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Abstract

Bromodomain-containing protein 4 (BRD4) is an attractive epigenetic target in human cancers. 

Inhibiting the phosphorylation of BRD4 by casein kinase 2 (CK2) is a potential strategy to 

overcome drug resistance in cancer therapy. The present study describes the synthesis of multiple 

BRD4–CK2 dual inhibitors based on rational drug design, structure–activity relationship, and in 
vitro and in vivo evaluations, and 44e was identified to possess potent and balanced activities 

against BRD4 (IC50 = 180 nM) and CK2 (IC50 = 230 nM). In vitro experiments show that 44e 
could inhibit the proliferation and induce apoptosis and autophagy-associated cell death of MDA-

MB-231 and MDA-MB-468 cells. In two in vivo xenograft mouse models, 44e displays potent 

anticancer activity without obvious toxicities. Taken together, we successfully synthesized the 

first highly effective BRD4–CK2 dual inhibitor, which is expected to be an attractive therapeutic 

strategy for triple-negative breast cancer (TNBC).

Graphical Abstract

INTRODUCTION

Breast cancer (BC) is the most common female malignant tumor in the world, and more than 

42 170 women died of BC in 2020.1,2 Triple-negative breast cancer (TNBC), which does 

not express estrogen receptor (ER), progesterone receptor (PR), or HER2/neu, significantly 

overlaps with the molecular subtype of basal-like breast cancer (BLBC).3 TNBC/BLBC 

cases account for 15% of all BC and mainly affect young women, people of African or 

Spanish origin, and those with BRCA1 mutations. It is highly aggressive and features high 

recurrence, metastasis, and heterogeneity. At present, surgery and conventional systemic 

cytotoxic chemotherapy are commonly used for TNBC treatment. However, its prognosis is 

far from satisfactory compared with advanced BC cases of other subtypes.4-6 Fortunately, 
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targeted therapy drugs have improved cancer treatment for many people in a certain period 

of time.

So far, the main targets and pathways of TNBC, including the bromodomain-containing 

protein 4 (BRD4),7 epidermal growth factor receptor (EGFR),8 mitogen-activated protein 

kinase (MAPK)–extracellular regulated protein kinases (ERK),9 phosphatidylinositol 3 

kinase (PI3K)–protein kinase B (AKT),10 polyADP–ribose polymerase (PARP),11 vascular 

endothelial growth factor receptor 2 (VEGFR2),12 and human epidermal growth factor 

receptor 2 (HER2),12,13 have been well studied. However, drug resistance has become 

challenging with increased application of small molecule targeted drugs.14-16 How to 

prevent and reverse drug resistance in cancer patients has been a major concern. BRD4 is a 

member of the BET family, which serves as a vital transcriptional and epigenetic regulatory 

factor in cell cycle progression. It is also involved in cancer progression by promoting 

oncogene transcription through RNA polymerase II (Pol II) or regulating oncogene networks 

by inducing signal transduction after recognizing acetylated histones.17-19 BRD4 is of 

great significance in many hematopoietic and solid tumors expressing Myc and other 

oncogenes.20,21 It has been reported that dysregulated BRD4 was detected in breast cancer, 

colon cancer, and prostate cancer.22 The large-scale genome analysis of TNBC demonstrated 

that BRD4 is essential for the survival of TNBC cell populations.23 Knockdown of BRD4 

in TNBC cells significantly inhibits the activity of Notch1, thus suppressing metastasis 

and invasion.24,25 Dysfunctional BRD4 is closely linked to the occurrence, development, 

invasion, metastasis, and prognosis of TNBC. Furthermore, inhibition of BRD4 could 

induce autophagy in breast cancer cells. BRD4 inhibitors are capable of inhibiting the 

transcription of oncogenes in TNBC, serving as promising therapeutic agents.26,27 BRD4 

inhibitors have drawn significant attention in recent years. Multiple BET inhibitors have 

been reported, including JQ1 (1), I-BET726 (2), RVX-208 (3), mivebresib (4), ZL0516 (5), 

ZL0454 (6), GSK046 (7), SJ018 (8), GSK789 (9), and LT052 (10) (Figure 1A), and clinical 

trials with some BRD4 inhibitors evaluating the therapeutic efficacy against cancers are in 

progress.5,28,29 A growing number of BRD4 inhibitors have been discovered and applied 

to the treatment of TNBC, but the emergence of drug resistance was one of the reasons 

that greatly limited the clinical application.30,31 The latest study in 2021 suggested that the 

drug resistance mechanism of BET inhibitors varies with the cancer type, and inhibiting the 

phosphorylation of BRD4 by casein kinase 2 (CK2) is a potential strategy to overcome drug 

resistance in cancer patients.32

CK2 is upregulated in various types of cancers, presenting a vital function in essential 

biological processes. It is considered as a potential therapeutic target for cancers.33 CK2 

is composed of catalytic α/α′ and regulatory β subunits. During the past four decades, 

multiple CK2 inhibitors have been developed for human disease treatment, including 

quercetin (11), DRB (12), DMAT (13), TBB (14), coumestrol (15), CX-5011 (16) emodin 

(17), CX-4945 (18), HY1-Pt (19), and SGC-CK2-1 (20) (Figure 1B).34,35 Among them, 

18 is the only small molecule CK2 inhibitor explored in phase I/II clinical trials. In 

addition, 18 effectively induces autophagy and apoptosis in pancreatic cancer cells. 

Studies have shown that CK2 could regulate autophagy through downstream targets of 

phosphorylation.36 CK2 has been validated as one of the proteins with the most genetic 
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diversity in eukaryotic systems. It contains more than 300 phosphorylated substrates and 

is involved in various cellular processes, including the AKT/PI3K pathway, DNA damage 

repair, cell cycle progress, and cell growth. Among them, CK2-induced phosphorylation 

is essential for BRD4 binding to acetylated chromatin and occurs at the N-terminal 

cluster of phosphorylation sites (NPS), situated downstream of the second bromodomain 

(BD2), and the C-terminal cluster of phosphorylation sites (CPS), located downstream of 

the extraterminal (ET) domain, of BRD4.37 Both NPS and CPS are also found in other 

bromodomain and ET (BET) family proteins, including BRD2, BRD3, and BRDT.37 Shu et 

al.38 explored the inhibitory effect of BET in human breast cancer. It was found that MED1, 

a widely existing protein for Pol II-dependent transcription, binds to BRD4 in drug-resistant 

cells more tightly than in drug-sensitive cells, which results from BRD4-independent 

transcriptional activation of Myc gene caused by an increase of BRD4 phosphorylation 

due to decreased protein phosphatase 2A (PP2A) activity. In addition, CK2 inhibition leads 

to increased uptake of known drugs in multidrug-resistant cells.39-41 Currently, development 

of multitarget approaches targeting different proteins, especially dual target inhibitors with 

synergistic effects, has received increasing attention in anticancer drug development. Many 

dual BET/kinase inhibitors have been described.5 They can simultaneously regulate multiple 

targets in the disease network and have synergistic antitumor effects, providing a rationale 

for the development of dual inhibitors ofBRD4. Therefore, we speculate that inhibition of 

BRD4 and CK2 could both solve the problem of resistance of BRD4 inhibitors caused 

by phosphorylation and could further inhibit the proliferation and induce apoptosis and 

autophagy-associated cell death in TNBC. In conclusion, the design and synthesis of BRD4–

CK2 dual inhibitors may provide a new therapeutic option for TNBC.

To achieve this goal, we first identified that BRD4 and CK2 could influence the progression 

and prognosis of TNBC through apoptosis and autophagy-associated cell death by networks 

and systems biology. A series of small molecule BRD4–CK2 dual inhibitors were then 

synthesized via virtual screening and rational drug design and assessed for their in vivo and 

in vitro biological activities. The obtained candidate compound 44e was found to inhibit 

colony formation of MDA-MB-231 and MDA-MB-468 TNBC cells, and dose-dependently 

induced cell apoptosis and autophagy-associated cell death. In vivo experiments further 

validated an acceptable anticancer effect of 44e in mice. Our findings demonstrated the 

therapeutic efficacy of 44e on TNBC through dual-inhibition of BRD4 and CK2, which is 

expected to be a promising candidate drug for TNBC.

RESULTS AND DISCUSSION

Bioinformatics Analysis.

Bioinformatic analysis was performed to investigate the potential functions of BRD4 and 

CK2 in the development of breast cancer susceptibility genes (Figure 2A). First, the 

interacting proteins of BRD4 and CK2 were searched using the PrePPI database.42,43 It 

is shown that there are 359 and 4241 proteins interacting with BRD4 and CK2, respectively, 

with a regulatory relationship. These interacting proteins were subsequently annotated and 

clustered using the Gene Ontology (GO) and DAVID databases.44,45 Among them, 453 and 

131 proteins were enriched in the apoptosis and autophagy pathways, respectively (Figure 
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2B,C). Finally, the GEPIA tool was used to analyze the breast cancer transcriptome data of 

BRD4 and CK2 obtained from the TCGA database; as shown in Figure 2D, a significantly 

positive correlation was identified between BRD4 and CK2 (R = 0.5, p = 7.1 × 10−76).46 

This bioinformatic analysis correlates interaction between BRD4 and CK2 and underlines 

the progression and prognosis of TNBC through apoptosis and autophagy-associated cell 

death.

Design of Novel BRD4–CK2 Dual Inhibitors.

BET inhibitors are mainly categorized as pan-BET inhibitors, selective BRD4 inhibitors, 

and BET-BD1 or BET-BD2 inhibitors.5 BRD4 contains two conserved N-terminal 

bromodomains (BD1 and BD2) with high sequence similarity.18 There are many studies 

describing the unique functions of BD1 and BD2. However, in cancer research, the 

functional differences between BD1 and BD2 are not very clear.14 Currently, BRD4 

inhibitors based on BD1 or BD2 selectivity have been reported.5

To design BRD4–CK2 dual inhibitors, we first analyzed the crystal structures of BRD4 

(BD2) and CK2 for key inhibitor contact amino acid sites via molecular docking. BRD4 

and CK2 small-molecule inhibitor complexes were downloaded from the Crystallography 

Open Database. Based on the reported interaction between BRD4 (BD2) or CK2 and small 

molecule inhibitors, key amino acid residues in different spatial positions in the active 

pocket were summarized. As shown in Figure 3, Trp374, Pro375, Val380, Leu385, Asn433, 

and Val439 were identified as key amino acid residues in BRD4-BD2 for interaction with 

small molecule inhibitors, while Lys68, Val116, Asn118, Met163, Ile174, and Asp175 were 

key amino acid residues for CK2 interaction with small molecule inhibitors. Subsequently, 

we screened BRD4–CK2 dual inhibitors through the multiple-docking strategy. A total of 

217 836 compounds in the SPECS library of Topscience, ACDB, and MCDB were initially 

screened based on the Lipinski’s rule, and finally, 198 445 small molecules were obtained 

as a compound library for further analyses.2,47 Rapid molecular docking of compounds with 

BRD4 (BD2) (PDB ID 5UOO) and CK2 (PDB ID 6RFE) in the generated library was 

conducted using the LibDock module of Discovery Studio software (version 3.5), and the 

top 1000 matches that could bind to BRD4 and CK2 were selected. Molecular docking of 

the 1000 matches with BRD4 and CK2 was performed using the CDOCKER module. The 

obtained 80 matched compounds that could bind to BRD4 and CK2 were further analyzed 

for the docking mode, structural diversity, and conformational stability with key amino acids 

as important references, and finally, 10 compounds were obtained (Figure S1). Through 

assessing their kinase activity in vitro, we found that compound 26 at 10 μM presented an 

inhibitory effect on BRD4 and CK2 with an inhibitory ratio of 63% and 45%, respectively 

(Figure S2). Thus, 26 was selected as the lead compound for further design and structural 

optimization of BRD4–CK2 dual inhibitors.

Synthetic Routes of BRD4–CK2 Dual Inhibitors.

The synthetic routes of all target compounds are shown in Schemes 1-3. Target 

compounds 33a–d and 34a–c were initially synthesized as shown in Scheme 1. Briefly, 

hydroxyacetophenone derivatives dissolved in pyridine were induced with benzoyl chloride 

derivatives under alkaline conditions for 1.5 h, thus obtaining the intermediates 31a–d. The 
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intermediates were then dissolved in pyridine, heated at 50 °C for 1 h, and induced with 

KOH at 80 °C for 1 h. The obtained intermediates 32a–d resolved in HOAc were treated 

at 90 °C for 1 h, followed by cooling, vacuum distillation, and incubation with H2SO4 1% 

(v/v) in HOAc solution for 1 h, thus obtaining compounds 33a–d. They were then dissolved 

in toluene and subjected to heating reflux using the Lawesson’s reagent for 4 h. Finally, 

target compounds 34a–c were obtained.

Target compounds 38a–s and the lead compound 26 were obtained as shown in Scheme 2. 

First, 3,5-dimethoxyaniline was converted into hydrochloride salt, which was then reacted 

with (COCl)2 at high temperature to obtain 4,6-dimethoxyindolinedione (35a). Compound 

35a was subjected to 0.5 h heating reflux under alkaline conditions by adding the oxidant 

H2O2, and the intermediate 2-amino-4,6-dimethoxybenzamide (36a) was obtained after 

suction filtration. Compound 36a was induced with the carboxylic acid activator HOBt, 

the coupling agent EDCI, and N-methylmorpholine in THF solution. After condensation 

using ammonium hydroxide, an amide product, 2-amino-4,6-dimethoxybenzamide (37a), 

was obtained. The synthetic routes of intermediates 37b,c were similar to that of 37a. 

Finally, 37a–c were reacted with various aldehydes using PTSA as the catalyst and NaHSO3 

as the additive, heated to reflux for 4–8 h, and purified by column chromatography, thus 

obtaining target compounds 38a–s and the lead compound 26.

Target compounds 42a–j, 43a–q, and 44a–n were synthesized according to the preparation 

pathways depicted in Scheme 3. Under alkaline conditions, tert-butyl bromoacetate and 

p-hydroxybenzaldehyde derivatives in DMF developed substitution reaction, thus obtaining 

intermediates 39a–c. Later, intermediates 40a–c were obtained by hydrolysis of tert-butyl 

ester. Anthranilamide derivatives and 40a–c were dissolved in DMAc and reacted with 

NaHSO3 and the catalyst PTSA at high temperature for 4–8 h. The obtained intermediates 

41a–h were incubated with amino substitution derivatives in DMF solution containing HOBt 

and EDCI. After 24 h stirring at room temperature, target compounds 42a–j, 43a–q, and 

44a–n were separated by column chromatography.

Structural Optimization of the BRD4–CK2 Dual Inhibitors.

