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Introduction 

Breast cancer is the most common cancer among women worldwide, with an estimated 2.2 

million new cases in 2020.1 In addition, breast cancer was the leading cause of cancer related 

deaths among women in 2020.1 There are three main subtypes of breast cancer and 

assessment of breast cancer subtype is predominantly based on the expression of the 

estrogen receptor alpha (ERα), progesterone receptor (PR) and human epidermal growth 

factor receptor 2 (HER2).2 Clinical decisions for breast cancer therapy rely on the expression 

of these receptors and breast cancer subtypes therefore include: hormone receptor 

positive/HER2 negative (HR+/HER2–), HER2 positive (HER2+) and triple-negative.3 The 

HR+/HER2– subtype, which represents the majority of the patient group (~73%)4, is treated 

with endocrine therapy. Endocrine therapy counteracts estrogen-promoted tumor growth 

by, for example, tamoxifen, which is an ER modulator5, or by aromatase inhibitors (i.e. 

anastrozole, exemestane, letrozole), which decrease estrogen levels.6 HR+/HER2– breast 

cancers showing high expression of ER and PR are usually of lower grade, show low 

proliferation rates and therefore have good prognosis.7 HER2+ tumors (~15%)4, which can 

either be HR+ or HR–, have intermediate prognosis7 and are treated with a combination of 

chemotherapy and HER2-targeted therapies.3 Chemotherapy includes DNA binding drugs, 

such as doxorubicin, cyclophosphamide or carboplatin, or microtubule targeting drugs, such 

as taxanes (i.e. docetaxel, paclitaxel). HER2 can be targeted by anti-HER2 antibodies, such as 

trastuzumab or pertuzumab.8 Alternatively, the intracellular kinase domain of HER2 can be 

inhibited by small molecule inhibitors like lapatinib and neratinib, thereby inhibiting 

downstream signal transduction.9 HER2+ tumors that stain positive for hormone receptors 

may also be treated with endocrine therapy. Triple-negative breast cancer (TNBC), which 

accounts for ~12% of all breast cancers4, shows high proliferation and has poor prognosis.7 

TNBC is characterized by the lack of expression of both hormone receptors as well as HER2 

expression, which limits therapeutic options to only general chemotherapy due to the lack 

of a molecular target. Therefore, new treatments for TNBC based on novel molecular targets 

are urgently needed. Targeting kinases of the spindle assembly checkpoint has emerged as 

a potential strategy.10–12 

 

The spindle assembly checkpoint (SAC) is a safety mechanism during mitosis which prevents 

mitotic progression when chromosomes are not correctly attached to the mitotic spindle.13 

The SAC is active during the prometaphase of mitosis and prevents anaphase initiation by 

inhibiting the anaphase-promoting complex/cyclosome (APC/C).13 SAC signaling involves a 

multitude of proteins, including kinases such as BUB1. Many cancer cells suffer from a 

diminished SAC and interference with these weakened checkpoints is thought to cause 

severe chromosomal instability which eventually results in cell death.10,11 Targeting kinases 

of the SAC by small molecule inhibitors has therefore emerged as a new strategy to kill cancer 

cells.  
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BUB1 fulfills important roles in the SAC by recruiting numerous of proteins to kinetochores 

which are important for SAC signaling.14–17 The importance of the kinase function of BUB1, 

however, has been subject of debate.18–20 Until recently, no optimized BUB1 inhibitors had 

been published, which hindered the investigation of the kinase function of BUB1 in cancer 

cell proliferation. In 2019, Siemeister et al.12 published the first optimized BUB1 inhibitor, 

BAY1816032 (Figure 2.1), which was based on their earlier report from Baron et al.21 

BAY1816032 was evaluated in vivo using a human TNBC mouse xenograft model and 

synergistically inhibited tumor growth when combined with paclitaxel.12 Tumor growth 

inhibition with this combined treatment outperformed the efficacy of treatment with 

paclitaxel alone. However, BAY1816032 did not show efficacy as single agent. The reason for 

this lack of efficacy remains unclear, but might be due to incomplete BUB1 inhibition. 

Recently, it was suggested that about 4% of BUB1 levels remain after CRISPR/Cas9-mediated 

BUB1 knockout and this amount was hypothesized to be sufficient for normal SAC activity.22 

Therefore, more potent BUB1 inhibitors are required. 

 

 
 

Figure 2.1 | Chemical structure of BUB1 inhibitor BAY1816032. 

 

 
 

Figure 2.2 | Schematic representation of the fluorescence polarization assay to measure the kinase activity of BUB1. 

Control samples (top) are incubated with ATP and a fluorescent peptide substrate that can be phosphorylated by BUB1. 

Addition of IMAP (immobilized metal affinity for phosphochemicals) beads23 causes immobilization of the phosphorylated 

substrate fraction. Immobilization of the fluorescent substrate reduces its rotational speed and thereby retaining the 

polarized light. For inhibitor treated samples (bottom), only a fraction of the peptide substrate is phosphorylated. The 

unphosphorylated fraction remains free in solution and due to its rotational freedom, depolarization of the light occurs. 

Depolarization of the light is therefore related to inhibitor potency.  



Chapter 2 

28 

 

In this chapter, the results of a high-throughput screen (HTS)24,25, using a fluorescence 

polarization assay26,27 (Figure 2.2), to identify new chemotypes as BUB1 inhibitors are 

described (see Box 2.1 for alternative hit identification strategies). A hit list of 25 molecules 

was obtained and resynthesis of four prioritized hits resulted in the confirmation of their 

activity. 

 

Box 2.1 | Hit identification 
 

In drug discovery, target selection (Chapter 1) is followed by hit identification. Several hit 

identification strategies can provide the basis for a drug discovery program, such as selective 

optimization of side activities (SOSA) of drug molecules28, fragment-based drug discovery (FBDD)29, 

virtual screening30 or high-throughput screening.24,25 SOSA is based on the observation that approved 

drugs might suffer from one or several pharmacological side effects due to binding of the drug with 

unintended protein targets. These off-target activities can be used as starting point for drug discovery 

for a new biological target. In FBDD a relatively small library (~1000 compounds) of diverse molecules 

with low molecular weights (typically 100 – 250 Da) is screened on purified kinases.29 This results in 

inhibitors with low binding affinities (µM – mM range), but with high ligand efficiencies31, a metric 

that describes the average binding energy per atom. Sensitive screening technologies are required 

for FBDD as well as significant amounts of purified protein. Virtual screening can be categorized into 

two major approaches: ligand-based screening and structure-based screening.30 For ligand-based 

screening known active molecules are used to build pharmacophore models or are transformed into 

molecular fingerprints. Screening a virtual molecular library in these models or similarity searches 

using the fingerprints may yield novel hits. Structure-based screening can be performed in case three-

dimensional structural information of the protein of interest is available. High-throughput screening 

(HTS)24,25 is an automated way of screening large compound libraries (~104 – 106 molecules) which 

include historical compound collections, natural products and/or combinatorial chemistry libraries.32 

Initiating a HTS campaign requires an assay that can distinguish active compounds from inactive 

ones. These assays have to be miniaturized, usually in 384- or 1536-well plates, to save reagents and 

compounds, thereby reducing costs. 

 

Results & Discussion 

High-throughput screen 

High-throughput screening was performed at the Pivot Park Screening Centre (PPSC) (Oss, 

The Netherlands). A fluorescence polarization assay was miniaturized from a 384- to a 1536-

well plate format. A library, enriched with kinase inhibitors and consisting of 53,408 

compounds, was screened at a concentration of 10 µM. The quality of the data throughout 

the screening campaign was evaluated by monitoring the Z’-factor33 and assay window (in 

ΔmP) for each assay plate. Active compounds (actives) were distinguished by Z-scores34 for 

which Z-score < –4 was used as cutoff. For the primary screen, Z’-factor ≥ 0.67 and ΔmP ≥ 

91 were obtained (Supplementary Figure 1, p. 46), indicating good quality. The complete 

library was screened in one day, after which 704 primary actives were found (~13% effect) 

(Figure 2.3A,C). All primary actives were screened again at a concentration of 10 µM, which 

resulted in 214 confirmed actives (Z’-factor ≥ 0.57 and ΔmP ≥ 99) (Figure 2.3B,C). These 

compounds were investigated for potential interference with the fluorescence polarization 

assay by applying a different experimental setup. Briefly, BUB1 was mixed with ATP and 



Discovery of novel BUB1 inhibitors by high-throughput screening 

29 

 

fluorescent peptide substrate to allow for maximum phosphorylation of the peptide 

substrate. Instead of pre-incubating BUB1 with the compounds, compounds were added at 

this stage. Compounds that still decreased polarization of light, interfered with the assay and 

were therefore deselected. In total, 57 compounds were found to interfere with the assay (Z-

score < –4, Z’-factor ≥ 0.69 and ΔmP ≥ 102). Of the remaining 157 compounds, 74 molecules 

were selected and dose-response curves were determined. Based on potency, the shape of 

the IC50 curves, drug-likeness (molecular weight <450 g/mol and logP <4 (with a few 

exceptions for compounds with favorable potency)) and removal of pan-assay interference 

compounds (PAINS), a hit list of compounds (1 – 25) was obtained (Table 2.1). Purity and 

molecular weight of these compounds were confirmed by liquid chromatography-mass 

spectrometry (LCMS) analysis. 

