloride (2.00 g, 10.5 mmol) and NEt3 (2.18 mL, 15.7 mmol). The

reaction mixture was warmed to rt, stirred for 18 h then quenched with H2O (10 mL). The

aqueous phase was extracted with CH2Cl2 and the combined organic fractions dried (Na2SO4)

and concentrated in vacuo. The crude product was purified by flash column chromatography

(PE : EtOAc, 2:3 → 0:1) to yield alcohol 45 (2.69 g, 7.71 mmol, 73%) as a colourless oil.

Rf 0.17 (EtOAc : CH2Cl2, 4:1); 1HNMR (400 MHz, CDCl3) δH 7.80 (2H, d, J = 8.3 Hz,

H2’), 7.34 (2H, d, J = 8.1 Hz, H3’), 4.16 (2H, dd, J = 5.7, 4.0 Hz, H1), 3.74-3.62 (14H, m,

H2-8), 3.61 (3H, s, H5’); LRMS (ES+) Calc. for C15H24O7S [M+H]+ 349.1, found 349.1.

These data are in accordance with that of Heller et al.353
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2-(2-(2-(2-(3-(5-(Ethylsulfonyl)benzo[d]oxazol-2-yl)phenoxy)ethoxy)ethoxy)-

ethoxy)ethan-1-ol 50

N

O

S

O O O
O

O
O

2

3

6

7

2'
3'

4'

6' 5'

8
9

7'

8' 9'

10' 11'

12' 13'

14'

OH

To a solution of 49 (100 mg, 0.330 mmol) and K2CO3 (91.2 mg, 0.660 mmol) in DMF

(10 mL) was added alcohol 45. The reaction mixture was heated to 80 ℃ and stirred for 4

h. After completion of the reaction, water (5 mL) was added and the mixture extracted with

EtOAc (3 × 10 mL). The combined aqueous layers were dried (Na2SO4) and concentrated in

vacuo. The crude product was purified by flash column chromatography (CH2Cl2 : EtOAc,

1:3 → 0:1) to yield benzoxazole 50 (115 mg, 0.239 mmol, 80%) as a yellow oil.

Rf 0.13 (EtOAc); vmax (cm-1) 3650 (-OH), 2980 (C-H), 2888 (C-H), 1473, 1423, 1303

(S=O), 1138 (S=O), 1071 (C-O); 1HNMR (500 MHz, CDCl3) δH 8.32 (1H, d, J = 1.7 Hz,

H6), 7.93 (1H, dd, J = 8.5, 1.7 Hz, H2), 7.85 (1H, dt, J = 8.0, 1.2 Hz, H6’), 7.80 (1H, t, J

= 1.2 Hz, H2’), 7.74 (1H, d, J = 8.5 Hz, H3), 7.44 (1H, t, J = 8.0 Hz, H5’), 7.16 (1H, dt, J

= 8.0, 1.2 Hz, H4’), 4.26 (2H, t, J = 4.8 Hz, H7’), 3.91 (2H, t, J = 4.8 Hz, H8’), 3.77-3.74

(2H, m, H9’), 3.73-3.69 (4H, m, H10’ and H14’), 3.67 (4H, s, H11’ and H12’), 3.62-3.59 (2H,

m, H13’), 3.17 (2H, q, J = 7.4 Hz, H8), 1.30 (3H, t, J = 7.4 Hz, H9); 13CNMR (125 MHz,

CDCl3) δC 165.4 (C7), 159.3 (C3’), 153.9 (C4), 142.8 (C5), 135.3 (C1), 130.4 (C5’), 127.3 (C1’),

125.5 (C2), 121.1 (C6), 120.8 (C6’), 119.8 (C4’), 113.3 (C2’), 111.5 (C3), 72.6 (C13’), 71.0 (C9’),

70.8 (C11’ or C12’), 70.7 (C11’ or C12’), 70.4 (C10’), 69.8 (C8’), 67.9 (C7’), 61.9 (C14’), 51.1

(C8), 7.7 (C9); HRMS (ES+) Calc. for C23H30NO8S [M+H]+ 480.1687, found 480.1683.

2-(3-((2,5,8,11-Tetraoxatridecan-13-yl)oxy)phenyl)-5-(ethylsulfonyl)benzo[d]-

oxazole 51
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To a solution of 50 (50.0 mg, 0.104 mmol) in THF (3 mL) at 0 ℃ was added sodium

hydride (10.0 mg, 60% dispersion in mineral oil, 0.115 mmol). After 30 min, methyl iodide

(9 µL, 0.156 mmol) was added dropwise, and the reaction warmed to rt. After reaction

completion, the mixture was cooled to 0 ℃ and quenched with water (1 mL) dropwise. The

mixture was extracted with EtOAc (2 × 2 mL) and the combined organic fractions washed
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with water (3 mL) and concentrated in vacuo. The crude product was purified by flash column

chromatography (PE : EtOAc, 9:1) to yield benzoxazole 51 (49.0 mg, 99.3 µmol, 95%) as a

yellow oil.

Rf 0.23 (EtOAc : CH2Cl2, 9:1); vmax (cm-1) 2980 (C-H), 2888 (C-H), 1473, 1382 (S=O),

1251, 1150 (S=O), 1073 (C-O); 1HNMR (500 MHz, CDCl3) δH 8.32 (1H, d, J = 1.7 Hz, H6),

7.93 (1H, dd, J = 8.5, 1.7 Hz, H2), 7.86 (1H, ddd, J = 8.0, 1.2, 1.2 Hz, H6’), 7.80 (1H, dd, J

= 2.6, 1.5 Hz, H2’), 7.74 (1H, d, J = 8.5 Hz, H3), 7.45 (1H, dd, J = 8.0, 8.0 Hz, H5’), 7.16

(1H, ddd, J = 8.0, 2.6, 1.0 Hz, H4’), 4.27-4.24 (2H, m, H7’), 3.93-3.90 (2H, m, H8’), 3.77-3.73

(2H, m, H9’), 3.72-3.62 (8H, m, H10’, H11’, H12’ and H13’), 3.55-3.52 (2H, m, H14’), 3.36 (3H,

s, H15’), 3.18 (2H, q, J = 7.4 Hz, H8), 1.30 (3H, t, J = 7.4 Hz, H9); 13CNMR (125 MHz,

CDCl3) δC 165.4 (C7), 159.4 (C3’), 153.9 (C4), 142.8 (C5), 135.3 (C1), 130.4 (C5’), 127.4 (C1’),

125.5 (C2), 121.1 (C6), 120.8 (C6’), 119.8 (C4’), 113.3 (C2’), 111.5 (C3), 72.1 (C14’), 71.0 (C9’),

70.8 (H10’, H11’, H12’ or H13’), 70.8 (H10’, H11’, H12’ or H13’), 70.7 (H10’, H11’, H12’ or H13’),

70.6 (H10’, H11’, H12’ or H13’), 69.8 (C8’), 67.9 (C7’), 59.2 (C15’), 51.2 (C8), 7.8 (C9); HRMS

(ES+) Calc. for C24H32NO8S [M+H]+ 494.1843, found 494.1839.

2-(2-(2-(3-(5-(Ethylsulfonyl)benzo[d]oxazol-2-yl)phenoxy)ethoxy)ethoxy)ethan-1-

amine 54
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A solution of benzoxazole 49 (75.0 mg, 0.247 mmol), protected linker 53* (89.3 mg, 0.247

mmol) and K2CO3 (68.3 mg, 0.494 mmol) in DMF (10 mL) was stirred at 80 ℃ for 16 h.

The reaction mixture was then quenched with water (5 mL) and extracted with EtOAc (2

× 10 mL). The combined organic fractions were dried (Na2SO4) and concentrated in vacuo.

The crude mixture was purified by flash column chromatography (CH2Cl2 : MeOH, 99:1 →

49:1). To a solution of the protected amine intermediate in MeOH (10 mL) under an argon

atmosphere was added Pd/C (13.1 mg, 10% wt., 0.124 mmol). The reaction mixture was

stirred under H2 at rt for 20 h, then filtered through Celite, eluting with MeOH. The filtrate

was concentrated in vacuo to yield amine 54 (65.0 mg, 0.151 mmol, 57%) as a yellow oil.

*Linker compound kindly supplied by Aini Vuorinen.10

vmax (cm-1) 2886 (C-H), 1553, 1424, 1301 (S=O), 1137 (S=O), 1071 (C-O); 1HNMR

(500 MHz, CDCl3) δH 8.33 (1H, d, J = 1.7 Hz, H6), 7.94 (1H, dd, J = 8.5, 1.7 Hz, H2),

120



7.87 (1H, ddd, J = 8.0, 1.2, 1.2 Hz, H6’), 7.81 (1H, dd, J = 2.6, 1.5 Hz, H2’), 7.75 (1H,

d, J = 8.5 Hz, H3), 7.46 (1H, dd, J = 8.0, 8.0 Hz, H5’), 7.17 (1H, ddd, J = 8.0, 2.6, 1.0

Hz, H4’), 4.28-4.25 (2H, m, H7’), 3.94-3.91 (2H, m, H8’), 3.78-3.75 (2H, m, H9’), 3.69-3.66

(2H, m, H10’), 3.53 (2H, t, J = 5.2 Hz, H11’), 3.18 (2H, q, J = 7.4 Hz, H8), 2.88 (2H, t, J

= 5.2 Hz, H12’), 1.88 (2H, br s, -NH2), 1.31 (3H, t, J = 7.4 Hz, H9); 13CNMR (125 MHz,

CDCl3) δC 165.4 (C7), 159.4 (C3’), 153.9 (C4), 142.8 (C5), 135.4 (C1), 130.4 (C5’), 127.4 (C1’),

125.5 (C2), 121.2 (C6), 120.8 (C6’), 119.8 (C4’), 113.3 (C2’), 111.5 (C3), 73.6 (C11’), 71.0 (C9’),

70.5 (C10’), 69.8 (C8’), 68.0 (C7’), 51.2 (C8), 41.9 (C12’), 7.8 (C9); HRMS (ES+) Calc. for

C21H27N2O6S [M+H]+ 435.1584, found 435.1591.

N -(2-(2-(2-(3-(5-(ethylsulfonyl)benzo[d]oxazol-2-yl)phenoxy)ethoxy)ethoxy)-

ethyl)acetamide 52
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Acetamide 52 was obtained according to General Procedure C, using amine 54 (20.0 mg,

46.1 µmol), 4-dimethylaminopyridine (0.563 mg, 4.61 µmol), acetic anhydride (5 µL, 50.7

µmol) and NEt3 (7 µL, 50.7 µmol) in CHCl3 (1 mL). The crude product was purified by flash

column chromatography (CH2Cl2 : MeOH, 97:3) to yield acetamide 52 (21.9 mg, 46.0 µmol,

quant.) as a white foam.

Rf 0.23 (CH2Cl2 : MeOH, 97:3); vmax (cm-1) 2923 (C-H), 1654 ((C=O)NH), 1553, 1454,

1301 (S=O), 1153 (S=O), 1048 (C-O); 1HNMR (500 MHz, CDCl3) δH 8.32 (1H, d, J = 1.7

Hz, H6), 7.93 (1H, dd, J = 8.5, 1.7 Hz, H2), 7.86 (1H, ddd, J = 8.0, 1.2, 1.2 Hz, H6’), 7.80

(1H, dd, J = 2.7, 1.5 Hz, H2’), 7.74 (1H, d, J = 8.5 Hz, H3), 7.46 (1H, dd, J = 8.0, 8.0 Hz,

H5’), 7.15 (1H, ddd, J = 8.0, 2.6, 1.0 Hz, H4’), 6.06 (1H, br s, -NHCO), 4.28-4.25 (2H, m,

H7’), 3.93-3.90 (2H, m, H8’), 3.76-3.73 (2H, m, H9’), 3.69-3.66 (2H, m, H10’), 3.59-3.56 (2H,

m, H11’), 3.45 (2H, m, H12’), 3.18 (2H, q, J = 7.4 Hz, H8), 1.95 (3H, s, H14’), 1.30 (3H, t, J

= 7.4 Hz, H9); 13CNMR (125 MHz, CDCl3) δC 170.3 (C13’), 165.3 (C7), 159.3 (C3’), 153.9

(C4), 142.7 (C5), 135.4 (C1), 130.4 (C5’), 127.4 (C1’), 121.1 (C6), 120.9 (C6’), 119.8 (C4’),

113.2 (C2’), 111.6 (C3), 70.9 (C9’), 70.4 (C10’), 70.0 (C11’), 69.8 (C8’), 67.9 (C7’), 51.2 (C8),

39.4 (C12’), 23.4 (C14’), 7.8 (C9); HRMS (ES+) Calc. for C23H29N2O7S [M+H]+ 477.1690,

found 477.1689.
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N -(2-(2-(2-(3-(5-(ethylsulfonyl)benzo[d]oxazol-2-yl)phenoxy)ethoxy)ethoxy)-

ethyl)-5-((3aS,4R,6aR)-2-oxohexahydro-1H -thieno[3,4-d]imidazol-4-yl)-

pentanamide 42
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Biotinylated compound 42 was obtained according to General Procedure D, using amine

54 (30.0 mg, 69.0 µmol), D-biotin (33.7 mg, 0.138 mmol), EDC hydrochloride (26.5 mg, 0.138

mmol) and HOBt hydrate (4.66 mg, 34.5 µmol) in DMF (3 mL). The crude product was

purified by flash column chromatography (CH2Cl2 : MeOH, 95:5 → 93:7) to yield product 42

(32.5 mg, 49.2 µmol, 71%) as a white solid.

Rf 0.19 (CH2Cl2 : MeOH, 93:7); vmax (cm-1) 2930 (C-H), 1697 ((C=O)NH), 1653

((C=O)NH), 1553, 1455, 1301 (S=O), 1135 (S=O), 1049 (C-O); mp 102-104 ℃; 1HNMR

(500 MHz, CDCl3) δH 8.31 (1H, d, J = 1.8 Hz, H6), 7.92 (1H, dd, J = 8.5, 1.8 Hz, H2), 7.85

(1H, ddd, J = 8.0, 1.2, 1.2 Hz, H6’), 7.78 (1H, dd, J = 2.6, 1.5 Hz, H2’), 7.74 (1H, d, J = 8.5

Hz, H3), 7.45 (1H, dd, J = 8.0, 8.0 Hz, H5’), 7.14 (1H, ddd, J = 8.0, 2.6, 1.0 Hz, H4’), 6.75

(1H, t, J = 5.6 Hz, -NHa), 6.62 (1H, s, -NH), 5.68 (1H, s, -NH), 4.45 (1H, dd, J = 7.8, 4.9

Hz, H20’), 4.24 (3H, m, H7’ and H22’), 3.92-3.88 (2H, m, H8’), 3.74-3.71 (2H, m, H9’), 3.67-3.64

(2H, m, H10’), 3.58 (2H, t, J = 5.1 Hz, H11’), 3.48-3.36 (2H, m, H12’), 3.17 (2H, q, J = 7.4

Hz, H8), 3.05 (1H, td, J = 7.3, 4.4 Hz, H18’), 2.83 (1H, dd, J = 12.8, 4.9 Hz, H19’a), 2.69 (1H,

d, J = 12.8 Hz, H19’b), 2.17 (2H, m, H14’), 1.73-1.55 (4H, m, H15’ and H17’), 1.39-1.33 (2H,

m, H16’), 1.29 (3H, t, J = 7.4 Hz, H9); 13CNMR (125 MHz, CDCl3) δC 173.4 (C13’), 165.3

(C7), 164.2 (C21’), 159.2 (C3’), 153.8 (C4), 142.7 (C5), 135.4 (C1), 130.5 (C5’), 127.4 (C1’),

125.5 (C2), 121.1 (C6), 120.8 (C6’), 119.7 (C4’), 113.2 (C2’), 111.6 (C3), 70.8 (C9’), 70.2 (C10’),

70.1 (C11’), 69.7 (C8’), 67.9 (C7’), 61.8 (C22’), 60.3 (C20’), 55.7 (C18’), 51.1 (C8), 40.6 (C19’),

39.3 (C12’), 36.1 (C14’), 28.3 (C15’ or C17’), 28.2 (C16’), 25.7 (C15’ or C17’), 7.7 (C9); HRMS

(ES+) Calc. for C31H41N4O7S2 [M+H]+ 661.2360, found 661.2357.

2-(Naphthalen-2-yl)benzo[d]oxazol-5-amine 63
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2-Naphthoic acid (873 mg, 5.07 mmol) was added to 2,4-diaminophenol dihydrochloride

(1.00 g, 5.07 mmol) in polyphosphoric acid (20 mL) at 110 ℃. The reaction mixture was heated

for 64 h at 180 ℃ then cooled to rt and basified to pH 10 (2 M NaOH aq.). The precipitate

formed was collected and washed with NaOH (20 mL, 1 M aq.) to yield benzoxazole 63 (1.25

g, 4.81 mmol, 95%) as a yellow solid.

Rf 0.45 (EtOAc : PE, 7:3); vmax (cm-1) 3324 (N-H), 1546, 1452, 1382, 1184; mp 169-170

°C; 1HNMR (500 MHz, CDCl3) δH 8.73 (1H, s, H2’), 8.28 (1H, dd, J = 8.5, 1.7 Hz, H10’),

7.99-7.94 (2H, obs m, H9’ and H4’), 7.88 (1H, dd, J = 7.8, 1.9 Hz, H7’), 7.59-7.53 (2H, m, H5’

and H6’), 7.39 (1H, d, J = 8.6 Hz, H3), 7.08 (1H, d, J = 2.2 Hz, H6), 6.73 (1H, dd, J = 8.6, 2.2

Hz, H2), 3.74 (2H, s, -NH2); 13CNMR (125 MHz, CDCl3) δC 163.6 (C7), 144.9 (C4), 144.0

(C1), 143.3 (C5), 134.7 (C8’), 133.0 (C3’), 128.9 (C9’ or C4’), 128.7 (C9’ or C4’), 127.9 (C2’),

127.9 (C7’), 127.7 (C5’ or C6’), 126.9 (C1’), 124.68 (C5’ or C6’), 124.0 (C10’), 113.8 (C2), 110.7

(C3), 105.0 (C6); HRMS (ES+) Calc. for C17H13N2O [M+H]+ 261.1022, found 261.1023.

N -(2-(naphthalen-2-yl)benzo[d]oxazol-5-yl)acrylamide 64
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To a solution of aniline 63 (268 mg, 1.03 mmol) and NEt3 (0.29 mL, 2.06 mmol) in

CH2Cl2 (10 mL) at 0 ℃ was added acryloyl chloride (84 µL) dropwise. The reaction mixture

was warmed to rt, stirred for 16 h, then concentrated in vacuo. The residue was dissolved

in HCl (10 mL, 1 M aq.) and extracted with CH2Cl2 (3 × 10 mL). The combined organic

fractions were washed with Na2CO3 (20 mL, aq.), dried (Na2SO4) and concentrated in vacuo.

The crude product was purified by flash column chromatography (CH2Cl2 : MeOH, 199:1 →

49:1) to yield acrylamide 64 (279 mg, 0.888 mmol, 86%) as an off-white solid.

Rf 0.19 (CH2Cl2 : MeOH, 97:3); vmax (cm-1) 3105 (alkene C-H), 1663 ((C=O)NH), 1576,

1479, 1234; mp 205-206 °C; 1HNMR (500 MHz, (CD3)2SO) δH 10.37 (1H, s, -NH), 8.83 (1H,

d, J = 1.6 Hz, H2’), 8.29 (1H, d, J = 2.0 Hz, H6), 8.26 (1H, dd, J = 8.6, 1.6 Hz, H10’), 8.18

(1H, dd, J = 7.0, 1.7 Hz, H4’), 8.13 (1H, d, J = 8.6 Hz, H9’), 8.04 (1H, dd, J = 7.4, 1.9 Hz,

H7’), 7.79 (1H, d, J = 8.7 Hz, H3), 7.69-7.63 (2H, m, H5’ and H6’), 7.62 (1H, dd, J = 8.7,

2.0 Hz, H2), 6.48 (1H, dd, J = 17.0, 10.1 Hz, H9), 6.31 (1H, dd, J = 17.0, 1.9 Hz, H10a),

5.80 (1H, dd, J = 10.1, 1.9 Hz, H10b); 13CNMR (125 MHz, (CD3)2SO) δC 163.2 (C8), 163.1

(C7), 146.6 (C4), 141.8 (C5), 136.4 (C1), 134.3 (C8’), 132.6 (C3’), 131.8 (C9), 129.0 (C4’), 129.0
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(C9’), 128.2 (C6’), 127.9 (C7’), 127.8 (C2’), 127.2 (C10), 127.0 (C5’), 123.7 (C1’), 123.6 (C10’),

117.8 (C2), 110.8 (C3), 110.2 (C6); HRMS (ES+) Calc. for C20H14N2O2 [M+Na]+ 337.0948,

found 337.0943.

3-(2-(2-Methoxyethoxy)ethoxy)-N -(2-(naphthalen-2-yl)benzo[d]oxazol-5-yl)-

propanamide 65
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Adapting a known procedure,177 copper(II) chloride (10.7 mg, 79.5 µmol) and caesium

carbonate (259 mg, 0.795 mmol) were added to a solution of acrylamide 64 (250 mg, 0.795

mmol) and 2-(2-methoxyethoxy)ethanol (0.19 mL, 1.59 mmol) in CH2Cl2 (10 mL). The re-

action mixture was heated under reflux for 64 h, then concentrated in vacuo. The crude

product was purified by flash column chromatography (CH2Cl2 : MeOH, 199:1 → 49:1) and

reverse phase column chromatography (0.1% formic acid in H2O : MeCN, 13:7 → 11:9) to

yield product 65 (39.0 mg, 90.0 µmol, 11%) as a white solid.

Rf 0.31 (CH2Cl2 : MeOH, 97:3); vmax (cm-1) 2980 (C-H), 2888 (C-H), 1668 ((C=O)NH),

1547, 1481, 1103, 1050 (C-O); mp 120-121 °C; 1HNMR (500 MHz, CDCl3) δH 8.86 (1H, s,

-NH), 8.72 (1H, s, H2’), 8.27 (1H, dd, J = 8.5, 1.7 Hz, H10’), 8.06 (1H, d, J = 2.0 Hz, H6),

7.98-7.90 (2H, m, H4’ and H9’), 7.86 (1H, dd, J = 7.0, 2.2 Hz, H7’), 7.58-7.52 (3H, m, H2,

H5’ and H6’), 7.50 (1H, d, J = 8.8 Hz, H3), 3.85 (2H, dd, J = 6.1, 5.0 Hz, H10), 3.76-3.71

(4H, m, H11 and H12), 3.69-3.67 (2H, m, H13), 3.55-3.53 (2H, m, H14), 3.33 (3H, s, H15), 2.69

(2H, dd, J = 6.1, 5.0 Hz, H9); 13CNMR (125 MHz, CDCl3) δC 170.2 (C8), 163.9 (C7), 147.6

(C4), 142.6 (C5), 135.6 (C1), 134.8 (C8’), 133.0 (C3’), 129.0 (C9’), 128.8 (C4’), 128.2 (C2’),

128.0 (C7’), 127.9 (C6’), 127.0 (C5’), 124.5 (C1’), 124.0 (C10’), 118.5 (C2), 111.7 (C6), 110.3

(C3), 72.0 (C14), 70.7 (C13), 70.5 (C12), 70.5 (C11), 67.3 (C10), 59.1 (C15), 38.0 (C9); HRMS

(ES+) Calc. for C25H27N2O5 [M+H]+ 435.1915, found 435.1910.

Benzyl(2-(2-hydroxyethoxy)ethyl)carbamate 58
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To a solution of 2-(2-aminoethoxy)ethanol (1.00 mL, 9.97 mmol) and NEt3 (1.39 mL, 9.97

mmol) in THF (25 mL) was added benzyl chloroformate (1.57 mL, 10.96 mmol) dropwise. The
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reaction mixture was stirred for 16 h at rt, then diluted with EtOAc (25 mL) and washed with

water (2 × 20 mL) and brine (20 mL). The organic layer was dried (Na2SO4) and concentrated

in vacuo to yield protected aminoalcohol 58 (1.75 g, 7.31 mmol, 73%) as a colourless oil.

Rf 0.34 (CH2Cl2 : MeOH, 19:1); 1HNMR (400 MHz, CDCl3) δH 7.40-7.30 (5H, m, H8-10),

5.22 (1H, br s, -NH), 5.10 (2H, s, H6), 3.75-3.70 (2H, m, H1), 3.58-3.53 (4H, m, H2 and H3),

3.43-3.48 (2H, m, H4), 2.20 (1H, br s, -OH); LRMS (ES+) Calc. for C12H17NO4 [M+H]+ 240.0,

found 240.0.

These data are in accordance with that of Sissi et al.354

N -(2-(2-(3-((2-(naphthalen-2-yl)benzo[d]oxazol-5-yl)amino)-3-oxopropoxy)-

ethoxy)ethyl)-5-((3aS,4S,6aR)-2-oxohexahydro-1H -thieno[3,4-d]imidazol-4-yl)-

pentanamide 41
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Adapting a known procedure,177 copper(II) chloride (16.3 mg, 0.121 mmol) and caesium

carbonate (394 mg, 1.21 mmol) were added to a solution of acrylamide 64 (380 mg, 1.21

mmol) and alcohol 58 (577 mg, 2.42 mmol) in CH2Cl2 (10 mL). The reaction mixture was

heated under reflux for 64 h, then concentrated in vacuo.