To optimize the structure of the lead compound, we analyzed the binding mode of 

compound 26 and the target proteins. Molecular docking analysis showed that the binding 

mode of compound 26 within BRD4 was similar to that of BRD4 inhibitor 3 (Figure 

4A). As the binding mode of compound 26 within CK2 showed, the quinazolinone core 

scaffold was inserted deeply into the hydrophobic pocket, in which the O atom and the 

para-position N atom of amide groups formed two key hydrogen bonds with Lys158 and 

Asp175, respectively. Furthermore, the conjugation of the benzene ring of the quinazolinone 

core scaffold and Asp175 maintained the stable binding of the quinazolinone core scaffold 

and CK2, while the benzene ring on the other side formed hydrophobic interactions with 

Val53 and Ile174. However, the tail group of the compounds did not occupy the channel 

surrounding the hinge region. In addition, 26 did not have interactions with key amino acids 

like Asn118 and Met163 in the core group, which may be vital factors for influencing the 

binding stability and affinity with CK2 (Figure 4B).
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In the first round of modification, we verified the importance of the quinazolinone core 

scaffold in the lead compound with dual inhibition of BRD4 and CK2. The key N atom 

of quinazolinone was first replaced to synthesize compounds 33a–d. Their inhibitory 

rates against BRD4 and CK2 were determined at a concentration of 1 μM (Table 1), 

which, as expected, were lower than 15%. Compounds lost almost all inhibitory activity 

against TNBC cells. The inhibitory effects of 33a–d on target proteins were significantly 

reduced. Subsequently, compounds 34a–c were synthesized through introducing a S atom 

to replace the oxygen carbonyl, which barely had activity. Therefore, it is suggested that 

the quinazolinone core scaffold was the vital fragment for maintaining the compounds’ 

activities.

In the second round of optimization, we retained the quinazolinone core scaffold and further 

optimized the tail group of 26. Target compounds 38a–s were synthesized by introducing 

various substituents (R1, R2) on the benzene ring. We speculated that these structures were 

able to form various interactions with channels surrounding the hinge region of CK2. Our 

findings showed that 38d, in which a 3,5-dimethyl-4-hydroxyphenyl group served as the 

R2 group, inhibited BRD4 by 21.25%. Compound 38p was synthesized by introducing 

an electron-withdrawing group, −COOH, and 38i introduced an electron-donating group, 

−OCH3. Compared with 26, 38p (16.81%) and 38i (16.83%) still presented a low inhibitory 

rate against CK2, and their inhibitory rate against BRD4 was not elevated (17.46% and 

11.74%). In addition, compounds synthesized by substituting R1 as the H atom (38j–l) 
or a single methoxy (38m–o) presented a low inhibitory rate against BRD4, with no 

antiproliferative activity on MDA-MB-231 cells (IC50 > 50 μM). The dimethoxyphenyl 

group was found to be the key group responsible for inhibiting BRD4, which was similar to 

that of 3. Interestingly, inhibition was elevated to varying degrees in 38a, 38d, and 38f by 

substituting R1 with the dimethoxy group (Table 2).

Further, 38q and 38r were synthesized by moving the para-substituted acetic acid group 

on the benzene ring to the meta-position or ortho-position. Their inhibitory rate against 

CK2 was slightly reduced, but that against BRD4 was significantly reduced. Compounds 

38q and 38r exhibited lower efficiency on TNBC cells compared with 26. Collectively, 

through altering the acetic acid chain at the end of the benzene group, the BRD4 and CK2 

inhibition rates and in vitro antiproliferative activities of synthesized compounds were not 

elevated, suggesting that the terminal acetic acid group is an important group to maintain the 

inhibitory activity of the target compound.

According to the interaction between the lead compound 26 and CK2, we considered that 

extending the tail group of the molecule to strengthen the interactions, such as hydrophobic 

interactions, hydrogen bond interactions, and π–π stacking, in the hydrophobic channel 

surrounding the hinge region of CK2 could be a feasible approach. The quinazolinone core 

scaffold of 26 and the para-carboxyl substitution of the benzene ring are important structures 

for maintaining activity (Figure 4B). Therefore, the important pharmacophore was retained 

in the third round of modification, only optimizing the tail group.

Through analyzing the structures of other BRD4 and CK2 inhibitors, it was found that 

the amide bond is responsible for the interaction formed in the hydrophobic channel. 
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Therefore, it could be used to extend the molecular structure. Here, the amide bond was 

introduced to further boost the interaction to amino acid residues surrounding the hinge 

region of CK2. Later, compounds 42a–j were synthesized, retaining the dimethoxyphenyl 

group (Table 3) and the quinazolinone core scaffold. Through introduction of the morpholine 

derivatives (42a,b), tetrahydropyran derivatives (42c,d), N-methylpiperidine derivatives 

(42e,f), 1-methylpiperazine derivative (42g), and substituted benzene (42h,i), the extended 

length of substituents further strengthened the interaction between small molecules and 

the hinge region of CK2. BRD4 and CK2 activities of these compounds were elevated 

to a certain extent. Notably, the inhibitory rates of 42g against BRD4 and CK2 were 

55.71% and 53.64% at the concentration of 1 μM. Meanwhile, 42g also showed acceptable 

cellular potency in MDA-MB-231 and MDA-MB-468 cells (IC50 = 12.82 and 13.65 μM, 

respectively). The introduction of the 1-methylpiperazine group was also conducive to the 

antiproliferative ability in TNBC cells.

The docking mode of 42g with BRD4 and CK2 revealed a similar key interaction site 

between the core scaffold structure of 42g and BRD4 to that of lead compounds (Figure 4). 

In particular, the introduction of the amide bond induced the formation of a hydrogen bond 

with Leu45 of CK2 and an intermolecular hydrogen bond between the 1-methylpiperazine 

group and Asn118. Since the hinge region of CK2 is relatively large, the length of the 

molecule was speculated to be prolonged here. We then introduced a phenyl group between 

the amide bond and the 1-methylpiperazine group, hoping to improve the interaction 

between this part and the hinge region of CK2, thus stabilizing the conformation of the 

1-methylpiperazine group.

Subsequently, we further increased the length of the terminal substituents, while 

retaining the amide bond. As a result, the inhibitory activity of the newly synthesized 

compounds 43a,b against CK2 was not significantly improved. Considering the lack of 

correlation between the compounds and the wider hinge region of CK2, we introduced 

1-methylpiperazine derivatives, morpholine derivatives, and five- and six-membered 

heterocyclic derivatives linking benzene rings to synthesize compounds 43c–q. Their 

inhibitory activities against BRD4 and CK2 have been greatly improved. Particularly, 43f, 
modified by introducing the 1-methylpiperazine group in the para-position of the benzene 

ring, presented pronounced inhibitory activity against BRD4 and CK2 with inhibitory rates 

of 82.30% and 80.02%, respectively, at a concentration of 1 μM, and its antiproliferative rate 

in TNBC cells was also improved (IC50 = 6.46 and 8.80 μM in individual MDA-MB-231 

and MDA-MB-468 cells). Moving the 1-methylpiperazine group from the para-position 

of the benzene ring to the meta- (43g) and ortho-positions (43h) resulted in reduced 

inhibition against BDR4 and CK2. Later, we analyzed the structure–activity relationship 

(SAR) on the phenyl group, which directly bonded to the amide bond, and synthesized 

44a–i. Compound 44e, modified by introducing a Cl atom at the meta-position, presented 

the optimal inhibitory activity against BRD4 (92.28%) and CK2 (90.65%), as well as the 

highest antiproliferative rates in MDA-MB-231 and MDA-MB-468 cells (IC50 = 2.66 and 

3.52 μM, respectively), which was slightly better than that of 44c with substitution of 

the F atom at the meta-position. The introduction of the Cl atom at the meta-position of 

the benzene ring and of the 1-methylpiperazine group at the para-position were optimal 
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groups for BRD4 and CK2. Next, the inhibitory activity of 44j–n with the Cl atom and 

the 1-methylpiperazine group against BRD4 was significantly reduced, further validating 

the importance of the dimethoxyphenyl group. However, in MDA-MB-231 and MDA-

MB-468 cells, the antiproliferative effect of 44m was more pronounced than others, which 

may be explained by an off-target effect. The docking mode analysis revealed that the 

introduction of phenyl induced interaction between the benzene ring and Met163. The Cl 

atom on the benzene ring was of great significance in maintaining the conformation of the 

1-methylpiperazine group and promoting the formation of intermolecular hydrogen bonds 

between H atoms of the 1-methylpiperazine group and Asn118 and Asp120 of CK2, thus 

triggering the stable combination with CK2.

Based on the above analysis, the dimethoxyphenyl group was of great significance 

to the inhibitory activity against BRD4. After being replaced with single methoxy or 

halogens (F, Cl) at different positions or H, the inhibitory activity against BRD4 was 

significantly affected (Figure 5). The quinazolinone core scaffold is a critical group leading 

to compounds’ activities. The inhibitory activity of target compounds with H substitution on 

the benzene ring connected to the quinazolinone core scaffold was superior to that of the 

compounds with methyl and Br substitutions. The introduction of the benzene ring linking 

the Cl atom at the meta-position and methylpiperazine at the para-position through an amide 

bond resulted in the best BRD4–CK2 dual inhibitory activity, as well as the antiproliferative 

ability of TNBC cells. During the process of evaluating the activity, 1 and 18 were used as 

positive control drugs (Table 3). In MDA-MB-231 and MDA-MB-468 cells, 1 and 18 might 

show a certain synergistic effect; the combination index (CI) calculated by the Chou–Talalay 

method was 0.78 and 0.61.48 In addition, we tested inhibitory activities of 44e against BET 

BDs and CK1 and CK2 because of the pronounced enzymatic activity and antiproliferative 

activity in vitro (Table 4). It is shown that 44e presented the most significant inhibitory 

activity against BRD4 (IC50 = 180 nM) compared with the other isoforms of BRD proteins. 

Moreover, compared with BRD4-BD1 (IC50 = 193 nM), 44e showed weak selectivity for 

BRD4-BD2 (IC50 = 98 nM). Compared with that of CK1, 44e presented higher selectivity 

to inhibition against CK2 (IC50 = 230 nM). Hence, 44e is an effective BRD4–CK2 dual 

inhibitor.

Molecular docking analysis revealed the binding modes of 44e in the active pocket of 

BRD4(BD2) and CK2. The core scaffold of 44e was located inside the active pocket, 

forming intermolecular hydrogen bonds with amino acid residues Pro375 and Asn433 of 

BRD2 (BD2) and hydrophobic interactions with Pro375, Leu385, Leu387, and Val439, 

showing a similar molecular binding mode to that of 3. Compared to the lead compound 

26, the hydrophobic interaction formed by the hydrogen on the side-chain benzene ring 

and Pro434 and intermolecular hydrogen bonds formed by the 1-methylpiperazine group 

and Tyr432 further promoted the binding of 44e and BRD4 (BD2). The core part of 44e 
was deeply inserted into the hydrophobic pocket of CK2, forming intermolecular hydrogen 

bonds with amino acid residues Lys77, Lys158, Asn161 of CK2 and a conjugation force 

with Asp175. An intermolecular hydrogen bond formed between the carbonyl group of 

the amide bond and the amino acid residue Leu45 was responsible for fixing the position 

and conformation of the compound in CK2. Compared with compound 42g, a conjugation 
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force formed by the increased side-chain benzene ring and Met163, and intermolecular 

hydrogen bonds formed by the 1-methylpiperazine group and Asn118 and Asp120 in the 

hinge region enhanced the binding stability with CK2 as well (Figure 4B). Collectively, 

44e is a novel chemical type for BRD4-CK2 dual inhibition, which might be helpful for 

subsequent exploration of novel BRD4-CK2 inhibitors.

Compound 44e Induces TNBC Cell Death by Targeting BRD4 and CK2.

A combination administration of 1 and 18 (at a mole ratio of 1:1) in MDA-MB-231 and 

MDA-MB-468 cells resulted in a synergistic effect, while administration of the candidate 

compound 44e presented the most effective kinase inhibition and antiproliferation (Figure 

6A and Table 3). Notably, it did not have obvious toxicity to the normal breast cell line 

MCF-10A (Figure S3). Considering the common concern of drug resistance with BRD4 

inhibitors, we first assessed the anticancer activity of 44e against BRD4 inhibitor-resistant 

breast cancer cells. Briefly, compound 1-resistant MDA-MB-231 cell line (MDA-MB-231R) 

was generated by low-dose 1 selection at different time points. MDA-MB-231R cells 

and their parental cells were treated with different doses of 1, aiming to generate MDA-

MB-231R.49 Later, MDA-MB-231R cells and their parental cells were treated with different 

doses of 1 or 44e. It was shown that 44e was able to alleviate drug resistance of 1 in 

MDA-MB-231R cells (p < 0.01), suggesting that 44e still presented an acceptable anticancer 

effect on 1-resistant breast cancers (Figure 6B).

To further verify the BRD4 and CK2 inhibition efficacy of 44e treatment in TNBC cells, 

we silenced the expression of BRD4, CK2, and BRD4/CK2 in MDA-MB-231 cell lines 

with the BRD4 shRNA, CK2 shRNA, and BRD4/CK2 shRNA, respectively (Figure 7A). 

The expression of BRD4 and CK2 was significantly downregulated in MDA-MB-231 cells. 

Following a 24 h exposure to 44e, the results showed that the inhibitory effect of 44e was 

reduced to a certain extent after knockdown. This finding also verified the inhibition of 

BRD4 and CK2 by 44e in TNBC cell lines (Figure 7B). Next, to investigate whether 44e 
could bind to BRD4 and CK2α in cells, we performed CETSA assay in MDA-MB-231 

cells. The results demonstrated that 44e improved the thermal stability of BRD4 and 

CK2α, indicating that 44e could directly combine with BRD4 and CK2α (Figure 8A). 

Subsequently, we determined whether 44e affects the key downstream proteins of BRD4 

and CK2α. MDA-MB-231 and MDA-MB-468 cells were treated with 0, 2.5, 5, and 10 

μM of 44e for 24 h, followed by detection of protein levels of BRD4, c-Myc, CK2α, and 

p-AKTS129 by Western blotting. Previously, the Chiang lab reported that the NPS in BRD4 

is enriched in acidic residues, containing seven CK2 phosphorylation sites (S484, S488, 

S492, S494, S498, S499, S503).37 We verified that 44e dose-dependently downregulated 

the level of p-BRD4S492 (Figure 8B,C). Taken together, 44e could bind to BRD4 and CK2 

in cells and inhibit the proliferation pathway regulated by BRD4 and CK2 but had no 

significant effect on the protein levels of BRD4 and CK2.

Compound 44e Inhibits Colony Formation and Promotes Apoptosis in TNBC Cells.

To further investigate the effect of 44e on TNBC cells, we first performed the colony 

formation assay to detect the long-term proliferation ability of TNBC cells after 44e 
treatment. The results showed that 44e dose-dependently suppressed growth and reduced the 
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number of colonies in MDA-MB-231 and MDA-MB-468 cells (Figure 9A,B). In addition, 

MDA-MB-231 and MDA-MB-468 cells were treated with different doses of 44e for 24 

h, followed by Hoechst 33258 staining to determine whether apoptosis was induced after 

44e treatment. The results showed that the number of dead cells was dose-dependently 

elevated (Figure 9C,D). Collectively, these results revealed that apoptosis might be involved 

in 44e-induced cell death.