 

  

 
Figure 2.3 | Summary of the high-throughput screen. (A) Z-scores obtained from the primary screen. Z-score < –4 was 

used as cutoff for primary actives. (B) Z-scores obtained from the confirmation screen. Z-score < –4 was used as cutoff 

for confirmed actives. (C) Summary of the high-throughput screen. 
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Table 2.1 | Qualified hit list and corresponding physicochemical parameters. 
 

ID Namea Structure pIC50
b 

App. 

Ki (nM)c 
MWd LEe cLogPf LipEg Ref.h 

1 AT-9283 

 

6.78 103 381 0.34 0.4 6.5 [35] 

2 CYC-116 

 

6.75 110 368 0.37 3.0 4.0 [36] 

3 OSI-420 

 

6.59 159 379 0.33 2.6 4.2 [37] 

4 PP-121 

 

6.32 296 319 0.37 2.0 4.5 [38] 

5 PF-00477736 

 

6.51 191 419 0.30 0.9 5.8 [39,40] 

6 
Ralimetinib 

(LY-2228820) 

 

6.17 419 421 0.28 5.2 1.2 [41] 

7 
Momelotinib 

(CYT-387) 

 

6.10 492 414 0.28 2.5 3.8 [42,43] 

8 BCC0044301 

 

6.04 565 358 0.32 4.7 1.6 – 

9 Erlotinib 

 

5.79 1004 393 0.28 3.1 2.9 [44,45] 
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Table 2.1 | Qualified hit list and corresponding physicochemical parameters (continued). 

ID Namea Structure pIC50
b 

App. 

Ki (nM)c 
MWd LEe cLogPf LipEg Ref.h 

10 NP_000412 

 

5.65 1386 261 0.40 3.1 2.7 [46,47] 

11 BCC0090688 

 

5.58 1629 385 0.27 3.9 1.9 – 

12 SPCE000468_01 

 

5.53 1827 428 0.24 5.3 0.5 [48] 

13 AZD-5438 

 

5.44 2248 371 0.30 2.1 3.5 [49] 

14 BCC0114359 

 

5.42 2354 415 0.28 4.4 1.2 – 

15 CP-466722 

 

5.41 2409 349 0.30 2.2 3.4 [50,51] 

16 SPCE000116_01 

 

5.41 2409 353 0.31 3.0 2.6 [52] 

17 BCC0049010 

 

5.39 2522 345 0.30 3.4 2.2 [53] 

18 PF-4800567 

 

5.31 3033 360 0.30 2.1 3.4 [54] 

19 BCC0104036 

 

5.21 3818 409 0.30 3.4 2.0 – 
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Table 2.1 | Qualified hit list and corresponding physicochemical parameters (continued). 

ID Namea Structure pIC50
b 

App. 

Ki (nM)c 
MWd LEe cLogPf LipEg Ref.h 

20 Reversine 

 

5.20 3907 393 0.26 3.1 2.3 [55] 

21 BCC0088074 

 

5.17 4186 301 0.35 3.2 2.2 – 

22 BCC0075829 

 

5.16 4284 365 0.31 3.6 1.8 – 

23 TWS-119 

 

5.08 5150 318 0.30 2.9 2.4 [56,57] 

24 
Silmitasertib 

(CX-4945) 

 

5.06 5393 350 0.29 4.0 1.3 [58] 

25 
Axitinib 

(AG-013736) 

 

5.03 5778 386 0.26 3.4 1.8 [59,60] 

a Published compound name or code, otherwise compound code from HTS library; b Half maximal inhibitory concentrations 

(expressed as pIC50) from high-throughput dose-response assay; c app. Ki: apparent Ki as determined by the Cheng-Prusoff 

equation61; d MW: molecular weight (g/mol); e LE: ligand efficiency31, defined as: LE = (−𝑅T ∗ ln(app. 𝐾i))/HA , where HA 

stands for the number of ‘heavy atoms’ (non-hydrogen atoms); f cLogP: LogP calculated by DataWarrior (v.5.2.1); g LipE: 

lipophilic efficiency31, defined as: LipE = app. p𝐾i − cLogP; h reference. 

 

Hit prioritization 

The main compound properties considered for hit prioritization included half maximal 

inhibitory concentrations (pIC50), ligand efficiency (LE, calculated as defined in Table 2.1), 

calculated LogP (cLogP), lipophilic efficiency (LipE, calculated as defined in Table 2.1) and 

molecular weight (MW). Additionally, synthetic accessibility was taken into account as well 

as the availability of co-crystallized structures with kinases. Hits 8 – 25 have pIC50 values 

below 6 or a high cLogP, which resulted in a low to moderate LipE. Compounds 5 – 7 have a 

molecular weight above 413 Da, which resulted in a low LE, which is undesirable in view of 

the fact that MW generally increases during hit optimization.62 In addition, the synthetic 

accessibility of hit 5 was deemed low.63 The remaining hits, 1 – 4, had an acceptable 

molecular weight (MW ≤ 381) as well as good activity (pIC50 > 6.3), ligand efficiency (LE ≥ 

0.33), lipophilicity (cLogP ≤ 3.0) and lipophilic efficiency (LipE ≥ 4.0). In addition, co-crystal 
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structures with kinases have been published for hits 1, 2, 4 as well as for an analogue of 

compound 3.35,36,64,65 Taken together, compounds 1 – 4 were prioritized for hit confirmation. 

In the following sections a short description of each hit, their resynthesis and biochemical 

evaluation is described. 

 

Resynthesis of hit 1 

The discovery of compound 1 (1-cyclopropyl-3-(3-(5-(morpholinomethyl)-1H-

benzo[d]imidazol-2-yl)-1H-pyrazol-4-yl)urea, or AT-9283) was first reported in 2009.35 AT-

9283 (1) is a potent inhibitor of multiple kinases including Aurora A, Aurora B, JAK2 and JAK3. 

In addition, high activities (pIC50 > 7) were also reported for over 30 other kinases.35 AT-9283 

(1) has been investigated in several phase I clinical trials in patients with leukemia, solid 

tumors and non-Hodgkin’s lymphoma66–69 and as such may represent an excellent starting 

point for a new drug discovery program. Synthesis of 1 (AT-9283) was performed by using 

previously published procedures35 with minor modifications (Scheme 2.1). In short, 3,4-

dinitrobenzoic acid was converted into its acyl chloride, followed by a peptide bond 

formation with morpholine. Amide 26 was reduced to amine 27 of which the nitro groups 

were subsequently reduced to their corresponding amines to form 28. A peptide coupling 

was performed with 4-nitro-1H-pyrazole-3-carboxylic acid and subsequent cyclization 

resulted in benzimidazole 29. The nitro group of 29 was reduced to amine 30 which was 

used to form the cyclopropyl urea of AT-9283 (1). 

 

 
 

Scheme 2.1 | Synthesis of hit AT-9283. Reagents and conditions: i) SOCl2, DMF, THF, 70°C. ii) Et3N, morpholine, 0°C → RT, 

93%. iii) NaBH4, BF3∙OEt2, THF, 0°C → RT, 77%. iv) 10% Pd/C, EtOH, 81%. v) 4-nitro-1H-pyrazole-3-carboxylic acid, EDC∙HCl, 

HOBt, DMF. vi) AcOH, 118°C, 55%. vii) 10% Pd/C, MeOH, 72%. viii) CDI, THF, 66°C. ix) cyclopropylamine, DMF, 100°C, 33%. 

 

Resynthesis of hit 2  

CYC-116 (2), or 4-methyl-5-(2-((4-morpholinophenyl)amino)pyrimidin-4-yl)thiazol-2-amine, 

was identified by investigation of the structure-activity relationship of a similar compound 

found through cell-based screens.36 CYC-116 (2) is a potent inhibitor of Aurora A and B with 

sub-nanomolar activity, inhibited proliferation of multiple cancer cell lines and reduced 
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tumor growth in several in vivo tumor models.36 The compound was evaluated in phase I 

clinical trials, however, this study was terminated by the sponsor for unknown reasons.70 Hit 

2 (CYC-116) was synthesized employing previously described procedures (Scheme 2.2).36,71 

In brief, 1-fluoro-4-nitrobenzene was used for a nucleophilic aromatic substitution with 

morpholine to obtain 31.72 Palladium catalyzed reduction of the nitro group was performed 

to form 32. The amine of 32 was converted into a guanidine under acidic conditions.73 In 

parallel, 3-chloropentane-2,4-dione was reacted with thiourea to form thiazole 34, which was 

subsequently transformed into enaminone 35 by using DMF-DMA. Guanidine 33 and 

enaminone 35 were condensed to form a pyrimidine and afforded CYC-116 (2). 

 

 
 

Scheme 2.2 | Synthesis of hit CYC-116. Reagents and conditions: i) morpholine, Et3N, MeCN, 82°C, 93%. ii) 10% Pd/C, 

MeOH, 91%. iii) conc. HCl (aq.), cyanamide (aq.), EtOH, 0 → 78°C, 96%. iv) thiourea, pyridine, MeOH, 0°C → RT, 89%. 

v) DMF-DMA, 105°C, 70%. vi) Na2CO3, 2-methoxyethanol, 124°C, 46%. 