The crude product was purified by flash column chromatography (toluene : MeOH, 19:1).

To a solution of the protected amine intermediate in CH2Cl2 (5 mL) and MeOH (5 mL) under

an argon atmosphere was added Pd/C (64.4 mg, 10% wt., 0.605 mmol). The reaction mixture

was stirred under H2 at rt for 20 h, then filtered through Celite, eluting with MeOH. The

filtrate was concentrated in vacuo to yield the amine which was used directly in the next step.

Biotinylated compound 41 was obtained according to General Procedure D, using the

prepared amine, D-biotin (296 mg, 1.21 mmol), EDC hydrochloride (464 mg, 2.42 mmol),

NEt3 (0.337 mL, 2.42 mmol) and HOBt hydrate (16.3 mg, 0.121 mmol) in DMF (10 mL). The

crude product was purified by flash column chromatography (CH2Cl2 : MeOH, 49:1 → 23:2)

and reverse phase column chromatography (0.1% formic acid in H2O : MeCN, 3:1 → 3:2) to

yield product 41 (15.6 mg, 24.2 µmol, 2%) as a white foam.

Rf 0.20 (CH2Cl2 : MeOH, 37:3); vmax (cm-1) 3280 (N-H), 2924 (C-H), 1697 ((C=O)NH),

1684 ((C=O)NH), 1653 ((C=O)NH), 1558, 1481, 1262 (C-N), 1118 (C-O); 1HNMR (500

MHz, CD3OD) δH 8.78 (1H, d, J = 1.7 Hz, H2’), 8.27 (1H, dd, J = 8.7, 1.7 Hz, H10’), 8.18
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(1H, d, J = 2.0 Hz, H6), 8.06 (1H, d, J = 6.8, 2.0 Hz, H4’), 8.05 (1H, d, J = 8.7 Hz, H9’), 7.96

(1H, dd, J = 6.8, 2.1 Hz, H7’), 7.66 (1H, d, J = 8.8 Hz, H3), 7.65-7.59 (2H, m, H5’ and H6’),

7.54 (1H, dd, J = 8.8, 2.0 Hz, H2), 4.40 (1H, ddd, J = 7.9, 5.0, 0.9 Hz, H22), 4.20 (1H, dd, J =

7.9, 4.4 Hz, H24), 3.88 (2H, t, J = 6.0 Hz, H10), 3.68 (2H, dt, J = 5.0, 1.8 Hz, H11), 3.66-3.63

(2H, m, H12), 3.55 (2H, t, J = 5.4 Hz, H13), 3.33 (2H, obs m, H14), 3.09 (1H, ddd, J = 8.8,

5.9, 4.4 Hz, H20), 2.83 (1H, dd, J = 12.7, 5.0 Hz, H21a), 2.69 (2H, t, J = 6.0 Hz, H9), 2.64

(1H, d, J = 12.7 Hz, H21b), 2.17-2.13 (2H, m, H16), 1.70-1.49 (4H, m, H17 and H19), 1.38-1.33

(2H, m, H18); 13CNMR (125 MHz, CD3OD) δC 176.1 (C15), 172.4 (C8), 166.1 (C23), 165.6

(C7), 148.8 (C4), 143.2 (C5), 137.4 (C1), 136.4 (C8’), 134.4 (C3’), 130.1 (C4’), 130.1 (C9’),

129.3 (C2’), 129.3 (C5’ or C6’), 129.0 (C7’), 128.3 (C5’ or C6’), 125.2 (C1’), 124.7 (C10’), 119.7

(C2), 112.3 (C6), 111.7 (C3), 71.5 (C11), 71.3 (C12), 70.6 (C13), 68.2 (C10), 63.3 (C24), 61.6

(C22), 57.0 (C20), 41.0 (C21), 40.4 (C14), 38.5 (C9), 36.7 (C16), 29.7 (C18), 29.5 (C17 or C19),

26.8 (C17 or C19); HRMS (ES+) Calc. for C34H40N5O6S [M+H]+ 646.2694, found 646.2692.

5-Chloro-2-(5-(ethylsulfonyl)benzo[d]oxazol-2-yl)phenol 68
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Benzoxazole 68 was synthesised by two methods:

Method A, according to General Procedure A, using 4-chlorosalicylic acid (431 mg, 2.50

mmol), thionyl chloride (0.54 mL, 7.50 mmol) and DMF (0.10 mL) in CH2Cl2 (15 mL).

The acid chloride intermediate formed was reacted with 2-amino-4-ethylsulfonylphenol (503

mg, 2.50 mmol) in 1,4-dioxane (5 mL). The crude product was purified by flash column

chromatography (PE : EtOAc, 3:2) to yield benzoxazole 68 (127 mg, 0.375 mmol, 15%) as an

off-white solid.

Method B, 4-chlorosalicylic acid (1.00 g, 5.79 mmol) was added to 2-amino-4-ethylsulfonyl-

phenol (1.17 g, 5.79 mmol) in polyphosphoric acid (20 mL) at 110 ℃. The reaction mixture

was heated for 5 h at 180 ℃ then cooled to rt and diluted with water (20 mL). The mixture

was extracted with EtOAc (3 × 30 mL) and the combined organic fractions concentrated in

vacuo. The crude product was purified by flash column chromatography (PE : EtOAc, 3:2)

to yield benzoxazole 68 (355 mg, 1.05 mmol, 18%) as an off-white solid.

Rf 0.36 (PE : EtOAc, 3:2); vmax (cm-1) 2942 (C-H), 1630, 1455, 1309 (S=O), 1133 (S=O),

740 (C-Cl); mp 170-171 °C; 1HNMR (500 MHz, CDCl3) δH 11.19 (1H, br s, -OH), 8.30 (1H,

d, J = 1.9 Hz, H6), 7.98 (1H, dd, J = 8.4, 1.9 Hz, H2), 7.95 (1H, d, J = 8.5 Hz, H6’), 7.78 (1H,
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d, J = 8.4 Hz, H3), 7.16 (1H, d, J = 2.0 Hz, H3’), 7.03 (1H, dd, J = 8.5, 2.0 Hz, H5’), 3.19

(2H, q, J = 7.4 Hz, H8), 1.32 (3H, t, J = 7.4 Hz, H9); 13CNMR (125 MHz, CDCl3) δC 164.6

(C7), 159.7 (C2’), 152.1 (C4), 140.6 (C5), 136.1 (C1), 128.4 (C6’), 126.0 (C2), 120.8 (C5’), 120.3

(C6), 118.2 (C1’ and C3’), 111.7 (C3), 108.4 (C4’), 51.1 (C8), 7.7 (C9); HRMS (ES+) Calc.

for C15H13ClNO4S [M+H]+ 338.0248, found 338.0248.

2-(2-(2-(2-(5-(Ethylsulfonyl)benzo[d]oxazol-2-yl)phenoxy)ethoxy)ethoxy)ethan-1-

amine 70
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A solution of benzoxazole 68 (100 mg, 0.296 mmol), protected linker 53* (107 mg, 0.296

mmol) and K2CO3 (81.8 mg, 0.592 mmol) in DMF (10 mL) was stirred at 80 ℃ for 16 h. The

reaction mixture was then quenched with water (5 mL) and extracted with EtOAc (2 × 10

mL). The combined organic fractions were dried (Na2SO4) and concentrated in vacuo. The

crude product was purified by flash column chromatography (CH2Cl2 : MeOH, 99:1). To a

solution of the protected amine intermediate in MeOH (10 mL) under an argon atmosphere

was added Pd/C (15.7 mg, 10% wt., 0.148 mmol). The reaction mixture was stirred under H2

at rt for 20 h, then filtered through Celite, eluting with MeOH. The filtrate was concentrated

in vacuo to yield amine 70 (83.7 mg, 0.193 mmol, 65%) as a yellow oil.

*Linker compound kindly supplied by Aini Vuorinen.10

vmax (cm-1) 3398 (N-H), 2980 (C-H), 1613, 1455, 1304 (S=O), 1240 (C-N), 1134 (S=O),

1054 (C-O); 1HNMR (500 MHz, CDCl3) δH 8.42 (1H, dd, J = 1.9, 0.6 Hz, H6), 8.12 (1H,

dd, J = 8.0, 1.7 Hz, H6’), 7.94 (1H, dd, J = 8.5, 1.9 Hz, H2), 7.74 (1H, dd, J = 8.5, 0.6

Hz, H3), 7.54 (1H, ddd, J = 8.0, 7.4, 1.8 Hz, H5’), 7.14 (2H, obs m, H3’ and H4’), 4.39-4.36

(2H, m, H7’), 3.98-3.95 (2H, m, H8’), 3.80-3.78 (2H, m, H), 3.77-3.74 (2H, m, H11’), 3.71-3.69

(2H, m, H), 3.25 (2H, q, J = 7.4 Hz, H8), 3.09-3.06 (2H, m, H12’), 1.30 (3H, t, J = 7.4 Hz,

H9); 13CNMR (125 MHz, CDCl3) δC 163.9 (C7), 158.1 (C2’), 153.4 (C4), 142.5 (C5), 135.3

(C1), 134.0 (C5’), 131.7 (C6’), 125.5 (C2), 121.6 (C4’), 121.1 (C6), 115.5 (C1’), 114.2 (C3’),

111.4 (C3), 71.1 (C9’), 70.4 (C10’), 69.8 (C8’), 69.3 (C7’), 68.5 (C11’), 51.1 (C8), 40.2 (C12’),

7.7 (C9); HRMS (ES+) Calc. for C21H27N2O6S [M+H]+ 435.1595, found 435.1585.
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N -(2-(2-(2-(2-(5-(ethylsulfonyl)benzo[d]oxazol-2-yl)phenoxy)ethoxy)ethoxy)-

ethyl)acetamide 74
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Acetamide 74 was obtained according to General Procedure C, using amine 70 (21.0 mg,

48.3 µmol), 4-dimethylaminopyridine (0.590 mg, 4.83 µmol), acetic anhydride (5 µL, 53.2

µmol) and NEt3 (7 µL, 53.2 µmol) in CHCl3 (1 mL). The crude product was purified by flash

column chromatography (CH2Cl2 : MeOH, 49:1→ 97:3) to yield acetamide 74 (18.7 mg, 39.2

µmol, 81%) as a clear oil.

Rf 0.33 (CH2Cl2 : MeOH, 19:1); vmax (cm-1) 2980 (C-H), 1654 ((C=O)NH), 1549, 1455,

1305 (S=O), 1239 (C-N), 1134 (S=O), 1054 (C-O); 1HNMR (500 MHz, CDCl3) δH 8.33 (1H,

d, J = 1.7 Hz, H6), 8.14 (1H, dd, J = 7.8, 1.7 Hz, H6’), 7.93 (1H, dd, J = 8.5, 1.8 Hz, H2),

7.73 (1H, d, J = 8.5 Hz, H3), 7.54 (1H, ddd, J = 8.4, 7.4, 1.7 Hz, H4’), 7.16-7.11 (2H, obs

m, H3’ and H5’), 6.09 (1H, br s, -NH), 4.34 (2H, t, J = 4.8 Hz, H7’), 4.00-3.97 (2H, m, H8’),

3.82-3.79 (2H, m, H9’), 3.63-3.60 (2H, m, H10’), 3.52 (2H, t, J = 5.3 Hz, H11’), 3.38 (2H, q,

J = 5.3 Hz, H12’), 3.18 (2H, q, J = 7.4 Hz, H8), 1.90 (3H, s, H14’), 1.31 (3H, t, J = 7.4 Hz,

H9); 13CNMR (125 MHz, CDCl3) δC 170.2 (C13’), 164.2 (C7), 158.2 (C2’), 153.6 (C4), 142.8

(C5), 135.1 (C1), 133.8 (C4’), 131.7 (C6’), 125.3 (C2), 121.5 (C5’), 121.1 (C6), 115.9 (C1’),

114.0 (C3’), 111.3 (C3), 71.1 (C9’), 70.4 (C10’), 70.0 (C11’), 69.8 (C8’), 69.4 (C7’), 51.2 (C8),

39.4 (C12’), 23.3 (C14’), 7.8 (C9); HRMS (ES+) Calc. for C23H29N2O7S [M+H]+ 477.1690,

found 477.1687.

N -(2-(2-(2-(5-chloro-2-(5-(ethylsulfonyl)benzo[d]oxazol-2-yl)phenoxy)ethoxy)-

ethoxy)ethyl)acetamide 73
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A solution of benzoxazole 68 (80 mg, 0.237 mmol), protected linker 53* (86 mg, 0.237

mmol) and K2CO3 (65.5 mg, 0.474 mmol) in DMF (5 mL) was stirred at 80 ℃ for 16 h. The

reaction mixture was then quenched with water (5 mL) and extracted with EtOAc (2 × 10

mL). The combined organic fractions were dried (Na2SO4) and concentrated in vacuo. The

128



crude mixture was purified by flash column chromatography (CH2Cl2 : MeOH, 99:1). The

protected amine intermediate was then added to conc. HCl (5 mL) and stirred at 80 ℃ for 10

min. The reaction mixture was cooled, diluted with water (5 mL) and extracted with EtOAc

(2 × 10 mL). The aqueous phase was then basified to pH 10 (2 M NaOH aq.) and extracted

with EtOAc (3 × 10 mL). The organic fraction was concentrated in vacuo and used directly

in the next step.

Acetamide 73 was obtained according to General Procedure C, using the prepared amine,

4-dimethylaminopyridine (2.90 mg, 23.7 µmol), acetic anhydride (25 µL, 0.261 mmol) and

NEt3 (36 µL, 0.261 mmol) in CHCl3 (1 mL). The crude product was purified by flash column

chromatography (CH2Cl2 : MeOH, 49:1 → 24:1) to yield acetamide 73 (41.2 mg, 80.6 µmol,

34% over two steps) as a yellow oil.

*Linker compound kindly supplied by Aini Vuorinen.10

Rf 0.25 (CH2Cl2 : MeOH, 24:1); vmax (cm-1) 2885 (C-H), 1654 ((C=O)NH), 1595, 1306

(S=O), 1253 (C-N), 1137 (S=O); 1HNMR (500 MHz, CDCl3) δH 8.31 (1H, d, J = 1.8 Hz,

H6), 8.07 (1H, d, J = 8.2 Hz, H6’), 7.91 (1H, dd, J = 8.5, 1.8 Hz, H2), 7.71 (1H, d, J = 8.5

Hz, H3), 7.12 (1H, obs d, H3’), 7.11 (1H, dd, J = 8.2, 1.8 Hz, H5’), 6.13 (1H, br s, -NH), 4.32

(2H, t, J = 4.7 Hz, H7’), 3.97 (2H, t, J = 4.7 Hz, H8’), 3.81-3.78 (2H, m, H9’), 3.63-3.60 (2H,

m, H10’), 3.51 (2H, t, J = 5.3 Hz, H11’), 3.37 (2H, q, J = 5.3 Hz, H12’), 3.17 (2H, q, J =

7.4 Hz, H8), 1.90 (3H, s, H14’), 1.28 (3H, t, J = 7.4 Hz, H9); 13CNMR (125 MHz, CDCl3)

δC 170.2 (C13’), 163.3 (C7), 158.6 (C2’), 153.5 (C4), 142.6 (C5), 139.6 (C4’), 135.2 (C1), 132.4

(C6’), 125.4 (C2), 121.8 (C5’), 121.1 (C6), 114.6 (C3’), 114.3 (C1’), 111.4 (C3), 71.1 (C9’), 70.4

(C10’), 70.0 (C11’), 69.6 (C7’), 69.6 (C8’), 51.1 (C8), 39.3 (C12’), 23.3 (C14’), 7.7 (C9); HRMS

(ES+) Calc. for C23H28ClN2O7S [M+H]+ 511.1300, found 511.1301.

2-(2-(2-(5-((3aS,4R,6aR)-2-Oxohexahydro-1H -thieno[3,4-d]imidazol-4-yl)-

pentanamido)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate 77
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To a solution of 2-(2-(2-aminoethoxy)ethoxy)ethanol (250 mg, 1.68 mmol), D-biotin (372

mg, 1.52 mmol), EDC hydrochloride (437 mg, 2.28 mmol) and HOBt hydrate (103 mg, 0.760

mmol) in DMF (20 mL) was added NEt3 (0.32 mL, 2.28 mmol) dropwise. The reaction mixture

was stirred for 16 h at rt, then concentrated in vacuo. The crude mixture was dissolved in
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CH2Cl2 (20 mL), cooled to 0 ℃ and p-toluenesulfonyl chloride (320 mg, 1.68 mmol) and NEt3

(0.23 mL, 1.68 mmol) were added. The reaction mixture was warmed to rt, stirred for 6 h

then washed with NaHCO3 solution (20 mL), dried (Na2SO4) and concentrated in vacuo. The

crude product was purified by flash column chromatography (CH2Cl2 : MeOH, 49:1 → 19:1)

to yield product 77 (386 mg, 0.728 mmol, 48%) as a yellow oil.

Rf 0.20 (PE : EtOAc, 4:1); vmax (cm-1) 1694 ((C=O)NH), 1648 ((C=O)NH), 1541, 1457,

1351 (S=O), 1174 (S=O), 1096 (C-O); 1HNMR (500 MHz, CDCl3) δH 7.78 (2H, d, J = 8.2

Hz, H4), 7.34 (2H, d, J = 8.2 Hz, H3), 6.69 (1H, t, J = 5.7 Hz, -NHa), 6.53 (1H, br s, -NH),

5.68 (1H, br s, -NH), 4.48 (1H, dd, J = 7.8, 4.9 Hz, H19), 4.29 (1H, dd, J = 7.8, 4.5 Hz,

H21), 4.16-4.13 (2H, m, H6), 3.69-3.67 (2H, m, H7), 3.60-3.57 (2H, m, H8), 3.57-3.55 (2H, m,

H9), 3.53 (2H, t, J = 5.1 Hz, H10), 3.40 (2H, m, H11), 3.12 (1H, td, J = 7.4, 4.5 Hz, H17),

2.87 (1H, dd, J = 12.8, 4.9 Hz, H18a), 2.70 (1H, d, J = 12.8 Hz, H18b), 2.44 (3H, s, H1), 2.21

(2H, t, J = 7.5 Hz, H13), 1.77-1.59 (4H, m, H14 and H16), 1.46-1.37 (2H, m, J = 6.7 Hz, H15);
13CNMR (125 MHz, CDCl3) δC 173.5 (C12), 164.2 (C20), 145.1 (C2), 133.0 (C5), 130.0 (C3),

128.0 (C4), 70.7 (C8), 70.1 (C9 and C10), 69.4 (C6), 68.8 (C7), 61.9 (C21), 60.3 (C19), 55.8

(C17), 40.7 (C18), 39.2 (C11), 36.1 (C13), 28.3 (C15), 28.2 (C14 or C16), 25.7 (C14 or C16), 21.8

(C1); HRMS (ES+) Calc. for C23H36N3O7S2 [M+H]+ 530.1989, found 530.1987.

N -(2-(2-(2-(5-chloro-2-(5-(ethylsulfonyl)benzo[d]oxazol-2-yl)phenoxy)ethoxy)-

ethoxy)ethyl)-5-((3aS,4R,6aR)-2-oxohexahydro-1H -thieno[3,4-d]imidazol-4-yl)-

pentanamide 43
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To a solution of phenol 68 (100 mg, 0.189 mmol) and K2CO3 (52.2 mg, 0.378 mmol) in

DMF (5 mL) was added tosylate 77 (63.8 mg, 0.189 mmol). The reaction mixture was stirred

at 100 ℃ for 2 h, then concentrated in vacuo. The crude product was purified by flash column

chromatography (CH2Cl2 : MeOH, 24:1 → 19:1) and reverse phase column chromatography

(0.1% formic acid in H2O : MeCN, 3:1 → 3:2) to yield product 43 (15.5 mg, 22.3 µmol, 12%)

as a white foam.

Rf 0.18 (CH2Cl2 : MeOH, 19:1); vmax (cm-1) 2985 (C-H), 1698 ((C=O)NH), 1656

((C=O)NH), 1457, 1382, 1305 (S=O), 1258 (C-N), 1135 (S=O); 1HNMR (500 MHz, CDCl3)

δH 8.32 (1H, d, J = 1.8 Hz, H6), 8.09 (1H, d, J = 8.3 Hz, H6’), 7.93 (1H, dd, J = 8.5, 1.8 Hz,
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H2), 7.73 (1H, d, J = 8.5 Hz, H3), 7.16-7.09 (2H, obs m, H3’ and H5’), 6.64 (1H, t, J = 5.5

Hz, -NHa), 6.44 (1H, br s, -NH), 5.52 (1H, br s, -NH), 4.45 (1H, dd, J = 7.8, 4.9 Hz, H20’),

4.32 (2H, t, J = 5.0 Hz, H7’), 4.28-4.22 (1H, m, H22’), 3.98 (2H, dd, J = 5.0, 3.6 Hz, H8’),

3.80 (2H, dd, J = 5.8, 3.6 Hz, H9’), 3.65-3.59 (2H, m, H10’), 3.53 (2H, t, J = 5.1 Hz, H11’),

3.37 (2H, p, J = 5.1 Hz, H12’), 3.18 (2H, q, J = 7.4 Hz, H8), 3.08 (1H, td, J = 7.4, 4.7 Hz,

H18’), 2.85 (1H, dd, J = 12.8, 4.7 Hz, H19’a), 2.70 (1H, d, J = 12.8 Hz, H19’b), 2.18-2.11 (2H,

m, H14’), 1.72-1.62 (2H, m, H17’), 1.64-1.54 (2H, m, H15’), 1.36 (2H, tt, J = 7.5, 7.5 Hz, H16’),

1.29 (3H, t, J = 7.4 Hz, H9); 13CNMR (125 MHz, CDCl3) δC 173.4 (C13’), 164.0 (C21’),

163.4 (C7), 158.7 (C2’), 153.5 (C4), 142.6 (C5), 139.7 (C1), 135.2 (C4’), 132.4 (C6’), 125.5

(C2), 121.8 (C3’ or C5’), 121.1 (C6), 114.6 (C3’ or C5’), 114.3 (C1’), 111.5 (C3), 71.0 (C9’), 70.7

(C10’), 70.1 (C11’), 69.7 (C8’), 69.5 (C7’), 61.8 (C22’), 60.3 (C20’), 55.7 (C18’), 51.1 (C8), 40.6

(C19’), 39.2 (C12’), 36.0 (C14’), 28.3 (C16’), 28.2 (C17’), 25.7 (C15’), 7.7 (C9); HRMS (ES+)

Calc. for C31H39N4O8S2Cl [M+H]+ 717.1790, found 717.1789.

2-(5-(Ethylsulfonyl)benzo[d]oxazol-2-yl)phenol 78
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Benzoxazole 78 was obtained according to General Procedure A, using salicylic acid (276

mg, 2.00 mmol), thionyl chloride (0.44 mL, 6.00 mmol) and DMF (0.10 mL) in CH2Cl2 (15

mL). The acid chloride intermediate formed was reacted with 2-amino-4-ethylsulfonylphenol

(403 mg, 2.00 mmol) in 1,4-dioxane (5 mL). The crude product was purified by flash column

chromatography (CH2Cl2 : MeOH, 1:0→ 99:1) to yield benzoxazole 78 (256 mg, 0.844 mmol,

42%) as an off-white solid.

Rf 0.35 (CH2Cl2 : MeOH, 99:1); vmax (cm-1) 1631, 1485, 1298 (S=O), 1280, 1140 (S=O);

mp 167-168 °C; 1HNMR (500 MHz, CDCl3) δH 10.98 (1H, s, -OH), 8.25 (1H, d, J = 1.9 Hz,

H6), 7.97 (1H, dd, J = 8.2, 1.7 Hz, H6’), 7.93 (1H, dd, J = 8.5, 1.9 Hz, H2), 7.74 (d, J = 8.5

Hz, H3), 7.45 (1H, ddd, J = 8.4, 7.2, 1.7 Hz, H4’), 7.08 (1H, dd, J = 8.4, 1.1 Hz, H3’), 7.00

(1H, ddd, J = 8.2, 7.2, 1.1 Hz, H5’), 3.18 (2H, q, J = 7.4 Hz, H8), 1.30 (3H, t, J = 7.4 Hz, H9);
13CNMR (125 MHz, CDCl3) δC 165.1 (C7), 159.1 (C2’), 152.1 (C4), 140.7 (C5), 135.8 (C1),

134.7 (C4’), 127.4 (C6’), 125.7 (C2), 120.1 (C6), 120.0 (C5’), 117.7 (C3’), 111.6 (C3), 109.6

(C1’), 51.0 (C8), 7.7 (C9); HRMS (ES+) Calc. for C15H14NO4S [M+H]+ 304.0638, found

304.0637.
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N -(2-(2-(2-(2-(5-(ethylsulfonyl)benzo[d]oxazol-2-yl)phenoxy)ethoxy)ethoxy)-

ethyl)-5-((3aS,4R,6aR)-2-oxohexahydro-1H -thieno[3,4-d]imidazol-4-yl)-

pentanamide 75
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To a solution of phenol 78 (136 mg, 0.450 mmol) and K2CO3 (124 mg, 0.900 mmol) in

DMF (10 mL) was added tosylate 77 (238 mg, 0.450 mmol). The reaction mixture was stirred

at 100 ℃ for 2 h, then concentrated in vacuo. The crude product was purified by flash column

chromatography (CH2Cl2 : MeOH, 24:1 → 19:1) to yield product 75 (254 mg, 0.384 mmol,

85%) as a white foam.