In order to confirm that 44e could induce apoptosis, flow cytometry was performed to 

measure cell apoptosis. Interestingly, 44e dose-dependently induced apoptosis of MDA-

MB-231 and MDA-MB-468 cells (Figure 10A,B). As expected, 44e dose-dependently 

downregulated Bcl-2 but upregulated Bax and cleaved caspase-3 (Figure 10C,D). Taken 

together, 44e induces apoptosis in MDA-MB-231 and MDA-MB-468 cells.

Compound 44e Induces Autophagy in TNBC Cells.

In our previous work, we found that BRD4 inhibition could induce autophagy in breast 

cancer cells.50 So we next checked whether 44e could induce autophagy in TNBC cells. 

MDA-MB-231 and MDA-MB-468 cells were transfected with the autophagy biosensor 

GFP-mRFP-LC3. With an inverted microscope, it was shown that 44e-induced autophagy 

flux was significantly increased (Figure 11A). Protein levels of autophagy markers were 

further detected by Western blotting. As expected, 44e significantly down-regulated the 

autophagy substrate p62 and up-regulated beclin-1 and LC3II (Figure 11B,C). Taken 

together, 44e significantly induced autophagy in MDA-MB-231 and MDA-MB-468 cells.

To investigate the role of autophagy in 44e-induced cell death, we employed the autophagy 

inhibitor 3-methyladenine (3-MA), which is commonly used to inhibit the autophagic 

process by blocking autophagosome formation.51 And according to previous findings, 3-

MA was applied to show the relationship between cell death and autophagy.52 Upon the 

addition of 3-MA, the effect of 44e on cell death was significantly reduced, suggesting 

that autophagy plays a role in promoting TNBC cell death (Figure 12A,B). Similar results 

were also obtained from colony formation assay (Figure 12D,E), indicating that 44e induces 

autophagy-associated cell death in TNBC cells. In addition, a significantly lower apoptotic 

rate was detected in MDA-MB-231 and MDA-MB-468 cells treated with both 44e and 

3-MA for 24 h compared to that of cells treated with 44e only (Figure 12C), suggesting 

that application of 3-MA was able to partially reverse 44e-induced apoptosis in TNBC cells. 

These data indicate that 44e-induced autophagy inhibited cell proliferation and promoted 

cell apoptosis.

Preliminary Assessment of Pharmacokinetics (PK) profile of 44e.

Based on the most potent BRD4–CK2 inhibitory activity of compound 44e and its 

antiproliferation and ability to induce apoptosis and autophagy-associated cell death in 

TNBC cells, we further studied the pharmacokinetic properties. As shown in Table 5, 

compound 44e was administered as a single dose at 1 mg/kg and 10 mg/kg by intravenous 

and oral routes, respectively. The results indicated that 44e could be absorbed rapidly from 

the intestine with the highest concentration observed at 5.14 ± 0.71 h and a maximum 

plasma concentration (Cmax) value of 206 ± 6 ng/mL. Furthermore, 44e had a reasonable 
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area under the curve (AUC0–∞) value of 2079 ± 130 ng·h/mL and an acceptable oral 

bioavailability of 32.5%. Thus, it is ofgreat significance to further conduct in vivo tests of 

44e on antitumor activity.

Compound 44e Inhibits Tumor Growth in TNBC Xenograft Models.

To further investigate the in vivo inhibitory effect of 44e on BRD4 and CK2, we generated 

MDA-MB-468 and MDA-MB-231 xenograft tumor models in mice. In each model, a 

total of 24 mice were randomly assigned into a control group (normal saline, n = 6), a 

combination group (1 and 18 combined at a mole ratio of 1:1, n = 6), a 44e 25 mg/kg 

group (n = 6), and a 44e 50 mg/kg group (n = 6). Intragastric administration of normal 

saline, 1 and 18, and 44e was given for consecutive 19 days. Compared with the control 

group, mice in the latter three groups all presented a dose-dependent tumor growth inhibition 

(TGI). In particular, 50 mg/kg intervention with 44e had the most pronounced TGI (63.8%) 

in the MDA-MB-231 xenograft tumor model (Figure 13A). No significant changes in mouse 

body weight and death were observed in both xenograft models treated with 44e. However, 

1 + 18 demonstrated weak toxicity measured by body weight loss in treated mice (Figure 

13A,B), which may be attributed to side effects of drug combinations.5 As expected, there 

was a significant difference between the 44e groups and the combination group. Compound 

44e was more effective in these in vivo studies. Its safety was slightly better than that of 

the 1 + 18 combination. In addition, 44e’s skeleton is worthy of fUrther study and may 

have a positive effect on the development of BRD4–CK2 inhibitors. Moreover, the discovery 

of a potent inhibitor of BRD4–CK2 might provide chemical tools to help further research 

the physiological function of the two targets. Taken together, 44e is a promising potent 

anticancer candidate against TNBC without significant toxicities.

Next, the mouse heart, liver, spleen, lung, and kidney tissues were collected for HE staining. 

No significant morphologic or structural changes were observed (Figures S4 and S5). In 

addition, the immunohistochemical staining of Ki-67 in tumor tissue also indicated that 44e 
could significantly inhibit the proliferation of MDA-MB-231 xenograft tumor model (Figure 

14A). To further clarify the therapeutic index of 44e in vivo, we detected positive expression 

of BRD4, CK2 (Figure 14A), and their downstream proteins c-Myc and p-AKTS129 (Figure 

14B,C) in MDA-MB-231 xenograft tumor tissues by immunohistochemistry. Compared 

with those in the control group, the expression of c-Myc and p-AKTS129 was significantly 

reduced in 44e treated groups. Increased expression of LC3II in TNBC tissues of the 44e 25 

mg/kg group and the 44e 50 mg/kg group further highlighted the occurrence of autophagy. 

Consistently, Western blot analysis showed similar results of c-Myc and p-AKTS129 protein 

levels in xenograft tissues of TNBC (Figure 14D). Altogether, 44e is a promising BRD4–

CK2 dual inhibitor that exerts acceptable anticancer effect on TNBC.

CONCLUSION

In summary, this study aimed to identify small molecule BRD4–CK2 dual inhibitors that 

can be used as potential therapeutic for TNBC. An important interaction between BRD4 

and CK2 in TNBC was validated through network analysis and systems biology. With 

available BRD4 (BD2) inhibitor and CK2 inhibitor cocrystal structures, key amino acids 
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were first discovered. Following the virtual screening workflow, the lead compound 26 was 

first obtained. Then, a series of quinazolinone core scaffold derivatives was synthesized 

through rational drug design, synthesis, and in vivo and in vitro biological evaluations. 

We for the first time synthesized a selective inhibitor, 44e, that could target both BRD4 

and CK2. Moreover, 44e was able to inhibit the proliferation of MDA-MB-231 and MDA-

MB-468 cells and dose-dependently induce apoptotic and autophagy-associated cell death. 

Its dose-dependent TGI effect was also illustrated in mouse xenograft models of TNBC. 

Interestingly, 44e showed better anticancer activity, not only expanding the therapeutic 

index of BRD4 inhibitors but also reducing or preventing acquired resistance. Another 

advantage of 44e may be the reduction of toxicity against normal breast cell lines and 

tissues. In addition, 44e shows acceptable pharmacokinetic properties. Collectively, our 

findings support that the BRD4–CK2 dual inhibitor 44e used in the treatment of TNBC is 

worthy of further development and analysis.

EXPERIMENTAL SECTION

Chemistry Methods.

All chemicals including reagents and solvents were purchased as analytically pure forms 

from commercial sources and used without further purification. HRESIMS data were 

obtained on a Q-TOF micro-mass spectrometer (Waters, USA). The 1H and 13C nuclear 

magnetic resonance (NMR) spectra were recorded on a Bruker AV 400 spectrometer (Bruker 

Co. Ltd., Germany). Chemical shifts are given in parts per million (ppm), and TMS 

was used as an internal standard. High-performance liquid chromatography (HPLC) was 

performed on a Shimadzu LC-20 instrument (Kyoto, Japan) with Agilent ZORBAX Eclipse 

Plus C18 Column (3.5 μm, 150 mm × 4.6 mm) using MeOH/H2O as the mobile phase at a 

flow rate of 1.0 mL/min. The purity of the synthesized compounds was over 95% by HPLC. 

The HPLC trace of each compound is provided in the Supporting Information (SI). Melting 

points of the compounds were obtained on a Melting Point M-565 (Buchi, Switzerland).

Preparation of intermediate 31a.—1-(2-Hydroxy-4,6-dimethoxyphenyl)ethan-1-one 

(2.5 g, 12.7 mmol) dissolved in 20 mL of pyridine was incubated in 5 mL of the alkaline 

reagent DBU for 0.5 h. Then, 3,5-dimethylbenzoyl chloride (3.5 g, 20.8 mmol) was slowly 

dropped into the mixture, and the mixture was heated at 80 °C for 1 h. After cooling to room 

temperature, the pH of the mixture was adjusted to 5.0 by adding HCl. Then the mixture was 

extracted three times using ethyl acetate (EA), and the organic layers were combined. The 

extraction was dried using anhydrous Na2SO4, followed by vacuum distillation, and purified 

by column chromatography (PE/EA = 30:1–5:1), and finally the intermediate 31a (4 g, 95% 

yield) was obtained. 1H NMR (400 MHz, DMSO-d6), δ(ppm): 7.83 (2H, s), 7.58 (1H, s), 

7.20 (1H, s), 6.56 (1H, s), 3.88 (3H, s), 3.82 (3H, s), 2.47 (3H, s), 2.33 (6H, s). HRMS 

(ESI)+ Calculated for C19H21O5 [M + H]+ m/z 329.1389, found 329.1387.

Preparation of Intermediate 32a.—The intermediate 31a (1 g, 3 mmol) was dissolved 

in 5 mL of pyridine at 50 °C for 1 h, and then KOH powder (0.4 g, 7 mmol) was added, 

and the mixture was heated at 80 °C for 1 h. After cooling to room temperature, the pH of 

the mixture was adjusted to 5.0 by adding HCl. Then the mixture was extracted three times 
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using EA, and the organic layers were combined. The extraction was dried using anhydrous 

Na2SO4, followed by vacuum distillation, and intermediate 32a (0.5 g, 50% yield) was 

obtained. It was not necessary to purify 32a.

Preparation of 33a.—Intermediate 32a (200 mg, 0.6 mmol) was dissolved in 4 mL of 

HOAc at 90 °C for 1 h. After vacuum concentration, 5 mL of 1% H2SO4–HOAc (v/v) 

was added for reaction at 110 °C at 1 h. The reaction mixture was cooled in an ice–water 

mixture, and then the precipitant was filtered for purification by column chromatography 

(CH2O2/CH3OH = 80:1–1:1). Finally, the target compound 33a (120 mg, 76% yield) was 

obtained.

Synthesis routes of 33b–d were similar to that of 33a.

Preparation of 34a.—Compound 33a (100 mg, 0.3 mmol) dissolved in 4 mL of 

methylbenzene was incubated with Lawesson’s reagent (0.2 mmol) at 110 °C for 4 h. 

After concentration under vacuum conditions and purification by column chromatography 

(CH2Cl2/CH3OH = 100:1–1:1), the target compound 34a (55 mg, 56% yield) was obtained.

Synthesis routes of 34b,c were similar to that of 34a.

Preparation of 35a.—3,5-Dimethoxyaniline (8 g, 52 mmol) was dissolved in 100 mL 

of Et2O and stirred at 0 °C. After addition of 25 mL of saturated HCl–Et2O solution and 

reaction for 0.5 h, the mixture was then reacted at room temperature for 12 h. A total of 7 g 

of the hydrochloride was filtered and collected. Later, the hydrochloride (4 g, 21 mmol) was 

dissolved in 6 mL of (COCl)2 and refluxed at 160 °C for 2.5 h. After vacuum concentration, 

20 mL of MeOH was added at 0 °C, followed by heating for 1 h, filtration, and washing. At 

last, intermediate 35a (5 g, 65% yield) was obtained. 1H NMR (400 MHz, CDCl3), δ(ppm): 

11.06 (1H, s), 6.41 (2H, s), 5.81 (2H, s), 3.94 (3H, s), 3.76 (3H, s). HRMS (ESI)+ Calculated 

for C10H10NO4 [M + H]+ m/z 208.0611, found 208.0610.

Preparation of 36a.—Intermediate 35a was dissolved in 20 mL of 33% NaOH aqueous 

solution and reacted with 5 mL of 30% H2O2 aqueous solution. After refluxing at 80 °C for 

1 h, the solution was cooled and then incubated in 20 mL of Na2S2O3 solution. The pH of 

the mixture was adjusted to 8.0 by addition of concentrated HCl, and then it was adjusted to 

5.0 by addition of HOAc. The precipitant was washed using water and dried, and thus the 

intermediate 36a (1.3 g, 34% yield) was obtained. 1H NMR (400 MHz, CDCl3), δ(ppm): 

11.06 (1H, s), 6.42 (2H, s), 5.81 (2H, s), 3.94 (3H, s), 3.76 (3H, s). HRMS (ESI)+ Calculated 

for C9H12NO4 [M + H] + m/z 198.0766, found 198.0760.

Preparation of 37a.—EDCI (0.75 g, 3.8 mmol), HOBt (0.50 g, 3.8 mmol), and NMM 

(0.38 g, 3.8 mmol) were added in 2-amino-4,6-dimethoxybenzoic acid (0.60 g, 3.0 mmol) 

dissolved in 20 mL of THF and reacted at room temperature for 15 min. Later, ammonium 

hydroxide 50% (v/v) aqueous solution was added and reacted for 12 h. After dilution 

by addition of 8 mL of H2O and extraction using CH2Cl2 (30 mL × 3), the extract was 

subjected to vacuum distillation and purified by column chromatography (DCM/MeOH = 

100:1–60:1), and finally the intermediate 37a (0.46 g, 85% yield) was obtained. 1H NMR 
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(400 MHz, DMSO-d6), δ(ppm): 7.46 (1H, s), 7.01 (1H, s), 6.88 (2H, s), 5.89 (1H, d, J = 

2.4 Hz), 5.75 (1H, d, J = 2.4 Hz), 3.75 (3H, s), 3.69 (3H, s). HRMS (ESI)+ Calculated for 

C9H13N2O3 [M + H]+ m/z 197.0926, found 197.0924.

Compound 37c was synthesized based on a similar route, and 37b was commercially 

purchased.

General Procedures for Synthesizing 38a–s and the Lead Compound 26.—
Intermediates 37a–c (0.9 mmol, 1 equiv) and benzaldehyde derivatives (0.9 mmol, 1 equiv) 

were dissolved in 15 mL of DMAc, in which NaHSO4 (1.05 mmol, 1.2 equiv) and PTSA 

(0.22 mmol, 0.24 equiv) were added. The reaction solution was stirred and refluxed at 120 

°C for 4–8 h. Later, 100 mL of Ô was added, and the precipitant was filtered. The solid was 

purified by flash chromatography on silica gel (CH2O2/CH3OH = 80:1–10:1), and finally 

38a–s and the lead compound 26 (41–65% synthetic yield) were obtained.