 

Resynthesis of hit 3 

Compound 3 (2-((4-((3-ethynylphenyl)amino)-7-(2-methoxyethoxy)quinazolin-6-

yl)oxy)ethan-1-ol, or OSI-420) is a metabolite of approved drug erlotinib.37 Erlotinib is an 

inhibitor of the human epidermal growth factor receptor (EGFR), a membrane receptor 

tyrosine kinase, and is used in the treatment of non-small cell lung cancer.74 Interestingly, in 

addition to OSI-420, erlotinib was identified as one of the hits (9) (Table 2.1). However, 

erlotinib (9) showed a 6-fold reduced potency, suggesting that the free hydroxyl of OSI-420 

(3) is an important structural feature for its activity. Hit 3 was synthesized according to 

published procedures75–77 (Scheme 2.3). Ethyl 3,4-dihydroxybenzoate was subjected to a 

Mitsunobu reaction with benzyl alcohol to selectively protect the alcohol para to the ester 

(regioselectivity was confirmed by 1H-1H-ROESY NMR).76 The free alcohol of 36 was 

subsequently alkylated with 2-bromoethyl acetate, after which the benzyl protecting group 

was removed and the resulting free alcohol was alkylated with 1-bromo-2-methoxyethane 

to afford 39. The nitro group was regioselectively introduced77 by a Menke nitration to afford 
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40 (regioselectivity was confirmed by 1H-1H-ROESY NMR). The nitro group was reduced and 

the obtained free amine was used for a Niementowski reaction to obtain quinazolinone 42. 

The quinazolinone was chlorinated to form 4-chloroquinazoline 43 which was used for a 

nucleophilic aromatic substitution with 3-ethynylaniline to obtain 44. Deacetylation finally 

led to the formation of 3. 

 

 
 

Scheme 2.3 | Synthesis of hit OSI-420. Reagents and conditions: i) Ph3P, DIAD, BnOH, THF, 0°C → RT, 41%. 

ii) 2-bromoethyl acetate, K2CO3, DMF, 100°C, 72%. iii) 10% Pd/C, MeOH, 98%. iv) 1-bromo-2-methoxyethane, K2CO3, DMF, 

100°C, 96%. v) Cu(NO3)2∙3H2O, Ac2O, 0°C → RT, 73%. vi) 5% Pt/C, MeOH, 66%. vii) NH4HCO2, formamide, 160°C, 60%. 

viii) POCl3, 105°C, 80%. ix) 3-ethynylaniline, 2-propanol, 82°C, quant. x) 0.4 M NaOH in MeOH, 27%. 

 

Resynthesis of hit 4 

Compound 4 (1-cyclopentyl-3-(1H-pyrrolo[2,3-b]pyridin-5-yl)-1H-pyrazolo[3,4-d]pyrimidin-

4-amine, or PP-121), is a multitargeted kinase inhibitor which inhibits several members of 

the phosphatidylinositol-3-OH kinase (PI(3)K) family of lipid kinases.38 In addition, high 

activities were observed for multiple tyrosine kinases, including ABL, HCK, SRC, VEGFR2 and 

PDGFR, among others.38 PP-121 (4) was found to inhibit proliferation of several cancer cell 

lines which was attributed to direct inhibition of oncogenic tyrosine kinases and PI(3)Ks.38 

Compound 4 was synthesized as depicted in Scheme 2.4 using published procedures.78 

1H-pyrazolo[3,4-d]pyrimidin-4-amine was halogenated by using N-iodosuccinimide to 

obtain 45. The endocyclic amine was alkylated by bromocyclopentane to afford 46. 
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Subsequent Suzuki coupling with 7-azaindole-5-boronic acid pinacol ester resulted in the 

formation of PP-121 (4). 

 

 
 

Scheme 2.4 | Synthesis of hit PP-121. Reagents and conditions: i) N-iodosuccinimide, DMF, 85°C, 63%. 

ii) bromocyclopentane, K2CO3, DMF, 80°C, 59%. iii) 7-azaindole-5-boronic acid pinacol ester, Na2CO3, Pd(PPh3)4, DMF:H2O 

(10:1), 100°C, 70%. 

 

Table 2.2 | Hit confirmation results. Half maximal inhibitory concentrations (expressed as pIC50 (± SEM)) and 

corresponding apparent Ki values from high-throughput screening (HTS) hits and resynthesized hits determined by a 

biochemical fluorescence polarization assay on BUB1 kinase activity. 

ID Name pIC50 (HTS) App. Ki (nM) pIC50 ± SEM App. Ki (nM) 

1 AT-9283 6.78 103 6.66 ± 0.02 77 

2 CYC-116 6.75 110 6.34 ± 0.05 162 

3 OSI-420 6.59 159 6.28 ± 0.05 185 

4 PP-121 6.32 296 6.22 ± 0.05 214 

 

Resynthesized hits 1 – 4 were evaluated in the fluorescence polarization assay and observed 

activities correspond with the potencies obtained from the high-throughput screen (Table 

2.2). 

 

Conclusion 

High-throughput screening was successfully used to screen over 50,000 compounds and led 

to the identification of 25 novel BUB1 inhibitors with pIC50 values ranging from 5.03 – 6.78. 

Based on potency and physicochemical properties, hits 1 – 4 were prioritized and 

subsequently resynthesized. Biochemical evaluation confirmed their activity and these hits, 

therefore, provide excellent starting points for drug discovery of BUB1 inhibitors. The binding 

modes of hit 1, 2, 4 and the analogue of compound 3 (erlotinib (9)) (Figure 2.4) revealed 

that the cyclopropyl urea of 1, the aminothiazole of 2, the phenylacetylene of 3 and azaindole 

of 4 provide opportunities to reach back pockets of their respective kinases.35,36,64,65 Since 

occupation of kinase back pockets contributes to selectivity of inhibitors79,80 and assuming 

that these inhibitors may bind similarly in BUB1, modifications of hits 1 – 4 may therefore be 

aimed at aforementioned part of their structure. For the modification of these groups, 

reactions with an amino pyrazole (compound 30, Scheme 2.1) or a chloroquinazoline 

(compound 43, Scheme 2.3) were favored over the condensation reaction between 

compound 33 and 35 (Scheme 2.2) and the Suzuki coupling with 46 (Scheme 2.4). Hit 1 and 

3 were therefore selected for hit optimization which will be described in Chapters 4 and 3, 

respectively. 
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Figure 2.4 | Crystal structures of hits 1, 2, 9 and 4. Crystal structures of (A) AT-9283 (1) in Aurora A (PDB code: 2W1G)35, 

(B) CYC-116 (2) in CDK2/cyclin A (PDB code: 2UUE)36, (C) Erlotinib (9) in EGFR (PDB code: 1M17)65 and (D) PP-121 (4) in 

STK24 (PDB code: 4QMW)64. Figures were generated using PyMOL.81 

 

Acknowledgements 

From Netherlands Translational Research Center (NTRC), Martine Prinsen is kindly 

acknowledged for the development of the fluorescence polarization assay to measure BUB1 

kinase activity and Rogier Buijsman for supervision. Willemijn Wouters, Helma Rutjes and 

Stan van Boeckel from the Pivot Park Screening Centre (PPSC) are kindly acknowledged for 

assay miniaturization and conducting the high-throughput screen. Titia Rixt Oppewal is 

kindly acknowledged for her contribution on AT-9283 (1) resynthesis, Julian Clijncke for 

resynthesizing OSI-420 (3) and confirming its activity, and Hans van den Elst for measuring 

HRMS. 

  

A B 

D C 



Chapter 2 

38 

 

Experimental – Biochemistry 

High-throughput screening 

All assays were performed in 1536-well plates (Corning, black polystyrene not treated microplate). The 

primary screen and active confirmation assay were performed by sequential addition (indicated as: 

volume, final assay concentration, x working solution) of compound (5 or 10 nL, 10 µM, as 400x or 200x 

working solutions, respectively), BUB1/BUB3 (1 µL, 27 nM, as 2x working solution, Carna Biosciences (05-

187), lot: 16CBS-0204) and a mixture of ATP and BUB1/BUB3 substrate (Carna Biosciences (05-187MS-

C11)) (1 µL, 5 µM ATP/100 nM substrate, as 2x working solution). Assay reactions were stopped by 

addition of IMAP progressive binding reagent (2 µL, 1200x diluted (see below), as 2x working solution, 

Molecular Devices (R7284)). 