Rf 0.28 (CH2Cl2 : MeOH, 19:1); vmax (cm-1) 2985 (C-H), 1696 ((C=O)NH), 1654

((C=O)NH), 1382, 1306 (S=O), 1252 (C-N), 1137 (S=O); 1HNMR (500 MHz, CDCl3)

δH 8.32 (1H, d, J = 1.8 Hz, H6), 8.12 (1H, dd, J = 7.7, 1.8 Hz, H6’), 7.91 (1H, dd, J =

8.5, 1.8 Hz, H2), 7.73 (1H, d, J = 8.5 Hz, H3), 7.56-7.48 (1H, ddd, J = 8.0, 7.2, 1.8 Hz, H4’),

7.15-7.08 (2H, obs m, H3’ and H5’), 6.76 (1H, t, J = 5.6 Hz, -NHa), 6.58 (1H, br s, -NH),

5.77 (1H, br s, -NH), 4.42 (1H, dd, J = 7.8, 4.9 Hz, H20’), 4.31 (2H, t, J = 4.7 Hz, H7’), 4.22

(1H, ddd, J = 7.8, 4.6, 1.4 Hz, H22’), 3.96 (2H, t, J = 4.7 Hz, H8’), 3.80-3.76 (2H, m, H9’),

3.62-3.57 (2H, m, H10’), 3.52 (2H, t, J = 5.1 Hz, H11’), 3.36 (2H, dt, J = 5.1, 5.1 Hz, H12’),

3.18 (2H, q, J = 7.4 Hz, H8), 3.05 (1H, td, J = 7.4, 4.6 Hz, H18’), 2.82 (1H, dd, J = 12.8, 4.9

Hz, H19’a), 2.68 (1H, d, J = 12.8 Hz, H19’b), 2.12 (2H, t, J = 7.5 Hz, H14’), 1.69-1.52 (4H, m,

H15’ and H17’), 1.34 (2H, m, H16’), 1.28 (3H, t, J = 7.4 Hz, H9); 13CNMR (125 MHz, CDCl3)

δC 173.4 (C13’), 164.2 (C7), 164.2 (C21’), 158.1 (C2’), 153.6 (C4), 142.7 (C5), 135.0 (C1), 133.9

(C4’), 131.6 (C6’), 125.2 (C2), 121.4 (C5’), 121.0 (C6), 115.7 (C1’), 114.0 (C3’), 111.4 (C3),

70.9 (C9’), 70.2 (C10’), 70.0 (C11’), 69.6 (C8’), 69.2 (C7’), 61.8 (C22’), 60.3 (C20’), 55.7 (C18’),

51.1 (C8), 40.6 (C19’), 39.2 (C12’), 36.0 (C14’), 28.3 (C16’), 28.1 (C15’ or C17’), 25.6 (C15’ or

C17’), 7.7 (C9); HRMS (ES+) Calc. for C31H41N4O8S2 [M+H]+ 661.2360, found 661.2359.

5-(Ethylsulfonyl)-2-(3-iodophenyl)benzo[d]oxazole 173
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Benzoxazole 174 was obtained according to General Procedure A, using 3-iodobenzoic acid

(500 mg, 2.02 mmol), thionyl chloride (0.44 mL, 6.06 mmol) and DMF (0.10 mL) in CH2Cl2

(25 mL). The acid chloride intermediate formed was reacted with 2-amino-4-ethylsulfonyl-

phenol (406 mg, 2.02 mmol) in 1,4-dioxane (5 mL). The crude product was purified by flash

column chromatography (PE : EtOAc, 1:1) to yield benzoxazole 173 (575 mg, 1.39 mmol,

69%) as a white solid.

Rf 0.63 (PE : EtOAc, 1:1); vmax (cm-1) 2980 (C-H), 1616, 1546, 1346 (S=O), 1260, 1137

(S=O), 1045, 777; mp 171-172 ℃; 1HNMR (500 MHz, CDCl3) δH 8.63 (1H, dd, J = 1.7, 1.7

Hz, H2’), 8.34 (1H, d, J = 1.8 Hz, H6), 8.24 (1H, ddd, J = 7.9, 1.7, 1.7 Hz, H6’), 7.96 (1H, dd,

J = 8.4, 1.8 Hz, H2), 7.92 (1H, ddd, J = 7.9, 1.7, 1.7 Hz, H4’), 7.76 (1H, d, J = 8.4 Hz, H3),

7.30 (1H, dd, J = 7.9, 7.9 Hz, H5’), 3.18 (2H, q, J = 7.4 Hz, H8), 1.31 (3H, t, J = 7.4 Hz,

H9); 13CNMR (125 MHz, CDCl3) δC 163.6 (C7), 153.7 (C4), 142.5 (C5), 141.3 (C4’), 136.7

(C2’), 135.5 (C1), 130.7 (C5’), 128.0 (C1’), 127.1 (C6’), 125.7 (C2), 121.3 (C6), 111.5 (C3), 94.5

(C3’), 51.0 (C8), 7.6 (C9); HRMS (ES+) Calc. for C15H13IN1O3S [M+H]+ 413.9655, found

413.9636.

5-(Ethylsulfonyl)-2-(3-ethynylphenyl)benzo[d]oxazole 92
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Alkyne 92 was obtained according to General Procedure B, using benzoxazole 173 (550

mg, 1.33 mmol), Pd(PPh3)2Cl2 (140 mg, 0.200 mmol), copper(I) iodide (25.3 mg, 0.133 mmol),

NEt3 (3 mL) and trimethylsilylacetylene (0.19 mL, 1.33 mmol) in THF (20 mL). The TMS-

protected alkyne intermediate formed was purified by flash column chromatography (PE :

EtOAc, 3:1 → 2:1), then deprotected with TBAF (3.99 mL, 1 M in THF) in THF (35 mL).

The crude product was purified by flash column chromatography (PE : EtOAc, 7:3) to yield

alkyne 92 (237 mg, 0.762 mmol, 57%) as a white solid.

Rf 0.37 (PE : EtOAc, 7:3); vmax (cm-1) 3266 (alkyne C-H), 2981 (C-H), 1346 (S=O), 1137

(S-O); mp 184-185 ℃; 1HNMR (500 MHz, CDCl3) δH 8.39 (1H, dd, J = 1.4, 1.4 Hz, H2’),

8.33 (1H, d, J = 1.7 Hz, H6), 8.25 (1H, ddd, J = 7.7, 1.4, 1.4 Hz, H6’), 7.95 (1H, dd, J =

8.5, 1.7 Hz, H2), 7.75 (1H, d, J = 8.5 Hz, H3), 7.69 (1H, ddd, J = 7.7, 1.4, 1.4 Hz, H4’), 7.52

(1H, dd, J = 7.7, 7.7 Hz, H5’), 3.21 (1H, s, H8’), 7.50 (1H, q, J = 7.4 Hz, H8), 1.33 (3H, t,

J = 7.4 Hz, H9); 13CNMR (125 MHz, CDCl3) δC 164.4 (C7), 153.7 (C4), 142.6 (C5), 135.7
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(C4’), 135.4 (C1), 131.5 (C2’), 129.2 (C5’), 128.1 (C6’), 126.5 (C1’), 125.6 (C2), 123.4 (C3’),

121.2 (C6), 111.5 (C3), 82.2 (C7’), 78.8 (C8’), 51.0 (C8), 7.6 (C9); HRMS (CI+) Calc. for

C17H13NO3S [M+] 311.0611, found 311.0608.

5-(Ethylsulfonyl)-2-(4-iodophenyl)benzo[d]oxazole 102
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Benzoxazole 102 was obtained according to General Procedure A, using 4-iodobenzoic acid

(300 mg, 1.21 mmol), thionyl chloride (0.26 mL, 3.63 mmol) and DMF (0.10 mL) in CH2Cl2 (15

mL). The acid chloride intermediate formed was reacted with 2-amino-4-ethylsulfonylphenol

(244 mg, 1.21 mmol) in 1,4-dioxane (5 mL). The crude product was purified by flash column

chromatography (PE : EtOAc, 4:1) to yield benzoxazole 102 (361 mg, 0.873 mmol, 72%) as a

white solid.

Rf 0.16 (PE: EtOAc, 4:1); vmax (cm-1) 2970 (C-H), 2924 (C-H), 1616, 1479, 1309 (S=O),

1137 (S=O), 739; mp 170-171 ℃; 1HNMR (400 MHz, CDCl3) δH 8.34 (IH, d, J = 1.8 Hz,

H6), 8.00 (2H, m, H2’), 7.95 (1H, dd, J = 1.8, 8.5 Hz, H2), 7.93 (2H, m, H3’), 7.75 (1H, d, J =

8.5 Hz, H3), 3.18 (2H, q, J = 7.4 Hz, H8), 1.30 (3H, t, J = 7.4 Hz, H9); 13CNMR (100 MHz,

(CD3)2SO) δC 164.1 (C7), 153.2 (C1), 141.8 (C4), 138.4 (C2’), 135.5 (C5), 129.3 (C3’), 125.6

(C2), 125.1 (C4’), 120.1 (C6), 112.1 (C3), 100.8 (C1’), 49.5 (C8), 7.25 (C9); HRMS (ES+)

Calc. for C15H13INO3S [M+H]+ 413.9655, found 413.9654.

5-(Ethylsulfonyl)-2-(4-ethynylphenyl)benzo[d]oxazole 93
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Benzoxazole 93 was obtained according to General Procedure A, using 4-ethynylbenzoic acid

(250 mg, 1.71 mmol), thionyl chloride (0.37 mL, 5.13 mmol) and DMF (0.10 mL) in CH2Cl2

(15 mL). The acid chloride intermediate formed was reacted with 2-amino-4-ethylsulfonyl-

phenol (344 mg, 1.71 mmol) in 1,4-dioxane (5 mL). The crude product was purified by flash

column chromatography (Pentane : EtOAc, 4:1→ 7:3) to yield benzoxazole 93 (215 mg, 0.691

mmol, 40%) as a white solid.

Rf 0.12 (Pentane : EtOAc, 4:1); vmax (cm-1) 3260 (alkyne C-H), 1618, 1345 (S=O), 1136

(S=O), 1045, 744; mp 158-159 ℃; 1HNMR (400 MHz, CDCl3) δH 8.28 (1H, d, J = 1.6 Hz,
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H6), 8.18 (2H, J = 8.5 Hz, H2’), 7.89 (1H, dd, J = 8.6, 1.6 Hz, H2), 7.69 (1H, d, J = 8.6 Hz,

H3), 7.61 (2H, J = 8.5 Hz, H3’), 3.22 (1H, s, H6’), 3.12 (2H, q, J = 7.5 Hz, H8), 1.24 (3H, t,

J = 7.5 Hz, H9); 13CNMR (100 MHz, CDCl3) δC 164.6 (C7), 153.8 (C1), 142.7 (C4), 135.4

(C5), 132.8 (C3’), 127.8 (C2’), 126.3 (C4’), 126.2 (C1’), 125.6 (C2), 121.2 (C6), 111.5 (C3),

82.7 (C5’), 80.6 (C6’), 51.0 (C7), 7.6 (C8); HRMS (ES+) Calc. for C17H13NO3S [M+H+]

312.0689, found 312.0689.

2-(4-Bromo-3-chlorophenyl)-5-(ethylsulfonyl)benzo[d]oxazole 175
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Benzoxazole 175 was obtained according to General Procedure A, using 4-bromo-3-chloro-

benzoic acid (300 mg, 1.27 mmol), thionyl chloride (0.28 mL, 3.82 mmol) and DMF (0.10 mL)

in CH2Cl2 (15 mL). The acid chloride intermediate formed was reacted with 2-amino-4-ethyl-

sulfonylphenol (256 mg, 1.27 mmol) in 1,4-dioxane (5 mL). The crude product was purified

by flash column chromatography (PE : EtOAc, 4:1 → 3:1) to yield benzoxazole 175 (267 mg,

0.667 mmol, 52%) as a white solid.

Rf 0.47 (PE : EtOAc, 3:1); vmax (cm-1) 2956 (C-H), 1308 (S=O), 1138 (S=O), 739 (C-Cl),

668 (C-Br); mp 173-174 ℃; 1HNMR (400 MHz, CDCl3) δH 8.37 (1H, d, J = 2.0 Hz, H2’),

8.35 (1H, d, J = 1.8 Hz, H6), 8.02 (1H, dd, J = 8.4, 2.0 Hz, H6’), 7.98 (1H, dd, J = 8.5,

1.8 Hz, H2), 7.83 (1H, d, J = 8.4 Hz, H3), 7.77 (1H, d, J = 8.5 Hz, H5’), 3.18 (2H, q, J =

7.5 Hz, H8), 1.31 (3H, t, J = 7.5 Hz, H9); 13CNMR (125 MHz, CDCl3) δC 163.3 (C7), 153.7

(C4), 142.5 (C5), 135.8 (C3’), 135.7 (C1), 134.7 (C3), 129.4 (C2’), 127.4 (C1’), 126.9 (C6’),

126.7 (C4’), 125.9 (C2), 121.4 (C6), 111.6 (C5’), 51.0 (C8), 7.6 (C9); HRMS (ES+) Calc. for

C15H1279Br35ClNO3S [M+H]+ 399.9404, found 399.9404.

2-(3-Chloro-4-ethynylphenyl)-5-(ethylsulfonyl)benzo[d]oxazole 98
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Alkyne 98 was obtained according to General Procedure B, using benzoxazole 175 (230

mg, 0.574 mmol), Pd(PPh3)2Cl2 (60.4 mg, 86.1 µmol), copper(I) iodide (10.9 mg, 57.4 µmol),

NEt3 (3 mL) and trimethylsilylacetylene (80 µL, 0.574 mmol) in THF (20 mL). The TMS-

protected alkyne intermediate formed was purified by flash column chromatography (PE :
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EtOAc, 9:1 → 3:1), then deprotected with TBAF (1.56 mL, 1 M in THF) in THF (15 mL).

The crude product was purified by flash column chromatography (PE : EtOAc, 7:3) to yield

alkyne 98 (123 mg, 0.356 mmol, 62%) as a white solid.

Rf 0.59 (PE : EtOAc, 7:3); vmax (cm-1) 3250 (alkyne C-H), 2956 (C-H), 2925 (C-H), 1310

(S=O), 1138 (S=O), 1051, 748; 1HNMR (400 MHz, CDCl3) δH 8.35 (1H, d, J = 1.7 Hz, H6),

8.34 (1H, d, J = 1.6 Hz, H2’), 8.13 (1H, dd, J = 8.0, 1.6 Hz, H6’), 7.97 (1H, dd, J = 8.4, 1.7 Hz,

H2), 7.78 (1H, d, J = 8.4 Hz, H3), 7.71 (1H, d, J = 8.0 Hz, H5’), 3.58 (1H, s, H8’), 3.19 (2H,

q, J = 7.4 Hz, H8), 1.31 (3H, t, J = 7.4 Hz, H9); 13CNMR (125 MHz, CDCl3) δC 163.5

(C7), 153.9 (C1), 142.6 (C4), 137.4 (C3’), 135.8 (C5), 134.7 (C5’), 128.6 (C2’), 127.6 (C4’),

126.2 (C1’), 126.0 (C2), 125.8 (C6’), 121.6 (C6), 111.7 (C3), 85.8 (C8’), 79.7 (C7’), 51.2 (C8),

7.7 (C9); HRMS (ES+) Calc. for C17H1335ClNO3S [M+H]+ 346.0299, found 346.0299.

2-(4-Bromo-3-methoxyphenyl)-5-(ethylsulfonyl)benzo[d]oxazole 176
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Benzoxazole 176 was obtained according to General Procedure A, using 4-bromo-3-methoxy-

benzoic acid (300 mg, 1.30 mmol), thionyl chloride (0.28 mL, 3.90 mmol) and DMF (0.10 mL)

in CH2Cl2 (15 mL). The acid chloride intermediate formed was reacted with 2-amino-4-ethyl-

sulfonylphenol (262 mg, 1.30 mmol) in 1,4-dioxane (5 mL). The crude product was purified

by flash column chromatography (PE : EtOAc, 4:1) to yield benzoxazole 176 (401 mg, 1.01

mmol, 78%) as a white solid.

Rf 0.16 (PE : EtOAc, 4:1); vmax (cm-1) 1485, 1305 (S=O), 1240, 1126 (S=O), 1071, 690;

mp 165-166 °C; 1HNMR (400 MHz, CDCl3) δH 8.34 (1H, d, J = 1.7 Hz, H6), 7.95 (1H, dd,

J = 8.5, 1.8 Hz, H2), 7.81 (1H, s, H2’), 7.78 (1H, dd, J = 8.5, 1.7 Hz, H3), 7.74 (1H, s, H6’),

7.73 (1H, s, H5’), 4.05 (3H, s, H7’), 3.18 (2H, q, J = 7.4 Hz, H8), 1.31 (3H, t, J = 7.4 Hz, H9);
13CNMR (125 MHz, CDCl3) δC 164.6 (C7), 156.5 (C3’), 153.7 (C4), 142.6 (C5), 135.5 (C1),

134.1 (C5’), 126.5 (C1’), 125.6 (C2), 121.2 (C6), 121.1 (C6’), 117.1 (C4’), 111.5 (C3), 110.6

(C2’), 56.6 (C7’), 51.0 (C8), 7.63 (C9); HRMS (ES+) Calc. for C16H1579BrNO4S [M+H]+

395.9900, found 395.9901.
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5-(Ethylsulfonyl)-2-(4-ethynyl-3-methoxyphenyl)benzo[d]oxazole 99
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Alkyne 99 was obtained according to General Procedure B, using benzoxazole 176 (350 mg,

0.883 mmol), Pd(PPh3)2Cl2 (93.0 mg, 0.132 mmol), copper(I) iodide (16.8 mg, 88.3 µmol),

NEt3 (3 mL) and trimethylsilylacetylene (0.12 mL, 0.882 mmol) in THF (20 mL). The TMS-

protected alkyne intermediate formed was purified by flash column chromatography (PE :

EtOAc, 4:1), then deprotected with TBAF (2.64 mL, 1 M in THF) in THF (15 mL). The

crude product was purified by flash column chromatography (PE : EtOAc, 4:1) to yield alkyne

99 (199 mg, 0.583 mmol, 66%) as a pale brown solid.

Rf 0.32 (PE : EtOAc, 4:1); vmax (cm-1) 2961 (C-H), 2875 (C-H), 1465, 1305 (S=O), 1137

(S=O), 1055; mp 161-163 °C; 1HNMR (400 MHz, CDCl3) δH 8.35 (1H, d, J = 1.8 Hz, H6),

7.96 (1H, dd, J = 8.6, 1.8 Hz, H2), 7.83 (1H, dd, J = 8.0, 1.6 Hz, H6’), 7.79 (1H, d, J = 1.6

Hz, H2’), 7.76 (1H, d, J = 8.6 Hz, H3), 7.63 (1H, d, J = 8.0 Hz, H5’), 4.06 (3H, s, H7’), 3.50

(1H, s, J = 1.8 Hz, H9’), 3.19 (2H, q, J = 7.3 Hz, H8), 1.31 (3H, t, J = 7.3 Hz, H9); 13CNMR

(125 MHz, CDCl3) δC 164.8 (C7), 161.0 (C3’), 153.9 (C1), 142.7 (C4), 135.6 (C5), 134.9 (C5’),

127.6 (C4’), 125.8 (C2),121.3 (C6), 120.2 (C6’), 115.8 (C1’), 111.6 (C3), 109.7 (C2’), 84.4 (C9’),

79.4 (C8’), 56.4 (C7’), 51.2 (C8), 7.8 (C9); HRMS (ES+) Calc. for C18H16NO4S [M+H]+

342.0795, found 342.0795.

2-(3-Ethynylphenyl)-5-(trifluoromethoxy)benzo[d]oxazole 94
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Benzoxazole 94 was obtained according to General Procedure A, using 3-ethynylbenzoic acid

(362 mg, 2.48 mmol), thionyl chloride (0.54 mL, 7.44 mmol) and DMF (0.10 mL) in CH2Cl2

(20 mL). The acid chloride intermediate formed was reacted with 2-amino-4-trifluoromethoxy-

phenol (479 mg, 2.48 mmol) in 1,4-dioxane (5 mL). The crude product was purified by flash

column chromatography (Pentane : PhMe, 9:1→ 4:1) to yield benzoxazole 94 (37.7 mg, 0.124

mmol, 5%) as a white solid.

Rf 0.32 (Pentane : PhMe, 4:1); vmax (cm-1) 3231 (alkyne C-H), 1465, 1298, 1167; mp
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85-86 ℃; 1HNMR (400 MHz, CDCl3) δH 8.37 (1H, t, J = 1.5 Hz, H2’), 8.22 (1H, ddd, J =

7.9, 1.5, 1.5 Hz, H6’), 7.67 (1H, ddd, J = 7.9, 1.5, 1.5 Hz, H4’), 7.65 (1H, d, J = 1.2 Hz, H6),

7.58 (1H, d, J = 8.8 Hz, H3), 7.50 (1H, dd, J = 7.9, 7.9 Hz, H5’), 7.25 (1H, ddd, J = 8.8,

2.4, 0.7 Hz, H2), 3.17 (1H, s, H8’); 13CNMR (125 MHz, CDCl3) δC 163.9 (C7), 149.1 (C4),

146.2 (q, 3JC-F = 1.7, C1), 142.8 (C5), 135.3 (C4’), 131.3 (C2’), 129.1 (C5’), 127.9 (C6’), 127.0

(C4’), 123.3 (C1’), 120.6 (q, 1JC-F = 257.1, C8), 119.0 (C2), 113.3 (C6), 111.1 (C3), 82.4 (C7’),

78.5 (C8’); HRMS (ES+) Calc. for C16H9F3NO2 [M+H+] 304.0580, found 304.0581.

2-(4-Ethynylphenyl)-5-(trifluoromethoxy)benzo[d]oxazole 95

OF

F
F O

N

2

3

6

2'

6'7

8

5'

3'

Benzoxazole 95 was obtained according to General Procedure A, using 4-ethynylbenzoic acid

(438 mg, 3.00 mmol), thionyl chloride (0.65 mL, 9.00 mmol) and DMF (0.10 mL) in CH2Cl2

(20 mL). The acid chloride intermediate formed was reacted with 2-amino-4-trifluoromethoxy-

phenol (579 mg, 3.00 mmol) in 1,4-dioxane (5 mL). The crude product was purified by flash

column chromatography (Pentane : EtOAc, 20:1) to yield benzoxazole 95 (373 mg, 1.23 mmol,

41%) as a white solid.

Rf 0.19 (Pentane); vmax (cm-1) 3313 (alkyne C-H), 1468, 1244, 1150, 1055; mp 143-144

℃; 1HNMR (400 MHz, CDCl3) δH 8.21 (2H, d, J = 8.4 Hz, H2’), 7.66 (2H, d, J = 8.4 Hz,

H3’), 7.65 (1H, m, H2), 7.58 (1H, d, J = 8.8 Hz, H3), 7.25 (1H, ddd, J = 8.8, 2.4, 0.7 Hz, H4),

3.27 (1H, s, H6’); 13CNMR (125 MHz, CDCl3) δC 164.1 (C7), 149.1 (C4), 146.2 (q, 3JC-F

= 1.9, C1), 142.8 (C5), 132.7 (C2’), 127.6 (C3’), 126.6 (C4’), 125.8 (C1’), 120.5 (q, 1JC-F =

256.9, C8), 119.0 (C2), 113.2 (C6), 111.1 (C3), 82.8 (C5’), 80.2 (C6’); HRMS (ES+) Calc. for

C16H9F3NO2 [M+H+] 304.0580, found 304.0582.

2-(4-Bromo-3-chlorophenyl)-5-(trifluoromethoxy)benzo[d]oxazole 177
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Benzoxazole 177 was obtained according to General Procedure A, using 4-bromo-3-chloro-

benzoic acid (300 mg, 1.27 mmol), thionyl chloride (0.28 mL, 3.82 mmol) and DMF (0.10

mL) in CH2Cl2 (15 mL). The acid chloride intermediate formed was reacted with 2-amino-4-

trifluoromethoxyphenol (245 mg, 1.27 mmol) in 1,4-dioxane (5 mL). The crude product was
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purified by flash column chromatography (PE : EtOAc, 19:1) to yield benzoxazole 177 (379

mg, 0.966 mmol, 76%) as an orange solid.