Preparation of Intermediate 39a.—tert-Butyl bromoacetate (3.0 mL, 1.2 equiv) and 

p-hydroxybenzaldehyde (2.5 g, 1 equiv) were dissolved in 10 mL of DMF, in which 5.2 

g of K2O3 was added for 3 h reaction at 80 °C. Later, 80 mL of H2O was added, and 

the precipitant was filtered and dried. The solid was purified by flash chromatography on 

silica gel (CH2Cl2/CH3OH = 80:1–5:1), and finally intermediate 39a (2.6 g, 57% yield) was 

obtained. It was not necessary to purify 39a. 1H NMR (400 MHz, CD3OD), δ(ppm): 9.84 

(1H, s), 7.86 (2H, d, J = 8.8 Hz), 7.06 (2H, d, J = 8.8 Hz), 4.71 (2H, s), 1.48 (9H, s). HRMS 

(ESI)+ Calculated for C13H17O3 [M + H]+ m/z 221.1178, found 221.1170.

Synthesis routes of 39b,c were similar to that of 39a.

Preparation of Intermediate 40a.—The intermediate 39a (2 g, 9 mmol) was dissolved 

in 5 mL of CH2Cl2 and reacted with 1.5 mL of TFA at room temperature for 2 h. The 

reaction solution was subjected to vacuum concentration, and the white solid 40a (1.2 g, 

74% of synthesis yield) was obtained. It was not necessary to purify 40a. 1H NMR (400 

MHz, CD3OD), δ(ppm): 12.28 (1H, s), 9.82 (1H, s), 7.84 (2H, d, J = 8.8 Hz), 7.04 (2H, d, 

J = 8.8 Hz), 3.68 (2H, s). HRMS (ESI)+ Calculated for C9H9O4 [M + H]+ m/z 181.0501, 

found 181.0507.

Synthesis routes of 40b,c were similar to that of 40a.

Preparation of 42a-j, 43a-q, and 44a-n.—Intermediates 40a–c (0.9 mmol, 1 equiv) 

and benzaldehyde derivatives (0.9 mmol, 1 equiv) were dissolved in 15 mL of DMAc, in 

which NaHSO4 (1.05 mmol, 1.2 equiv) and PTSA (0.22 mmol, 0.24 equiv) were added. The 

reaction solution was stirred and refluxed at 120 °C for 4–8 h. Later, 100 mL of H2O was 

added, and the precipitant was filtered. The solid was purified by flash chromatography on 

silica gel (CH2Cl2/CH3OH = 30:1–1:1), and finally 41a–h (42–66% synthetic yield) were 

obtained. Intermediates 41a–h (0.42 mmol, 1.2 equiv) were dissolved in 3 mL of DMF, in 

which HOBt (0.54 mmol, 1.3 equiv) was added and stirred at 0 °C for 10 min. Subsequently, 

EDCI (0.54 mmol, 1.3 equiv), reactants containing amino substitutions, and TEA (1.5 mmol, 

3.5 equiv) were added and reacted at 0 °C for 1 h. The reaction mixture was further reacted 
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at room temperature for 24 h. Later, 80 mL of H2O was added, and the precipitant was 

filtered. The solid was purified by flash chromatography on silica gel (CH2Cl2/CH3OH = 

30:1–1:1), and finally end products 42a–j, 43a–q, and 44a–n (43–66% synthetic yield) were 

obtained.

2-(3,5-Dimethylphenyl)-5,7-dimethoxy-4H-chromen-4-one (33a).—White powder, 

mp 214–216 °C, yield 50.1%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 7.65 (2H, s), 7.19 

(1H, s), 6.87 (1H, d, J = 2.4 Hz), 6.70 (1H,s), 6.49 (1H, d, J = 2.4 Hz), 3.90 (3H, s), 3.82 

(3H, s), 2.35 (6H, s). 13C NMR (100 MHz, CF3COOD), δ (ppm): 178.6, 175.7, 173.3, 

163.3, 162.1, 143.2(2), 140.1, 130.7, 127.8(2), 104.6, 103.4, 102.5, 96.8, 59.9, 58.8, 22.1(2). 

HRMS (ESI)+ Calculated for C19H19O4 [M + H]+ m/z 311.1283, found 311.1288.

2-(3,5-Dimethylphenyl)-6-methoxy-4H-chromen-4-one (33b).—White powder, mp 

210–212 °C, yield 55.7%. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.58 (1H, d, J = 2.4 Hz), 

7.50–7.52 (3H, m), 7.28 (1H, dd, J = 8.0, 2.4 Hz), 7.16 (1H, s), 6.78 (1H, s), 3.90 (3H, 

s),2.40 (6H, s). 13C NMR (100 MHz, CDCl3), δ (ppm): 178.5, 163.8, 157.1, 151.3, 138.8(2), 

133.4, 131.9, 124.7, 124.2(2), 123.8, 119.6, 106.9, 56.1, 21.5(2). HRMS (ESI)+ Calculated 

for C18H17O3 [M + H]+ m/z 281.1178, found 281.1184.

6-Methoxy-2-(2-methoxyphenyl)-4H-chromen-4-one (33c).—White powder, mp 

180–183 °C, yield 58.4%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 7.90 (1H, dd, J = 

8.4, 2.0 Hz), 7.68 (1H, dd, J = 8.4, 2.0 Hz), 7.56 (1H, td, J = 8.0, 2.4 Hz), 7.39–7.42 (1H, 

m), 7.25 (1H, d, J = 8.4 Hz), 7.15 (1H, td, J = 8.0, 2.4 Hz), 6.91 (1H, s), 3.92 (3H, s), 3.86 

(3H, s). 13C NMR (100 MHz, CDCl3), δ (ppm): 178.9, 160.8, 158.1, 156.9, 151.5, 132.5, 

129.4, 124.5, 123.8, 121.1, 120.9, 119.6, 112.0, 111.9, 104.8, 56.1, 55.8. HRMS (ESI)+ 

Calculated for C17H157O4 [M + H]+ m/z 283.0970, found 283.0963.

6-Methoxy-2-(2-methoxyphenyl)-4H-chromen-4-one (33d).—White powder, mp 

192–195 °C, yield 51.2%. 1H NMR (400 MHz, CDCl3), δ (ppm): 8.36 (1H, d, J = 2.4 Hz), 

7.91 (2H, dd, J = 8.4, 2.4 Hz), 7.78 (1H, dd, J = 8.4, 2.4 Hz), 7.51–7.56 (3H,m), 7.47 (1H, d, 

J = 8.4 Hz), 6.83 (1H, s). 13C NMR (100 MHz, CDCl3), δ (ppm): 177.2, 163.9 155.2, 136.9, 

132.0, 131.5, 129.3(2), 128.5, 126.5, 125.4(2), 120.2, 118.8, 107.7, 104.8, 56.1, 55.8. HRMS 

(ESI)+ Calculated for C15H10BrO2 [M + H]+ m/z 300.9864, found 300.9866.

6-Methoxy-2-(2-methoxyphenyl)-4H-chromen-4-one (34a).—White powder, mp 

211–213 °C, yield 53.4%. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.54 (1H, s), 7.51 (2H, 

s), 7.13 (1H, s), 6.58 (1H, d, J = 2.4 Hz), 6.40 (1H, d, J = 2.4 Hz), 3.93 (3H, s), 3.91 (3H, 

s), 2.38 (6H, s). 13C NMR (100 MHz, CDCl3), δ (ppm): 200.3, 164.0, 161.6, 155.9, 150.3, 

138.8(2), 133.2, 130.8, 124.1(2), 122.5, 117.9, 97.0, 92.9, 56.0(2), 21.5(2). HRMS (ESI)+ 

Calculated for C19H19O3S [M + H] + m/z 327.1055, found 327.1049.

6-Methoxy-2-(2-methoxyphenyl)-4H-chromen-4-one (34b).—White powder, mp 

223–225 °C, yield 48.4%. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.95–7.99 (3H, m), 7.81 

(1H, s), 7.49–7.55 (4H, m), 7.32 (1H, dd, J = 8.4, 2.4 Hz), 3.93 (1H, s). 13C NMR (100 

MHz, CDCl3), δ (ppm): 200.9, 158.0, 154.2, 146.5, 131.8, 131.3, 130.7, 129.3(2), 126.6(2), 
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124.6, 120.0, 119.9, 107.9, 56.1. HRMS (ESI)+ Calculated for C16H13O2S [M + H]+ m/z 
269.0636, found 269.0628.

6-Methoxy-2-(2-methoxyphenyl)-4H-chromen-4-one (34c).—Light yellow solid, mp 

193–195 °C, yield 55.1%. 1H NMR (400 MHz, CDCl3), δ (ppm): 8.15 (1H, s), 8.01 (1H, d, 

J = 3.2 Hz), 7.92 (1H, dd, J = 8.0, 2.4 Hz), 7.46–7.51 (2H, m), 7.30 (1H, dd, J = 8.0, 2.4 Hz), 

7.10 (1H, td, J = 3.2 Hz), 7.03 (1H, d, J = 8.4 Hz), 3.95 (3H, s), 3.93 (3H, s). 13C NMR (100 

MHz, CDCl3), δ (ppm): 201.0, 158.2, 157.9, 152.4, 146.8, 132.8, 130.6, 129.7, 124.9, 124.5, 

121.1, 120.3, 119.9, 112.0, 107.9 56.0, 55.9. HRMS (ESI)+ Calculated for C17H15O3S [M + 

H] + m/z 299.0742, found 299.0750.

5,7-Dimethoxy-2-(p-tolyl)quinazolin-4(3H)-one (38a).—White powder, mp 254–256 

°C, yield 56.1%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 11.95 (1H, s), 8.07 (2H, d, J = 

8.0 Hz), 7.32 (2H, d, J = 8.0 Hz), 6.73 (1H, d, J = 2.0 Hz), 6.52 (1H, d, J = 2.0 Hz), 3.88 

(3H, s), 3.84 (3H, s), 2.37 (3H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 164.2, 160.9, 

159.8, 153.0, 152.8, 141.4, 129.5, 129.1(2), 127.5(2), 104.7, 101.2, 97.6, 55.9, 55.6, 21.0. 

HRMS (ESI)+ Calculated for C17H17N2O3 [M + H]+ m/z 297.1239, found 297.1242.

2-(4-Bromo-3,5-dimethylphenyl)-5,7-dimethoxyquinazolin-4(3H)-one (38b).—
White powder, mp 261–263 °C, yield 49.5%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 

11.95 (1H, s), 7.99 (2H, s), 6.76 (1H, s), 6.54 (1H, s), 3.89 (3H, s), 3.85 (3H, s), 2.45 (6H, 

s). 13C NMR (100 MHz, CDCl3), δ (ppm): 164.8, 161.5, 160.1, 153.1, 152.7, 138.6(2), 

131.2, 130.8, 127.9(2), 105.2, 101.6, 98.4, 56.5, 56.2, 23.9(2). HRMS (ESI)+ Calculated for 

C18H18BrN2O3 [M + H]+ m/z 391.0480, found 391.0472.

2-(4-Aminophenyl)-5,7-dimethoxyquinazolin-4(3H)-one (38c).—White powder, mp 

244–246 °C, yield 55.2%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 7.94 (1H, s), 7.91 (1H, 

s), 6.66 (1H, d, J = 4.8 Hz), 6.63 (2H, d, J = 2.0 Hz), 6.45 (1H, d, J = 4.0 Hz), 3.88 (3H, 

s), 3.83 (3H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 164.2, 161.0(2), 159.6, 153.3, 

152.4, 129.3(2), 117.3, 113.0(2), 103.9, 99.9, 96.8, 55.9, 55.6. HRMS (ESI)+ Calculated for 

C16H16N3O3 [M + H]+ m/z 298.1192, found 298.1184.

2-(4-Hydroxy-3,5-dimethylphenyl)-5,7-dimethoxyquinazolin-4(3H)-one (38d).—
Light yellow solid, mp 232–234 °C, yield 42.9%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 

7.81 (2H, s), 6.75 (1H, d, J = 2.0 Hz), 6.54 (1H, d, J = 2.0 Hz), 3.89 (3H, s), 3.85 (3H, s), 

2.24 (6H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 164.3, 161.0, 159.6, 156.9 153.2, 

152.1, 128.2(2), 124.2(2), 121.9, 104.0, 100.3, 97.3, 56.0, 55.7, 16.7(2). HRMS (ESI)+ 

Calculated for C18H19N2O4 [M + H] + m/z 327.1345, found 327.1350.

2-(3-Bromo-4-hydroxyphenyl)-5,7-dimethoxyquinazolin-4(3H)-one (38e).—White 

powder, mp 246–249 °C, yield 56.0%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 11.1 (1H, 

s), 8.37 (1H, d, J = 2.4 Hz), 8.04 (1H, dd, J = 8.8, 2.4 Hz), 6.73 (1H, d, J = 2.4 Hz), 

6.52 (1H, d, J = 2.4 Hz), 3.89 (3H, s), 3.84 (3H, s), 2.24 (6H, s). 13C NMR (100 MHz, 

DMSO-d6), δ (ppm): 164.4, 161.0, 159.5, 157.4, 153.9, 151.9, 132.7, 128.6, 123.6, 116.0, 

109.5, 104.3, 100.5, 97.6, 56.0, 55.7. HRMS (ESI)+ Calculated for C16HMBrN2O4 [M + H]+ 

m/z 379.0116, found 379.0102.
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N-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)phenyl)-acetamide (38f).
—White powder, mp 245–247 °C, yield 64.3%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 

11.91 (1H, s), 10.23 (1H, s), 8.12 (2H, d, J = 8.8 Hz), 7.71 (1H, d, J = 8.8 Hz), 6.71 (1H, d, 

J = 2.4 Hz), 6.51 (1H, d, J = 2.4 Hz), 3.88 (3H, s), 3.84 (3H, s), 2.08 (3H, s). 13C NMR (100 

MHz, DMSO-d6), δ (ppm): 168.8, 164.2, 161.0, 159.8, 153.1, 152.4, 142.2, 128.4(2), 126.4, 

118.3(2), 104.6, 101.1, 97.5, 55.9, 55.6 24.2. HRMS (ESI)+ Calculated for C18H18N3O4 [M 

+ H]+ m/z 340.1297, found 340.1292.

5,7-Dimethoxy-2-(m-tolyl)quinazolin-4(3H)-one (38g).—White powder, mp 237–239 

°C, yield 52.9%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 11.94 (1H, s), 8.01 (1H, s), 

7.93–7.95 (1H, m), 7.39–7.41 (2H, m), 6.76 (1H, d, J = 2.4 Hz), 6.53 (1H, d, J = 2.4 Hz), 

3.89 (3H, s), 3.85 (3H, s), 2.39 (3H, s). 13C NMR (100 MHz, DMSO-d6 + CF3COOD), δ 
(ppm): 166.0, 162.1, 157.4(2), 143.8, 138.9, 135.0, 130.0, 129.2, 126.9, 126.7, 103.4, 99.0, 

96.1, 56.7, 56.3, 20.9. HRMS (ESI)+ Calculated for C17H17N2O3 [M + H]+ m/z 297.1239, 

found 297.1237.