 

For each assay, assay buffer (AB) was freshly prepared and consisted of 20 mM HEPES (prepared by 

diluting 200 mM HEPES, pH 7.4), 5 mM MgCl2, 0.01% (v/v) Tween-20 and 2 mM L-cysteine. Stocks of 

compounds (in DMSO) were added to the assay plate by using an Echo Liquid Handler. For controls, 

DMSO was added instead. BUB1/BUB3 (5 µM in storage buffer) was diluted in AB to obtain 54 nM of 

which 1 µL was added to the assay plate by using a Certus dispenser. For controls, 1 µL of AB was added 

instead. The assay plate was centrifuged (1 min, 200 g) and incubated at RT for 30 min. ATP (40 mM in 

MilliQ) and BUB1/BUB3 substrate (1 mM) were diluted in AB such to obtain a solution of 10 µM ATP and 

200 nM BUB1/BUB3 substrate of which 1 µL was added to each well of the assay plate. The assay plate 

was centrifuged (1 min, 200 g) and incubated at RT in the dark for 120 min. IMAP progressive binding 

buffer A (5x) and IMAP progressive binding buffer B (5x) were mixed in a ratio to obtain 30% buffer A 

and 70% buffer B, which was subsequently diluted 5x in MilliQ. IMAP progressive binding reagent was 

diluted 600x in aforementioned mixture of buffer A and B (to obtain a 2x working solution) of which 2 

µL was added to each well of the assay plate. The assay plate was centrifuged (1 min, 200 g) and 

incubated at RT in the dark for 60 min. Fluorescence polarization was measured on an EnVision plate 

reader (excitation FITC FP 480, 1st emission FITC FP P-pol 535, 2nd emission FITC FP S-pol 535). 

ActivityBase (IDBS) software was used to analyze data and to calculate quality parameters (Z’-factor and 

ΔmP). For the deselection assay, in a tube, BUB1/BUB3 (or AB) was first incubated with the mixture of 

ATP and BUB1/BUB3 substrate for 120 min in the dark. 30 min prior to the end of the incubation time, 

compounds (or DMSO) were added to an assay plate and aforementioned solution of IMAP progressive 

binding reagent (2 µL) was added. The assay plate was centrifuged (1 min, 200 g) and incubated at RT 

for 30 min. Subsequently, 2 µL of the mixture of BUB1/BUB3 (or AB), ATP and BUB1/BUB3 substrate (after 

incubation of 120 min) was added to corresponding wells. The assay plate was centrifuged (1 min, 200 g), 

incubated at RT in the dark for 60 min and fluorescence polarization was measured. For the dose-

response assay, stock solutions of compounds (in DMSO) were serially diluted (√10 dilutions) in DMSO 

obtain 10 concentrations (final concentrations of 6.32 nM – 20 µM) as 100x working solutions. 20 nL of 

compound (or DMSO) was added to the assay plate after which the protocol of the primary screen was 

followed. ActivityBase was used to calculate pIC50 values using the four parameter fitting protocol. 

 

Biochemical evaluation of BUB1 inhibitors 

Assays were performed in 384-well plates (Greiner, black, flat bottom, 781076) by sequential addition 

(indicated as: volume, final assay concentration) of inhibitor (5 µL, 3 nM – 10 µM), BUB1/BUB3 (5 µL, 3.26 

nM, Carna Biosciences (05-187), lot: 15CBS-0644 D), ATP (5 µL, 15 µM) and BUB1/BUB3 substrate (5 µL, 

75 nM, Carna Biosciences (05-187MSSU)), all as 4x working solutions. The final concentration of DMSO 

was 1%. Assay reactions were stopped by addition of IMAP progressive binding reagent (20 µL, 1200x 

diluted (see below), Molecular Devices (R8155), lot: 3117896). Each assay included the following controls: 

(i) a background control (treated with vehicle instead of inhibitor and BUB1/BUB3 substrate), (ii) MIN 

controls (treated with 5 µM BAY1816032 (MedChem Express) as inhibitor, defined as 0% BUB1 activity) 

and (iii) MAX controls (treated with vehicle instead of inhibitor, defined as 100% BUB1 activity). All 

inhibitors were tested in two separate assays and all inhibitor concentrations were tested in duplicate 

per assay (N=2, n=2). 
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For each assay, assay buffer (AB) was freshly prepared and consisted of 20 mM HEPES (prepared by 

diluting 1 M HEPES, pH 7.2), 5 mM MgCl2, 0.01% (v/v) Tween-20 and 1 mM DTT. Stocks of inhibitors (in 

DMSO) were diluted in AB to obtain 4x working solutions (4% DMSO) and 5 µL was added to the assay 

plate. BUB1/BUB3 (3.26 µM (486 µg/mL) in storage buffer) was diluted in AB to obtain 13.0 nM of which 

5 µL was added to all wells of the assay plate. The assay plate was centrifuged (1 min, 200 g) and 

incubated at RT for 30 min. ATP (4 mM in MilliQ) was diluted in AB to obtain 60 µM of which 5 µL was 

added to each well. BUB1/BUB3 substrate (1 mM) was diluted in 20 mM HEPES (prepared by diluting 

1 M HEPES (pH 7.2) in MilliQ) to obtain 80 µM (this solution was freshly prepared every assay) and further 

diluted in AB to obtain 300 nM after which 5 µL was added to each well of the assay plate except for 

background control wells. The assay plate was centrifuged (1 min, 200 g) and incubated at RT in the dark 

for 180 min. IMAP progressive binding buffer A (5x) and IMAP progressive binding buffer B (5x) were 

mixed in a ratio to obtain 30% buffer A and 70% buffer B, which was subsequently diluted 5x in MilliQ. 

IMAP progressive binding reagent was diluted 600x in aforementioned mixture of buffer A and B (to 

obtain a 2x working solution) of which 20 µL was added to each well of the assay plate. The assay plate 

was centrifuged (1 min, 200 g) and incubated at RT in the dark for 90 min. Fluorescence polarization was 

measured on a CLARIOstar plate reader using the following settings: (i) optic settings → excitation = F: 

482-16, dichroic = F: LP 504, emission = F: 530-40, (ii) optic = top optic, (iii) speed/precision = maximum 

precision, (iv) focus adjustment was performed for every assay and (v) gain adjustment was done by 

setting the target mP value to 35 mP for one of the MIN control wells. Data was normalized between 

MIN and MAX controls and data was plotted using GraphPad Prism 8.0 using “Nonlinear regression 

(curve fit)” and “log(inhibitor) vs. normalized response – Variable slope” to determine pIC50 values. For 

determining the apparent KM for ATP, the assay was performed as described above, but with variable 

ATP concentrations (20 nM – 100 µM final concentrations). KM determination was performed in triplicate 

and the apparent KM for ATP was determined to be 8.13 µM. This value was used in the Cheng-Prusoff 

equation to calculate Ki values. 

 

Experimental – Chemistry 

General synthetic procedures 

All reagents were purchased from chemical suppliers (Fluorochem, Sigma-Aldrich, Merck, Fisher 

Scientific) and used without further purification. Solvents (Honeywell, VWR, Biosolve) indicated with “dry” 

were stored on activated 4 Å molecular sieves (8 to 12 mesh, Acros Organics). Solvents indicated by 

“degassed” were sonicated while bubbling N2 through the solvent for 20 min. All reactions were 

performed at room temperature (RT) under a nitrogen atmosphere, unless stated otherwise. Reactions 

were monitored by thin layer chromatography (TLC, silica gel 60, UV254, Macherey-Nagel, ref: 818333) 

and compounds were visualized by UV absorption (254 nm and/or 366 nm) or spray reagent 

(permanganate (5 g/L KMnO4, 25 g/L K2CO3)) followed by heating. Alternatively, reactions were 

monitored by liquid chromatography-mass spectrometry (LCMS), either on a Thermo Finnigan (Thermo 

Finnigan LCQ Advantage MAX ion-trap mass spectrometer (ESI+) coupled to a Surveyor HPLC system 

(Thermo Finnigan) equipped with a Nucleodur C18 Gravity column (50x4.6 mm, 3 µm particle size, 

Macherey-Nagel)) or a Thermo Fleet (Thermo LCQ Fleet ion-trap mass spectrometer (ESI+) coupled to a 

Vanquish UHPLC system). LCMS eluent consisted of MeCN in 0.1% TFA (aq.) and LCMS methods were 

as follows: 0.5 min cleaning with starting gradient, 8 min using specified gradient (linear), 2 min cleaning 

with 90% MeCN in 0.1% TFA (aq.). LCMS data is reported as follows: instrument (Finnigan or Fleet), 

gradient (% MeCN in 0.1% TFA (aq.)), retention time (tr) and mass (as m/z: [M+H]+). Purity of final 

compounds was determined to be ≥ 95% by integrating UV intensity of spectra generated by either of 

the LCMS instruments. 1H and 13C NMR spectra were recorded on a Bruker AV400 (400 and 101 MHz, 

respectively), Bruker AV500 (500 and 126 MHz, respectively) or Bruker AV600 (600 and 150 MHz, 

respectively) NMR spectrometer. NMR samples were prepared in deuterated chloroform, methanol or 

DMSO. Chemical shifts are given in ppm (δ) relative to residual protonated solvent signals (CDCl3 → δ 

7.260 (1H), δ 77.160 (13C), MeOD → δ 3.310 (1H), δ 49.000 (13C), DMSO → δ 2.500 (1H), δ 39.520 (13C)). 