Rf 0.38 (PE : EtOAc, 19:1); vmax (cm-1) 1543 (C-H), 1251 (C-F), 1164, 727, 620; mp

102-104 ℃; 1HNMR (400 MHz, CDCl3) δH 8.34 (1H, d, J = 2.1 Hz, H2’), 7.99 (1H, dd, J

= 8.4, 2.1 Hz, H6’), 7.81 (1H, d, J = 8.4 Hz, H5’), 7.66 (1H, d, J = 2.0 Hz, H6), 7.59 (1H, d,

J = 8.9 Hz, H3), 7.28 (1H, dd, J = 8.9, 2.0 Hz, H2); 13CNMR (125 MHz, CDCl3) δC 162.9

(C7), 149.1 (C4), 146.4 (C1), 142.7 (C5), 135.7 (C3’), 134.6 (C5’), 129.2 (C2’), 127.2 (C4’),

126.9 (C1’), 126.7 (C6’), 120.7 (q, 1JC-F = 257.3, C8), 119.5 (C2), 113.4 (C6), 111.3 (C3);
19FNMR (376 MHz, CDCl3) δF −58.3 (s); HRMS (ES+) Calc. for C14H779Br35ClF3NO2

[M+H]+ 391.9294, found 391.9295.

2-(3-Chloro-4-ethynylphenyl)-5-(trifluoromethoxy)benzo[d]oxazole 100

OF
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Alkyne 100 was obtained according to General Procedure B, using benzoxazole 177 (300

mg, 0.764 mmol), Pd(PPh3)2Cl2 (73.0 mg, 0.104 mmol), copper(I) iodide (13.2 mg, 69.1

µmol), NEt3 (3 mL) and trimethylsilylacetylene (0.96 mL, 0.691 mmol) in THF (20 mL). The

TMS-protected alkyne intermediate formed was purified by flash column chromatography (PE

: EtOAc, 1:0 → 49:1), then deprotected with TBAF (1.04 mL, 1 M in THF) in THF (15 mL).

The crude product was purified by flash column chromatography (PE : EtOAc, 49:1) to yield

alkyne 100 (98.1 mg, 0.291 mmol, 42%) as a pale orange solid.

Rf 0.79 (PE : EtOAc, 49:1); vmax (cm-1) 3291 (alkyne C-H), 1260, 1165, 697; mp 97-98

℃; 1HNMR (400 MHz, CDCl3) δH 8.31 (1H, d, J = 1.7 Hz, H2’), 8.10 (1H, dd, J = 8.2,

1.7 Hz, H6’), 7.69 (1H, d, J = 8.2 Hz, H5’), 7.66 (1H, d, J = 1.9 Hz, H6), 7.60 (1H, d, J

= 8.8 Hz, H3), 7.28 (1H, dd, J = 8.8, 1.9 Hz, H2), 3.56 (1H, s, H8’); 13CNMR (125 MHz,

CDCl3) δC 163.0 (C7), 149.3 (C4), 146.5 (q, 3JC-F = 2.2 Hz, C1), 142.8 (C5), 137.3 (C3’), 134.6

(C5’), 128.4 (C2’), 128.0 (C1’), 125.6 (C8’), 125.5 (C6’), 120.7 (q, 1JC-F = 257.2 Hz, C8), 119.6

(C2), 113.6 (C6), 111.4 (C3), 85.5 (C8’), 79.8 (C7’); 19FNMR (400 MHz, CDCl3) δF −58.3

(s); HRMS (ES+) Calc. for C16H835ClF3NO2 [M+H]+ 338.0190, found 338.0189.

2-(4-Bromo-3-methoxyphenyl)-5-(trifluoromethoxy)benzo[d]oxazole 178

Benzoxazole 178 was obtained according to General Procedure A, using 4-bromo-3-methoxy-

benzoic acid (300 mg, 1.30 mmol), thionyl chloride (0.28 mL, 3.89 mmol) and DMF (0.10
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mL) in CH2Cl2 (15 mL). The acid chloride intermediate formed was reacted with 2-amino-4-

trifluoromethoxyphenol (251 mg, 1.30 mmol) in 1,4-dioxane (5 mL). The crude product was

purified by flash column chromatography (PE : EtOAc, 49:1) to yield benzoxazole 178 (313

mg, 0.806 mmol, 62%) as an off-white solid.

Rf 0.61 (PE : EtOAc, 49:1); vmax (cm-1) 2970 (C-H), 1472 (C-H), 1259, 1167, 668; mp

140-141 ℃; 1HNMR (400 MHz, CDCl3) δH 7.73 (1H, s, H2’), 7.69 (1H, s, H5’), 7.68 (1H, s,

H6’), 7.64 (1H, d, J = 2.0 Hz, H6), 7.56 (1H, d, J = 8.9 Hz, H3), 7.24 (1H, dd, J = 8.9,

2.0 Hz, H2), 4.03 (3H, s, H7’); 13CNMR (125 MHz, CDCl3) δC 164.2 (C7), 156.5 (C5), 149.1

(C4), 146.3 (C1), 142.8 (C3’), 134.1 (C5’), 127.3 (C4’), 121.1 (C6’), 120.7 (q, 1JC-F = 257.2,

C8), 119.1 (C2), 116.6 (C1’), 113.3 (C6), 111.2 (C3), 110.5 (C2’), 56.6 (C7’); 19FNMR (376

MHz, CDCl3) δF −58.3 (s); HRMS (ES+) Calc. for C15H1079BrF3NO3 [M+H]+ 387.9791,

found 387.9792.

2-(4-Ethynyl-3-methoxyphenyl)-5-(trifluoromethoxy)benzo[d]oxazole 101

OF
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Alkyne 101 was obtained according to General Procedure B, using benzoxazole 178 (280

mg, 0.721 mmol), Pd(PPh3)2Cl2 (69.1 mg, 98.4 µmol), copper(I) iodide (12.4 mg, 65.6 µmol),

NEt3 (3 mL) and trimethylsilylacetylene (92 µL, 0.656 mmol) in THF (20 mL). The TMS-

protected alkyne intermediate formed was purified by flash column chromatography (PE :

EtOAc, 1:0 → 49:1), then deprotected with TBAF (1.97 mL, 1 M in THF) in THF (15 mL).

The crude product was purified by flash column chromatography (PE : EtOAc, 99:1 → 49:1)

to yield alkyne 101 (156 mg, 0.468 mmol, 71%) as an off-white solid.

Rf 0.93 (PE : EtOAc, 49:1); vmax (cm-1) 3271 (alkyne C-H), 2970 (C-H), 1253, 1217,

1153; mp 116-117 ℃; 1HNMR (400 MHz, CDCl3) δH 7.81 (1H, dd, J = 7.9, 1.5 Hz, H6’),

7.77 (1H, d, J = 1.6 Hz, H2’), 7.66 (1H, d, J = 1.8 Hz, H6), 7.62 (1H, d, J = 8.0 Hz, H5’),

7.59 (1H, d, J = 8.8 Hz, H3), 7.27 (1H, dd, J = 8.8, 1.8 Hz, H2), 4.05 (3H, s, H7’), 3.42 (1H, s,

H9’); 13CNMR (125 MHz, CDCl3) δC 164.1 (C7), 160.8 (C3’), 149.1 (C4), 146.2 (C1), 142.7

(C5), 134.7 (C5’), 128.0 (C1’), 120.6 (q, 1JC-F = 257.2 Hz, C8), 119.8 (C6’), 119.1 (C2), 115.2

(C4’), 113.2 (C6), 111.1 (C3), 109.4 (C2’), 84.0 (C9’), 79.4 (C8’), 56.2 (C7’); 19FNMR (400
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MHz, CDCl3) δF −58.3 (s); HRMS (ES+) Calc. for C17H11F3NO3 [M+H]+ 334.0685, found

334.0683.

2-(4-Iodophenyl)-5-(trifluoromethoxy)benzo[d]oxazole 103

OF

F
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8
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Benzoxazole 103 was obtained according to General Procedure A, using 4-iodobenzoic

acid (250 mg, 1.01 mmol), thionyl chloride (0.22 mL, 3.03 mmol) and DMF (0.10 mL)

in CH2Cl2 (15 mL). The acid chloride intermediate formed was reacted with 2-amino-4-

trifluoromethoxyphenol (195 mg, 1.01 mmol) in 1,4-dioxane (5 mL). The crude product was

purified by flash column chromatography (PE : EtOAc, 19:1) to yield benzoxazole 103 (209

mg, 0.515 mmol, 51%) as a pale pink solid.

Rf 0.75 (PE : EtOAc, 9:1); vmax (cm-1) 2963 (C-H), 1263 (C-F), 1029 (C-O); mp 144-145

℃; 1HNMR (400 MHz, CDCl3) δH 7.96 (2H, m, H3’), 7.91 (2H, m, H2’), 7.64 (1H, d, J =

2.0 Hz, H6), 7.58 (1H, d, J = 8.8 Hz, H3), 7.25 (1H, dd, J = 8.8, 2.0 Hz, H2); 13CNMR (125

MHz, (CD3)2SO) δC 163.9 (C7), 148.9 (C4), 145.4 (C1), 142.3 (C5), 138.4 (C2’), 129.2 (C3’),

125.4 (C4’), 120.2 (q, 1JC-F = 256.2, C8), 119.3 (C2), 113.2 (C6), 112.2 (C3), 100.5 (C1’);
19FNMR (376 MHz, CDCl3) δF −58.3 (s); HRMS (ES+) Calc. for C14H7F3INO2 [M+H]+

405.9552, found 405.9542.

6-Iodo-2-naphthoic acid 179
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To a solution of 6-amino-2-naphthoic acid (500 mg, 2.67 mmol) in H2SO4 (10 mL, 10%

aq.) at 0 ℃ was added dropwise a solution of sodium nitrite (221 mg, 3.21 mmol) in water (1

mL). The reaction was stirred for 30 min at rt. A solution of potassium iodide (886 mg, 5.34

mmol) in water (3 mL) cooled to 0 ℃ was then added dropwise and the reaction stirred for

3 h at 0 ℃. The reaction mixture was extracted with EtOAc (3 × 15 mL) and the combined

organic layers washed with HCl (2 × 25 mL, 5% aq.) and Na2S2O3 solution (25 mL), then

dried (Na2SO4) and concentrated in vacuo to yield carboxylic acid 179 (675 mg, 2.66 mmol,

85%) as a brown solid.
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mp: 301-303 ℃; 1HNMR (400 MHz, (CD3)2SO) δH 8.60 (1H, d, J = 1.5 Hz, H5), 8.50

(1H, d, J = 1.8 Hz, H9), 8.00 (1H, dd, J = 8.6, 1.5 Hz, H7), 7.96 (1H, d, J = 8.6 Hz, H8),

7.92 (1H, d, J = 8.9 Hz, H4), 7.87 (1H, dd, J = 8.9, 1.8 Hz, H3); LRMS (ESI) Calc. for

C11H7IO2 [M+H]+ 296.9, found 296.9.

These data are in accordance with those presented by Irvine et al.355

2-(6-Iodonaphthalen-2-yl)-5-(trifluoromethoxy)benzo[d]oxazole 104
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Benzoxazole 104 was obtained according to General Procedure A, using carboxylic acid

179 (300 mg, 1.01 mmol), thionyl chloride (0.22 mL, 3.02 mmol) and DMF (0.10 mL)

in CH2Cl2 (15 mL). The acid chloride intermediate formed was reacted with 2-amino-4-

trifluoromethoxyphenol (193 mg, 1.01 mmol) in 1,4-dioxane (5 mL). The crude product was

purified by flash column chromatography (PE : EtOAc, 49:1) to yield benzoxazole 104 (158

mg, 0.347 mmol, 35%) as a white solid.

Rf 0.37 (PE : EtOAc, 99:1); vmax (cm-1) 1248 (C-F), 1182 (C-O); mp 181-182 ℃;
1HNMR (500 MHz, (CD3)2SO) δH 8.85 (1H, d, J = 1.6 Hz, H6), 8.55 (1H, s, H2’), 8.28

(1H, dd, J = 8.5, 1.6 Hz, H2), 8.10 (1H, d, J = 8.7 Hz, H3), 8.00 (1H, d, J = 8.7 Hz, H9’),

7.96 (1H, d, J = 8.9 Hz, H4’), 7.93 (1H, d, J = 1.7 Hz, H7’), 7.92 (1H, dd, J = 8.9, 1.8

Hz, H10’), 7.49 (1H, dd, J = 8.9, 2.0 Hz, H5’); 13CNMR (125 MHz, CDCl3) δC 164.7 (C7),

149.5 (C4), 145.8 (C1), 142.9 (C5), 136.8 (C2’), 136.4 (C3’), 136.1 (C10’), 131.7 (C1’), 131.3

(C9’), 128.7 (C6), 128.6 (C3), 125.0 (C2), 124.2 (C8’), 120.7 (q, 1JC-F = 256.1, CF3), 119.7

(C5’), 113.7 (C7’), 112.6 (C4’), 96.1 (C6’); 19FNMR (400 MHz, CDCl3) δF −58.3 (s); HRMS

(ES+) Calc. for C18H10F3INO2 [M+H]+ 455.9703, found 455.9699.

5-(Ethylsulfonyl)-2-(naphthalen-1-yl)benzo[d]oxazole 105
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To a suspension of 2-amino-4-ethylsulfonylphenol (300 mg, 1.49 mmol) in 1,4-dioxane (5

mL) was added 1-naphthoyl chloride (0.23 mL, 1.49 mmol). The reaction vessel was heated

under microwave activation at 210 ℃ for 15 min, then cooled to rt. The reaction mixture
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was poured into NaOH solution (10 mL, 1 M aq.), and extracted with EtOAc three times.

The combined organic fractions were dried (Na2SO4) and concentrated in vacuo. The crude

product was purified by flash column chromatography (PE : EtOAc, 17:3 → 4:1) to yield

benzoxazole 105 (496 mg, 1.47 mmol, 97%) as a white solid.

Rf 0.18 (PE : EtOAc, 4:1); vmax (cm-1) 1542, 1296 (S=O), 1278, 1243, 1132 (S=O), 1111,

769; mp 144-145 ℃; 1HNMR (500 MHz, (CD3)2SO) δH 9.40 (1H, d, J = 8.7 Hz, H9’), 8.50

(1H, dd, J = 8.0, 1.1 Hz, H7’), 8.43 (1H, d, J = 1.8 Hz, H6), 8.28 (1H, d, J = 8.0 Hz, H6’),

8.13 (1H, d, J = 8.5 Hz, H3), 8.12 (1H, d, J = 7.7 Hz, H4’), 8.00 (1H, dd, J = 8.5, 1.8 Hz, H2),

7.77 (2H, m, H2’ and H8’), 7.70 (1H, dd, J = 7.7, 7.7 Hz, H3’), 3.42 (2H, q, J = 7.4 Hz, H8),

1.15 (3H, t, J = 7.4 Hz, H9); 13CNMR (125 MHz, (CD3)2SO) δC 164.2 (C7), 152.5 (C1),

142.0 (C4), 135.3 (C5), 133.6 (C5’), 133.4 (C6’), 130.1 (C7’), 129.8 (C10’), 129.0 (C4’), 128.4

(C8’), 126.9 (C3’), 125.6 (C2), 125.5 (C2’), 125.4 (C9’), 121.7 (C1’), 120.2 (C6), 112.0 (C3), 49.5

(C8), 7.3 (C9); HRMS (ES+) Calc. for C19H16NO3S [M+H]+ 338.0845, found 338.0844.

2-(Naphthalen-2-yl)benzo[d]oxazole-6-carboxylic acid 84
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To a solution of 2-naphthaldehyde (1.02 g, 6.53 mmol) in p-xylenes (40 mL) was added

4-amino-3-hydroxybenzoic acid (1.00 g, 6.53 mmol). The reaction mixture was heated to 120

℃, stirred for 4 h, then cooled to rt and concentrated in vacuo. The residue was dissolved in

1,4-dioxane (40 mL), DDQ (1.70 g, 7.49 mmol) was added and the reaction mixture stirred

for 16 h at rt. The reaction mixture was then filtered and washed with CH2Cl2, and the

filtrate collected and concentrated in vacuo. The crude product was purified by flash column

chromatography (CH2Cl2: MeOH: AcOH, 98:2:0.1 → 95:5:0.1) to yield acid 84 (954 mg, 3.30

mmol, 44%) as a white solid.

Rf 0.13 (CH2Cl2: MeOH: AcOH, 99:1:0.1); vmax (cm-1) 2962 (COOH), 1698 (COOH),

1423, 1297, 821, 773; mp 258-259 ℃; 1HNMR (400 MHz, (CD3)2SO) δH 13.2 (1H, br s,

COOH), 8.91 (1H, d, J = 1.2 Hz, H2’), 8.31 (1H, d, J = 1.4 Hz, H2), 8.30 (1H, dd, J = 8.6,

1.4 Hz, H10’), 8.22 (1H, dd, J = 7.5, 1.2 Hz, H4’), 8.17 (1H, d, J = 8.6 Hz, H9’), 8.06 (1H, dd,

J = 7.5, 1.5 Hz, H7’), 8.05 (1H, dd, J = 8.4, 1.5 Hz, H6), 7.94 (1H, d, J = 8.4 Hz, H5), 7.68

(2H, m, H5’, H6’); 13CNMR (125 MHz, (CD3)2SO) δC 167.3 (C8), 165.3 (C7), 150.5 (C1),

145.8 (C3), 135.0 (C4), 132.9 (C3’), 129.6 (C4’), 128.9 (C9’), 128.8 (C6’), 128.5 (C2’), 128.3

(C5’), 127.8 (C8’), 127.7 (C6), 126.8 (C7’), 124.1 (C10’), 123.7 (C1’), 120.0 (C5), 112.4 (C2);
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LRMS (ESI) Calc. for C18H11NO3 [M−H]− 288.1, found 288.1.

(2-(Naphthalen-2-yl)benzo[d]oxazol-6-yl)methanol 180
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To a solution of acid 84 in THF (50 mL) at 0 ℃ was added LiAlH4 (3.10 mL, 1 M in THF,

3.10 mmol) dropwise. When no more H2 gas was evolved, the reaction mixture was heated

under reflux for 3 h. When complete by TLC, the reaction was cooled to 0 ℃, quenched with

ice water (30 mL) and EtOAc (30 mL). The phases were separated and the aqueous layer

extracted with EtOAc (4 × 50 mL). The combined organic layers were washed with brine (50

mL), dried (Na2SO4) and concentrated in vacuo to yield alcohol 180 (558 mg, 2.03 mmol,

99%) as a brown solid.

Rf 0.24 (CH2Cl2:MeOH, 49:1); vmax (cm-1) 3302 (OH); mp 177-178 ℃; 1HNMR (400

MHz, (CD3)2SO) δH 8.84 (1H, d, J = 1.4 Hz, H2’), 8.28 (1H, dd, J = 8.6, 1.4 Hz, H10’), 8.20

(1H, dd, J = 6.8, 2.5 Hz, H4’), 8.15 (1H, d, J = 8.6 Hz, H9’), 8.05 (1H, dd, J = 6.8, 2.5 Hz,

H7’), 7.79 (1H, d, J = 8.2 Hz, H5), 7.75 (1H, d, J = 1.5 Hz, H2), 7.67 (2H, m, H5’, H6’), 7.39

(1H, dd, J = 8.2, 1.5 Hz, H6), 5.41 (1H, t, J = 4.7 Hz, OH), 4.67 (2H, d, J = 4.7 Hz, H8);
13CNMR (125 MHz, (CD3)2SO) δC 162.8 (C7), 151.0 (C3), 141.4 (C4), 140.8 (C1), 134.7

(C3’), 133.0 (C8’), 129.5 (C9’), 129.4 (C4’), 128.7 (C6’), 128.3 (C7’), 128.0 (C2’), 127.8 (C5’),

127.6 (C1’), 124.2 (C6), 124.0 (C10’), 119.7 (C5), 109.0 (C2), 63.3 (C8); LRMS (ESI) Calc.

for C18H13NO2 [M−H]− 274.1, found 274.1.

2-(Naphthalen-2-yl)benzo[d]oxazole-6-carbaldehyde 85
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To a solution of alcohol 180 (2.82 g, 10.3 mmol) in wet CH2Cl2 (60 mL) was added Dess

Martin periodinane (6.50 g, 15.4 mmol) portionwise. The reaction mixture was stirred at rt

for 16 h, then diluted with CH2Cl2 (30 mL) and quenched with NaHCO3 solution (30 mL)

and Na2S2O3 solution (30 mL). The organic phase was washed with water (40 mL) and brine

(40 mL), dried (Na2SO4) and concentrated in vacuo to yield aldehyde 85 (2.10 g, 7.67 mmol,

75%) as a white solid.

Rf 0.22 (CH2Cl2); vmax (cm-1) 1683 (C=O), 1611, 1538, 1428, 815, 779; mp 171-172 ℃;
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1HNMR (400 MHz, CDCl3) δH 10.05 (1H, s, H8), 8.77 (1H, d, J = 1.0 Hz, H2’), 8.28 (1H,

dd, J = 8.6, 1.7 Hz, H10’), 8.09 (1H, dd, J = 1.0, 1.0 Hz, H2), 7.96 (1H, dd, J = 7.0, 2.0 Hz,

H4’), 7.95 (1H, d, J = 8.6 Hz, H9’), 7.84-7.88 (3H, m, H5, H6, H7’), 7.55 (2H, m, H5’, H6’);
13CNMR (100 MHz, CD3Cl) δC 191.1 (C8), 166.5 (C7), 151.0 (C3), 147.6 (C4), 135.2 (C1),

133.7 (C8’), 132.9 (C3’), 129.2 (C2’), 129.1 (C4’), 129.0 (C9’), 128.4 (C6’), 128.0 (C6), 127.5

(C5), 127.2 (C5’), 123.9 (C10’), 123.6 (C1’), 120.3 (C7’), 111.3 (C2); HRMS (ES+) Calc. for

C18H12NO2 [M+H+] 274.0868, found 274.0868.

2,2,2-Trifluoro-1-(2-(naphthalen-2-yl)benzo[d]oxazol-6-yl)ethan-1-ol 181
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To a solution of aldehyde 85 (2.00 g, 7.65 mmol) and trifluoromethyltrimethylsilane (1.47

mL, 9.95 mmol) in DMF (50 mL) was added K2CO3 (15 mg, cat.). The reaction mixture was

stirred at rt for 16 h, then quenched with HCl (5 mL, 1 M aq.) and diluted with CH2Cl2 (100

mL). The mixture was washed with brine/water (1:1, 4 × 100 mL), dried (Na2SO4) and

concentrated in vacuo to yield alcohol 181 (2.62 g, 7.65 mmol, quant.) as an orange solid.

Rf 0.16 (Pentane : EtOAc, 9:1); vmax (cm-1) 3208 (OH), 2959 (C-H), 1257 (C-F), 1127

(C-O); mp 168-169 ℃; 1HNMR (400 MHz, (CD3)2SO) δH 8.86 (1H, d, J = 1.2 Hz, H2’),

8.28 (1H, dd, J = 8.6, 1.7 Hz, H10’), 8.20 (1H, dd, J = 7.0, 2.4 Hz, H4’), 8.15 (1H, d, J =

8.6 Hz, H9’), 8.05 (1H, dd, J = 7.0, 2.2 Hz, H7’), 7.94 (1H, s, H2), 7.88 (1H, d, J = 8.2 Hz,

H6), 7.67 (2H, m, H5’, H6’), 7.58 (1H, d, J = 8.2 Hz, H5), 7.07 (1H, d, J = 5.6 Hz, -OH),

5.40 (1H, m, H8); 13CNMR (125 MHz, CD3Cl) δC 163.1 (C7), 149.9 (C3), 141.9 (C4), 134.2

(C3’), 133.6 (C1), 132.4 (C8’), 128.9 (C9’), 128.8 (C4’), 128.1 (C6’), 127.8 (C2’), 127.7 (C7’),

127.1 (C5’), 124.8 (q, 1JC-F = 283.0, C9), 124.4 (C1’), 124.3 (C5), 123.4 (C10’), 119.2 (C6),

110.0 (C2), 70.1 (q, 2JC-F = 30.5, C8); LRMS (ESI) Calc. for C19H12F3NO2 [M+H]+ 344.1,

found 344.1.

2,2,2-Trifluoro-1-(2-(naphthalen-2-yl)benzo[d]oxazol-6-yl)ethan-1-one 86
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To a solution of alcohol 181 (2.60 g, 7.58 mmol) in MeCN (80 mL) was added Dess

Martin periodinane (4.82 g, 11.36 mmol). The mixture was heated under reflux for 4 h, then
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the reaction quenched with NaHCO3 solution (40 mL) and Na2S2O3 solution (40 mL), and

diluted with CH2Cl2 (50 mL). The organic phase was washed with NaHCO3 solution (50 mL)

and brine (50 mL), dried (Na2SO4) and concentrated in vacuo to yield ketone 86 (2.02 g, 5.96

mmol, 79%) as a white solid.

vmax (cm-1) 1704 (C=O), 1596, 1210 (C-F), 1142, 766; mp 161-162 ℃; 1HNMR (400

MHz, CDCl3) δH 8.87 (1H, d, J = 1.4 Hz, H2’), 8.37 (1H, s, H2), 8.34 (1H, dd, J = 8.6, 1.4

Hz, H10’), 8.17 (1H, d, J = 1.4 Hz, H4’), 8.03 (1H, d, J = 8.4 Hz, H9’), 8.03 (1H, m, H6), 7.93

(1H, d, J = 8.4 Hz, H5), 7.93 (1H, m, H7’), 7.63 (2H, m, H5’, H6’); 13CNMR (125 MHz,

(CD3)2SO) δC 179.7 (q, 2JC-F = 35.1, C8), 167.5 (C7), 150.8 (C3), 148.5 (C4), 135.5 (C3’),

133.0 (C8’), 129.6 (C6), 129.4 (C9’), 129.3 (C2’), 128.7 (C6’), 128.2 (C5), 127.4 (C4’), 127.2

(C5’), 124.1 (C1’), 123.4 (C10’), 120.6 (C7’), 117.0 (q, 1JC-F = 291.2, C9), 112.9 (q, 3JC-F =

1.8, C1), 112.2 (C2); LRMS (ESI) Calc. for C19H10F3NO2 [M+H]+ 342.1, found 342.1.