5,7-Dimethoxy-2-(2-methoxyphenyl)quinazolin-4(3H)-one (38h).—White powder, 

mp 257–260 °C, yield 48.2%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 11.51 (1H, s), 7.74 

(1H, dd, J = 11.6, 2.4 Hz), 7.52 (1H, td, J = 11.6, 2.4 Hz), 7.18 (1H, d, J = 11.6 Hz), 7.08 

(1H, t, J = 11.6 Hz), 6.71 (1H, d, J = 2.4 Hz), 6.54 (1H, d, J = 2.4 Hz), 3.87 (3H, s), 3.86 

(3H, s), 3.84 (3H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 164.1, 160.9, 158.8, 157.2, 

153.3, 152.9, 132.3, 130.3, 122.1, 120.4, 111.9, 104.9, 101.2, 97.7, 56.0, 55.8, 55.6. HRMS 

(ESI)+ Calculated for C17H17N2O4 [M + H]+ m/z 313.1188, found 313.1186.

5,7-Dimethoxy-2-(3-methoxyphenyl)quinazolin-4(3H)-one (38i).—Light yellow 

solid, mp 225–227 °C, yield 41.0%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 12.03 (1H, 

s), 7.77 (1H, d, J = 8.0 Hz), 7.73 (1H, s), 7.43 (1H, t, J = 8.0 Hz), 7.12 (1H, dd, J = 8.0, 

2.4 Hz), 6.76 (1H, d, J = 2.4 Hz), 6.56 (1H, d, J = 2.4 Hz), 3.89 (3H, s), 3.85 (6H, s). 
13C NMR (100 MHz, DMSO-d6 + CF3COOD), δ (ppm): 166.0, 162.1, 159.6, 157.5, 157.0, 

144.0, 130.2, 128.1, 121.8, 120.4, 114.6, 103.5, 99.1, 96.3, 56.8, 56.3, 55.8. HRMS (ESI)+ 

Calculated for C17H16NaN2O4 [M + Na]+ m/z 335.1008, found 335.0999.

2-(p-Tolyl)quinazolin-4(3H)-one (38j).—White powder, mp 244–246 °C, yield 51.7%. 
1H NMR (400 MHz, DMSO-d6), δ (ppm): 12.44 (1H, s), 8.14 (1H, dd, J = 8.0, 2.0 Hz), 

8.10 (2H, d, J = 8.0 Hz), 7.82 (1H, td, J = 8.0, 2.0 Hz), 7.12 (1H, dd, J = 8.0, 2.0 Hz), 7.50 

(1H, t, J = 8.0 Hz), 7.35 (1H, d, J = 8.0 Hz), 2.39 (3H, s). 13C NMR (100 MHz, DMSO-d6), 

δ (ppm): 162.2, 152.2, 148.8, 141.4, 134.5, 129.7, 129.2(2), 127.7(2), 127.4, 126.4, 125.8, 

120.9, 21.0. HRMS (ESI)+ Calculated for C13H13N2O [M + H]+ m/z 237.1028, found 

237.1029.

N-(4-(4-Oxo-1,4-dihydroquinazolin-2-yl)phenyl)acetamide (38k).—White powder, 

mp 231–234 °C, yield 47.0%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 12.39 (1H, s), 

10.22 (1H, s), 8.12–8.16 (3H, m), 7.81 (1H, t, J = 8.0 Hz), 7.82 (1H, td, J = 8.0, 2.4 Hz), 

7.69–7.75 (3H, m), 7.49 (1H, td, J = 8.0, 2.4 Hz), 2.09 (3H, s). 13C NMR (100 MHz, 

DMSO-d6), δ (ppm): 168.8, 162.2, 158.8, 148.9, 142.2, 134.5, 128.5(2), 127.3, 126.8, 126.2, 
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125.8, 120.8, 118.4(2), 24.2. HRMS (ESI)+ Calculated for C16H14N3O2 [M + H]+ m/z 
280.1086, found 280.1090.

2-(4-Hydroxy-3,5-dimethoxyphenyl)quinazolin-4(3H)-one (38l).—White powder, 

mp 246–248 °C, yield 60.2%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 12.37 (1H, s), 9.11 

(1H, s), 8.12 (1H, dd, J = 8.0, Hz), 7.81 (1H, td, J = 8.0, 2.4 Hz), 7.71 (1H, d, J = 8.0 Hz), 

7.57 (2H, s), 7.47 (1H, td, J = 8.0, 2.4 Hz), 3.88 (6H, s). 13C NMR (100 MHz, DMSO-d6), 

δ (ppm): 162.4, 152.0, 148.9, 147.8(2), 139.1, 134.5, 127.3, 126.0, 125.8, 122.1, 120.0, 

105.3(2), 56.2(2). HRMS (ESI)+ Calculated for C16H15N2O4 [M + H]+ m/z 299.1032, found 

299.1031.

N-(4-(6-Methoxy-4-oxo-1,4-dihydroquinazolin-2-yl)phenyl)-acetamide (38m).—
White powder, mp 252–255 °C, yield 62.1%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 

12.36 (1H, s), 10.20 (1H, s), 8.12 (2H, d, J = 8.4 Hz), 7.72 (2H, d, J = 8.4 Hz), 7.65 (1H, 

d, J = 8.4 Hz), 7.52 (1H, d, J = 2.4 Hz), 7.51 (1H, dd, J = 8.8, 2.4 Hz), 3.88 (3H, s), 2.09 

(3H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 168.6, 161.9, 157.4, 149.5, 143.2, 141.7, 

128.9, 128.1(2), 126.8, 123.9, 121.4, 118.3(2), 105.7, 55.5, 24.0. HRMS (ESI)+ Calculated 

for C17H16N3O3 [M + H]+ m/z 310.1192, found 310.1193.

2-(4-Hydroxy-3,5-dimethoxyphenyl)-6-methoxyquinazolin-4(3H)-one (38n).—
Light yellow solid, mp 261–263 °C, yield 65.0%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 

7.68 (1H, d, J = 8.8 Hz), 7.53 (3H, s), 7.42 (1H, dd, J = 8.8, 2.8 Hz), 3.89 (9H, s). 13C NMR 

(100 MHz, DMSO-d6), δ (ppm): 162.0, 157.5, 150.3(2), 147.9, 142.5, 139.0, 128.4, 124.2, 

121.7, 121.3, 106.0, 105.2(2), 56.2, 55.7, 55.6. HRMS (ESI)+ Calculated for C17H17N2O5 

[M + H]+ m/z 329.1137, found 329.1135.

6-Methoxy-2-(p-tolyl)quinazolin-4(3H)-one (38o).—White powder, mp 249–251 °C, 

yield 64.8%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 8.07 (2H, d, J = 8.0 Hz), 7.68 (1H, 

d, J = 8.0 Hz), 7.54 (1H, d, J = 2.4 Hz), 7.43 (1H, dd, J = 8.8, 2.4 Hz), 7.34 (1H, d, J = 

8.0 Hz), 3.89 (3H, s), 2.39 (3H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 162.0, 157.7, 

150.3, 142.8, 141.2, 129.7, 129.2(2), 128.8, 127.5(2), 124.1, 121.6, 105.9, 55.6, 21.0. HRMS 

(ESI)+ Calculated for C16H15N2O2 [m + h]+ m/z 267.1134, found 267.1137.

4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)benzoic Acid (38p).—White 

powder, mp 217–219 °C, yield 58.9%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 13.19 (1H, 

s), 12.17 (1H, s), 8.26 (2H, d, J = 8.8 Hz), 8.05 (2H, d, J = 8.8 Hz), 6.78 (1H, d, J = 2.4 Hz), 

6.56 (1H, d, J = 2.4 Hz), 3.89 (3H, s), 3.86 (3H, s), 3.36 (4H, t, J = 6.4 Hz), 1.96–1.99 (4H, 

m). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 166.8, 164.3, 161.0, 159.7, 152.8, 152.2, 

136.2, 133.0, 129.4(2), 127.9(2), 104.9, 101.5, 98.1, 56.0, 55.7. HRMS (ESI)+ Calculated 

for C17H15N2O5 [M + Na]+ m/z 349.0800, found 349.0782.

2-(3-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)acetic Acid 
(38q).—White powder, mp 209–211 °C, yield 45.2%. 1H NMR (400 MHz, DMSO-d6), 

δ (ppm): 12.04 (1H, s), 7.79 (1H, d, J = 8.0 Hz), 7.71 (1H, s), 7.11 (1H, dd, J = 8.0, 2.4 

Hz), 6.75 (1H, d, J = 2.4 Hz), 6.54 (1H, d, J = 2.4 Hz), 4.77 (2H, s), 3.89 (3H, s), 3.84 

(3H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 164.7, 161.4, 160.2, 158.4, 153.2, 152.9, 
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149.3, 133.9, 130.1, 120.8, 118.7, 113.3, 105.2, 101.8, 98.3, 60.3, 56.4, 56.1. HRMS (ESI)+ 

Calculated for C18H17N2O6 [M + H]+ m/z 357.1087, found 357.1077.

2-(2-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)acetic Acid 
(38r).—Light yellow solid, mp 235–237 °C, yield 47.1%. 1HNMR(400 MHz, DMSO-d6), 

δ (ppm): 7.88 (1H, dd, J = 8.0, 2.4 Hz), 7.77 (1H, dt, J = 8.0, 2.4 Hz), 7.30–7.36 (2H, m), 

6.89 (1H, d, J = 2.0 Hz), 6.76 (1H, d, J = 2.0 Hz), 4.96 (2H, s), 3.99 (3H, s), 3.97 (3H, s). 
13C NMR (100 MHz, DMSO-d6 + CF3COOD), δ (ppm): 160.0 163.2, 158.4, 155.0, 154.8, 

152.3, 151.9, 138.2, 132.2, 126.8, 118.4, 109.8, 98.7, 95.1, 90.7, 61.8, 51.8, 51.551.8, 51.5. 

HRMS (ESI)+ Calculated for C18H16NaN2O6 [M + Na]+ m/z 379.0906, found 379.0897.

Methyl 2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)acetate 
(38s).—White powder, mp 224–227 °C, yield 60.3%. 1H NMR (400 MHz, DMSO-d6), δ 
(ppm): 8.13 (2H, d, J = 8.8 Hz), 7.08 (2H, d, J = 8.8 Hz), 6.72 (1H, d, J = 2.0 Hz), 6.52 (1H, 

d, J = 2.0 Hz), 4.92 (2H, s), 3.89 (3H, s), 3.85 (3H, s), 3.71 (3H, s). 13C NMR (100 MHz, 

DMSO-d6), δ (ppm): 168.9, 164.4, 161.1, 160.4, 159.6, 152.9, 129.6(2), 124.4, 114.6(2), 

104.4, 100.4, 97.6, 64.6, 56.1, 55.7, 51.9. HRMS (ESI)+ Calculated for C19H18NaN2O6 [M 

+ Na]+ m/z 393.1063, found 393.1058.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)acetic Acid 
(26).—White powder, mp 251–253 °C, yield 44.2%. 1H NMR (400 MHz, DMSO-d6), δ 
(ppm): 11.97 (1H, s), 8.13 (2H, d, J = 8.8 Hz), 7.04 (2H, d, J = 8.8 Hz), 6.72 (1H, d, J = 

2.0 Hz), 6.51 (1H, d, J = 2.0 Hz), 4.79 (2H, s), 3.88 (3H, s), 3.84 (3H, s). 13C NMR (100 

MHz, DMSO-d6), δ (ppm): 169.9, 168.6, 164.3, 161.0, 160.4, 159.8, 152.6, 129.4(2), 124.7, 

114.5(2), 104.5, 100.9, 97.5, 64.5, 56.0 55.6. HRMS (ESI)+ Calculated for C18H16NaN2O6 

[M + Na]+ m/z 379.0906, found 379.0910.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)-N-
morpholinoacetamide (42a).—Light yellow solid, mp 

262–264 °C, yield 54.4%. 1H NMR (400 MHz, DMSO-

d6), δ (ppm): 9.29 (1H, s), 8.90 (1H, s), 8.09–8.15 (2H, m), 7.08 (1H, d, J = 8.8 Hz), 7.02 

(1H, d, J = 8.8 Hz), 6.71–6.73 (1H, m), 6.53 (1H, d, J = 2.4 Hz), 5.0 (1H, s), 4.56 (2H, s), 

3.89 (3H, s), 3.85 (3H, s), 3.62 (4H, t, J = 4.4 Hz), 2.79 (4H, t, J = 4.4 Hz). 13C NMR (100 

MHz, DMSO-d6 + CF3COOD), δ (ppm): 170.0, 167.2, 166.5, 164.1, 163.1, 157.8, 143.1, 

133.0, 132.8, 118.9, 116.4, 116.3, 103.7, 99.8, 95.8, 67.2, 67.1, 65.6, 57.2, 57.0, 56.8, 56.0. 

HRMS (ESI)+ Calculated for C22H24NaN4O6 [M + Na]+ m/z 463.1594, found 463.1601.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-N-
morpholinoacetamide (42b)—White powder, mp 265–267 °C, yield 48.1%. 1H NMR 

(400 MHz, DMSO-d6), δ (ppm): 9.39 (1H, s), 8.81 (1H, s), 7.92 (2H, s), 6.69 (1H, s), 6.45 

(1H, s), 4.60 (1H, s), 4.25 (2H, s), 3.87 (3H, s), 3.63 (3H, s), 3.64 (4H, t, J = 4.4 Hz), 

2.82 (4H, t, J = 4.4Hz), 2.30 (6H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 169.3, 

164.8, 163.6, 160.7, 158.1, 157.4, 153.7, 130.4(2), 128.3(2), 128.2, 105.0, 100.7, 97.0, 70.5, 

65.9(2), 55.8, 55.5, 54.5(2), 16.1(2). HRMS (ESI)+ Calculated for C24H29N4O6 [M + H]+ 

m/z 469.2087, found 469.2103.
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2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)-N-
((tetrahydro-2H-pyran-4-yl)methyl)acetamide (42c).—White powder, 

mp 253–255 °C, yield 60.3%. 1H NMR (400 MHz, DMSO-

d6), δ (ppm): 11.93 (1H, s), 8.16 (3H, d, J = 8.8 Hz), 7.07 (2H, d, J = 8.8 Hz), 6.71 (1H, d, 

J = 2.4 Hz), 6.52 (1H, d, J = 2.4 Hz), 4.59 (2H, s), 3.89 (3H, s), 3.84 (3H, s), 3.79–3.81 (2H, 

m), 3.23 (2H, t, J = 8.8 Hz), 3.03 (2H, t, J = 8.8 Hz), 1.49–1.52 (2H, m). 13C NMR (100 

MHz, DMSO-d6 + CF3COOD), δ (ppm): 167.9, 166.8, 164.0, 162.8, 157.8, 157.6, 142.9, 

132.6(2), 118.4, 116.1(2), 103.4, 99.5, 95.6, 67.8, 67.6(2), 57.1, 55.6, 44.9, 35.8, 31.2(2). 