Data was processed by using MestReNova (v. 14) and is reported as follows: chemical shift (δ), 

multiplicity, coupling constant (J in Hz) and integration. Multiplicities are abbreviated as follows: s = 

singlet, br s = broad singlet, d = doublet, dd = doublet of doublets, ddd = doublet of doublet of 
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doublets, dt = doublet of triplets, t = triplet, q = quartet, p = pentet, m = multiplet. Purification was 

done either by manual silica gel column chromatography (using 40-63 µm, 60 Å silica gel, Macherey-

Nagel) or automated column chromatography on a Biotage Isolera machine (using pre-packed 

cartridges with 40-63 µm, 60 Å silica gel (4, 12, 25 or 40 g), Screening Devices). High resolution mass 

spectrometry (HRMS) spectra were recorded through direct injection of a 1 µM sample either on a 

Thermo Scientific Q Exactive Orbitrap equipped with an electrospray ion source in positive mode 

coupled to an Ultimate 3000 system (source voltage = 3.5 kV, capillary temperature = 275°C, resolution 

R = 240,000 at m/z 400, external lock, mass range m/z = 150-2000) or on a Synapt G2-Si high definition 

mass spectrometer (Waters) equipped with an electrospray ion source in positive mode (ESI-TOF) 

coupled to a NanoEquity system with Leu-enkephalin (m/z = 556.2771) as internal lock mass. The eluent 

for HRMS measurements consisted of a 1:1 (v/v) mixture of MeCN in 0.1% formic acid (aq.) using a flow 

of 25 mL/min. Compound names were generated by ChemDraw (v. 19.1.21). 

 

1-Cyclopropyl-3-(3-(5-(morpholinomethyl)-1H-benzo[d]imidazol-2-yl)-1H-pyrazol-4-yl)urea (1) 

30 (42.1 mg, 141 µmol) and CDI (45.8 mg, 282 µmol) were mixed in dry THF (1.1 

mL) and stirred at 66°C for 2.5 h. The obtained solids were collected by filtration, 

washed with THF (0.5 mL) and dried under reduced pressure. The solids were 

transferred to a microwave vial, suspended in DMF (0.3 mL) and 

cyclopropylamine (40 µL, 577 µmol) was added. The vial was sealed and the 

mixture was stirred at 100°C for 1.5 h. The crude was concentrated at 60°C and 

purified by automated column chromatography (4 – 15% MeOH/DCM) to afford the product (17.5 mg, 

141 µmol, 33%). 1H NMR (500 MHz, MeOD) δ 8.07 (s, 1H), 7.69 – 7.39 (m, 2H), 7.21 (d, J = 8.1 Hz, 1H), 

3.70 – 3.65 (m, 4H), 3.60 (s, 2H), 2.72 – 2.65 (m, 1H), 2.53 – 2.40 (m, 4H), 1.04 – 0.84 (m, 2H), 0.72 – 0.57 

(m, 2H). 13C NMR (126 MHz, MeOD) δ 158.77, 149.31, 144.81, 144.20, 134.95, 134.38, 133.02, 132.04, 

131.87, 126.01, 125.07, 123.69, 120.56, 120.00, 119.04, 113.32, 111.86, 67.66, 64.71, 54.59, 23.47, 7.80. 

LCMS (Finnigan, 0 → 50%): tᵣ = 5.21 min, m/z: 382.1. HRMS [C₁₉H₂₃N₇O₂ + H]⁺: 382.19860 calculated, 

382.1993 found. 

 

4-Methyl-5-(2-((4-morpholinophenyl)amino)pyrimidin-4-yl)thiazol-2-amine (2) 

35 (145 mg, 545 µmol) was mixed with 33 (150 mg, 681 µmol) and 

Na2CO3 (57.7 mg, 545 µmol) in 2-methoxyethanol (0.3 mL) and 

stirred at 124°C for 16 h. The mixture was concentrated at 70°C, 

brought onto Celite and purified by silica gel chromatography (2 – 

5% MeOH/DCM). The impure product was subsequently suspended 

in MeOH (3 mL), sonicated, filtered and the solids were washed with 

MeOH (3 mL). The solids were collected and dried to afford the product (91.0 mg, 248 µmol, 46%). 1H 

NMR (500 MHz, DMSO) δ 9.19 (s, 1H), 8.27 (d, J = 5.4 Hz, 1H), 7.65 – 7.58 (m, 2H), 7.47 (s, 2H), 6.91 – 6.83 

(m, 2H), 6.80 (d, J = 5.5 Hz, 1H), 3.76 – 3.70 (m, 4H), 3.05 – 3.00 (m, 4H), 2.42 (s, 3H). 13C NMR (126 MHz, 

DMSO) δ 168.72, 159.59, 158.62, 157.56, 151.70, 145.93, 133.13, 120.02, 118.22, 115.55, 106.26, 66.20, 

49.34, 18.43. LCMS (Finnigan, 0 → 50%): tᵣ = 5.79 min, m/z: 369.3. HRMS [C₁₈H₂₀N₆OS + H]⁺: 369.14921 

calculated, 369.14794 found. 

 

2-((4-((3-Ethynylphenyl)amino)-7-(2-methoxyethoxy)quinazolin-6-yl)oxy)ethan-1-ol (3) 

44 (41 mg, 98 µmol) was dissolved in 0.4 M NaOH in MeOH (370 µL) 

and stirred for 2 h. The mixture was diluted in a mixture of H2O (30 

mL) and brine (2 mL) and the product extracted with CHCl3 (30 mL). 

The organic layer was concentrated as such and purified by 

automated column chromatography (4 – 20% MeOH/DCM) to afford 

the product (10 mg, 27 µmol, 27%). 1H NMR (600 MHz, MeOD) δ 8.41 

(s, 1H), 7.91 (t, J = 1.9 Hz, 1H), 7.76 (ddd, J = 8.2, 2.3, 1.1 Hz, 1H), 7.73 – 7.69 (m, 1H), 7.36 (t, J = 7.9 Hz, 

1H), 7.25 (dt, J = 7.7, 1.2 Hz, 1H), 7.15 – 7.13 (m, 1H), 4.30 – 4.27 (m, 2H), 4.27 – 4.24 (m, 2H), 4.01 – 3.96 

(m, 2H), 3.86 – 3.83 (m, 2H), 3.51 (s, 1H), 3.46 (s, 3H). 13C NMR (151 MHz, MeOD) δ 158.44, 155.95, 153.93, 

150.54, 147.58, 140.62, 129.89, 128.72, 127.05, 124.29, 124.15, 110.68, 108.31, 103.98, 84.32, 78.71, 72.14, 
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71.68, 69.49, 61.54, 59.37. LCMS (Finnigan, 10 → 90%): tᵣ = 5.02 min, m/z: 380.2. HRMS [C₂₁H₂₁N₃O₄ + 

H]⁺: 380.16048 calculated, 380,1615 found. 

 

1-Cyclopentyl-3-(1H-pyrrolo[2,3-b]pyridin-5-yl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine (4) 

46 (20 mg, 61 µmol), 7-azaindole-5-boronic acid pinacol ester (17.8 mg, 72.9 

µmol) and Na2CO3 (12.9 mg, 122 µmol) were mixed in degassed DMF (0.5 mL) 

and H2O (50 µL). Pd(PPh3)4 (4.9 mg, 4.3 µmol) was added and the mixture was 

stirred at 100°C for 17 h. The mixture was poured into H2O (20 mL) and the 

product extracted with EtOAc (3x20 mL). The combined organic layers were 

washed with brine (60 mL), dried over Na2SO4, filtered and concentrated. The crude was purified by 

automated column chromatography (0 – 40% MeOH/DCM) to afford the product (13.5 mg, 42.3 µmol, 

70%). 1H NMR (500 MHz, MeOD) δ 8.50 (d, J = 2.0 Hz, 1H), 8.25 (d, J = 2.0 Hz, 1H), 8.24 (s, 1H), 7.46 (d, J 

= 3.5 Hz, 1H), 6.59 (d, J = 3.5 Hz, 1H), 5.27 (p, J = 7.6 Hz, 1H), 2.21 – 2.13 (m, 4H), 2.04 – 1.94 (m, 2H), 

1.79 – 1.69 (m, 2H). 13C NMR (126 MHz, MeOD) δ 159.47, 156.07, 154.48, 149.11, 143.89, 143.02, 129.89, 

128.13, 122.13, 121.78, 101.76, 99.57, 58.73, 32.94, 25.38. LCMS (Finnigan, 0 → 50%): tᵣ = 7.34 min, m/z: 

320.2. HRMS [C₁₇H₁₇N₇ + H]⁺: 320.16182 calculated, 320.1627 found. 

 

(3,4-Dinitrophenyl)(morpholino)methanone (26) 

3,4-Dinitrobenzoic acid (15.0 g, 70.7 mmol) was dissolved in dry THF (150 mL) after 

which dry DMF (0.15 mL) and SOCl2 (7.2 mL, 99 mmol) were added. The mixture was 

heated to 70°C and stirred for 2.5 h after which the mixture was cooled down to 0°C. 