2,2,2-trifluoro-1-(2-(naphthalen-2-yl)benzo[d]oxazol-6-yl)ethan-1-one oxime 182
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To a solution of ketone 86 (2.00g, 5.90 mmol) in pyridine (15 mL) and ethanol (120 mL)

over molecular sieves (3 Å) was added hydroxylammonium chloride (1.23 g, 17.7 mmol). The

reaction mixture was heated under reflux for 16 h, then concentrated in vacuo. The residue

was dissolved in EtOAc (60 mL), washed with brine/water (1:1, 45 mL), dried (Na2SO4) and

concentrated in vacuo to yield oxime 182 (1.91 g, 5.36 mmol, 91%) as a pale green solid in a

mixture of isomers (5:6).

vmax (cm-1) 3060 (OH), 2924 (C-H), 1608 (C=N), 1255 (C-F), 951; mp 248-249 ℃;

Major isomer: Rf 0.18 (Pentane : EtOAc, 9:1); 1HNMR (400 MHz, (CD3)2SO) δH 13.25

(1H, s, -OH), 8.87 (1H, br s, H2’), 8.29 (1H, dd, J = 8.6, 1.2 Hz, H10’), 8.21 (1H, d, J = 7.7

Hz, H4’), 8.17 (1H, d, J = 8.7 Hz, H9’), 8.06 (1H, d, J = 7.4, 1.4 Hz, H7’), 8.02-7.97 (1H,

m, H2), 7.93 (1H, d, J = 8.4 Hz, H5), 7.69 (2H, m, H5’, H6’), 7.56 (1H, d, J = 8.3 Hz, H6);
13CNMR (125 MHz, (CD3)2SO) δC 164.5 (C7), 150.6 (C3), 144.9 (q, 2JC-F = 28.8, C8),

143.4 (C4), 134.9 (C3’), 133.0 (C8’), 129.6 (C4’), 129.5 (C9’), 128.9 (C6’), 128.7 (C2’), 128.7

(C1’), 128.4 (C7’), 127.8 (C5’), 125.8 (C6), 124.1 (C10’), 123.9 (C1), 120.5 (C5), 118.9 (q, 1JC-F

= 283.0, C9), 112.2 (C2)

Minor isomer: Rf 0.28 (Pentane : EtOAc, 9:1); 1HNMR (400 MHz, (CD3)2SO) δH 12.94
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(1H, s, -OH), 8.87 (1H, br s, H2’), 8.29 (1H, dd, J = 8.6, 1.2 Hz, H10’), 8.21 (1H, d, J = 7.7

Hz, H4’), 8.17 (1H, d, J = 8.7 Hz, H9’), 8.06 (1H, d, J = 7.4, 1.4 Hz, H7’), 8.02-7.97 (2H, m,

H2, H5), 7.69 (2H, m, H5’, H6’), 7.51 (1H, dd, J = 8.3, 1.0 Hz, H6); 13CNMR (125 MHz,

(CD3)2SO) δC 164.4 (C7), 150.5 (C3), 144.7 (q, 2JC-F = 31.3, C8), 143.4 (C4), 134.9 (C3’),

133.0 (C8’), 129.6 (C4’), 129.5 (C9’), 128.9 (C6’), 128.7 (C2’), 128.7 (C1’), 128.4 (C7’), 127.8

(C5’), 125.8 (C6), 124.1 (C10’), 123.8 (C1), 120.3 (C5), 118.9 (q, 1JC-F = 283.0, C9), 111.6

(C2);

HRMS (ESI) Calc. for C19H10F3N2O2 [M−H]− 355.0700, found 355.0702.

2,2,2-Trifluoro-1-(2-(naphthalen-2-yl)benzo[d]oxazol-6-yl)ethan-1-one O-tosyl

oxime 87
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Tosyl oxime 87 was obtained according to General Procedure G, using oxime 182 (1.10

g, 3.09 mmol), p-toluenesulfonyl chloride (1.18 g, 6.17 mmol), 4-dimethylaminopyridine (37.9

mg, 0.31 mmol) and NEt3 (1.28 mL, 9.27 mmol) in CH2Cl2 (25 mL). The crude product was

purified by flash column chromatography (Pentane : CH2Cl2, 4:1 → 0:1) to yield tosyl oxime

87 (1.34 g, 2.63 mmol, 85%) as a pale yellow solid in a mixture of isomers (4:7).

vmax (cm-1) 2926 (C-H), 1612 (C=N), 1346 (S=O), 1246 (C-F), 1136 (S=O), 952; mp

171-172 ℃;

Major isomer: Rf 0.21 (Pentane : EtOAc, 9:1); 1HNMR (400 MHz, CDCl3) δH 8.81 (1H,

d, J = 1.0 Hz, H2’), 8.31 (1H, dd, J = 8.7, 1.7 Hz, H10’), 8.01 (1H, dd, J = 6.9, 1.6 Hz, H4’),

8.01 (1H, d, J = 8.7 Hz, H9’), 7.94 (2H, d, J = 8.3 Hz, H11), 7.92 (1H, dd, J = 6.8, 1.7 Hz,

H7’), 7.82 (1H, dd, J = 8.3, 0.5 Hz, H6), 7.77 (1H, d, J = 0.5 Hz, H2), 7.61 (2H, m, H5’ and

H6’), 7.48 (1H, d, J = 8.3 Hz, H5), 7.40 (2H, d, J = 8.3 Hz, H12), 2.48 (3H, s, H14); 13CNMR

(125 MHz, CDCl3) δC 165.6 (C7), 153.6 (q, 2JC-F = 36.3, C8), 150.5 (C3), 145.3 (C4), 135.1

(C3’), 132.9 (C8’), 131.4 (C1), 130.0 (C12), 129.2 (C11), 129.1 (C4’), 129.1 (C9’), 129.0 (C2’),

128.9 (C10), 128.3 (C6’), 128.0 (C7’), 127.2 (C5’), 125.8 (C5), 124.3 (C1’), 123.9 (C10’), 123.5

(C13), 120.2 (C6), 117.4 (q, 1JC-F = 283.9, C9), 111.6 (C2), 21.8 (C14);

minor isomer: Rf 0.29 (Pentane : EtOAc, 9:1); 1HNMR (400 MHz, CDCl3) δH 8.83 (1H,

d, J = 1.2 Hz, H2’), 8.32 (1H, dd, J = 8.7, 1.8 Hz, H10’), 8.01 (1H, dd, J = 6.9, 1.6 Hz, H4’),
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(1H, d, J = 8.7 Hz, H9’), 7.93 (1H, dd, J = 6.8, 1.7 Hz, H7’), 7.92 (2H, d, J = 8.3 Hz, H11),

7.89 (1H, dd, J = 8.3, 0.5 Hz, H6), 7.76 (1H, d, J = 0.5 Hz, H2), 7.61 (2H, m, H5’ and H6’),

7.44 (1H, d, J = 8.3 Hz, H5), 7.42 (2H, d, J = 8.3 Hz, H12), 2.50 (3H, s, H14);
13CNMR (125 MHz, CDCl3) δC 165.6 (C7), 153.6 (q, 2JC-F = 36.3, C8), 150.5 (C3),

145.3 (C4), 135.1 (C3’), 132.9 (C8’), 131.4 (C1), 130.0 (C12), 129.2 (C11), 129.1 (C4’), 129.1

(C9’), 129.0 (C2’), 128.9 (C10), 128.3 (C6’), 128.0 (C7’), 127.2 (C5’), 125.8 (C5), 124.3 (C1’),

123.9 (C10’), 123.5 (C13), 120.2 (C6), 117.4 (q, 1JC-F = 283.9, C9), 111.6 (C2), 21.8 (C14);

LRMS (ESI) Calc. for C26H17F3N2O4S [M+H]+ 511.1, found 511.1.

2-(Naphthalen-2-yl)-6-(3-(trifluoromethyl)diaziridin-3-yl)benzo[d]oxazole 183
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Diaziridine 183 was obtained according to General Procedure H, using tosyl oxime 87

(2.24 g, 4.39 mmol) and NH3 (15 mL) in CH2Cl2 (25 mL). The crude product was purified by

flash column chromatography (Pentane : CH2Cl2, 1:1) to yield diaziridine 183 (1.19 g, 3.35

mmol, 76%) as white solid.

Rf 0.34 (Pentane : EtOAc, 4:1); vmax (cm-1) 3341 (N-H), 1482, 1252 (C-F), 1049; mp

145-147 ℃; 1HNMR (400 MHz, CDCl3) δH 8.80 (1H, d, J = 1.4 Hz, H2’), 8.32 (1H, dd, J

= 8.6, 1.4 Hz, H10’), 8.01 (1H, dd, J = 7.4, 2.5 Hz, H4’), 8.00 (1H, d, J = 8.6 Hz, H9’), 7.93

(1H, d, J = 1.0 Hz, H2), 7.92 (1H, dd, J = 7.1, 2.4 Hz, H7’), 7.85 (1H, dd, J = 8.3, 0.4 Hz,

H5), 7.67 (1H, dd, J = 8.3, 1.0 Hz, H6), 7.60 (2H, m, H5’ and H6’), 2.91 (1H, d, J = 8.7 Hz,

NH), 2.34 (1H, d, J = 8.7 Hz, NH); 13CNMR (125 MHz, CDCl3) δC 163.9 (C7), 149.7 (C3),

142.8 (C4), 134.1 (C3’), 132.0 (C8’), 128.9 (C2’), 128.4 (C6’), 128.0 (C5’), 127.9 (C1), 127.7

(C7’), 127.2 (C9’), 127.0 (C4’), 124.2 (C6), 123.7 (C10’), 122.8 (C1’), 122.5 (q, 1JC-F = 278.5,

C9), 119.2 (C5), 110.0 (C2), 57.2 (q, 2JC-F = 36.3, C8); LRMS (ESI) Calc. for C19H12F3N3O

[M+H]+ 356.1, found 356.1.

2-(Naphthalen-2-yl)-6-(3-(trifluoromethyl)-3H -diazirin-3-yl)benzo[d]oxazole 81
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Diazirine 81 was obtained according to General Procedure I, using diaziridine 183 (220

mg, 0.623 mmol), iodine (190 mg, 0.748 mmol) and NEt3 (0.26 mL, 1.87 mmol) in CH2Cl2 (10
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mL). The crude product was purified by flash column chromatography (Pentane : CH2Cl2,

2:1) to yield diazirine 81 (141 mg, 0.399 mmol, 64%) as a yellow solid.

Rf 0.22 (Pentane : CH2Cl2, 4:1); vmax (cm-1) 1611, 1253 (C-F), 1187, 1152, 816, 753;

mp 114-115 ℃; 1HNMR (400 MHz, CDCl3) δH 8.76 (1H, s, H2’), 8.28 (1H, dd, J = 8.6, 1.7

Hz, H10’), 7.98 (1H, dd, J = 6.7, 2.3 Hz, H4’), 7.97 (1H, d, J = 8.6 Hz, H9’), 7.90 (1H, dd,

J = 6.9, 2.3 Hz, H7’), 7.79 (1H, d, J = 8.3 Hz, H5), 7.59 (2H, m, H5’ and H6’), 7.55 (1H, d,

J = 1.0 Hz, H2), 7.18 (1H, dd, J = 8.3, 1.0 Hz, H6); 13CNMR (125 MHz, CDCl3) δC 163.8

(C7), 149.7 (C3), 142.5 (C4), 133.9 (C3’), 131.8 (C8’), 128.0 (C4’), 127.9 (C9’), 127.6 (C2’),

127.1 (C6’), 126.9 (C7’), 126.0 (C5’), 124.9 (C1), 122.8 (C10’), 122.6 (C1’), 122.1 (C6), 121.1

(q, 1JC-F = 274.7, C9), 119.3 (C5), 108.5 (C2), 27.7 (q, 2JC-F = 40.6, C8); HRMS (ES+)

Calc. for C19H11F3N3O [M+H]+ 354.0854, found 354.0854.

5-Bromo-2-(3-(trifluoromethyl)phenyl)benzo[d]oxazole 110
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Benzoxazole 110 was obtained according to General Procedure A, using 3-trifluoromethoxy-

benzoyl chloride (0.30 mL 2.00 mmol) and 2-amino-4-bromophenol (376 mg, 2.00 mmol) in

1,4-dioxane (5 mL). The crude product was purified by flash column chromatography (PE :

EtOAc, 9:1) to yield benzoxazole 110 (478 mg, 1.40 mmol, 70%) as a pale pink solid.

Rf 0.65 (PE : EtOAc, 9:1); vmax (cm-1) 1553 (aromatic C=C), 1449 (aromatic C=C),

1257 (C-F), 665 (C-Br); mp 102-104 ℃; 1HNMR (500 MHz, CDCl3) δH 8.20 (1H, ddd, J

= 8.0, 1.1, 1.1 Hz, H6’), 8.12 (1H, dd, J = 1.1, 1.1 Hz, H2’), 7.95 (1H, dd, J = 1.8, 0.6 Hz,

H6), 7.60 (1H, dd, J = 8.0, 8.0 Hz, H5’), 7.53 (1H, dd, J = 8.7, 1.8 Hz, H2), 7.50 (1H, dd, J

= 8.7, 0.6 Hz, H3), 7.44 (1H, ddd, J = 8.0, 1.1, 1.1 Hz, H4’); 13CNMR (125 MHz, CDCl3)

δC 162.6 (C7), 147.9 (C4), 149.6 (q, 2JC-F = 1.9 Hz, C3’), 143.5 (C5), 130.6 (C5’), 128.7 (C2),

128.6 (C1’), 126.0 (C6’), 124.3 (C4’), 123.3 (C6), 120.4 (q, 1JC-F = 258.2 Hz, C7’), 120.2 (C2’),

117.6 (C1), 112.0 (C3); 19FNMR (376 MHz, CDCl3) δF −57.9 (s); LRMS (ES+) Calc. for

C14H779BrF3NO [M+H]+ 341.9, found 341.9.
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Ethyl(2-(3-(trifluoromethyl)phenyl)benzo[d]oxazol-5-yl)phosphinic acid 111
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To a solution of 110 (250 mg, 0.731 mmol), ethyl phosphinic acid (137 mg, 1.46 mmol),

Xantphos (21.1 mg, 36.6 µmol) and palladium(II) acetate (8.21 mg, 36.6 µmol) in DME (2

mL) and toluene (6 mL) was added DIPEA (0.25 mL, 1.46 mmol) dropwise. The reaction

mixture was degassed, and stirred at 105 ℃ until complete. The solvent was removed in

vacuo and the residue partitioned between EtOAc (20 mL) and NaOH (20 mL, 1 M aq.). The

aqueous layer was extracted with EtOAc (3 × 10 mL), then acidified with HCl (1 M aq.) and

extracted with EtOAc (3 × 20 mL). The organic layer was washed with brine (20 mL) and

dried (Na2SO4) then concentrated in vacuo. The crude product was purified by flash column

chromatography (CH2Cl2 : MeOH, 9:1) to yield phosphinic acid 111 (180 mg, 0.507 mmol,

69%) as a pale brown solid.

Rf 0.09 (CH2Cl2 : MeOH, 10:1); vmax (cm-1) 2980 (C-H), 1238 (C-F), 1126 (P=O), 956

(P-OC); 1HNMR (500 MHz, (CD3)2SO) δH 8.53 (1H, d, J = 8.0 Hz, H6’), 8.46 (1H, s, H2’),

8.15 (1H, dd, J = 11.5, 1.5 Hz, H6), 8.06 (1H, d, J = 8.0 Hz, H4’), 7.98 (1H, dd, J = 8.4,

2.1 Hz, H3), 7.91 (1H, dd, J = 7.8, 7.8 Hz, H5’), 7.83 (1H, ddd, J = 10.7, 8.4, 1.5 Hz, H2),

3.61 (1H, br s, P-OH), 1.84 (2H, dq, J = 15.1, 7.7 Hz, H8), 0.96 (3H, dt, J = 18.5, 7.7

Hz, H9); 13CNMR (125 MHz, (CD3)2SO) δC 162.3 (C7), 152.6 (C4), 141.7 (C5), 131.8 (C6’),

131.7 (d, 1JC-P = 123.3 Hz, C1), 130.6 (q, 2JC-F = 32.4 Hz, C3’), 131.3 (C5’), 127.6 (C1’),

129.3 (d, 2JC-P = 11.2 Hz, C2), 129.2 (q, 3JC-F = 3.7 Hz, C4’), 124.2 (q, 3JC-F = 3.8 Hz, C2’),

124.1 (q, 1JC-F = 272.5 Hz, C7’), 123.5 (d, 2JC-P = 11.0 Hz, C6), 111.9 (d, 3JC-P = 13.4 Hz,

C3), 23.6 (d, 1JC-P = 99.9 Hz, C8), 6.7 (d, 2JC-P = 4.7 Hz, C9); 19FNMR (376 MHz, CDCl3)

δF −62.9 (s); HRMS (ES+) Calc. for C16H14F3NO3P [M+H]+ 356.0658, found 356.0658.

Methyl ethyl(2-(3-(trifluoromethyl)phenyl)benzo[d]oxazol-5-yl)phosphinate 6
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To a solution of phosphinic acid 111 (160 mg, 0.450 mmol) in thionyl chloride (2 mL)

was added DMF (0.10 mL). The reaction mixture was heated under reflux for 2 h, con-
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centrated in vacuo then re-dissolved in CH2Cl2 (2 mL) and cooled to 0 ℃. A solution of

4-dimethylaminopyridine (193 mg, 1.58 mmol), DIPEA (0.15 mL, 0.900 mmol), MeOH (2

mL) in CH2Cl2 (4 mL) was added dropwise and the reaction warmed to rt. After 3 h, the

reaction mixture was concentrated in vacuo, dissolved in EtOAc (10 mL) and washed with

HCl (5 mL, 1 M aq.), NaHCO3 solution (5 mL) and brine (5 mL). The organic layer was dried

(Na2SO4) and concentrated in vacuo to yield phosphinate 184 as an off-white solid (106 mg,

0.287 mmol, 63%).

Rf 0.73 (CH2Cl2 : MeOH, 10:1); vmax (cm-1) 2980 (C-H), 1461, 1382, 1251, 1152, 954;

mp 90-91 ℃; 1HNMR (500 MHz, CDCl3) δH 8.51 (1H, dd, J = 1.8, 1.8 Hz, H2’), 8.43 (1H,

ddd, J = 7.9, 1.8, 1.8 Hz, H6’), 8.17 (1H, dd, J = 11.6, 1.4 Hz, H6), 7.84 (1H, ddd, J = 10.8,

8.3, 1.4 Hz, H2), 7.80 (1H, ddd, J = 7.9, 1.8, 1.8 Hz, H4’), 7.72 (1H, dd, J = 8.3, 2.5 Hz,

H3), 7.67 (1H, dd, J = 7.9, 7.9 Hz, H5’), 3.66 (3H, d, J = 11.0 Hz, H10), 2.04-1.86 (2H, m,

H8), 1.11 (3H, dt, J = 19.1, 7.7 Hz, H9); 13CNMR (125 MHz, CDCl3) δC 162.8 (C7), 153.3

(C4), 142.3 (d, 3JC-P = 17.1 Hz, C5), 131.8 (q, 2JC-F = 33.1 Hz, C3’), 130.9 (C6’), 129.8 (C5’),

129.5 (d, 2JC-P = 11.1 Hz, C2), 128.6 (q, 3JC-F = 3.6 Hz, C4’), 127.5 (C1’), 126.9 (d, 1JC-P

= 122.7 Hz, C1), 124.8 (q, 3JC-F = 3.8 Hz, C2’), 124.2 (d, 2JC-P = 11.1 Hz, C6), 123.7 (q,
1JC-F = 272.5 Hz, C7’), 111.5 (d, 3JC-P = 14.3 Hz, C3), 51.3 (d, 2JC-P = 6.7 Hz, C10), 22.8

(d, 1JC-P = 103.1 Hz, C8), 5.98 (d, 2JC-P = 5.0 Hz, C9); 19FNMR (376 MHz, CDCl3) δF

−62.9 (s); HRMS (ES+) Calc. for C17H16F3NO3P [M+H]+ 370.0814, found 370.0815.

5-Bromo-2-(3-iodophenyl)benzo[d]oxazole 115
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Benzoxazole 115 was synthesised by two methods:

Method A, 1,3-diiodobenzene (835 mg, 2.53 mmol) was added to a solution of 5-bromo-

benzoxazole (250 mg, 1.26 mmol), palladium(II) acetate (7.07 mg, 31.5 µmol), PPh3 (33.0

mg, 0.126 mmol), Cs2CO3 (823 mg, 2.53 mmol) and copper(I) iodide (6.00 mg, 31.5 µmol)

in DMF (20 mL). The reaction mixture was degassed, stirred at 100 ℃ for 6 h then diluted

with water (20 mL). The aqueous phase was extracted with CH2Cl2 (3 × 20 mL), and the

combined organic layers concentrated in vacuo. The crude product was purified by flash

column chromatography (PE : EtOAc, 49:1 → 19:1) to yield benzoxazole 115 (82.1 mg, 0.205

mmol, 13%) as an off-white solid.

Method B, according to General Procedure A, using 3-iodobenzoic acid (379 mg, 2.02
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mmol), thionyl chloride (0.43 mL, 6.06 mmol) and DMF (0.10 mL) in CH2Cl2 (15 mL). The

acid chloride intermediate formed was reacted with 2-amino-4-bromophenol (379 mg, 2.02

mmol) in 1,4-dioxane (5 mL). The crude product was purified by flash column chromatography

(PE : EtOAc, 19:1→ 25:2) to yield benzoxazole 115 (578 mg, 1.45 mmol, 72%) as an off-white

solid.

Rf 0.7 (PE : EtOAc, 19:1); vmax (cm-1) 1542, 1445, 1161, 680 (C-Br); mp 158-159 °C;
1HNMR (500 MHz, CDCl3) δH 8.62 (1H, dd, J = 1.7, 1.7 Hz, H2’), 8.22 (1H, ddd, J = 7.8,

1.7, 1.1 Hz, H6’), 7.93 (1H, dd, J = 1.8, 0.6 Hz, H6), 7.91 (1H, ddd, J = 7.9, 1.8, 1.1 Hz, H4’),

7.52 (1H, dd, J = 8.6, 1.8 Hz, H2), 7.49 (1H, dd, J = 8.6, 0.6 Hz, H3), 7.30 (1H, dd, J = 7.9,

7.9 Hz, H5’); 13CNMR (125 MHz, CDCl3) δC 162.6 (C7), 149.9 (C4), 143.7 (C5), 140.9 (C4’),

136.6 (C2’), 130.7 (C5’), 128.7 (C2 and C1’), 127.0 (C6’), 123.3 (C6), 117.7 (C1), 112.1 (C3),

94.5 (C3’); HRMS (APCI) Calc. for C13H879BrNOI [M+H]+ 399.8829, found 399.8821.

5-Bromo-2-(3-((trimethylsilyl)ethynyl)phenyl)benzo[d]oxazole 116
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To a solution of aryl iodide 115 (560 mg, 1.40 mmol), Pd(PPh3)2Cl2 (147 mg, 0.210

mmol) and copper(I) iodide (26.7 mg, 0.140 mmol) in THF was added NEt3 (2.00 mL) and

trimethylsilylacetylene (0.20 mL, 1.40 mmol) dropwise. The reaction mixture was degassed,

and stirred at 80 ℃ for 30 min. The solvent was removed in vacuo and the residue purified

by flash column chromatography (PE : EtOAc, 1:0→ 99:1) to yield alkyne 116 (467 mg, 1.26

mmol, 90%) as a white solid.