HRMS (ESI)+ Calculated for C24H28N3O6 [M + H]+ m/z 454.1978, found 454.1978.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-N-
((tetrahydro-2H-pyran-4-yl)methyl)acetamide (42d).—Light yellow solid, mp 224–

226 °C, yield 47.2%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 11.78 (1H, s), 8.24 (1H, t, 

J = 6.0 Hz), 7.90 (2H, s), 6.73 (1H, d, J = 2.4 Hz), 6.51 (1H, d, J = 2.4 Hz), 4.28 (2H, s), 

3.88 (3H, s), 3.84 (3H, s), 3.26 (2H, t, J = 11.6 Hz), 3.09 (2H, t, J = 7.6 Hz), 2.31 (6H, s), 

1.55 (2H, d, J = 8.8 Hz), 1.16–1.19 (2H, m). 13C NMR (100 MHz, DMSO-d6 + CF3COOD), 

δ (ppm): 168.1, 166.5, 162.5, 160.8, 157.4, 157.3, 143.0, 132.5(2), 131.0(2), 125.0, 103.4, 

99.4, 95.7, 71.3, 67.4(2), 57.0, 56.5, 44.6, 35.5, 31.1(2), 16.5(2). HRMS (ESI)+ Calculated 

for C26H31NaN3O6 [M + Na]+ m/z 504.2111, found 504.2106.

2-(2,6-Dibromo-4-(5,7-dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)phenoxy)-
N-(1-methylpiperidin-4-yl)acetamide (42e).—White powder, mp 267–269 °C, 

yield 45.5%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 9.50 (1H, s), 8.50 

(2H, s), 6.80 (1H, s), 6.57 (1H, s), 4.48 (2H, s), 3.90 (3H, s), 3.86 (3H, 

s), 3.45–3.47 (2H, m), 3.07–3.08 (2H, m), 2.75–2.77 (2H, m), 2.97–2.99 (2H, m). 
13C NMR (100 MHz, DMSO-d6), δ (ppm): 166.0, 164.4, 160.9, 159.5, 154.1, 152.4, 149.7, 

132.0(2), 131.2, 117.6(2), 104.8, 101.5, 98.2, 71.0, 56.0, 55.7, 52.7(2), 43.5, 42.6, 28.8(2). 

HRMS (ESI)+ Calculated for C24H27Br2N2O5 [M + H]+ m/z 611.0328, found 611.0320.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-
N-(1-methylpiperidin-4-yl)acetamide (42f).—White powder, mp 270–272 °C, yield 

43.0%. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.78 (1H, t, J = 6.0 Hz), 6.78 

(1H, s), 6.41 (1H, s), 4.27 (2H, s), 3.91 (6H, s), 2.80 (2H, d, J = 4.8 Hz), 

2.29 (6H, s), 2.14 (2H, t, J = 8.8 Hz), 2.01–2.03 (2H, m), 1.57–1.60 (2H, m). 13C NMR 

(100 MHz, CDCl3), δ (ppm): 167.0(2), 165.0, 164.8, 161.0, 157.2, 154.1, 131.1, 128.5(2), 

125.1, 123.0, 105.0, 101.2, 98.2, 70.6, 56.2, 55.7, 54.5(2), 46.3, 45.8, 32.3(2), 16.5(2). 

HRMS (ESI)+ Calculated for C26H33N4O5 [M + H]+ m/z 481.2451, found 481.2443.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)-N-(4-
methylpiperazin-1-yl)acetamide (42g).—Light yellow solid, mp 

256–258 °C, yield 62.5%. 1H NMR (400 MHz, CDCl3 

+ CD3OD), δ (ppm): 8.25 (2H, d, J = 2.4 Hz), 7.35 (2H, d, J = 2.4 Hz), (1H, s), 6.72 (1H, 

s), 4.82 (2H, s), 4.16 (3H, s), 4.15 (3H, s), 3.09–3.12 (4H, m), 2.85–2.87 (4H, m), 2.57 (3H, 

s). 13C NMR (100 MHz, CDCl3 + CD3OD), δ (ppm): 166.0, 165.9, 165.2, 161.1, 159.9, 
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152.7, 129.2(2), 126.0, 114.8(2), 104.5, 100.8, 97.9, 66.7, 55.8, 55.5, 53.9(2), 49.2(2), 45.2. 

HRMS (ESI)+ Calculated for C23H27NaN5O5 [M + Na]+ m/z 476.1910, found 476.1904.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)-N-(3,4,5-
trimethoxyphenyl)acetamide (42h).—White powder, mp 269–271 °C, 

yield 63.7%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 10.07 (1H, s), 8.15 (2H, d, 

d, J = 8.8 Hz), 7.13 (2H, d, J = 8.8 Hz), 7.06 (2H, s), 6.74 (1H, d, J = 2.4 Hz), 6.53 (1H, d, J 
= 2.4 Hz), 4.80 (2H, s), 3.89 (3H, s), 3.85 (3H, s), 3.74 (6H, s), 3.62 (3H, s). 13C NMR (100 

MHz, DMSO-d6), δ (ppm): 166.0, 164.4, 161.0, 160.7, 159.5, 153.0, 152.7(2), 151.7, 134.5, 

133.7, 129.7(2), 124.2, 114.7(2), 104.3, 100.2, 97.6, 97.4(2), 67.1, 60.1(2), 56.0, 55.7(2). 

HRMS (ESI)+ Calculated for C27H27NaN3O8 [M + Na]+ m/z 544.1696, found 544.1694.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-
N-(3,4,5-trimethoxyphenyl)acetamide (42i).—Off-white solid, mp 240–242 °C, 

yield 54.9%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 9.98 (1H, s), 7.92 (2H, 

s), 7.18 (2H, s), 6.76 (1H, d, J = 2.4 Hz), 6.54 (1H, d, J = 2.4 Hz), 4.48 (2H, s), 3.89 (3H, 

s), 3.85 (3H, s), 3.75 (6H, s), 3.63 (3H, s), 2.36 (6H, s). 13C NMR (100 MHz, DMSO-d6), 

δ (ppm): 166.3, 164.4, 161.0, 159.5, 157.8, 152.8, 152.7(2), 152.0, 134.5, 133.8, 130.9(2), 

128.6(2), 127.3, 104.5, 100.6, 97.7, 97.6(2), 71.0, 60.1, 56.0, 55.8(2), 55.7, 16.2(2). 

HRMS (ESI)+ Calculated for C29H31NaN3O8 [M + Na]+ m/z 572.2009, found 572.2007.

N-(1H-Benzo[d]imidazol-2-yl)-2-(4-(5,7-dimethoxy-4-oxo-1,4-
dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)acetamide (42j).—White 

powder, mp 257–260 °C, yield 57.2%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 7.93 

(2H, s), 7.45–7.47 (2H, m), 7.10–7.11 (1H, m), 6.74 (1H, d, J = 2.4 Hz), 6.50 (1H, d, J = 

2.4 Hz), 4.67 (2H, s), 3.89 (3H, s), 3.84 (3H, s), 2.37 (6H, s). 13C NMR (100 MHz, DMSO-

d6), δ (ppm): 168.3, 164.2, 160.9, 160.1, 159.7, 159.1, 158.0, 153.1, 152.7, 146.6, 130.6(2), 

130.4, 128.7, 128.4(2), 128.0, 121.2(2), 104.7, 101.1, 97.5, 70.9, 55.9, 55.6, 16.3(2). 

HRMS (ESl)+ Calculated for C27H26N5O5 [M + Na]+ m/z 522.1753, found 522.1752.

tert-Butyl-(2-(4-(5,7-dimethoxy-4-oxo-1,4-dihydroquinazolin-2-
yl)phenoxy)acetamido)piperidine-1-carboxylate (43a).—White powder, mp 244–

246 °C, yield 64.4%. 1H NMR (400 MHz, CDCl3), δ (ppm): 8.26 (2H, d, J = 8.4 Hz), 7.06 

(2H, d, J = 8.4 Hz), 6.46 (1H, d, J = 2.4 Hz), 6.42 (1H, d, J = 8.4 Hz), 4.56 (2H, s), 3.98 (3H, 

s), 3.93 (3H, s), 4.03–4.06 (4H, m), 2.87 (2H, t, J = 12.4 Hz), 1.94 (2H, t, J = 12.4 Hz), 1.45 

(9H, s). 13C NMR (100 MHz, CDCl3), δ (ppm): 166.9, 161.9, 161.5, 159.9, 154.7, 152.2, 

129.8(2), 115.0(2), 104.9, 98.5, 79.9, 67.5, 56.6, 55.9, 46.7, 42.8, 42.5, 32.1(2), 28.6(5). 

HRMS (ESI)+ Calculated for C28H35N4O7 [M + H]+ m/z 539.2506, found 539.2514.

tert-Butyl-(2-(4-(5,7-dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-2,6-
dimethylphenoxy)acetamido)piperidine-1-carboxylate (43b).—White powder, 

mp 236–239 °C, yield 63.8%. 1H NMR (400 MHz, DMSO-

d6), δ (ppm): 8.13 (1H, d, J = 8.4 Hz), 7.90 (2H, s), 6.72 (1H, d, J = 2.4 Hz), 6.48 (1H, 

d, J = 2.4 Hz), 4.26 (2H, s), 3.91–3.93 (2H, m), 3.89 (3H, s), 3.83 (3H, s), 3.31–3.33 (2H, 

m), 2.80–2.82 (2H, m), 2.29 (6H, s), 1.70–1.72 (2H, m), 1.39 (9H, s). 13C NMR (100 MHz, 

DMSO-d6), δ (ppm): 166.8, 164.0, 161.9, 160.9, 160.5, 153.2, 152.9, 130.6(2), 128.3(2), 
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104.8, 100.9, 97.4, 78.6, 70.8, 55.9, 55.5, 45.7, 42.7, 42.2, 31.2(2), 28.1(3), 16.1(2). 

HRMS (ESI)+ Calculated for C30H39N4O4 [M + Na]+ m/z 589.2638, found 589.2635.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-
N-(4-(4-methylpiperazin-1-yl)phenyl)acetamide (43c).—Off-white solid, mp 240–

243 °C, yield 60.3%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 11.86 (1H, s), 9.86 (1H, 

s), 7.92 (2H, s), 7.55 (2H, d, J = 8.8 Hz), 6.90 (2H, d, J = 8.8 Hz), 6.74 (1H, d, J = 2.0 Hz), 

6.51 (1H, d, J = 2.0 Hz), 4.47 (2H, s), 3.88 (3H, s), 3.84 (3H, s), (4H, t, J = 4.8 Hz), 2.44 

(4H, t, J = 4.8 Hz), 2.35 (6H, s), 2.21 (3H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 

165.9, 164.3, 161.0, 159.8, 157.8, 153.1, 152.4, 147.6, 130.8(2), 130.2, 128.4(2), 127.9, 

121.1(2), 115.6(2), 104.7, 101.2, 97.6, 71.2, 56.0, 55.7, 54.6(2), 48.5(2), 45.8, 16.8(2). 

HRMS (ESI)+ Calculated for C31H36N5O5 [M + H]+ m/z 558.2716, found 558.2719.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-
N-(3-(4-methylpiperazin-1-yl)phenyl)acetamide (43d).—White powder, mp 237–

240 °C, yield 57.2%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 11.88 (1H, 

s), 10.01 (1H, s), 7.93 (2H, s), 7.42 (1H, s), 7.28 (1H, t, J = 8.0 Hz), 7.23 

(1H, t, J = 8.0 Hz), 6.77 (1H, d, J = 2.4 Hz), 6.73 (1H, s), 6.51 (1H, d, 

J = 2.4 Hz), 4.49 (2H, s), 3.88 (3H, s), 3.84 (3H, s), 3.35–3.37 (4H, m), 3.17 

(4H, s), 2.86 (3H, s), 2.36 (6H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 

166.4, 165.6, 160.9, 159.7, 157.6, 153.0, 152.4, 149.9, 139.2, 130.7(2), 129.3, 128.3(2), 

127.9, 111.7, 107.5, 104.6, 101.1, 97.6, 71.0, 57.8, 55.9, 55.6, 52.2(2), 45.7(2), 16.2(2). 

HRMS (ESI)+ Calculated for C31H35NaN5O5 [M + Na]+ m/z 580.2536, found 580.2534.

2-(2,6-Dibromo-4-(5,7-dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)phenoxy)-
N-(4-(4-methylpiperazin-1-yl)phenyl)acetamide (43e).—Off-white solid, mp 270–

272 °C, yield 55.7%. 1H NMR (400 MHz, acetic acid-d4), δ (ppm): 8.58 (2H, 

s), 7.58 (2H, d, J = 8.8 Hz), 7.22 (2H, d, J = 8.8 Hz), 7.05 (1H, d, J 
= 2.0 Hz), 6.71 (1H, d, J = 2.0 Hz), 5.01 (2H, s), 4.10 (3H, s), 4.11 (3H, s), 

3.92 (4H, t, J = 4.8 Hz), 3.41 (4H, t, J = 4.8 Hz), 3.12 (3H, s). 13C NMR (100 MHz, acetic 

acid-d4), δ (ppm): 168.7, 167.8, 164.9.0, 163.1, 156.1, 154.8, 151.0, 148.8, 133.9(2), 132.9, 

132.4, 123.9(2), 119.7(2), 119.2(2), 105.7, 103.0, 72.6, 57.2, 57.1, 54.7(2), 48.7(2), 44.3. 

HRMS (ESI)+ Calculated for C29H30Br2N5O5 [M + H]+ m/z 688.0593, found 688.0596.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-
N-(4-(4-methylpiperazin-1-yl)phenyl)acetamide (43f).—White powder, mp 267–

269 °C, yield 58.2%. 1H NMR (400 MHz, acetic acid-d4), δ (ppm): 8.31 (2H, 

d, J = 8.0 Hz), 7.82 (2H, d, J = 8.0 Hz), 7.39 (2H, d, J = 8.0 Hz), 7.23 

(2H, d, J = 8.0 Hz), 7.12 (1H, s), (1H, s), 5.00 (2H, s), 4.12 (3H, s), 4.09 

(3H, s), 3.94 (4H, brs), 2.44 (4H, brs), 3.16 (3H, s). 13C NMR (100 MHz, acetic 

acid-d4), δ (ppm): 169.6, 167.9, 165.0, 163.2, 162.2, 154.9, 154.4, 148.8, 132.5, 131.6(2), 

126.8, 124.2(2), 119.2(2), 116.8(2), 105.4, 102.3, 100.0, 68.8, 57.2, 57.1, 54.6(2), 48.7(2), 

44.4. HRMS (ESI)+ Calculated for C29H32N5O5 [M + H]+ m/z 530.2403, found 530.2401.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)-N-(3-(4-
methylpiperazin-1-yl)phenyl)acetamide (43g).—White powder, mp 256–
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258 °C, yield 66.0%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 

11.95 (1H, s), 10.12 (1H, s), 8.17 (2H, d, J = 8.4 Hz), 7.38 (1H, s), 7.21 (1H, t, J = 8.0 

Hz), 7.11–7.15 (2H, m), 6.77 (1H, dd, J = 8.0, 2.4 Hz), 6.72 (1H, d, J = 2.4 Hz), 6.52 (1H, d, 

J = 2.0 Hz), 4.82 (2H, s), 3.85 (3H, s), 3.82 (3H, s), 3.74–3.76 (2H, m), 3.51–3.53 (2H, m), 

3.16 (2H, s), 2.96–2.98 (2H, m), 2.86 (3H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 

166.8, 166.6, 164.7, 161.5, 160.9, 153.5, 152.9, 150.5, 139.8, 129.9(2), 125.5, 115.1(2), 

112.3, 112.0, 107.8, 105.0, 101.5, 97.9, 89.7, 67.5, 56.0, 55.7, 52.7(2), 46.2(2), 42.5. 