Et3N (14.9 mL, 107 mmol) was added dropwise over 15 min and subsequently 

morpholine (10.7 mL, 124 mmol) was added dropwise over 10 min. The mixture was 

allowed to warm up to RT and stirred overnight. H2O (375 mL) was added and stirring 

was continued vigorously for 1 h after which the mixture was cooled down to 0°C and filtered. The solids 

were washed with ice cold H2O (100 mL), collected and traces of water were removed by coevaporation 

with MeOH several times to afford the product (18.4 g, 65.4 mmol, 93%). 1H NMR (400 MHz, DMSO) δ 

8.31 (d, J = 1.7 Hz, 1H), 8.30 (d, J = 8.2 Hz, 1H), 8.01 (dd, J = 8.3, 1.7 Hz, 1H), 3.71 – 3.60 (m, 4H), 3.59 – 

3.49 (m, 2H), 3.37 – 3.27 (m, 2H). 13C NMR (101 MHz, DMSO) δ 165.09, 142.04, 141.35, 132.85, 126.22, 

124.30, 65.91, 65.75, 47.41, 42.10. 

 

4-(3,4-Dinitrobenzyl)morpholine (27) 

NaBH4 (5.25 g, 139 mmol) was suspended in dry THF (193 mL) and cooled down to 0°C 

after which boron trifluoride etherate (17.1 mL, 139 mmol) was added. Subsequently, 

solid 26 (18.4 g, 65.4 mmol) was added after which the mixture was allowed to warm to 

RT and stirred for 3.5 h. The mixture was cooled down to 0°C and MeOH (160 mL) was 

added dropwise over 20 min (H2 evolution). The resulting suspension was allowed to 

warm to RT, further heated to 70°C and stirred for 75 min (H2 evolution). The mixture 

was concentrated, redissolved in EtOAc (200 mL) and poured into half sat. NaHCO3 (200 mL). The organic 

layer was isolated and the water layer extracted with EtOAc (200 mL). The combined organic layers were 

washed with H2O (200 mL), the organic layer was separated and the water layer extracted with EtOAc 

(100 mL). The combined organic layers were washed with brine (300 mL), dried over Na2SO4, filtered and 

concentrated. The obtained powder was grounded, suspended in MeOH (55 mL) and warmed up until 

fully dissolved. The solution was slowly cooled down to RT, further cooled on ice and kept on ice for 25 

min. The mixture was filtered and the solids were washed with ice cold MeOH (40 mL) to afford the 

product (13.5 g, 50.4 mmol, 77%). 1H NMR (400 MHz, CDCl3) δ 7.87 (d, J = 1.6 Hz, 1H), 7.84 (d, J = 8.3 

Hz, 1H), 7.71 (dd, J = 8.3, 1.6 Hz, 1H), 3.66 – 3.61 (m, 4H), 3.59 (s, 2H), 2.45 – 2.39 (m, 4H). 13C NMR (101 

MHz, CDCl3) δ 146.54, 143.01, 141.09, 132.98, 125.06, 124.66, 66.65, 61.35, 53.36. LCMS (Finnigan, 10 → 

90%): tᵣ = 4.03 min, m/z: 268.1. 
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4-(Morpholinomethyl)benzene-1,2-diamine (28) 

27 (2.50 g, 9.35 mmol) was suspended in absolute EtOH (75 mL) and this mixture was 

subsequently degassed by bubbling N2 through the mixture while sonicating for 20 

min. 10% Pd/C (250 mg) was added and the atmosphere was exchanged for H2. The 

reaction was vigorously stirred for 2 h while bubbling H2 through the mixture. The 

atmosphere was exchanged for N2, the mixture was filtered over Celite and 

subsequently concentrated to afford the product (1.58 g, 9.35 mmol, 81%). 1H NMR 

(400 MHz, MeOD) δ 6.63 (d, J = 1.8 Hz, 1H), 6.60 (d, J = 7.8 Hz, 1H), 6.51 (dd, J = 7.9, 1.8 Hz, 1H), 3.63 – 

3.58 (m, 4H), 3.27 (s, 2H), 2.41 – 2.31 (m, 4H). 13C NMR (101 MHz, MeOD) δ 135.81, 135.32, 128.48, 122.11, 

119.00, 117.20, 67.51, 64.25, 54.39. LCMS (Fleet, 0 → 50%): tᵣ = 0.86 min, m/z: 208.1. 

 

4-((2-(4-Nitro-1H-pyrazol-3-yl)-1H-benzo[d]imidazol-5-yl)methyl)morpholine (29) 

28 (3.55 g, 17.1 mmol), 4-nitro-1H-pyrazole-3-carboxylic acid (2.53 g, 16.1 

mmol), EDC∙HCl (3.38 g, 17.7 mmol) and HOBt (2.32 g, 17.1 mmol) were mixed 

in dry DMF (39 mL) and stirred for 20 h. The mixture was concentrated at 60°C 

after which AcOH (49 mL) was added. The mixture was heated to 118°C and 

stirred for 2.5 h. The mixture was concentrated at 80°C and traces of AcOH were 

removed by coevaporated with toluene (4x20 mL). The crude was brought onto 

Celite and purified by silica gel chromatography (5 – 9% MeOH/DCM) to afford the product (3.07 g, 9.35 

mmol, 55%). 1H NMR (400 MHz, MeOD) δ 8.60 (s, 1H), 7.68 (s, 1H), 7.60 (d, J = 8.3 Hz, 1H), 7.28 (d, J = 

8.4 Hz, 1H), 3.98 (s, 2H), 3.78 – 3.66 (m, 4H), 2.89 – 2.78 (m, 4H). 13C NMR (101 MHz, MeOD) δ 144.63, 

139.63, 139.44, 136.69, 134.62, 133.79, 128.93, 126.95, 118.88, 116.50, 66.10, 63.04, 53.34. LCMS 

(Finnigan, 0 → 50%): tᵣ = 4.60 min, m/z: 329.1. 

 

3-(5-(Morpholinomethyl)-1H-benzo[d]imidazol-2-yl)-1H-pyrazol-4-amine (30) 

29 (398 mg, 1.21 mmol) was suspended in degassed MeOH (14 mL). 10% Pd/C 

(56 mg) was added and the atmosphere was exchanged for H2. The reaction was 

vigorously stirred for 100 min while bubbling H2 through the mixture. The 

atmosphere was exchanged for N2, the mixture was filtered over Celite and 

subsequently concentrated. The crude was purified by silica gel chromatography 

(6 – 9% MeOH (containing 10% sat. NH4OH (aq.))/DCM) to afford the product 

(260 mg, 1.21 mmol, 72%). 1H NMR (500 MHz, MeOD) δ 7.53 – 7.40 (m, 2H), 7.31 (s, 1H), 7.10 (dd, J = 

8.3, 1.3 Hz, 1H), 3.61 – 3.54 (m, 4H), 3.45 (s, 2H), 2.38 – 2.30 (m, 4H). 13C NMR (126 MHz, MeOD) δ 149.40 

(br), 139.52 (br), 132.38 (br), 132.14, 130.90, 125.30, 118.67 (br), 116.01 (br), 67.49, 64.48, 54.33. LCMS 

(Finnigan, 0 → 50%): tᵣ = 0.92 min, m/z: 299.1. 

 

4-(4-Nitrophenyl)morpholine (31) 

1-Fluoro-4-nitrobenzene (510 mg, 3.61 mmol) was dissolved in MeCN (8 mL) after 

which morpholine (350 µL, 4.00 mmol) and Et3N (555 µL, 3.98 mmol) were added. 

The mixture was heated to 82°C, stirred for 15 h and subsequently poured into 

H2O (100 mL). The product was extracted with EtOAc (3x75 mL) after which the 

combined organic layers were washed with brine (200 mL), dried over Na2SO4, filtered and concentrated. 

The crude was purified by silica gel chromatography (0 – 1% MeOH (containing 10% sat. NH4OH 

(aq.))/DCM) to afford the product (701 mg, 3.37 mmol, 93%). 1H NMR (400 MHz, CDCl3) δ 8.10 – 8.04 (m, 

2H), 6.82 – 6.75 (m, 2H), 3.87 – 3.79 (m, 4H), 3.38 – 3.31 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 155.00, 

138.78, 125.85, 112.55, 66.35, 47.04. 

 

4-Morpholinoaniline (32) 

31 (2.51 g, 12.1 mmol) was suspended in MeOH (150 mL) and this mixture was 

subsequently degassed by bubbling N2 through the mixture while sonicating for 20 

min. 10% Pd/C (251 mg) was added and the atmosphere was exchanged for H2. The 

reaction was vigorously stirred for 5 h while bubbling H2 through the mixture. The 

atmosphere was exchanged for N2, the mixture was filtered over Celite and subsequently concentrated. 

The crude was purified by silica gel chromatography (6 – 20% MeOH (containing 10% sat. NH4OH 
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(aq.))/DCM) to afford the product (1.97 g, 11.0 mmol, 91%). 1H NMR (400 MHz, CDCl3) δ 6.81 – 6.76 (m, 

2H), 6.66 – 6.61 (m, 2H), 3.87 – 3.80 (m, 4H), 3.46 (s, 2H), 3.05 – 2.97 (m, 4H). 13C NMR (101 MHz, CDCl3) 

δ 144.21, 140.37, 118.07, 116.07, 66.98, 51.01. 