Rf 0.77 (PE : EtOAc, 199:1); vmax (cm-1) 2980 (C-H), 2927 (C-H), 2161 (C≡C), 1544,

1470, 1250, 680; mp 138-140 °C; 1HNMR (500 MHz, CDCl3) δH 8.35 (1H, dd, J = 1.4,

1.4 Hz, H2’), 8.17 (1H, ddd, J = 7.7, 1.4, 1.4 Hz, H6’), 7.90 (1H, dd, J = 1.7, 0.6 Hz, H6),

7.63 (1H, ddd, J = 7.7, 1.4, 1.4 Hz, H4’), 7.49-7.45 (3H, obs m, H5’, H2 and H3), 0.28 (9H,

s, -SiMe3); 13CNMR (125 MHz, CDCl3) δC 163.5 (C7), 149.9 (C4), 143.8 (C5), 135.1 (C4’),

131.4 (C2’), 129.1 (C5’), 128.5 (C2), 127.6 (C6’), 127.0 (C1’), 124.4 (C3’), 123.3 (C6), 117.6 (C1),

112.0 (C3), 103.8 (C7’), 96.0 (C8’), 0.03 (-SiMe3); HRMS (APCI) Calc. for C18H1779BrNOSi

[M+H]+ 370.0257, found 370.0251.
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Methyl ethyl(2-(3-ethynylphenyl)benzo[d]oxazol-5-yl)phosphinate 118
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To a solution of 116 (200 mg, 0.540 mmol), ethyl phosphinic acid (102 mg, 1.08 mmol),

Xantphos (15.6 mg, 27.0 µmol) and palladium(II) acetate (6.06 mg, 27.0 µmol) in DME (2

mL) and toluene (10 mL) was added DIPEA (0.19 mL, 1.08 mmol) dropwise. The reaction

mixture was degassed, and stirred at 105 ℃ until complete. The solvent was removed in

vacuo and the residue partitioned between CH2Cl2 (20 mL) and NaOH (20 mL, 1 M aq.).

The aqueous layer was extracted with CH2Cl2 (3 × 10 mL), then acidified with HCl (1 M aq.)

and extracted with CH2Cl2 (3 × 20 mL). The organic layer was concentrated in vacuo and the

residue purified by reverse phase flash column chromatography (MeCN : 0.1% formic acid in

H2O, 1:19 → 1:1). To a solution of the phosphinic acid intermediate in methanol (4 mL) and

toluene (6 mL) was added TMS-diazomethane (0.68 mL, 2 M in hexane, 1.35 mmol) dropwise.

The reaction mixture was stirred for 30 min before dropwise addition of acetic acid (5 mL)

and concentration in vacuo. The crude product was purified by flash column chromatography

(EtOAc) and recrystallised from Et2O to yield alkyne 118 (46 mg, 0.141 mmol, 26%) as cream

needle crystals.

Rf 0.068 (EtOAc); vmax (cm-1) 2980 (C-H), 1472, 1382, 1249, 1151 (P=O), 954 (P-OCH3);

mp 113-114 °C; 1HNMR (500 MHz, CDCl3) δH 8.39 (1H, dd, J = 1.6, 1.6 Hz, H2’), 8.24

(1H, ddd, J = 7.8, 1.4, 1.4 Hz, H6’), 8.16 (1H, ddd, J = 11.6, 1.4, 0.7 Hz, H6), 7.84 (1H, ddd,

J = 10.9, 8.2, 1.4 Hz, H2), 7.71 (1H, ddd, J = 8.2, 2.4, 0.7 Hz, H3), 7.67 (1H, ddd, J = 7.8,

1.4, 1.4 Hz, H4’), 7.51 (1H, dd, J = 7.8, 7.8 Hz, H5’), 3.67 (3H, d, J = 11.0 Hz, H10), 3.18

(1H, s, H8’), 2.07-1.90 (2H, m, H8), 1.13 (3H, dt, J = 19.1, 7.7 Hz, H9); 13CNMR (125 MHz,

CDCl3) δC 163.4 (C7), 153.4 (d, 4JC-P = 2.8 Hz, C4), 142.5 (d, 3JC-P = 17.1 Hz, C5), 135.5

(C4’), 131.5 (C2’), 129.4 (d, 2JC-P = 11.2 Hz, C2), 129.3 (C5’), 128.1 (C6’), 127.0 (C1’), 126.7

(d, 1JC-P = 122.3 Hz, C1), 124.3 (d, 2JC-P = 10.9 Hz, C6), 123.3 (C3’), 111.4 (d, 3JC-P = 14.1

Hz, C3), 82.5 (C7’), 78.7 (C8’), 51.3 (d, 2JC-P = 6.7 Hz, C10), 22.9 (d, 1JC-P = 103.1 Hz, C8),

6.1 (d, 2JC-P = 4.8 Hz, C9); HRMS (ES+) Calc. for C18H17NO3P [M+H]+ 326.0941, found

326.0940.
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2-(4-Iodophenyl)-N -methoxy-N -methylbenzo[d]oxazole-5-carboxamide 120
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Carboxamide 120 was obtained according to General Procedure E, using 4-iodobenzoic acid

(500 mg, 2.01 mmol), thionyl chloride (0.44 mL, 6.03 mmol) and DMF (0.10 mL) in CH2Cl2 (20

mL). The acid chloride intermediate formed was added to a solution of 3-amino-4-hydroxybenzoic

acid (277 mg, 1.81 mmol, 0.9 eq.) in 1,4-dioxane (5 mL). Amide coupling was performed on the

crude product using EDC hydrochloride (769 mg, 4.02 mmol), N,O-dimethylhydroxylamine

hydrochloride (392 mg, 4.02 mmol) and NEt3 (0.56 mL, 4.01 mmol) in DMF (25 mL). The

crude product was purified by flash column chromatography (PE : EtOAc, 3:1) to yield car-

boxamide 120 (281 mg, 0.688 mmol, 38%) as a white solid.

Rf 0.11 (PE : EtOAc, 9:1); vmax (cm-1) 2980 (C-H), 1636 ((C=O)NH), 1396, 1261, 1060;

mp 143-144 ℃; 1HNMR (400 MHz, CDCl3) δH 8.13 (1H, d, J = 1.6 Hz, H6), 7.95 (2H, m,

H2’), 7.87 (2H, m, H3’), 7.75 (1H, dd, J = 1.6, 8.6 Hz, H2), 7.58 (1H, d, J = 8.6 Hz, H3),

3.55 (3H, s, H10), 3.39 (3H, s, H9); 13CNMR (125 MHz, CDCl3) δC 169.2 (C8), 163.4 (C7),

152.1 (C4), 141.7 (C5), 138.4 (C3’), 130.9 (C1), 129.2 (C2’), 126.5 (C2), 126.3 (C1’), 120.7 (C6),

110.4 (C3), 99.1 (C4’), 61.2 (C10), 33.9 (C9); HRMS (ES+) Calc. for C16H14IN2O3 [M+H]+

409.0043, found 409.0041.

2,2,2-Trifluoro-1-(2-(4-iodophenyl)benzo[d]oxazol-5-yl)ethan-1-one oxime 185
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Oxime 185 was obtained according to General Procedure F, using carboxamide 120 (1.55

g, 3.81 mmol), trifluoromethyltrimethylsilane (1.13 mL, 7.62 mmol) and caesium fluoride (116

mg, 0.762 mmol) in toluene (50 mL). The reaction was stirred for three days, with further

trifluoromethyltrimethylsilane (1.13 mL, 7.62 mmol) and caesium fluoride (116 mg, 0.762

mmol) added every 24 h. TBAF (4.57 mL, 1 M in THF) was used for desilylation of the

intermediate formed. The crude trifluoromethylketone product was dissolved in pyridine (5

mL) and ethanol (25 mL) and refluxed after addition of hydroxylammonium chloride (794 mg,

11.4 mmol). The crude product was purified by flash column chromatography (PE : EtOAc,

9:1 → 4:1) to yield oxime 185 (527 mg, 1.22 mmol, 32%) as a pale green solid.
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Rf 0.69 (PE : EtOAc, 4:1); vmax (cm-1) 1476 (aromatic C=C), 1259 (C-F), 1151 (C-F),

970 (N-O); mp 197-199 ℃; 1HNMR (400 MHz, CDCl3) δH 7.97 (2H, m, H3’), 7.95 (1H, d,

J = 1.2 Hz, H6), 7.91 (2H, m, H2’), 7.68 (1H, d, J = 8.4 Hz, H3), 7.51 (1H, dd, J = 8.4, 1.2

Hz, H2); 13CNMR (125 MHz, CDCl3) δC 165.1 (C7), 152.9 (C4), 145.1 (q, 2JC-F = 32.6 Hz,

C8), 143.3 (C5), 139.9 (C3’), 130.4 (C2’), 128.0 (C1), 127.5 (C2), 125.8 (C1’), 121.9 (C6), 120.9

(q, 1JC-F = 271.9 Hz, C9), 112.3 (C3), 100.3 (C4’); 19FNMR (376 MHz, CDCl3) δF −67.5

(s); HRMS (ES+) Calc. for C15H7F3IN2O2 [M−H]− 430.9510, found 430.9513.

2,2,2-Trifluoro-1-(2-(4-iodophenyl)benzo[d]oxazol-5-yl)ethan-1-one O-tosyl oxime

124
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Tosyl oxime 124 was obtained according to General Procedure G, using oxime 185 (1.80 g,

4.17 mmol), p-toluenesulfonyl chloride (1.59 g, 8.33 mmol), 4-dimethylaminopyridine (50.9

mg, 0.417 mmol) and NEt3 (1.73 mL, 12.5 mmol) in CH2Cl2 (50 mL). The crude product was

purified by flash column chromatography (PE : EtOAc, 19:1 → 4:1) to yield tosyl oxime 124

(1.35 g, 2.30 mmol, 55%) as a pale yellow solid in a mixture of isomers (2:1).

vmax (cm-1) 2981 (C-H), 1622 (C=N-O), 1394 (S=O), 1245 (C-F), 1194 (S=O), 1159; mp

171-173 ℃;

Major isomer: Rf 0.45 (PE : EtOAc, 17:3); 1HNMR (500 MHz, CDCl3) δH 7.97 (2H,

m, H3’), 7.92 (2H, m, H2’), 7.90 (2H, d, J = 8.1 Hz, H11), 7.81 (1H, d, J = 1.6 Hz, H6), 7.68

(1H, d, J = 8.5 Hz, H3), 7.42 (1H, dd, J = 8.5, 1.6 Hz, H2), 7.40 (2H, d, J = 8.1 Hz, H12),

2.49 (3H, s, H14). 13CNMR (125 MHz, CDCl3) δC 163.9 (C7), 153.6 (q, 2JC-F = 33.5 Hz,

C8), 152.3 (C4), 146.3 (C13), 142.3 (C5), 138.4 (C3’), 131.1 (C10), 129.9 (C12), 129.3 (C11),

129.2 (C2’), 125.9 (C2), 125.8 (C10), 121.1 (C1), 120.9 (C6), 119.6 (q, 1JC-F = 281.3 Hz, C9),

111.4 (C3), 99.4 (C4’), 21.8 (C14); 19FNMR (376 MHz, CDCl3) δF −66.7 (s).

Minor isomer: Rf 0.39 (PE : EtOAc, 17:3); 1HNMR (500 MHz, CDCl3) δH 7.96 (2H,

m, H3’), 7.91 (2H, m, H2’), 7.89 (2H, d, J = 8.1 Hz, H11), 7.85 (1H, d, J = 1.6 Hz, H6), 7.63

(1H, d, J = 8.5 Hz, H3), 7.48 (1H, dd, J = 8.5, 1.6 Hz, H2), 7.39 (2H, d, J = 8.1 Hz, H12),

2.48 (3H, s, H14). 13CNMR (125 MHz, CDCl3) δC 163.9 (C7), 153.6 (q, 2JC-F = 33.5 Hz,
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C8), 152.7 (C4), 146.1 (C13), 142.3 (C5), 138.4 (C3’), 131.4 (C10), 123.0 (C12), 129.3 (C11),

129.1 (C2’), 125.9 (C2), 125.8 (C10), 121.2 (C1), 120.9 (C6), 119.6 (q, 1JC-F = 281.3 Hz, C9),

111.1 (C3), 99.5 (C4’), 21.8 (C14); 19FNMR (376 MHz, CDCl3) δF −66.7 (s);

HRMS (ES+) Calc. for C22H15F3IN2O4S [M+H]+ 586.9744, found 586.9741.

2-(4-Iodophenyl)-5-(3-(trifluoromethyl)diaziridin-3-yl)benzo[d]oxazole 186
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Diaziridine 186 was obtained according to General Procedure H, using tosyl oxime 124 (1.82

g, 3.11 mmol) and NH3 (5 mL) in CH2Cl2 (25 mL). The crude product was purified by flash

column chromatography (PE : EtOAc, 4:1) to yield diaziridine 186 (1.05 g, 2.43 mmol, 78%)

as a pale yellow solid.

Rf 0.39 (PE : EtOAc, 4:1); vmax (cm-1) 1593 (N-H), 1479, 1397, 1216 (C-F), 1150; mp

152-154 ℃; 1HNMR (500 MHz, CDCl3) δH 8.05 (1H, d, J = 1.5 Hz, H6), 7.97 (2H, m, H3’),

7.90 (2H, m, H2’), 7.66 (1H, dd, J = 8.5, 1.5 Hz, H2), 7.62 (1H, d, J = 8.5 Hz, H3), 2.89 (1H,

d, J = 8.9 Hz, -NH), 2.32 (1H, d, J = 8.9 Hz, -NH); 13CNMR (125 MHz, CDCl3) δC 164.0

(C7), 152.0 (C4), 142.7 (C5), 138.7 (C2’), 129.5 (C3’), 129.0 (C1), 126.5 (C1’), 125.8 (C2), 123.5

(q, 1JC-F = 277.6 Hz, C9), 120.9 (C6), 111.4 (C3), 99.5 (C4’), 58.2 (q, 2JC-F = 36.2 Hz, C8);
19FNMR (376 MHz, CDCl3) δF −75.5 (s); HRMS (ES+) Calc. for C15H10F3IN3O [M+H]+

431.9815, found 431.9815.

2-(4-Iodophenyl)-5-(3-(trifluoromethyl)-3H -diazirin-3-yl)benzo[d]oxazole 126
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Diazirine 126 was obtained according to General Procedure I, using diaziridine 186 (580

mg, 1.35 mmol), iodine (409 mg, 1.61 mmol) and NEt3 (0.56 mL, 4.04 mmol) in CH2Cl2 (25

mL). The crude product was purified by flash column chromatography (PE : EtOAc, 19:1 →

9:1) to yield diazirine 126 (564 mg, 1.31 mmol, 98%) as a white solid.

Rf 0.84 (PE : EtOAc, 9:1); vmax (cm-1) 1478, 1397, 1252 (C-F), 1150, 810; mp 117-119

℃; 1HNMR (500 MHz, CDCl3) δH 7.95 (2H, m, H3’), 7.89 (2H, m, H2’), 7.71 (1H, d, J =

1.8 Hz, H6), 7.59 (1H, d, J = 8.5 Hz, H3), 7.20 (1H, dd, J = 8.5, 1.8 Hz, H2); 13CNMR (125

MHz, CDCl3) δC 164.0 (C7), 151.5 (C4), 142.7 (C5), 138.5 (C2’), 129.3 (C3’), 126.1 (C1’),
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125.9 (C1), 124.0 (C2), 122.2 (q, 1JC-F = 274.7 Hz, C9), 119.3 (C6), 111.4 (C3), 99.4 (C4’).

28.7 (q, 2JC-F = 40.7 Hz, C8); 19FNMR (376 MHz, CD3OD) δF −67.4 (s); HRMS (ES+)

Calc. for C15H8F3IN3O [M+H]+ 429.9659, found 429.9655.

2-(4-Ethynylphenyl)-5-(3-(trifluoromethyl)-3H -diazirin-3-yl)benzo[d]oxazole 106
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Diazirine 106 was obtained according to General Procedure B, using diazirine 126 (100

mg, 0.233 mmol), Pd(PPh3)2Cl2 (24.5 mg, 35.0 µmol), copper(I) iodide (4.44 mg, 23.3 µmol),

NEt3 (0.70 mL) and trimethylsilylacetylene (39 µL, 0.280 mmol) in THF (10 mL). The reaction

was complete after 1 h. The TMS-protected alkyne intermediate formed was purified by flash

column chromatography (PE : EtOAc, 1:0 → 49:1), then deprotected with TBAF (0.70 mL,

1 M in THF) in THF (5 mL). The reaction was complete after 30 min. The crude product

was purified by flash column chromatography (PE : EtOAc, 1:0 → 49:1) to yield alkyne 106

(38.2 mg, 0.117 mmol, 50%) as a white solid.

Rf 0.69 (PE : EtOAc, 49:1); vmax (cm-1) 3311 (sharp, alkyne C-H), 1262 (C-F), 1149, 810,

740; mp 125-127 ℃; 1HNMR (500 MHz, CDCl3) δH 8.20 (2H, m, H2’), 7.72 (1H, d, J = 1.8

Hz, H6), 7.64 (2H, m, H3’), 7.60 (1H, d, J = 8.6 Hz, H3), 7.20 (1H, dd, J = 8.6, 1.8 Hz, H2),

3.26 (1H, s, H6’); 13CNMR (125 MHz, CDCl3) δC 163.9 (C7), 151.5 (C4), 142.8 (C5), 132.9

(C3’), 127.8 (C2’), 126.7 (C4’), 126.0 (C1’), 125.9 (C1), 124.0 (C2), 122.3 (q, 1JC-F = 274.7 Hz,

C9), 119.4 (C6), 111.4 (C3), 82.9 (C5’), 80.4 (C6’), 28.8 (q, 2JC-F = 40.6 Hz, C8); 19FNMR

(376 MHz, CD3OD) δF −67.4 (s); HRMS (ES+) Calc. for C17H9F3N3O [M+H]+ 328.0692,

found 328.0691.

2-(3-Iodophenyl)-N -methoxy-N -methylbenzo[d]oxazole-5-carboxamide 119
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Carboxamide 119 was obtained according to General Procedure E, using 3-iodobenzoic

acid (486 mg, 1.96 mmol), thionyl chloride (0.43 mL, 5.88 mmol) and DMF (0.10 mL) in

CH2Cl2 (20 mL). The acid chloride intermediate formed was reacted with 3-amino-4-hydroxy-

benzoic acid (300 mg, 1.96 mmol) in 1,4-dioxane (5 mL). Amide coupling was performed on

the crude product using EDC hydrochloride (752 mg, 3.92 mmol), N,O-dimethylhydroxyl-
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amine hydrochloride (382 mg, 3.92 mmol) and NEt3 (0.60 mL, 4.31 mmol) in DMF (25 mL).

The crude product was purified by flash column chromatography (PE : EtOAc, 7:3) to yield

carboxamide 119 (392 mg, 0.960 mmol, 49%) as a white solid.

Rf 0.21 (PE : EtOAc, 7:3); vmax (cm-1) 1635 ((C=O)NH), 1450, 1107 (C-N), 1085; mp

113-115 ℃; 1HNMR (400 MHz, CDCl3) δH 8.62 (1H, dd, J = 1.3, 1.3 Hz, H2’), 8.22 (1H,

ddd, J = 7.8, 1.3, 1.3 Hz, H6’), 8.15 (1H, d, J = 1.7 Hz, H6), 7.88 (1H, 1H, ddd, J = 7.8, 1.3,

1.3 Hz, H4’), 7.77 (1H, dd, J = 8.5, 1.7 Hz, H2), 7.61 (1H, d, J = 8.5 Hz, H3), 7.27 (1H, dd,

J = 7.8, 7.8 Hz, H5’), 3.57 (3H, s, H10), 3.41 (3H, s, H9); 13CNMR (125 MHz, CDCl3) δC

169.2 (C8), 162.5 (C7), 152.1 (C4), 141.6 (C4’), 140.8 (C5), 136.6 (C2’), 131.0 (C1), 130.7 (C5’),

128.8 (C1’), 126.9 (C6’), 126.6 (C2), 120.8 (C6), 110.5 (C3), 94.5 (C3’), 61.3 (C10), 33.9 (C9);

HRMS (APCI+) Calc. for C16H14IN2O3 [M+H]+ 409.0043, found 409.0035.

2,2,2-Trifluoro-1-(2-(3-iodophenyl)benzo[d]oxazol-5-yl)ethan-1-one oxime 187
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Oxime 187 was obtained according to General Procedure F, using carboxamide 119 (1.45 g,

3.55 mmol), trifluoromethyltrimethylsilane (1.05 mL, 7.10 mmol) and caesium fluoride (108

mg, 0.710 mmol) in toluene (40 mL). The reaction was stirred for three days, with further

trifluoromethyltrimethylsilane (1.05 mL, 7.10 mmol) and caesium fluoride (108 mg, 0.710

mmol) added every 24 h. TBAF (4.26 mL, 1 M in THF) was used for desilylation of the

intermediate formed. The crude trifluoromethylketone product was dissolved in pyridine (5

mL) and ethanol (25 mL) and refluxed with hydroxylammonium chloride (740 mg, 10.7 mmol).

The crude product was purified by flash column chromatography (PE : EtOAc, 9:1) to yield

oxime 187 (358 mg, 0.828 mmol, 23%) as a white solid.

Rf 0.28 (PE : EtOAc, 9:1); vmax (cm-1) 1547, 1471, 1250 (C-F), 1151 (C-F), 973 (N-O);

mp 182-184 ℃; 1HNMR (500 MHz, CD3OD) δH 8.60 (1H, dd, J = 1.6, 1.6 Hz, H2’), 8.25

(1H, ddd, J = 7.8, 1.6, 1.0 Hz, H6’), 7.97 (1H, ddd, J = 7.8, 1.6, 1.0 Hz, H4’), 7.86 (1H, s,

H6), 7.80 (1H, d, J = 8.5 Hz, H3), 7.53 (1H, dd, J = 8.5, 1.3 Hz, H2), 7.36 (1H, dd, J = 7.8,

7.8 Hz, H5’); 13CNMR (125 MHz, CDCl3) δC 163.8 (C7), 152.7 (C4), 146.5 (q, 2JC-F = 32.6

Hz, C8), 142.9 (C5), 142.2 (C4’), 137.5 (C2’), 132.0 (C5’), 129.7 (C1’), 127.9 (C6’), 127.8 (C2),

125.5 (C1), 122.5 (q, 1JC-F = 272.5 Hz, C9), 121.8 (C6), 112.1 (C3), 95.1 (C3’); 19FNMR

(376 MHz, CDCl3) δF −66.5 (s); HRMS (ES+) Calc. for C15H7F3IN2O2 [M−H]− 430.9510,
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found 430.9513.

2,2,2-Trifluoro-1-(2-(3-iodophenyl)benzo[d]oxazol-5-yl)ethan-1-one O-tosyl oxime

123
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Tosyl oxime 123 was obtained according to General Procedure G, using oxime 187 (358

mg, 0.828 mmol), p-toluenesulfonyl chloride (316 mg, 1.66 mmol), 4-dimethylaminopyridine

(10.1 mg, 82.8 µmol) and NEt3 (0.35 mL, 2.48 mmol) in CH2Cl2 (20 mL). The crude product

was purified by flash column chromatography (PE : EtOAc, 37:3) to yield tosyl oxime 123

(402 mg, 0.685 mmol, 83%) as a pale yellow solid in a mixture of isomers (7:1).

Rf 0.24 (PE : EtOAc, 9:1); vmax (cm-1) 2932 (C-H), 1622 (C=N-O), 1391 (S=O), 1250

(C-F), 1181 (S=O), 1149; mp 229-231 ℃; 1HNMR (500 MHz, CDCl3) δH 8.64 (1H, dd, J

= 1.6, 1.6 Hz, H2’), 8.25 (1H, ddd, J = 7.9, 1.6, 1.0 Hz, H6’), 7.94 (1H, ddd, J = 7.9, 1.6,

1.0 Hz, H4’), 7.93 (2H, d, J = 8.4 Hz, H11), 7.82 (1H, d, J = 1.7 Hz, H6), 7.72 (1H, d, J =

8.5 Hz, H3), 7.46 (1H, dd, J = 8.5, 1.7 Hz, H2), 7.43 (2H, d, J = 8.4 Hz, H12), 7.32 (1H, dd,

J = 7.9, 7.9 Hz, H5’), 2.52 (3H, s, H14); 13CNMR (125 MHz, CDCl3)δC 162.9 (C7), 153.5

(q, 2JC-F = 33.7 Hz, C8), 152.3 (C4), 146.3 (C13), 142.2 (C5), 141.0 (C4’), 136.6 (C2’), 131.1

(C10), 130.7 (C5’), 129.9 (C12), 129.3 (C11), 128.2 (C1’), 127.0 (C6’), 126.0 (C2), 121.2 (C1),

121.0 (C6), 119.6 (q, 1JC-F = 277.6 Hz, C9), 111.5 (C3), 94.4 (C3’), 21.8 (C14); 19FNMR

(376 MHz, CDCl3) δF −66.7 (s); HRMS (CI+) Calc. for C22H15F3IN2O4 [M+H]+ 586.9744,

found 586.9759.