HRMS (ESI)+ Calculated for C29H31NaN5O5 [M + Na]+ m/z 552.2223, found 552.2222.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)-N-(2-(4-
methylpiperazin-1-yl)phenyl)acetamide (43h).—Off-white solid, mp 252–

255 °C, yield 58.6%. 1H NMR (400 MHz, DMSO-d6), 

δ (ppm): 9.96 (1H, s), 8.23 (2H, d, J = 2.4 Hz), 8.15 (1H, d, J = 8.4 Hz), 7.14–7.28 (4H, 

m), 6.71 (1H, d, J = 2.0 Hz), 6.52 (1H, d, J = 2.0 Hz), 4.90 (2H, s), 3.89 (3H, s), 3.85 (3H, 

s),3.51 −3.53 (4H, m), 2.98–3.03 (4H, m), 2.87 (3H, s). 13C NMR (100 MHz, DMSO-d6), δ 
(ppm): 166.0, 164.3, 161.1, 160.0, 159.9, 158.7, 152.8, 152.5, 141.0, 132.0, 129.8(2), 125.5, 

125.3, 124.8, 120.8, 114.8(2), 104.6, 100.9, 97.5, 67.4, 56.0, 55.6, 53.3(2), 48.5(2), 42.4. 

HRMS (ESI)+ Calculated for C29H31NaN5O5 [M + Na]+ m/z 552.2223, found 552.2215.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)-N-(4-
morpholinophenyl)acetamide (43i).—White powder, mp 273–275 

°C, yield 61.8%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 11.87 (1H, 

s), 9.89 (1H, s), 7.92 (2H, s), 7.57 (2H, d, J = 8.4 Hz), 6.92 (2H, d, J = 8.4 Hz), 6.74 (1H, 

d, J = 2.0 Hz), 6.52 (1H, d, J = 2.0 Hz), 4.45 (2H, s), 3.89 (3H, s), 3.84 (3H, s), 3.73 (4H, 

t, J = 4.8 Hz), 3.05 (4H, t, J = 4.8 Hz). 13C NMR (100 MHz, DMSO-d6 + CF3COOD), δ 
(ppm): 166.4, 165.3, 161.6, 159.5, 157.8, 155.4, 145.9, 142.0, 131.5(2), 129.9(2), 123.4(2), 

121.1, 121.0(2), 119.5, 103.5, 98.5, 97.1, 71.2, 65.0(2), 56.4, 56.1, 52.0(2), 16.3(2). 

HRMS (ESI)+ Calculated for C30H33N4O4 [M + H]+ m/z 545.2400, found 545.2400.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-
N-(3-morpholinophenyl)acetamide (43j).—White powder, mp 264–267 °C, yield 

48.3%. 1H NMR (400 MHz, DMSO-xyd6), δ (ppm): 11.87 (1H, s), 9.91 (1H, 

s), 7.92 (2H, s), 7.34 (1H, s), 7.15–7.23 (2H, m), 6.74 (1H, d, J = 2.4 Hz), 6.69 (1H, dd, 

J = 8.4, 2.4 Hz), 6.51 (1H, d, J = 2.8 Hz), 4.47 (2H, s), 3.88 (3H, s), 3.84 (3H, s), (4H, t, J 
= 4.8 Hz), 3.08 (4H, t, J = 4.8 Hz), 2.35 (6H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 

167.7, 166.4, 164.3, 162.5, 161.0, 157.7, 152.4, 151.5, 139.1, 130.8(2), 129.1, 128.4(2), 

127.9, 110.9(2), 106., 104.6, 101.2, 97.6, 71.0, 66.1(2), 56.0, 55.7, 48.5(2), 16.2(2). 

HRMS (ESI)+ Calculated for C30H32NaN4O6 [M + Na]+ m/z 567.2220, found 567.2211.

2-(2,6-Dibromo-4-(5,7-dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)phenoxy)-
N-(4-morpholinophenyl)acetamide (43k).—White powder, mp 242–244 °C, yield 

49.7%. 1H NMR (400 MHz, DMSO-d6 + CF3COOD), δ (ppm): 10.34 (1H, 

s), 8.39 (2H, s), 7.87 (2H, d, J = 8.4 Hz), 7.62 (2H, d, J = 8.4 Hz), 

6.80 (1H, d, J = 2.0 Hz), 6.62 (1H, d, J = 2.0 Hz), 4.74 (2H, s), 3.95 (4H, t, J = 4.8 

Hz), 3.86 (6H, s), 3.58 (4H, t, J = 4.8 Hz). 13C NMR (100 MHz, DMSO-d6 + CF3COOD), 
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δ (ppm): 166.6, 166.4, 162.6, 156.9, 156.8, 153.8, 139.9, 138.6, 134.6(2), 122.5(2), 

122.2(2), 118.6(2), 116.8, 115.0, 104.5, 99.8, 98.4, 72.4, 65.0(2), 57.0, 56.6, 55.4(2). 

HRMS (ESI)+ Calculated for C28H27Br2N4O6 [M + H]+ m/z 675.0277, found 675.0275.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-
N-(4-morpholinophenyl)acetamide (43l).—Off-white solid, mp 276–278 °C, yield 

60.7%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 11.92 (1H, s), 9.93 (1H, s), 

7.50 (2H, d, J = 8.8 Hz), 7.12 (2H, d, J = 8.8 Hz), 6.91 (2H, d, J = 8.8 Hz), 6.71 (1H, 

d, J = 2.4 Hz), 6.50 (1H, d, J = 2.4 Hz), 4.76 (2H, s), 3.88 (3H, s), 3.84 (3H, s), 3.72 (4H, 

t, J = 4.8 Hz), 3.05 (4H, t, J = 4.8 Hz). 13C NMR (100 MHz, CDCl3 + CF3COOD), δ (ppm): 

169.0, 163.2, 162.0, 160.0, 156.4, 137.5, 131.3, 131.0, 123.4, 123.3, 121.8, 121.5, 119.0, 

117.0, 116.9, 116.1, 116.0, 113.3, 101.0, 98.5, 94.8, 67.0, 64.5, 64.2, 56.9, 56.3, 56.1(2). 

HRMS (ESI)+ Calculated for C28H29N4O4 [M + H]+ m/z 517.2087, found 517.2086.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)-N-(3-
morpholinophenyl)acetamide (43m).—White powder, mp 272–

274 °C, yield 51.0%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 10.02 

(1H, s), 8.16 (2H, d, J = 8.4 Hz), 7.28 (1H, t, J = 2.4 Hz), 7.09–7.16 (4H, m), 6.72 (1H, d, J 
= 2.4 Hz), 6.68 (1H, dd, J = 8.4, 2.4 Hz), 6.51 (1H, d, J = 2.4 Hz), 4.79 (2H, s), 3.88 (3H, s), 

3.84 (3H, s), 3.72 (4H, t, J = 4.8 Hz), 3.06 (4H, t, J = 4.8 Hz). 13C NMR (100 MHz, DMSO-

d6), δ (ppm): 166.1(2), 164.3, 161.0, 160.5, 152.9, 152.5, 151.5, 139.2, 129.4(2), 129.2, 

125.0, 114.6(2), 110.9, 110.7, 106.4, 104.5, 100.9, 97.5, 67.1, 66.1(2), 56.0, 55.6, 48.5(2). 

HRMS (ESI)+ Calculated for C28H29N4O6 [M + H]+ m/z 517.2087, found 517.2053.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-
N-(4-(piperidin-1-yl)phenyl)acetamide (43n).—Off-white solid, mp 265–267 °C, 

yield 56.1%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 11.87 (1H, s), 9.58 (1H, 

s), 7.92 (2H, s), 7.53 (2H, d, J = 8.8 Hz), 6.89 (2H, d, J = 8.8 Hz), 6.74 

(1H, s), 6.52 (1H, s), 4.45 (2H, s), 3.89 (3H, s), 3.84 (3H, s), 3.06–3.08 (4H, 

m), 2.35 (6H, s), 1.58–1.63 (4H, m), 1.51–1.52 (2H, m). 13C NMR (100 MHz, DMSO-d6), 

δ (ppm): 165.8, 164.2, 160.9, 157.8, 153.1, 152.4, 148.4, 130.8(2), 129.9, 128.7(2), 127.9, 

121.1(2), 116.1(2), 104.7, 101.2, 97.6, 71.1, 56.0, 55.6, 50.0(2), 35.8, 25.3(2), 23.9, 16.2(2). 

HRMS (ESI)+ Calculated for C31H35N4O5 [M + H]+ m/z 543.2607, found 535.2607.

2-(2,6-Dibromo-4-(5,7-dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)phenoxy)-
N-(4-(piperidin-1-yl)phenyl)acetamide (43o).—White powder, mp 271–273 °C, 

yield 62.0%. 1H NMR (400 MHz, DMSO-d6 + CF3COOD), δ (ppm): 10.48 

(1H, s), 8.52 (2H, s), 7.94 (2H, d, J = 8.8 Hz), 7.73 (2H, d, J = 8.8 Hz), 6.85 (1H, 

d, J = 2.4 Hz), 6.65 (1H, d, J = 2.4 Hz), 4.78 (2H, s), 3.93 (3H, s), 3.91 (3H, s), 3.58–3.61 

(4H, m), 1.94–1.97 (4H, m), 1.70 (2H, s). 13C NMR (100 MHz, DMSO-d6 + CF3COOD), 

δ (ppm): 166.0, 165.4, 165.3, 161.7, 155.2, 151.8, 142.1, 139.8, 138.2, 133.2(2), 122.4(2), 

121.5, 121.4(2), 118.0(2), 104.6, 99.8, 98.9, 71.7, 56.8(2), 56.5, 56.1, 23.8(2), 21.0. 

HRMS (ESI)+ Calculated for C29H29Br2N4O5 [M + H]+ m/z 673.0484, found 673.0490.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)-N-(4-
(piperidin-1-yl)phenyl)acetamide (43p).—White powder, mp 253–
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256 °C, yield 63.4%. 1H NMR (400 MHz, DMSO-

d6), δ (ppm): 11.93 (1H, s), 9.89 (1H, s), 8.17 (2H, d, J = 8.8 

Hz), 7.45 (1H, d, J = 8.8 Hz), 7.12 (2H, d, J = 8.8 Hz), 6.88 (1H, d, J = 8.8 Hz), 6.71 (1H, 

d, J = 2.4 Hz), 6.51 (1H, d, J = 2.4 Hz), 4.75 (2H, s), 3.88 (3H, s), (3H, s), 3.04–3.07 (4H, 

m), 1.57–1.62 (4H, m), 1.50–1.51 (2H, m). 13C NMR (100 MHz, DMSO-d6 + CF3COOD), 

δ (ppm): 166.6, 165.8, 162.8, 161.9, 157.6, 156.4, 144.2, 139.7, 137.9, 131.7(2), 

122.3(2), 120.9, 120.8(2), 119.2, 115.3(2), 103.1, 98.7, 96.1, 67.2, 56.5(2), 56.2, 23.6(2), 

20.8. HRMS (ESI)+ Calculated for C29H31N4O5 [M + H]+ m/z 515.2294, found 515.2300.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)-N-(4-
(pyrrolidin-1-yl)phenyl)acetamide (43q).—Off-white solid, mp 

243–245 °C, yield 50.7%. 1H NMR (400 MHz, 

DMSO-d6), δ (ppm): 9.80 (1H, s), 8.16 (2H, d, J = 9.2 Hz), 7.42 (2H, d, J = 9.2 Hz), 

7.14 (2H, d, J = 8.8 Hz), 6.72 (1H, d, J = 2.4 Hz), 6.50–6.53 (2H, m), 4.74 (2H, s), 3.89 (3H, 

s), 3.85 (3H, s), 3.17–3.19 (4H, m), 1.92–1.95 (4H, m). 13C NMR (100 MHz, DMSO-d6 + 

CF3COOD), δ (ppm): 166.2, 163.2, 162.1(2), 157.3, 156.9, 143.3, 141.4, 132.0(2), 121.1(2), 

119.9, 119.8(2), 118.6, 115.5(2), 103.0, 98.9, 95.6, 67.4, 56.8, 56.3, 55.3(2), 23.9(2). 

HRMS (ESI)+ Calculated for C28H29N4O5 [M + H]+ m/z 501.2138, found 501.2133.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-
N-(3-fluoro-4-morpholinophenyl)acetamide (44a).—White powder, mp 258–260 

°C, yield 55.9%. 1H NMR (400 MHz, DMSO-d6 + CF3COOD), δ (ppm): 7.80 

(1H, dd, J = 14.0, 2.4 Hz), 7.68 (2H, s), 7.47 (1H, dd, J = 9.2, 2.4 Hz), 

7.36 (1H, t, J = 9.2 Hz), 6.83 (1H, d, J = 2.0 Hz), 6.55 (1H, d, J = 2.0 

Hz), 4.46 (2H, s), 3.82–3.85, (4H, m), 3.81 (3H, s), 3.78 (3H, s), 3.34–3.36 

(4H, m), 2.30 (6H, s). 13C NMR (100 MHz, DMSO-d6 + CF3COOD), δ (ppm): 169.2, 

168.8, 164.3, 162.6, 159.3, 158.9, 155.8(250.2 Hz), 143.9, 134.7(2), 130.6(2), 132.6(2), 

126.4, 126.2, 124.6, 122.9, 104.8, 101.2, 97.0, 72.7, 65.9, 65.5, 58.0, 57.7, 56.2(2), 17.7(2). 