 

1-(4-Morpholinophenyl)guanidine (33) 

32 (800 mg, 4.49 mmol) was suspended in EtOH (2.65 mL) and cooled down to 

0°C. Concentrated HCl (aq.) (300 µL, 3.73 mmol) and cyanamide (50% w/w aq.) 

(660 µL, 16.6 mmol) were added and the mixture was heated to 78°C and stirred 

for 4 h. The reaction was allowed to cool down to RT after which concentrated 

HCl (aq.) (300 µL, 3.73 mmol) was added and the mixture was heated to 78°C 

and stirred for 4 h. The reaction was cooled to RT and concentrated HCl (466 µL, 5.70 mmol) was added 

after which the mixture was heated to 78°C and stirred overnight. The crude was carefully poured into a 

mixture of DCM (100 mL) and 1 M NaHCO3 (100 mL) and stirred. The formed precipitate was collected 

by filtration of the two layers. The solids were collected, suspended in H2O (10 mL) and sonicated for a 

few minutes. The suspension was filtered, washed with acetone (20 mL) after which the solids were 

collected and concentrated to afford the product (948 mg, 4.31 mmol, 96%). 1H NMR (400 MHz, DMSO) 

δ 7.29 (br s, 4H), 6.89 (s, 4H), 3.76 – 3.69 (m, 4H), 3.08 – 3.01 (m, 4H). 13C NMR (101 MHz, DMSO) δ 160.18, 

155.01 (br), 147.78 (br), 124.73, 116.16, 66.19, 48.99. 

 

1-(2-Amino-4-methylthiazol-5-yl)ethan-1-one hydrochloride (34) 

Thiourea (250 mg, 3.28 mmol) was dissolved in MeOH (2.5 mL) and cooled down to 

0°C. Pyridine (106 µL, 1.31 mmol) and 3-chloropentane-2,4-dione (372 µL, 3.29 mmol) 

were added after which the mixture was allowed to warm to RT and stirred for 2 h. 

The mixture was concentrated, subsequently suspended in EtOAc (3 mL) and filtered. 

The solids were washed with EtOAc (5 mL), collected and dried to afford the product (562 mg, 2.91 mmol, 

89%). 1H NMR (400 MHz, DMSO) δ 7.83 (s, 2H), 2.40 (s, 3H), 2.32 (s, 3H). 13C NMR (101 MHz, DMSO) δ 

188.27, 170.51, 157.72, 121.30, 29.49, 18.35. 

 

N'-(5-(3-(Dimethylamino)acryloyl)-4-methylthiazol-2-yl)-N,N-dimethylformimidamide (35) 

34 (500 mg, 2.60 mmol) was mixed with DMF-DMA (1.5 mL, 11 mmol) and 

stirred at 105°C for 18 h. The mixture was concentrated and subsequently 

purified by silica gel chromatography (1 – 6% MeOH/DCM) to afford the 

product (484 mg, 1.82 mmol, 70%). 1H NMR (400 MHz, CDCl3) δ 8.16 (s, 1H), 

7.61 (d, J = 12.2 Hz, 1H), 5.28 (d, J = 12.2 Hz, 1H), 3.05 (s, 3H), 3.03 (br s, 3H), 3.02 (s, 3H), 2.81 (br s, 3H), 

2.57 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 181.50, 173.60, 155.89, 153.98, 152.89, 126.60, 95.03, 40.90, 

35.00, 18.28. LCMS (Finnigan, 0 → 50%): tᵣ = 5.33 min, m/z: 267.1. 

 

Ethyl 4-(benzyloxy)-3-hydroxybenzoate (36) 

Ph3P (6.00 g, 23.1 mmol) and DIAD (4.8 mL, 23 mmol) were dissolved in dry THF (147 

mL) and cooled down to 0°C. Benzyl alcohol (2.3 mL, 22 mmol) was added and the 

mixture was stirred for 5 min. A solution of ethyl 3,4-dihydroxybenzoate (4.00 g, 22.0 

mmol) in THF (37 mL) was added and the mixture was stirred for 30 min after which 

the reaction was allowed to warm to RT and continued to stir for 70 h. The mixture was concentrated, 

loaded onto Celite and purified by automated column chromatography (twice, 5 – 40% Et2O/pentane) 

to afford the product (2.43 g, 8.93 mmol, 41%). 1H NMR (400 MHz, CDCl3) δ 7.63 (d, J = 2.1 Hz, 1H), 7.60 

(dd, J = 8.4, 2.1 Hz, 1H), 7.47 – 7.33 (m, 5H), 6.94 (d, J = 8.5 Hz, 1H), 5.78 (s, 1H), 5.16 (s, 2H), 4.33 (q, J = 

7.1 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 166.41, 149.59, 145.51, 135.70, 128.75, 

128.24, 127.98, 124.10, 122.74, 115.93, 111.29, 71.19, 60.91, 14.45. Regioselectivity was confirmed by 1H-
1H-ROESY NMR analysis. LCMS (Finnigan, 10 → 90%): tᵣ = 7.66 min, m/z: not observed. 
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Ethyl 3-(2-acetoxyethoxy)-4-(benzyloxy)benzoate (37) 

36 (2.40 g, 8.81 mmol) was dissolved in dry DMF (8.8 mL). K2CO3 (2.44 g, 17.6 

mmol) and 2-bromoethyl acetate (1.5 mL, 13 mmol) were added and the 

mixture was stirred at 100°C for 3 h. The mixture was poured into H2O (200 

mL) and the product extracted with DCM (3x150 mL). The combined organic 

layers were washed with brine (200 mL), dried over Na2SO4, filtered and concentrated. The crude was 

purified by silica gel chromatography (10 – 20% Et2O/pentane) to afford the product (2.26 g, 6.30 mmol, 

72%). 1H NMR (400 MHz, CDCl3) δ 7.66 (dd, J = 8.4, 2.0 Hz, 1H), 7.61 (d, J = 2.0 Hz, 1H), 7.46 – 7.41 (m, 

2H), 7.41 – 7.35 (m, 2H), 7.34 – 7.29 (m, 1H), 6.93 (d, J = 8.5 Hz, 1H), 5.19 (s, 2H), 4.49 – 4.41 (m, 2H), 4.34 

(q, J = 7.1 Hz, 2H), 4.31 – 4.27 (m, 2H), 2.07 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

171.14, 166.32, 152.90, 148.18, 136.57, 128.73, 128.17, 127.25, 124.47, 123.59, 115.71, 113.41, 70.92, 

67.65, 62.97, 60.99, 21.00, 14.52. LCMS (Finnigan, 10 → 90%): tᵣ = 8.27 min, m/z: not observed. 

 

Ethyl 3-(2-acetoxyethoxy)-4-hydroxybenzoate (38) 

37 (2.26 g, 6.30 mmol) was dissolved in degassed MeOH (63 mL). 10% Pd/C 

(226 mg) was added and the atmosphere was exchanged for H2. The reaction 

was vigorously stirred for 2.5 h while bubbling H2 through the mixture. The 

atmosphere was exchanged for N2, the mixture was filtered over Celite and 

subsequently concentrated to afford the product (1.65 g, 6.14 mmol, 98%). 1H NMR (400 MHz, CDCl3) δ 

7.66 (dd, J = 8.3, 1.9 Hz, 1H), 7.55 (d, J = 1.9 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 6.32 (s, 1H), 4.50 – 4.43 (m, 

2H), 4.33 (q, J = 7.2 Hz, 2H), 4.31 – 4.27 (m, 2H), 2.10 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, 

CDCl3) δ 171.29, 166.38, 150.50, 145.23, 124.95, 122.68, 114.64, 113.60, 67.92, 62.63, 60.97, 21.00, 14.50. 

LCMS (Finnigan, 10 → 90%): tᵣ = 6.23 min, m/z: not observed. 

 

Ethyl 3-(2-acetoxyethoxy)-4-(2-methoxyethoxy)benzoate (39) 

38 (1.62 g, 6.03 mmol) was dissolved in dry DMF (6 mL). K2CO3 (1.67 g, 12.1 

mmol) and 1-bromo-2-methoxyethane (850 µL, 9.04 mmol) were added and 

the mixture was stirred at 100°C for 2 h. The mixture was poured into H2O 

(200 mL) and the product extracted with DCM (3x150 mL). The combined 

organic layers were washed with brine (200 mL), dried over Na2SO4, filtered and concentrated. The crude 

was purified by silica gel chromatography (25 – 50% EtOAc/pentane) to afford the product (1.89 g, 5.80 

mmol, 96%). 1H NMR (400 MHz, CDCl3) δ 7.68 (dd, J = 8.4, 2.0 Hz, 1H), 7.58 (d, J = 2.0 Hz, 1H), 6.91 (d, J 

= 8.5 Hz, 1H), 4.48 – 4.41 (m, 2H), 4.34 (q, J = 7.1 Hz, 2H), 4.28 – 4.23 (m, 2H), 4.22 – 4.17 (m, 2H), 3.82 – 

3.75 (m, 2H), 3.45 (s, 3H), 2.09 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 171.06, 166.27, 

153.06, 148.00, 124.44, 123.49, 115.62, 112.85, 70.87, 68.64, 67.53, 62.95, 60.90, 59.39, 20.95, 14.46. 