2-(3-Iodophenyl)-5-(3-(trifluoromethyl)diaziridin-3-yl)benzo[d]oxazole 188
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Diaziridine 188 was obtained according to General Procedure H, using tosyl oxime 123

(375 mg, 0.640 mmol) and NH3 (5 mL) in CH2Cl2 (5 mL). The crude product was purified

by flash column chromatography (PE : EtOAc, 4:1) to yield diaziridine 188 (270 mg, 0.626

mmol, 98%) as a white solid.
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Rf 0.16 (PE : EtOAc, 9:1); vmax (cm-1) 3243 (N-H), 1570 (N-H), 1216 (C-F), 1150; mp

128-130 ℃; 1HNMR (500 MHz, CDCl3) δH 8.62 (1H, dd, J = 1.7, 1.7 Hz, H2’), 8.22 (1H,

ddd, J = 7.9, 1.7, 1.1 Hz, H6’), 8.06 (1H, d, J = 1.6 Hz, H6), 7.90 (1H, ddd, J = 7.9, 1.7, 1.1

Hz, H4’), 7.66 (1H, dd, J = 8.5, 1.6 Hz, H2), 7.63 (1H, d, J = 8.5 Hz, H3), 7.28 (1H, dd, J =

7.9, 7.9 Hz, H5’), 2.89 (1H, d, J = 8.7 Hz, -NH), 2.32 (1H, d, J = 8.7 Hz, -NH); 13CNMR

(125 MHz, CDCl3) δC 162.6 (C7), 151.6 (C4), 142.2 (C5), 140.8 (C4’), 136.5 (C2’), 130.6 (C5’),

128.7 (C1), 128.5 (C1’), 126.9 (C6’), 125.5 (C2), 123.5 (q, 1JC-F = 278.2 Hz, C9), 120.6 (C6),

111.1 (C3), 94.4 (C3’), 58.2 (q, 2JC-F = 36.2 Hz, C8); 19FNMR (376 MHz, CDCl3) δF −75.5

(s); HRMS (ES+) Calc. for C15H10F3IN3O [M+H]+ 431.9815, found 431.9815.

2-(3-Iodophenyl)-5-(3-(trifluoromethyl)-3H -diazirin-3-yl)benzo[d]oxazole 125
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Diazirine 125 was obtained according to General Procedure I, using diaziridine 188 (250

mg, 0.580 mmol), iodine (176 mg, 0.696 mmol) and NEt3 (0.24 mL, 1.74 mmol) in CH2Cl2

(15 mL). The crude product was purified by flash column chromatography (PE : EtOAc, 19:1

→ 9:1) to yield diazirine 125 (242 mg, 0.564 mmol, 97%) as a white solid.

Rf 0.81 (PE : EtOAc, 9:1); vmax (cm-1) 1547, 1254 (C-F), 1194, 1154 (C-F), 723; mp

101-103 ℃; 1HNMR (500 MHz, CDCl3) δH 8.60 (1H, t, J = 1.7 Hz, H2’), 8.21 (1H, ddd, J

= 7.9, 1.7, 1.0 Hz, H6’), 7.90 (1H, ddd, J = 7.9, 1.7, 1.0 Hz, H4’), 7.72 (1H, d, J = 1.8 Hz,

H6), 7.61 (1H, d, J = 8.6 Hz, H3), 7.28 (1H, t, J = 7.9 Hz, H5’), 7.20 (1H, dd, J = 8.6, 1.8

Hz, H2); 13CNMR (125 MHz, CDCl3) δC 162.9 (C7), 151.5 (C4), 142.6 (C5), 141.0 (C4’),

136.7 (C2’), 130.8 (C5’), 128.5 (C1’), 127.0 (C6’), 126.0 (C1), 124.1 (C2), 122.3 (q, 1JC-F =

274.7 Hz, C9), 119.5 (C6), 111.5 (C3), 94.6 (C3’), 28.7 (q, 2JC-F = 40.6 Hz, C8); 19FNMR

(376 MHz, CD3OD) δF −67.4 (s); HRMS (ES+) Calc. for C15H8F3IN3O [M+H]+ 429.9659,

found 429.9655.

2-(3-Ethynylphenyl)-5-(3-(trifluoromethyl)-3H -diazirin-3-yl)benzo[d]oxazole 107
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Diazirine 107 was obtained according to General Procedure B, using diazirine 125 (100

mg, 0.233 mmol), Pd(PPh3)2Cl2 (24.5 mg, 35.0 µmol), copper(I) iodide (4.44 mg, 23.3 µmol),
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NEt3 (0.70 mL) and trimethylsilylacetylene (40 µL, 0.280 mmol) in THF (10 mL). The reaction

was complete after 1 h. The TMS-protected alkyne intermediate formed was purified by flash

column chromatography (PE : EtOAc, 1:0 → 99:1), then deprotected with TBAF (0.70 mL,

1 M in THF) in THF (5 mL). The reaction was complete after 30 min. The crude product

was purified by flash column chromatography (PE : EtOAc, 1:0 → 49:1) to yield alkyne 107

(53.2 mg, 0.163 mmol, 70%) as a white solid.

Rf 0.62 (PE : EtOAc, 49:1); vmax (cm-1) 3310 (sharp, alkyne C-H), 1556, 1259 (C-F),

1197, 1154, 803; mp 105-107 ℃; 1HNMR (500 MHz, CDCl3) δH 8.40 (1H, dd, J = 1.7, 1.7

Hz, H2’), 8.25 (1H, ddd, J = 7.9, 1.4, 1.4 Hz, H6’), 7.75 (1H, d, J = 1.3 Hz, H6), 7.70 (1H,

ddd, J = 7.9, 1.4, 1.4 Hz, H4’), 7.64 (1H, d, J = 8.6 Hz, H3), 7.54 (1H, dd, J = 7.9, 7.9 Hz,

H5’), 7.24 (1H, dd, J = 8.6, 1.3 Hz, H2), 3.20 (1H, s, H8’); 13CNMR (125 MHz, CDCl3)

δC 163.6 (C7), 151.4 (C4), 142.6 (C5), 135.4 (C4’), 131.4 (C2’), 129.1 (C5’), 127.9 (C6’), 126.9

(C1’), 125.8 (C1), 123.9 (C2), 123.3 (C3’), 122.2 (q, 1JC-F = 274.7 Hz, C9), 119.3 (C6), 111.3

(C3), 82.4 (C7’), 78.6 (C8’), 28.7 (q, 2JC-F = 40.7 Hz, C8); 19FNMR (376 MHz, CD3OD) δF

−67.4 (s); HRMS (ES+) Calc. for C17H9F3N3O [M+H]+ 328.0692, found 328.0691.

2-(5-Bromonaphthalen-1-yl)-N -methoxy-N -methylbenzo[d]oxazole-5-

carboxamide
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Carboxamide 189 was obtained by a procedure based on General Procedure D except with

the addition of 1-hydroxybenzotriazole in the amide coupling. 5-Bromonaphthoic acid (502

mg, 2.00 mmol), thionyl chloride (0.44 mL, 6.00 mmol) and DMF (0.10 mL) were used in

CH2Cl2 (20 mL). The acid chloride intermediate formed was reacted with 3-amino-4-hydroxy-

benzoic acid (277 mg, 1.80 mmol, 0.9 eq.) in 1,4-dioxane (5 mL). Amide coupling was per-

formed on the crude product using EDC hydrochloride (575 mg, 3.00 mmol, 1.5 eq.), N,O-

dimethylhydroxylamine hydrochloride (293 mg, 3.00 mmol, 1.5 eq.), 1-hydroxybenzotriazole

(135 mg, 1.00 mmol, 0.5 eq.) and NEt3 (0.42 mL, 3.00 mmol, 1.5 eq.) in DMF (25 mL).

The crude product was purified by flash column chromatography (PE : EtOAc, 1:1) to yield

carboxamide 190 (459 mg, 1.12 mmol, 62%) as a white solid.

Rf 0.54 (PE : EtOAc, 1:1); vmax (cm-1) 2930 (C-H), 1679 ((C=O)NH), 1460, 1251; mp
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137-138 ℃; 1HNMR (500 MHz, CDCl3) δH 9.48 (1H, ddd, J = 8.7, 1.0, 1.0 Hz, H9’), 8.48

(1H, ddd, J = 8.6, 1.1, 1.1 Hz, H4’), 8.43 (1H, dd, J = 7.3, 1.1 Hz, H2’), 8.24 (1H, d, J = 1.6

Hz, H6), 7.87 (1H, dd, J = 7.4, 1.1 Hz, H7’), 7.80 (1H, dd, J = 8.4, 1.6 Hz, H2), 7.67 (1H, dd,

J = 8.5, 7.3 Hz, H3’), 7.64 (1H, d, J = 8.4 Hz, H3), 7.50 (1H, dd, J = 8.7, 7.4 Hz, H8’), 3.59

(3H, s, H10), 3.42 (3H, s, H9); 13CNMR (125 MHz, CDCl3) δC 169.2 (C8), 163.2 (C7), 151.4

(C4), 141.8 (C5), 132.4 (C5’), 132.0 (C10’), 131.6 (C4’), 130.9 (C7’), 130.7 (C1), 130.2 (C2’),

128.2 (C8’), 126.5 (C2), 126.3 (C3’), 126.2 (C9’), 123.6 (C1’ or C6’), 123.5 (C1’ or C6’), 120.8

(C6), 110.2 (C3), 61.1 (C10), 33.9 (C9); HRMS (ES+) Calc. for C20H1679BrN2O3 [M+H]+

411.0339, found 411.0339.

1-(2-(5-Bromonaphthalen-1-yl)benzo[d]oxazol-5-yl)-2,2,2-trifluoroethan-1-one

oxime 191
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Oxime 191 was obtained according to General Procedure F, using carboxamide 192 (1.18 g,

2.87 mmol), trifluoromethyltrimethylsilane (0.85 mL, 5.74 mmol) and caesium fluoride (87.2

mg, 0.574 mmol) in toluene (40 mL). The reaction was stirred for three days, with further

trifluoromethyltrimethylsilane (0.85 mL, 5.74 mmol) and caesium fluoride (87.2 mg, 0.574

mmol) added every 24 h. TBAF (3.44 mL, 1 M in THF) was used for desilylation of the

intermediate formed. The crude trifluoromethylketone product was dissolved in pyridine (5

mL) and ethanol (25 mL) and refluxed with hydroxylammonium chloride (598 mg, 8.61 mmol).

The crude product was purified by flash column chromatography (PE : EtOAc, 9:1) to yield

oxime 191 (699 mg, 1.61 mmol, 56%) as a yellow solid.

Rf 0.31 (PE : EtOAc, 9:1); vmax (cm-1) 3223 (-OH), 2981 (C-H), 1696 (C=N-OH), 1253

(C-F), 1154; mp 182-183 ℃; 1HNMR (500 MHz, (CD3)2CO) δH 11.96 (1H, br s, -OH), 9.63

(1H, ddd, J = 8.7, 1.1, 1.1 Hz, H9’), 8.61 (1H, dd, J = 7.4, 1.1 Hz, H2’), 8.57 (1H, ddd, J =

8.6, 1.1, 1.1 Hz, H4’), 8.06 (1H, s, H6), 8.05 (1H, obs m, H7’), 7.81 (1H, d, J = 8.4 Hz, H3),

7.76 (1H, dd, J = 8.6, 7.4 Hz, H3’), 7.67 (1H, dd, J = 8.7, 7.6 Hz, H8’), 7.65 (1H, dd, J =

8.4, 1.6 Hz, H2); 13CNMR (125 MHz, CDCl3) δC 163.8 (C7), 151.9 (C8), 151.7 (C4), 143.1

(C5), 133.1 (C1), 132.8 (C5’), 132.2 (C10’), 132.0 (C4’), 131.5 (C7’), 131.4 (C2’), 129.3 (C8’),

127.8 (C3’), 127.5 (C2), 127.4 (C9’), 124.6 (C1’), 123.7 (C6’), 122.2 (q, 1JC-F = 273.1 Hz, C9),

121.9 (C6), 111.8 (C3); 19FNMR (376 MHz, CDCl3) δF −67.6 (s); HRMS (ES+) Calc. for
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C19H11F379BrN2O2 [M+H]+ 434.9951, found 434.9951.

1-(2-(5-Bromonaphthalen-1-yl)benzo[d]oxazol-5-yl)-2,2,2-trifluoroethan-1-one

O-tosyl oxime 193
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Tosyl oxime 193 was obtained according to General Procedure G, using oxime 194 (818 mg,

1.88 mmol), p-toluenesulfonyl chloride (717 mg, 3.76 mmol), 4-dimethylaminopyridine (23.0

mg, 0.188 mmol) and NEt3 (0.78 mL, 5.64 mmol) in CH2Cl2 (30 mL). The crude product was

purified by flash column chromatography (PE : EtOAc, 19:1) to yield tosyl oxime 193 (820

mg, 1.39 mmol, 74%) as a pale yellow solid in a mixture of isomers (50:50).

vmax (cm-1) 2980 (C-H), 1334 (S=O), 1255 (C-F), 1196 (S=O), 1154; mp 148-150 ℃;

Minor isomer: Rf (0.35, PE : EtOAc, 19:1); 1HNMR (500 MHz, CDCl3) δH 9.48 (1H,

ddd, J = 8.8, 1.0, 1.0 Hz, H9’), 8.54 (1H, ddd, J = 8.6, 1.1, 1.1 Hz, H4’), 8.46 (1H, dd, J =

7.3, 1.2 Hz, H2’), 7.94-7.89 (4H, m, H6, H7’ and H11), 7.73 (1H, d, J = 8.4 Hz, H3), 7.71 (1H,

dd, J = 8.6, 7.3 Hz, H3’), 7.54 (1H, dd, J = 8.8, 7.4 Hz, H8’), 7.47 (1H, dd, J = 8.5, 1.7 Hz,

H2), 7.41 (2H, m, H12), 2.49 (3H, s, H14); 13CNMR (125 MHz, CDCl3) δC 163.8 (C7), 153.7

(q, 2JC-F = 34.1 Hz, C8), 151.8 (C4), 146.2 (C14), 142.6 (C5), 132.6 (C5’), 132.2 (C10’), 132.1

(C4’), 131.3 (C1’), 131.1 (C7’), 130.6 (C2’), 130.1 (C12), 129.5 (C10), 129.3 (C11), 128.5 (C8’),

126.4 (C3’), 126.2 (C2), 126.2 (C9’), 123.7 (C6’), 123.4 (C1), 121.3 (C6), 119.8 (q, 1JC-F =

277.5 Hz, C9), 111.2 (C3), 22.0 (C14); 19FNMR (376 MHz, CDCl3) δF −66.6 (s);

Major isomer: Rf (0.28, PE : EtOAc, 19:1); 1HNMR (500 MHz, CDCl3) δH 9.49 (1H,

ddd, J = 8.8, 1.0, 1.0 Hz, H9’), 8.54 (1H, ddd, J = 8.6, 1.1, 1.1 Hz, H4’), 8.46 (1H, dd, J =

7.3, 1.2 Hz, H2’), 7.96-7.91 (4H, m, H6, H7’ and H11), 7.71 (1H, dd, J = 8.6, 7.3 Hz, H3’), 7.68

(1H, d, J = 8.4 Hz, H3), 7.55 (1H, dd, J = 8.8, 7.4 Hz, H8’), 7.52 (1H, dd, J = 8.5, 1.7 Hz,

H2), 7.40 (2H, m, H12), 2.47 (3H, s, H14); 13CNMR (125 MHz, CDCl3) δC 163.9 (C7), 153.9

(q, 2JC-F = 32.9 Hz, C8), 152.2 (C4), 146.4 (C13), 142.7 (C5), 132.6 (C5’), 132.2 (C10’), 132.1

(C4’), 131.3 (C1’), 131.1 (C7’), 130.6 (C2’), 130.1 (C12), 129.5 (C10), 129.3 (C11), 128.5 (C8’),

126.4 (C3’), 126.3 (C2), 126.2 (C9’), 123.7 (C6’), 123.6 (C1), 121.6 (C6), 119.8 (q, 1JC-F =

277.5 Hz, C9), 111.5 (C3), 22.0 (C14); 19FNMR (376 MHz, CDCl3) δF −66.6 (s);

163



HRMS (ES+) Calc. for C26H17F379BrN2O4S [M+H]+ 589.0039, found 589.0035.

2-(5-Bromonaphthalen-1-yl)-5-(3-(trifluoromethyl)diaziridin-3-yl)benzo[d]oxazole
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Diaziridine 195 was obtained according to General Procedure H, using tosyl oxime 193 (630

mg, 1.07 mmol) and NH3 (5 mL) in CH2Cl2 (10 mL). The crude product was used without

further purification, yielding diaziridine 195 (469 mg, 1.07 mmol, quant.) as a white solid.

Rf (0.67, PE : EtOAc, 4:1); vmax (cm-1) 2981 (C-H), 1457, 1157, 1036; mp 149-150 ℃;
1HNMR (500 MHz, CDCl3) δH 9.51 (1H, ddd, J = 8.5, 1.1, 1.1 Hz, H9’), 8.55 (1H, ddd, J =

8.6, 1.1, 1.1 Hz, H4’), 8.49 (1H, dd, J = 7.4, 1.1 Hz, H2’), 8.17 (1H, s, H6), 7.92 (1H, dd, J =

7.4, 1.1 Hz, H7’), 7.73 (1H, dd, J = 8.6, 7.4 Hz, H3’), 7.70 (2H, s, H2 and H3), 7.55 (1H, dd, J

= 8.5, 7.4 Hz, H8’), 2.91 (1H, d, J = 8.9 Hz, -NH), 2.34 (1H, d, J = 8.9 Hz, -NH); 13CNMR

(125 MHz, CDCl3) δC 163.5 (C7), 151.0 (C4), 142.5 (C5), 132.5 (C5’), 132.0 (C10’), 131.9 (C4’),

130.9 (C7’), 130.3 (C2’), 129.7 (C1), 128.3 (C8’), 127.2 (C1’), 126.3 (C3’ or C9’), 126.2 (C3’ or

C9’), 125.6 (C2), 124.5 (q, 1JC-F = 276.6 Hz, C9), 123.6 (C6’), 120.8 (C6), 110.9 (C3), 58.3 (q,
2JC-F = 36.1 Hz, C8);19FNMR (376 MHz, CDCl3) δF −75.5 (s); HRMS (ES+) Calc. for

C19H1279BrF3N3O [M+H]+ 434.0105, found 434.0110.

2-(5-Bromonaphthalen-1-yl)-5-(3-(trifluoromethyl)-3H -diazirin-3-yl)benzo[d]-

oxazole 196
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Diazirine 196 was obtained according to General Procedure I, using diaziridine 195 (439

mg, 1.01 mmol), iodine (308 mg, 1.21 mmol) and NEt3 (0.42 mL, 3.03 mmol) in CH2Cl2 (20

mL). The crude product was purified by flash column chromatography (PE : EtOAc, 49:1 →

19:1) to yield diazirine 196 (407 mg, 0.945 mmol, 94%) as a white solid.

Rf (0.53, PE : EtOAc, 49:1); vmax (cm-1) 2981 (C-H), 1258 (C-F), 1154, 773; mp 104-106

℃; 1HNMR (500 MHz, CDCl3) δH 9.50 (1H, ddd, J = 8.7, 1.1, 1.1 Hz, H9’), 8.54 (1H, ddd,
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J = 8.6, 1.1, 1.1 Hz, H4’), 8.47 (1H, dd, J = 7.3, 1.1 Hz, H2’), 7.92 (1H, dd, J = 7.4, 1.0

Hz, H7’), 7.83 (1H, dd, J = 1.8, 0.6 Hz, H6), 7.72 (1H, dd, J = 8.6, 7.3 Hz, H3’), 7.66 (1H,

d, J = 8.6, 0.6 Hz, H3), 7.54 (1H, dd, J = 8.7, 7.4 Hz, H8’), 7.24 (1H, dd, J = 8.6, 1.8 Hz,

H2); 13CNMR (125 MHz, CDCl3) δC 163.6 (C7), 150.7 (C4), 142.8 (C5), 132.4 (C5’), 132.1

(C10’), 132.0 (C4’), 131.0 (C7’), 130.4 (C2’), 128.3 (C8’), 126.3 (C3’), 126.1 (C9’), 125.6 (C1),

124.0 (C2), 123.6 (C1’ or C6’), 123.4 (C1’ or C6’), 122.3 (q, 1JC-F = 274.7 Hz, C9), 119.5 (C6),

111.2 (C3), 28.8 (q, 2JC-F = 40.6 Hz, C8); 19FNMR (376 MHz, CDCl3) δF −65.4 (s); HRMS

(ES+) Calc. for C19H1079BrF3N3O [M+H]+ 431.9954, found 431.9950.

2-(5-Ethynylnaphthalen-1-yl)-5-(3-(trifluoromethyl)-3H -diazirin-3-yl)benzo[d]-

oxazole 129
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Diazirine 129 was obtained according to General Procedure B, using diazirine 196 (200 mg,

0.465 mmol), Pd(PPh3)2Cl2 (48.9 mg, 69.7 µmol), copper(I) iodide (8.86 mg, 46.5 µmol), NEt3

(1.50 mL) and trimethylsilylacetylene (78.2 µL, 0.558 mmol) in THF (10 mL). The reaction

was worked up after 6 h, although starting material was still present. The TMS-protected

alkyne intermediate formed was purified by flash column chromatography (PE : EtOAc, 1:0

→ 99:1), then deprotected with TBAF (0.93 mL, 1 M in THF) in THF (5 mL). The reaction

was complete after 30 min. The crude product was purified by flash column chromatography

(pentane : toluene, 19:1) to yield alkyne 129 (58.9 mg, 0.156 mmol, 34%) as an off-white

solid.

Rf (0.16, pentane : toluene, 19:1); vmax (cm-1) 2981 (C-H), 1256 (C-F), 1154, 773; mp

87-89 ℃; 1HNMR (500 MHz, CDCl3) δH 9.52 (1H, ddd, J = 8.6, 1.0, 1.0 Hz, H9’), 8.64 (1H,

ddd, J = 8.4, 1.1, 1.1 Hz, H4’), 8.46 (1H, dd, J = 7.3, 1.3 Hz, H2’), 7.85 (1H, dd, J = 7.1, 1.2

Hz, H7’), 7.82 (1H, d, J = 1.7 Hz, H6), 7.70 (1H, dd, J = 8.4, 7.3 Hz, H3’), 7.65 (1H, dd, J =

8.7, 7.1 Hz, H8’), 7.64 (1H, d, J = 8.7 Hz, H3), 7.24 (1H, dd, J = 8.4, 1.9 Hz, H2), 3.53 (1H, s,

H12’); 13CNMR (125 MHz, CDCl3) δC 163.9 (C7), 150.7 (C4), 142.8 (C5), 134.0 (C5’), 131.9

(C7’), 130.9 (C4’), 130.5 (C2’), 130.2 (C10’), 127.4 (C9’), 127.3 (C8’), 125.9 (C3’), 125.6 (C1),

123.9 (C2), 123.2 (C1’), 122.3 (q, 1JC-F = 274.7 Hz, C9), 120.6 (C6’), 119.4 (C6), 111.1 (C3),

82.7 (C12’), 81.5 (C11’), 28.8 (q, 2JC-F = 40.6 Hz, C8); 19FNMR (376 MHz, CD3OD) δF

−65.4 (s); HRMS (CI+) Calc. for C21H10F3N3O [M+] 377.0770 found 377.0778.
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2-(4-Iodophenyl)-N -methoxy-N -methylbenzo[d]oxazole-6-carboxamide 190
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Carboxamide 190 was obtained according to General Procedure E, using 4-iodobenzoic

acid (500 mg, 2.01 mmol), thionyl chloride (0.44 mL, 6.03 mmol) and DMF (0.10 mL)

in CH2Cl2 (20 mL). The acid chloride intermediate formed was reacted with 4-amino-3-

hydroxybenzoic acid (277 mg, 1.81 mmol, 0.9 eq.) in 1,4-dioxane (5 mL). Amide coupling

was performed on the crude product using EDC hydrochloride (769 mg, 4.02 mmol), N,O-

dimethylhydroxylamine hydrochloride (392 mg, 4.02 mmol) and NEt3 (0.56 mL, 4.01 mmol)

in DMF (25 mL). The crude product was purified by flash column chromatography (PE :

EtOAc, 4:1 → 3:1) to yield carboxamide 190 (260 mg, 0.638 mmol, 58%) as a white solid.

Rf 0.30 (PE : EtOAc, 4:1); vmax (cm-1) 2889 (C-H), 1636 ((C=O)NH), 1380, 1219, 772;

mp 168-169 ℃; 1HNMR (500 MHz, CDCl3) δH 7.98 (2H, m, H2’), 7.97 (1H, s, H2), 7.90 (2H,

m, H3’), 7.77 (1H, d, J = 8.3 Hz, H5), 7.76 (1H, dd, J = 8.3, 1.3 Hz, H6), 3.57 (3H, s, H10),

3.41 (3H, s, H9); 13CNMR (125 MHz, CDCl3) δC 169.1 (C8), 164.2 (C7), 150.2 (C3), 144.0

(C4), 138.4 (C3’), 131.2 (C1), 129.3 (C2’), 126.4 (C1’), 125.7 (C6), 119.6 (C5), 111.4 (C2), 99.2

(C4’), 61.3 (C10), 33.9 (C9); HRMS (ES+) Calc. for C16H14IN2O3 [M+H]+ 409.0044, found

409.0043.

2,2,2-Trifluoro-1-(2-(4-iodophenyl)benzo[d]oxazol-6-yl)ethan-1-one oxime 197
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Oxime 197 was obtained according to General Procedure F, using carboxamide 198 (487

mg, 1.19 mmol), trifluoromethyltrimethylsilane (0.35 mL, 2.39 mmol) and caesium fluoride

(36.3 mg, 0.239 mmol) in toluene (25 mL). The reaction was stirred for two days, with further

trifluoromethyltrimethylsilane (0.35 mL, 2.39 mmol) and caesium fluoride (36.3 mg, 0.239

mmol) added every 24 h. TBAF (1.43 mL, 1 M in THF) was used for desilylation of the

intermediate formed. The crude trifluoromethylketone product was dissolved in pyridine (3

mL) and ethanol (20 mL) and refluxed with hydroxylammonium chloride (248 mg, 3.57 mmol).