 

Ethyl 5-(2-acetoxyethoxy)-4-(2-methoxyethoxy)-2-nitrobenzoate (40) 

39 (1.86 g, 5.71 mmol) was dissolved in Ac2O (15 mL) and cooled down to 0°C. 

Cu(NO3)2·3H2O (3.45 g, 14.3 mmol) was added and the mixture was stirred at 

0°C for 1 h. The mixture was allowed to warm to RT and stirred until the mild 

exothermic reaction had occurred. The reaction was cooled down to 0°C, 

diluted with H2O (200 mL) and the product extracted with DCM (3x150 mL). The combined organic layers 

were washed with 1 M NaHCO3 (aq.) (200 mL), brine (200 mL) and subsequently dried over Na2SO4, 

filtered and concentrated. The crude was purified by silica gel chromatography (30 – 60% Et2O/pentane) 

to afford the product (1.55 g, 4.17 mmol, 73%). 1H NMR (400 MHz, CDCl3) δ 7.49 (s, 1H), 7.11 (s, 1H), 4.50 

– 4.43 (m, 2H), 4.36 (q, J = 7.2 Hz, 2H), 4.34 – 4.27 (m, 2H), 4.26 – 4.20 (m, 2H), 3.83 – 3.76 (m, 2H), 3.45 

(s, 3H), 2.09 (s, 3H), 1.34 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 170.94, 165.72, 151.90, 150.26, 

141.74, 122.09, 113.21, 109.31, 70.68, 69.45, 67.67, 62.58, 62.40, 59.47, 20.92, 13.90. 

 

Ethyl 5-(2-acetoxyethoxy)-2-amino-4-(2-methoxyethoxy)benzoate (41) 

40 (657 mg, 1.77 mmol) was dissolved in degassed MeOH (5 mL). 5% Pt/C (66 

mg) was added and the atmosphere was exchanged for H2. The reaction was 

vigorously stirred for 1 h while bubbling H2 through the mixture. The 

atmosphere was exchanged for N2, the mixture was filtered over Celite and 
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subsequently concentrated. The crude was brought onto Celite and purified by automated column 

chromatography (50 – 100% Et2O/pentane) to afford the product (396 mg, 1.16 mmol, 66%). 1H NMR 

(400 MHz, CDCl3) δ 7.41 (s, 1H), 6.13 (s, 1H), 4.38 – 4.34 (m, 2H), 4.27 (q, J = 7.1 Hz, 2H), 4.13 – 4.07 (m, 

4H), 3.77 – 3.73 (m, 2H), 3.42 (s, 3H), 2.08 (s, 3H), 1.35 (t, J = 7.1 Hz, 3H) (the –NH2 was not observed). 13C 

NMR (101 MHz, CDCl3) δ 171.17, 167.68, 155.38, 148.04, 139.31, 118.98, 103.06, 100.76, 70.74, 69.16, 

68.06, 63.39, 60.20, 59.32, 21.00, 14.52. 

 

2-((7-(2-Methoxyethoxy)-4-oxo-3,4-dihydroquinazolin-6-yl)oxy)ethyl acetate (42) 

41 (629 mg, 1.84 mmol) and NH₄HCO₂ (117 mg, 1.85 mmol) were mixed in 

formamide (1.9 mL) and stirred at 160°C for 3.5 h. The mixture was poured into 

H2O (25 mL) and the product extracted with DCM (3x25 mL). The combined 

organic layers were washed with brine (25 mL), dried over Na2SO4, filtered and 

concentrated. The crude was purified by automated column chromatography (1 – 10% MeOH/DCM) to 

afford the product (357 mg, 1.11 mmol, 60%). 1H NMR (400 MHz, CDCl3) δ 7.99 (s, 1H), 7.51 (s, 1H), 7.07 

(s, 1H), 4.47 – 4.42 (m, 2H), 4.30 – 4.25 (m, 2H), 4.25 – 4.19 (m, 2H), 3.82 – 3.75 (m, 2H), 3.41 (s, 3H), 2.05 

(s, 3H) (the –NH was not observed). 13C NMR (101 MHz, CDCl3) δ 171.08, 162.23, 154.88, 148.35, 145.45, 

142.95, 115.67, 109.15, 107.06, 70.48, 68.60, 67.08, 62.51, 59.31, 20.84. LCMS (Finnigan, 10 → 90%): tᵣ = 

3.86 min, m/z: 323.1. 

 

2-((4-Chloro-7-(2-methoxyethoxy)quinazolin-6-yl)oxy)ethyl acetate (43) 

42 (332 mg, 1.03 mmol) was dissolved in POCl3 (2 mL) and the mixture was 

stirred at 105°C for 1.5 h. The mixture was poured into H2O (50 mL) and the 

product extracted with DCM (3x50 mL). The combined organic layers were 

washed with brine (50 mL), dried over Na2SO4, filtered and concentrated. The 

crude was purified by automated column chromatography (1 – 10% MeOH/DCM) to afford the product 

(280 mg, 820 µmol, 80%). 1H NMR (400 MHz, CDCl3) δ 8.86 (s, 1H), 7.42 (s, 1H), 7.34 (s, 1H), 4.57 – 4.53 

(m, 2H), 4.41 – 4.37 (m, 2H), 4.35 – 4.30 (m, 2H), 3.91 – 3.85 (m, 2H), 3.49 (s, 3H), 2.12 (s, 3H). 13C NMR 

(101 MHz, CDCl3) δ 171.04, 159.30, 156.45, 152.74, 150.71, 149.19, 119.55, 107.99, 104.48, 70.46, 69.09, 

67.34, 62.41, 59.59, 21.00. LCMS (Finnigan, 10 → 90%): tᵣ = 5.62 min, m/z: 341.0. 

 

2-((4-((3-Ethynylphenyl)amino)-7-(2-methoxyethoxy)quinazolin-6-yl)oxy)ethyl acetate (44) 

43 (30 mg, 87 µmol) was dissolved in 2-propanol (0.6 mL). 3-

Ethynylaniline (10 µL, 96 µmol) was added and the mixture was stirred 

at 82°C for 1.5 h. The mixture was concentrated and purified by 

automated column chromatography (1 – 10% MeOH/DCM) to afford 

the product (36 mg, 87 µmol, quant.). 1H NMR (400 MHz, MeOD) δ 

8.44 (s, 1H), 7.90 (d, J = 1.9 Hz, 1H), 7.80 (s, 1H), 7.75 (d, J = 8.1 Hz, 1H), 

7.36 (t, J = 7.9 Hz, 1H), 7.26 (d, J = 7.6 Hz, 1H), 7.18 (s, 1H), 4.54 – 4.49 (m, 2H), 4.40 (t, J = 4.6 Hz, 2H), 

4.32 – 4.27 (m, 2H), 3.88 – 3.82 (m, 2H), 3.47 (d, J = 1.9 Hz, 4H), 2.09 (s, 3H). LCMS (Finnigan, 0 → 50%): tᵣ 

= 8.25 min, m/z: 422.2. 

 

3-Iodo-1H-pyrazolo[3,4-d]pyrimidin-4-amine (45) 

1H-Pyrazolo[3,4-d]pyrimidin-4-amine (157 mg, 1.16 mmol) and N-iodosuccinimide (287 

mg, 1.28 mmol) were suspended in dry DMF (0.65 mL), heated to 85°C and stirred for 18 

h. The mixture was filtered and the solids washed with ice cold EtOH (2 mL). The solids 

were collected and concentrated to afford the product (191 mg, 0.733 mmol, 63%).1H 

NMR (400 MHz, DMSO) δ 8.17 (s, 1H), 7.62 (br s, 1H), 6.69 (br s, 1H) (the –NH was not observed). 

 

1-Cyclopentyl-3-iodo-1H-pyrazolo[3,4-d]pyrimidin-4-amine (46) 

45 (100 mg, 0.383 mmol) and K2CO3 (212 mg, 1.53 mmol) were suspended in dry 

DMF (2.5 mL) after which bromocyclopentane (45 µL, 0.42 mmol) was added and the 

mixture was stirred at 80°C for 4 h. The mixture was filtered and the solids dissolved 

in a mixture of H2O (40 mL) and EtOAc (40 mL). The organic layer was separated and 

the water layer extracted with EtOAc (40 mL). The combined organic layers were 
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washed with brine (80 mL), dried over Na2SO4, filtered and concentrated. The crude was purified by 

automated column chromatography (0 – 100% MeOH/DCM) to afford the product (74.7 mg, 0.227 mmol, 

59%). 1H NMR (400 MHz, MeOD) δ 8.18 (s, 1H), 5.13 (p, J = 7.6 Hz, 1H), 2.16 – 1.99 (m, 4H), 1.99 – 1.85 

(m, 2H), 1.79 – 1.60 (m, 2H). 13C NMR (101 MHz, MeOD) δ 158.20, 155.70, 153.39, 104.41, 86.64, 58.78, 

32.63, 24.84. LCMS (Finnigan, 0 → 50%): tᵣ = 7.48 min, m/z: 330.0. 

 

 

Supplementary information 

 
Supplementary Figure 1 | Quality parameters during primary screen. In blue, the assay window (ΔmP) per plate. In 

green, the Z’-factor per plate. 
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