The crude product was purified by flash column chromatography (PE : EtOAc, 9:1) to yield

oxime 199 (149 mg, 0.345 mmol, 29%) as a yellow solid.
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Rf 0.26 (PE : EtOAc, 9:1); vmax (cm-1) 2981 (C-H), 1610 (C=N-OH), 1479, 1245 (C-F),

1148; mp 185-186 ℃; 1HNMR (500 MHz, CD3OD) δH 7.97 (2H, m, H2’), 7.96 (2H, m, H3’),

7.80 (1H, s, H2), 7.76 (d, J = 8.4 Hz, H5), 7.53 (1H, d, J = 8.4 Hz, H6); 13CNMR (125 MHz,

CD3OD)δC 165.3 (C7), 151.7 (C3), 146.3 (q, 2JC-F = 29.5 Hz, C8), 144.1 (C4), 139.7 (C3’),

130.2 (C2’), 130.0 (C1), 127.2 (C1’), 126.7 (C6), 120.6 (C5), 120.2 (q, 1JC-F = 282.1 Hz, C9),

112.1 (C2), 100.1 (C4’); 19FNMR (376 MHz, CD3OD) δF −63.7 (s); HRMS (ES+) Calc. for

C15H9F3IN2O2 [M+H]+ 432.9655, found 432.9655.

2,2,2-Trifluoro-1-(2-(4-iodophenyl)benzo[d]oxazol-6-yl)ethan-1-one O-tosyl oxime

200
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Tosyl oxime 200 was obtained according to General Procedure G, using oxime 197 (482

mg, 1.12 mmol), p-toluenesulfonyl chloride (425 mg, 2.23 mmol), 4-dimethylaminopyridine

(13.6 mg, 0.112 mmol) and NEt3 (0.47 mL, 3.35 mmol) in CH2Cl2 (35 mL). The crude product

was purified by flash column chromatography (PE : EtOAc, 19:1) to yield tosyl oxime 200

(505 mg, 0.862 mmol, 77%) as a yellow solid in a mixture of isomers (5:6).

vmax (cm-1) 2980 (C-H), 1610 (C=N-O), 1478, 1393 (S=O), 1245 (C-F), 1195 (S=O),

1149; mp 162-164 ℃;

Minor isomer: Rf 0.15 (PE : EtOAc, 19:1); 1HNMR (400 MHz, CDCl3) δH 7.93 (2H, m,

H2’), 7.90 (2H, m, H11), 7.86 (2H, m, H3’), 7.80 (1H, dd, J = 8.3, 0.6 Hz, H5), 7.68 (1H, d, J

= 1.6 Hz, H2), 7.39 (3H, m, H6 and H12), 2.46 (3H, s, H14); 13CNMR (125 MHz, CDCl3) δC

164.9 (C7), 153.4 (q, 2JC-F = 33.8 Hz, C8), 150.5 (C3), 146.5 (C13), 145.1 (C4), 138.6 (C3’),

131.5 (C10), 130.1 (C1’), 129.5 (C2’), 129.4 (C12), 129.3 (C11), 127.4 (q, 3JC-F = 1.56 Hz, C1),

125.9 (C6), 120.7 (C5), 119.7 (q, 1JC-F = 277.9 Hz, C9), 111.8 (C2), 99.8 (C4’), 22.0 (C14);
19FNMR (376 MHz, CDCl3) δF −61.2 (s);;

Major isomer: Rf 0.10 (PE : EtOAc, 19:1); 1HNMR (400 MHz, CDCl3) δH 7.95 (2H,

m, H2’), 7.92 (2H, m, H11), 7.89 (2H, m, H3’), 7.77 (1H, dd, J = 8.4, 0.6 Hz, H5), 7.70 (dd,

J = 2.1, 0.6 Hz, H2), 7.45 (dd, J = 8.4, 2.1 Hz, H6), 7.38 (2H, m, H12), 2.47 (3H, s, H14);
13CNMR (125 MHz, CDCl3) δC 164.8 (C7), 153.6 (q, 2JC-F = 32.4 Hz, C8), 150.4 (C3),

146.3 (C13), 144.8 (C4), 138.6 (C3’), 131.2 (C10), 130.1 (C1’), 129.5 (C2’), 129.4 (C12), 129.3
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(C11), 127.4 (q, 3JC-F = 1.56 Hz, C1), 126.0 (C6), 120.5 (C5), 119.7 (q, 1JC-F = 277.9 Hz,

C9), 111.8 (C2), 99.8 (C4’), 22.0 (C14); 19FNMR (376 MHz, CDCl3) δF −61.2 (s);

HRMS (ES+) Calc. for C22H15F3IN2O4S [M+H]+ 586.9744, found 586.9739.

2-(4-Iodophenyl)-6-(3-(trifluoromethyl)diaziridin-3-yl)benzo[d]oxazole 201
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Diaziridine 201 was obtained according to General Procedure H, using tosyl oxime 200

(480 mg, 0.819 mmol) and NH3 (5 mL) in CH2Cl2 (10 mL). The crude product was used

without further purification, yielding diaziridine 201 (353 mg, 0.819 mmol, quant.) as a white

solid.

Rf (0.67, PE : EtOAc, 4:1); vmax (cm-1) 2952 (C-H), 1478, 1152, 1035, 816; mp 163-164

℃; 1HNMR (500 MHz, CDCl3) δH 8.00 (2H, m, H2’), 7.93 (2H, m, H3’), 7.91 (1H, d, J =

1.2 Hz, H2), 7.83 (1H, d, J = 8.4 Hz, H5), 7.67 (1H, dd, J = 8.4, 1.2 Hz, H6), 2.92 (1H, d,

J = 9.2 Hz, -NH), 2.34 (1H, d, J = 9.2 Hz, -NH); 13CNMR (125 MHz, CDCl3)δC 164.1

(C7), 150.6 (C3), 143.7 (C4), 138.5 (C3’), 129.6 (C2’), 127.4 (q, 3JC-F = 1.79 Hz, C1), 126.2

(C1’), 125.0 (C6), 123.6 (q, 1JC-F = 278.2 Hz, C9), 120.5 (C5), 111.2 (C2), 99.3 (C4’), 58.3 (q,
2JC-F = 36.2 Hz, C8); 19FNMR (376 MHz, CDCl3) δF −75.3 (s); HRMS (ES+) Calc. for

C15H10F3IN3O [M+H]+ 431.9815, found 431.9820.

2-(4-Iodophenyl)-6-(3-(trifluoromethyl)-3H -diazirin-3-yl)benzo[d]oxazole 202
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Diazirine 202 was obtained according to General Procedure I, using diaziridine 201 (333 mg,

0.772 mmol), iodine (235 mg, 0.927 mmol) and NEt3 (0.32 mL, 2.32 mmol) in CH2Cl2 (20

mL). The crude product was purified by flash column chromatography (PE : EtOAc, 49:1 →

19:1) to yield diazirine 202 (328 mg, 0.764 mmol, 99%) as a white solid.

Rf 0.86 (PE : EtOAc, 19:1); vmax (cm-1) 2981 (C-H), 1251 (C-F), 1144, 955; mp 120-121

℃; 1HNMR (500 MHz, CDCl3) δH 7.98 (2H, m, H2’), 7.93 (2H, m, H3’), 7.80 (1H, d, J =

8.3 Hz, H5), 7.55 (1H, d, J = 1.7 Hz, H2), 7.20 (1H, dd, J = 8.3, 1.7 Hz, H6); 13CNMR

(125 MHz, CDCl3) δC 164.0 (C7), 150.7 (C3), 143.3 (C4), 138.4 (C3’), 129.1 (C2’), 126.3 (C1),
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126.0 (C1’), 123.3 (C6), 122.2 (q, 1JC-F = 278.2 Hz, C9), 120.5 (C5), 109.7 (C2), 99.3 (C4’),

28.9 (q, 2JC-F = 40.7 Hz, C8); 19FNMR (376 MHz, CDCl3) δF −65.3 (s); HRMS (ES+)

Calc. for C15H8F3IN3O [M+H]+ 429.9659, found 429.9652.

2-(4-Ethynylphenyl)-6-(3-(trifluoromethyl)-3H -diazirin-3-yl)benzo[d]oxazole 130
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Diazirine 130 was obtained according to General Procedure B, using diazirine 202 (218 mg,

0.508 mmol), Pd(PPh3)2Cl2 (53.4 mg, 76.2 µmol), copper(I) iodide (9.67 mg, 50.8 µmol), NEt3

(1.50 mL) and trimethylsilylacetylene (71 µL, 0.508 mmol) in THF (10 mL). The reaction was

complete after 1 h. The TMS-protected alkyne intermediate formed was purified by flash

column chromatography (PE : EtOAc, 49:1), then deprotected with TBAF (1.02 mL, 1 M

in THF) in THF (5 mL). The reaction was complete after 30 min. The crude product was

purified by flash column chromatography (PE : EtOAc, 99:1) to yield alkyne 130 (98.4 mg,

0.301 mmol, 59%) as a white solid.

Rf 0.53 (PE : EtOAc, 49:1); vmax (cm-1) 2980 (C-H), 1219, 1145 (C-F), 773; mp 115-116

℃; 1HNMR (500 MHz, CDCl3) δH 8.23 (2H, m, H2’), 7.80 (1H, dd, J = 8.4, 0.6 Hz, H5),

7.68 (2H, m, H3’), 7.55 (1H, dd, J = 1.7, 0.6 Hz, H2), 7.21 (1H, dd, J = 8.4, 1.7 Hz, H6), 3.29

(1H, s, H6’); 13CNMR (125 MHz, CDCl3) δC 163.9 (C7), 150.7 (C3), 143.4 (C4), 132.7 (C3’),

127.7 (C2’), 126.5 (C4’), 126.3 (C1), 126.0 (C1’), 123.2 (C6), 122.2 (q, 1JC-F = 274.7 Hz, C9),

120.6 (C5), 109.7 (C2), 82.8 (C5’), 80.3 (C6’), 28.9 (q, 2JC-F = 40.6 Hz, C8); 19FNMR (400

MHz, CDCl3) δF −65.3 (s); HRMS (ES+) Calc. for C17H9F3N3O [M+H]+ 328.0692, found

328.0693.

2,4-Dimethoxy-N -(5-methylpyridin-2-yl)benzamide 148
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To a solution of 2,4-dimethoxybenzoic acid (500 mg, 2.74 mmol) in CH2Cl2 (25 mL) was

added EDC hydrochloride (789 mg, 4.12 mmol), 2-amino-5-methylpyridine (296 mg, 2.74

mmol), HOBt (185 mg, 1.37 mmol) and NEt3 (0.57 mL, 4.12 mmol). The reaction mixture

was stirred at rt for 16 h, then washed with citric acid solution (10% aq.), NaHCO3 solution
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(10% aq.) and brine. The organic layer was concentrated in vacuo. The crude product was

purified by flash column chromatography (CH2Cl2 : (CH3)2CO, 97:3 → 24:1 ) to yield amide

148 (386 mg, 1.42 mmol, 52%) as a white crystalline solid.

Rf 0.25 (CH2Cl2 : (CH3)2CO, 24:1);mp 104-105 °C; 1HNMR (400 MHz, CDCl3) δH 10.17

(1H, s, -NH), 8.31 (1H, d, J = 8.4 Hz, H2), 8.24 (1H, d, J = 8.8 Hz, H7’), 8.13 (1H, d, J =

2.4 Hz, H5), 7.52 (1H, dd, J = 8.4, 2.4 Hz, H3), 6.64 (1H, dd, J = 8.8, 2.3 Hz, H6’), 6.53 (1H,

d, J = 2.3 Hz, H4’), 4.05 (3H, s, -OMe), 3.87 (3H, s, -OMe), 2.30 (3H, s, H6); LRMS (ES+)

Calc. for C15H16N2O3 [M+H]+ 273.1, found 273.1.

These data are in accordance with that of Heitman et al.232

Luciferyl adenylate (LH2-AMP) 137
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This compound was prepared as reported previously with some modifications.356,357 Adeno-

sine 5’-monophosphate sodium salt (18.8 mg, 48.1 µmol) was dissolved in 0.50 mL of degassed

pyridine : 0.5 M HCl solution (4:1) at 40 °C and cooled to 0 °C. D-luciferin potassium salt

(9.0 mg, 28.3 µmol) was added to the reaction mixture, followed by dicyclohexylcarbodiimide

(250 mg, 1.21 mmol) in 0.40 mL pyridine. The reaction mixture was stirred at 0 °C for 30

min, followed by the addition of CH2Cl2 (1 mL) and 20 mM NaCl sodium acetate buffer (1

mL, pH 4.8). After IST phase separation, the aqueous layer was purified by reverse phase

column chromatography (1% TFA in water : MeCN, 19:1 → 4:1) and lyophilised to yield

LH2-AMP as pale yellow crystalline solid (1.90 mg, 3.12 µmol, 11%). This compound has a

half-life of 2.5 h at rt357 as it readily oxidises, epimerises and hydrolyses and therefore was

not fully characterised. LC-MS: RT (min) 1.6, MS (ES+) Calc. for C21H20N7O9PS2 [M+H+]

610.0 found 610.0.

Perfluorophenyl 2-(6-hydroxybenzo[d]thiazol-2-yl)thiazole-4-carboxylate 203
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To a solution of dehydroluciferin* (40 mg, 0.144 mmol) and EDC hydrochloride (34.4 mg,
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0.180 mmol) in pyridine (2 mL) was added pentafluorophenol (33.1 mg, 0.180 mmol). The

reaction mixture was stirred for 16 h at rt, then concentrated in vacuo. The crude product

was purified by flash column chromatography (PE : EtOAc, 7:3) to yield activated ester 203

(31.4 mg, 70.7 µmol, 49%) as a pale yellow solid.

*Synthesised by Adam Sills (summer student under my supervision) according to the

procedure reported by Ciuffreda et al..358

Rf 0.34 (EtOAc : PE, 7:3); mp >350 °C; 1HNMR (400 MHz, CD3OD) δH 8.95 (1H, s,

H2’), 7.92 (1H, d, J = 8.9 Hz, H3), 7.39 (1H, d, J = 2.4 Hz, H6), 7.09 (1H, dd, J = 8.9, 2.4

Hz, H1); LRMS (ES+) Calc. for C17H5F5N2O3S2 [M+H]+ 444.9, found 444.9.

These data are in accordance with that of Nakatsu et al.359

5-O-[(N -dehydroluciferyl)-sulfamoyl]adenosine (DLSA) 147

O
O

OHOH

N

N

N

N

NH2

S

H
N

O O

N

SHO

N

S

O

6

2

5

7

1' 3'

2'
5'

6'

7' 8'

9'

10' 11'
12'

13'
14'

8

To a solution of 2′,3′-O-isopropylidene-5′-O-sulfamoyladenosine* (21.7 mg, 56.3 µmol) and

DBU (12.8 mg, 84.5 µmol) in DMF (1 mL) stirred for 10 min at rt was added activated ester

203 (25 mg, 56.3 µmol) in DMF (0.50 mL). The reaction mixture was stirred for 16 h at

rt, then pyridine (0.50 mL) was added and the mixture stirred for a further 4 h, followed

by concentration in vacuo. The crude product was purified by flash column chromatography

(CH2Cl2 : MeOH, 9:1 → 4:1) to yield isopropylidene-DLSA. This intermediate was dissolved

in TFA (1 mL) and water (0.50 mL) and stirred for 1 h at rt before concentration in vacuo.

The residue was azeotroped with ethanol and toluene, then washed with ice cold ethanol (4

× 0.50 mL) to yield 147 (3.46 mg, 5.71 µmol, 10%) as a pale yellow solid.

*Synthesised by Adam Sills (summer student under my supervision) according to the

procedure reported by Heacock et al..360

mp 229-230 °C (dec.); 1HNMR (500 MHz, (CD3)2SO) δH 10.16 (1H, br s, -OH), 9.36

(1H, br s, -NH), 9.25 (2H, br s, -NH2), 8.68 (1H, s, H2’), 8.55 (1H, s, H10’), 8.45 (1H, s, H13’),

7.94 (1H, d, J = 8.9 Hz, H5), 7.48 (1H, d, J = 2.4 Hz, H2), 7.05 (1H, dd, J = 8.9, 2.4 Hz, H6),

6.40 (1H, s, H9’), 5.74 (1H, d, J = 5.3 Hz, -OH), 5.47 (1H, d, J = 7.2 Hz, -OH), 4.92 (1H,

m, H5’a), 4.71-4.69 (1H, m, H6’), 4.63-4.59 (1H, m, H5’b), 4.29 (1H, m, H7’), 3.97 (1H, dd, J

= 5.3, 5.3 Hz, H8’); 13CNMR (125 MHz, (CD3)2SO) δC 160.9 (C14’), 157.0 (C7), 156.9 (C1),

156.6 (C4’), 156.3 (C1’), 150.8 (C11’), 149.2 (C2’), 146.4 (C4), 139.4 (C3’), 139.3 (C13’), 136.8
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(C3), 127.1 (C10’), 124.2 (C5), 119.5 (C12’), 117.1 (C6), 107.0 (C2), 93.2 (C9’), 83.2 (C6’), 75.4

(C8’), 70.0 (C7’), 58.2 (C5’); LRMS (ES+) Calc. for [M+H]+ 607.0, found 607.0.

These data are in accordance with that presented by Branchini et al.223

2-(3-(1-Benzyl-1H -1,2,3-triazol-4-yl)phenyl)-5-(trifluoromethoxy)benzo[d]-

oxazole 156
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To a solution of alkyne 94 (29.4 mg, 97.0 µmol), anhydrous copper(II) sulphate (3.03 mg,

19.4 µmol) and sodium ascorbate (3.76 mg, 19.4 µmol) in THF:H2O (2 mL, 10:1) was added

benzyl azide (12.0 µL, 97.0 µmol). The reaction mixture was stirred for 2 h, then concentrated

in vacuo. The crude product was purified by flash column chromatography (PE : EtOAc, 9:1

→ 3:1) to yield triazole 156 (36.5 mg, 83.7 µmol, 86%) as a white solid.

Rf 0.12 (PE : EtOAc, 9:1); vmax (cm-1) 3135 (alkene C-H), 2980 (C-H), 1340, 1253; mp

151-153 ℃; 1HNMR (400 MHz, CDCl3) δH 8.57 (1H, dd, J = 1.7, 1.7 Hz, H2’), 8.18 (1H,

ddd, J = 7.8, 1.2, 1.2 Hz, H6’), 8.10 (1H, ddd, J = 7.8, 1.4, 1.4 Hz, H4’), 7.81 (1H, s, H8’),

7.63 (1H, d, J = 2.5 Hz, H6), 7.58 (1H, dd, J = 8.1, 8.1 Hz, H5’), 7.57 (1H, d, J = 8.5 Hz, H3),

7.44-7.38 (3H, m, H11’,13’), 7.36-7.32 (2H, m, H12’), 7.24 (1H, dd, J = 8.5, 2.5 Hz, H2), 5.61

(2H, s, H9’); 13CNMR (100 MHz, CDCl3) δC 164.7 (C7), 149.2 (C7’), 147.3 (C4), 146.3 (C1),

142.9 (C5), 134.6 (C10’), 131.7 (C3’), 129.8 (C5’), 129.4 (C11’), 129.3 (C13’), 129.1 (C1’), 128.3

(C12’), 127.4 (C6’), 127.2 (C4’), 124.9 (C2’), 120.4 (q, 1JC-F = 257.2, C8), 120.1 (C8’), 119.0

(C2), 113.2 (C6), 111.2 (C3), 54.5 (C9’); HRMS (ES+) Calc. for C23H16F3N4O2 [M+H]+

437.1219, found 437.1215.
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8.2.4 Spectra of key compounds
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Biotinylated probe 41
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Biotinylated probe 43
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Biotinylated probe 75
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2-(Naphthalen-2-yl)-6-(3-(trifluoromethyl)-3H -diazirin-3-yl)benzo[d]oxazole 81

1H spectrum
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2-(4-Ethynylphenyl)-5-(3-(trifluoromethyl)-3H -diazirin-3-yl)benzo[d]oxazole 106

1H spectrum
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19F spectrum
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2-(3-Ethynylphenyl)-5-(3-(trifluoromethyl)-3H -diazirin-3-yl)benzo[d]oxazole 107
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13C spectrum
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2-(5-Ethynylnaphthalen-1-yl)-5-(3-(trifluoromethyl)-3H -diazirin-3-yl)benzo[d]-

oxazole 129

1H spectrum
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13C spectrum
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5-O-[N -Dehydroluciferyl)-sulfamoyl]adenosine (DLSA) 147
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Appendix A

Utrophin-luciferase reporter gene assay results
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(j) Compound 99

10-3 10-2 10-1 100 101

Concentration /μM

0.0

0.5

1.0

R
e
la

ti
v
e
 L

u
m

in
e
sc

e
n
ce

 U
n
it

s

1e4

(k) Compound 94
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Figure A.1: Results of compound testing in the H2K mdx utrophin A-FLuc reporter assay. Data
collected by Sarah Squire (Davies group, DPAG) and collaborators at Evotec. EC50 were calculated
by fitting a four-parameter logistic function to the data, error indicates goodness of fit.
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(a) Compound 100
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(b) Compound 101
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(c) Compound 102
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EC50 = 0.0514 ± 0.0139 μM

(d) Compound 103
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(e) Compound 104
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Figure A.2: Results of compound testing in the H2K mdx utrophin A-FLuc reporter assay contin-
ued. Data collected by Sarah Squire (Davies group, DPAG) and collaborators at Evotec. EC50 were
calculated by fitting a four-parameter logistic function to the data, error indicates goodness of fit.
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Appendix B

FLuc inhibition assay results
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Figure B.1: Results of compound testing in the biochemical FLuc inhibition assay. IC50 were calcu-
lated by fitting a four-parameter logistic function to the data, error indicates goodness of fit.
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Appendix C

Supplementary kinetic data for chapter 3
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Figure C.1: The dependence of the initial velocity on the concentration of luciferyl adenylate (LH2-
AMP) at different concentrations of DLSA, resveratrol, NF-κBAI4 and 148. (a) Curves were fitted
using the Michaelis-Menten equation under rapid-equilibrium steady state kinetics to the data using
Dynafit. Inhibition model selection was achieved with Akaike and Bayesian Information Criteria; (b)
The same data presented in double reciprocal Lineweaver-Burk plots.
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Appendix D

MS spectra of luciferase irradiation study
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Figure D.1: (a) Irradiation of diazirine 79 in the presence of firefly luciferase results in no incorpora-
tion into the protein (blue spectrum), which is unchanged from the non-treated control (red spectrum),
instead generating water (m/z 344) and H2O2 (m/z 360) adducts; (b) chromatograms of diazirine ir-
radiated samples in the presence and absence of FLuc and its substrates, extracted for ES+ ions with
m/z of 360.1 (example spectrum (c)), which show the dependence of the 360.1 ion occurrence on the
presence of FLuc.
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Appendix E

Uncropped gels and blots

β

Figure E.1: Uncropped image of immunoblots presented in Figure 4.4 and Figure 4.5.

β

Figure E.2: Uncropped image of immunoblot presented in Figure 4.6.
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Figure E.3: Uncropped image of gel presented in Figure 5.2.

Figure E.4: Uncropped image of gel presented in Figure 5.7.

Figure E.5: Uncropped image of immunoblot presented in Figure 6.7.
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β

Figure E.6: Uncropped image of immunoblot presented in Figure 6.11.
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Appendix F

LC-MS chromatograms and mass spectra

Data accompanying Figure 5.6
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Figure F.1: Compound 79 before irradiation (t = 0). Top: positive ion mass spectrum for the RT =
5.93-5.96 min peak, bottom: full UV absorbance (300 nm) chromatogram.
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Figure F.2: Compound 79 after 0.5 min irradiation (365 nm, 0 ℃, 100 W). Top: positive ion mass
spectrum for the RT = 7.52 min peak, bottom: full UV absorbance (300 nm) chromatogram.
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Figure F.3: Compound 79 after 2.5 min irradiation (365 nm, 0 ℃, 100 W). Top: positive ion mass
spectrum for the RT = 7.50-7.52 min peak, bottom: full UV absorbance (300 nm) chromatogram.
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Figure F.4: Compound 126 before irradiation (t = 0). Top: positive ion mass spectrum for the RT
= 6.43-6.48 min peak (compound 126 does not ionise well), bottom: full UV absorbance (300 nm)
chromatogram.
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Figure F.5: Compound 126 after 0.5 min irradiation (365 nm, 0 ℃, 100 W). Top: positive ion mass
spectrum for the RT = 7.66 min peak, bottom: full UV absorbance (300 nm) chromatogram.
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Figure F.6: Compound 126 after 2.5 min irradiation (365 nm, 0 ℃, 100 W). Top: positive ion mass
spectrum for the RT = 7.63-7.66 min peak, bottom: full UV absorbance (300 nm) chromatogram.
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