HRMS (ESI)+ Calculated for C30H32FN4O6 [M + Na]+ m/z 585.2125, found 585.2122.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)-N-(3-fluoro-4-
morpholinophenyl)acetamide (44b).—White powder, mp 236–238 °C, yield 58.0%. 
1H NMR (400 MHz, DMSO-d6), δ (ppm): 10.1 (1H, s), 8.15 (2H, d, J = 8.8 Hz), 

7.56 (1H, dd, J = 14.8, 2.4 Hz), 7.32 (1H, dd, J = 14.8, 2.4 Hz), 7.14 (2H, d, J = 

14.8 Hz), 7.02, (1H, t, J = 9.6 Hz), 6.73 (1H, d, J = 2.4 Hz), 6.53 (1H, d, J = 2.4 

Hz), 4.80 (2H, s), 3.89 (3H, s), 3.85 (3H, s),3.71–3.74 (4H, m), 2.94–2.96, (4H, m). 
13C NMR (100 MHz, DMSO-d6), δ (ppm): 166.1, 164.5, 161.1, 160.7, 159.6, 155.6, 

153.2, 153.0, 151.8, 135.7(40.6 Hz), 133.5(36.0 Hz), 129.7(2), 124.3, 119.2, 115.8, 114.7, 

108.2(100.8 Hz), 104.4, 100.3, 97.6, 67.1, 66.2(2), 56.1, 55.7, 50.8(2). HRMS (ESI)+ 

Calculated for C28H28FN4O6 [M + H]+ m/z 535.1993, found 535.1992.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-phenoxy)-N-(3-
fluoro-4-(4-methylpiperazin-1-yl)phenyl)acetamide (44c).—Off-white solid, 

mp 245–247 °C, yield 59.9%. 1H NMR (400 

MHz, DMSO-d6), δ (ppm): 11.94 (1H, s), 10.16 (1H, s), 
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8.17 (2H, d, J = 8.8 Hz), 7.55 (1H, dd, J = 14.8, 2.4 Hz), 7.30 (2H, dd, J = 8.8, 2.4 Hz), 7.13, 

(1H, d, J = 2.4 Hz), 7.00 (1H, t, J = 8.8 Hz), 6.71 (1H, d, J = 2.4 Hz), 6.51 (1H, d, J = 2.4 

Hz), 4.79 (2H, s), 3.88 (3H, s), 3.84 (3H, s), 2.96, (4H, t, J = 4.8 Hz), 2.46 (4H, brs), 2.22 

(3H, s). 13C NMR (100 MHz, DMSO-d6 + CF3COOD), δ (ppm): 166.2, 166.1, 163.3, 162.8, 

162.2, 157.4, 157.0, 156.2, 153.7, 143.2, 134.7(42.8 Hz), 134.5(36.8 Hz), 120.2, 118.6, 

116.0, 115.5(2), 108.5(100.8 Hz), 103.1, 98.9, 95.5, 67.4, 56.8, 56.7, 56.4, 56.3, 53.1(2), 

47.9. HRMS (ESI)+ Calculated for C29H31FN5O5 [M + H]+ m/z 548.2309, found 548.2311.

2-(4-(5,7-Dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-
N-(3-fluoro-4-(4-methylpiperazin-1-yl)phenyl)-acetamide (44d).—White powder, 

mp 253–256 °C, yield 61.4%. 1H NMR (400 MHz, CDCl3), δ (ppm): 8.60 (1H, s), 7.85 

(2H, s), 7.58 (1H, dd, J = 14.0, 2.4 Hz), 7.26–7.27 (1H, m), 6.94 (1H, d, J = 8.8 Hz), 6.81 

(1H, s), 6.44 (1H, s), 4.40 (2H, s), 3.92 (6H, s), 3.10 (4H, t, J = 4.4 Hz), 2.61 (4H, t, J = 4.4 

Hz), 2.36 (9H, s). 13C NMR (100 MHz, CDCl3), δ (ppm): 166.1, 165.2, 161.4, 157.0, 156.7, 

154.2, 153.9, 152.3, 137.3(36.4 Hz), 131.9(36.8 Hz), 131.3(2), 129.1, 128.5(2), 119.1, 

115.9, 109.2(56.4 Hz), 105.0, 101.4, 98.4, 70.5, 56.3, 55.8, 55.2(2), 50.7(2), 46.2, 16.5(2). 

HRMS (ESI)+ Calculated for C31H35FN5O5 [M + H]+ m/z 576.2622, found 576.2624.

N-(3-Chloro-4-(4-methylpiperazin-1-yl)phenyl)-2-(4-(5,7-dimethoxy-4-oxo-1,4-
dihydroquinazolin-2-yl)phenoxy)acetamide (44e).—White powder, mp 273–276 

°C, yield 62.9%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 10.29 (1H, s), 

8.17 (2H, d, J = 8.4 Hz), 7.85 (1H, s), 7.55 (1H, d, J = 8.8 Hz), 7.21 

(1H, d, J = 8.8 Hz), 7.12 (2H, d, J = 8.8 Hz), 6.71 (1H, s), 6.50 (1H, s), 4.81 

(2H, s), 3.88 (3H, s), 3.84 (3H, s), 3.30–3.37 (8H, m), 2.86 (3H, s). 13C NMR (100 MHz, 

DMSO-d6), δ (ppm): 166.3, 164.2, 160.9, 160.3, 159.8, 153.1, 152.3, 143.1, 135.1, 129.3(2), 

127.5, 125.1, 121.3(2), 119.3, 114.6(2), 104.5, 101.1, 97.4, 67.0, 55.9, 55.6, 52.9(2), 48.1(2), 

42.2. HRMS (ESI)+ Calculated for C29H31ClN5O5 [M + H]+ m/z 564.2014, found 564.2011.

N-(3-Chloro-4-(4-methylpiperazin-1-yl)phenyl)-2-(4-(5,7-dimethoxy-4-oxo-1,4-
dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-acetamide (44f).—White powder, 

mp 260–263 °C, yield 45.8%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 

10.22 (1H, s), 7.93 (2H, s), 7.91 (1H, d, J = 2.4 Hz), 7.61 (1H, dd, 

J = 8.8, 2.4 Hz), 7.14 (1H, d, J = 8.8 Hz), 6.73 (1H, d, J = 2.4 Hz), 

6.50 (1H, d, J = 2.4 Hz), 4.49 (2H, s), 3.88 (3H, s), 3.84 (3H, s), 3.17 (4H, 

brs), 2.93 (4H, brs), 2.35 (6H, s), 2.23 (3H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 

166.6, 164.1, 160.9, 157.6, 153.3, 153.0, 145.0, 134.3, 130.7(2), 128.4(2), 127.4, 121.7, 

120.8, 119.6, 104.8, 101.0, 97.4, 79.2, 71.0, 56.0, 55.6, 54.9(2), 51.1, 48.6, 45.8, 16.3(2). 

HRMS (ESI)+ Calculated for C31H35ClN5O5 [M + H]+ m/z 614.2148, found 614.2174.

N-(3-Chloro-4-morpholinophenyl)-2-(2,6-dibromo-4-(5,7-dimethoxy-4-oxo-1,4-
dihydroquinazolin-2-yl)phenoxy)acetamide (44g).—White powder, mp 268–271 

°C, yield 47.6%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 12.17 (1H, s), 10.21 

(1H, s), 8.52 (2H, s), 7.88 (1H, d, J = 2.4 Hz), 7.56 (1H, dd, J = 8.8, 2.4 

Hz), 7.16 (1H, d, J = 8.8 Hz), 6.81 (1H, s), 6.56 (1H, s), 4.67 (2H, s), 3.89 (3H, s), 3.85 (3H, 

s), 3.74, (4H, t, J = 4.4 Hz), 2.94 (4H, t, J = 4.0 Hz). 13C NMR (100 MHz, DMSO-d6), δ 
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(ppm): 165.1, 164.4, 160.9, 154.0, 152.4, 149.8, 144.8, 134.3, 132.0(2), 131.3, 127.4, 122.8, 

121.7, 120.9, 119.7, 117.7(2), 104.8, 101.5, 98.2, 71.3, 66.4(2), 56.1, 55.7, 51.5(2). HRMS 

(ESI)+ Calculated for C28H25Br2ClNaN4O6 [M + Na]+ m/z 730.9707, found 730.9714.

N-(3-Chloro-4-morpholinophenyl)-2-(4-(5,7-dimethoxy-4-oxo-1,4-
dihydroquinazolin-2-yl)phenoxy)acetamide (44h).—White powder, 

mp 247–249 °C, yield 56.0%. 1H NMR (400 MHz, DMSO-

d6), δ (ppm): 10.20 (1H, s), 8.15 (2H, d, J = 8.8 Hz), 7.52 (1H, dd, J = 8.8, 2.4 Hz), 7.13–

7.16 (3H, m), 6.73 (1H, d, J = 2.4 Hz), 6.54 (1H, d, J = 2.4 Hz), 4.81 (2H, s), 3.89 (3H, s), 

3.85 (3H, s), 3.73 (4H, t, J = 4.4 Hz), 2.92 (4H, t, J = 4.0 Hz). 13C NMR (100 MHz, DMSO-

d6), δ (ppm): 166.1, 164.4, 161.1, 160.6, 159.5, 153.0, 151.8, 144.6, 134.4, 129.7(2), 127.5, 

124.3, 121.4, 120.9, 119.3, 114.7(2), 104.3, 100.3, 97.6, 67.0, 66.4(2), 56.0, 55.7, 51.5(2). 

HRMS (ESI)+ Calculated for C28H27ClNaN4O6 [M + Na]+ m/z 573.1517, found 573.1533.

N-(3-Chloro-4-morpholinophenyl)-2-(4-(5,7-dimethoxy-4-oxo-1,4-
dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)acetamide (44i).—Off-white 

solid, mp 258–261 °C, yield 51.5%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 

10.17 (1H, s), 7.90 (3H, s), 7.62 (2H, dd, J = 8.8, Hz), 7.15 (1H, d, J = 8.8 Hz), 6.75 (1H, 

d, J = 2.4 Hz), 6.54(1H, d, J = 2.4 Hz), 4.49 (2H, s), 3.88 (3H, s), 3.85 (3H, s), 3.73 (4H, t, J 
= 4.4 Hz), 2.93 (4H, t, J = 4.0 Hz), 2.35 (6H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 

165.5, 164.4, 161.0, 159.5, 157.9, 152.9, 151.9, 144.7, 134.4, 130.9(2), 128.6(2), 127.4, 

127.2, 121.7, 120.8, 119.6, 104.5, 100.5, 97.7, 71.0, 66.4(2), 56.0, 55.7, 51.5(2), 16.2(2). 

HRMS (ESI)+ Calculated for C30H32ClN4O6 [M + H]+ m/z 579.2010, found 579.2018.

N-(3-Chloro-4-(4-methylpiperazin-1-yl)phenyl)-2-(4-(6-fluoro-4-oxo-1,4-
dihydroquinazolin-2-yl)phenoxy)acetamide (44j).—White powder, mp 

255–257 °C, yield 58.2%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 

10.28 (1H, s), 8.18 (2H, d, J = 8.8 Hz), 7.87 (1H, d, J = 2.4 Hz), 7.76–7.80 (2H, m), 7.70 

(1H, td, J = 8.8, 2.4 Hz), 7.56 (1H, dd, J = 8.8, 2.4, Hz), 7.22 (1H, d, J = 8.8 Hz), 7.15 (1H, 

d, J = 8.8 Hz), 3.52 (2H, d, J = 11.2 Hz), 3.38 (2H, d, J = 11.2 Hz), 3.19–3.22 (2H, m), 3.29 

(2H, t, J = 13.2 Hz), 2.89 (3H, s). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 166.3, 161.8, 

161.0, 158.6, 151.4, 145.7, 143.1, 135.1, 130.0(32 Hz), 129.4(2), 127.5, 125.3, 123.1(97.2 

Hz), 121.9(33.2 Hz), 121.3(2), 119.3, 114.7(2), 110.6(93.2 Hz), 67.0, 52.8(2), 48.1(2), 42.5. 

HRMS (ESI)+ Calculated for C27H25ClFNaN5O3 [M + Na]+ m/z 544.1528, found 544.1526.

N-(3-Chloro-4-(4-methylpiperazin-1-yl)phenyl)-2-(4-(6-methoxy-4-oxo-1,4-
dihydroquinazolin-2-yl)phenoxy)acetamide (44k).—White powder, mp 

243–245 °C, yield 47.7%. 1H NMR (400 MHz, DMSO-d6), δ 
(ppm): 10.28 (1H, s), 8.03 (2H, d, J = 8.8 Hz), 7.85 (1H, d, J = 2.4 Hz), 7.80 (1H, d, J = 8.8 

Hz), 7.60 (1H, d, J = 2.4 Hz), 7.51–7.56 (2H, m), 7.28 (2H, d, J = 8.8 Hz), 7.17 (1H, d, J = 

8.8 Hz), 4.88 (2H, s), 3.90 (3H, s), 3.52 (2H, d, J = 12.0 Hz), 3.36 (2H, d, J = 12.0 Hz), 3.21 

(2H, td, J = 12.0, 2.8 Hz), 2.97 (2H, td, J = 12.0, 2.8 Hz), 2.87 (3H, s). 13C NMR (100 MHz, 

DMSO-d6), δ (ppm): 166.4, 162.1, 160.0(2), 157.5, 149.7, 143.1, 135.1, 129.1(2), 127.5, 

125.7, 124.2, 124.1, 121.5. 121.4, 121.3, 119.3, 114.7(2), 105.9, 67.0, 55.7, 52.9(2), 48.1(2), 

42.2. HRMS (ESI)+ Calculated for C28H29ClN5O4 [M + H]+ m/z 534.1908, found 534.1899.
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N-(3-Chloro-4-(4-methylpiperazin-1-yl)phenyl)-2-(4-(6-chloro-4-oxo-1,4-
dihydroquinazolin-2-yl)phenoxy)acetamide (44l).—White powder, mp 

281–283 °C, yield 54.5%. 1H NMR (400 MHz, DMSO-

d6), δ (ppm): 12.60 (1H, s), 10.30 (1H, s), 10.05 (1H, s), 8.20 

(2H, d, J = 8.8 Hz), 8.06 (1H, d, J = 2.4 Hz), 7.86 (1H, d, J = 2.4 Hz), 7.83 (1H, dd, J = 8.8, 

2.4 Hz), 7.72 (1H, d, J = 8.8 Hz), 7.55 (1H, dd, J = 8.8, 2.4 Hz), 7.22 (1H, d, J = 8.8 Hz), 

7.15 (2H, d, J = 8.8 Hz), 4.83 (2H, s), 3.52–3.55 (2H, m), 3.38 (2H, d, J = 12.0 Hz), 3.18 

(2H, td, J = 12.0, 2.8 Hz), 2.99 (2H, td, J = 12.0, 2.8 Hz), 2.89 (3H, s). 13C NMR (100 MHz, 

DMSO-d6), δ (ppm): 166.3, 161.4, 160.5, 152.3, 147.6, 143.1, 135.1, 134.6, 130.3, 129.6(2), 

129.5, 127.5, 125.2, 124.9, 121.9, 121.3(2), 119.3, 114.7(2), 67.0, 52.9(2), 48.1(2), 42.2. 

HRMS (ESI)+ Calculated for C27H26Cl2N5O3 [M + H]+ m/z 538.1413, found 538.1408.

N-(3-Chloro-4-(4-methylpiperazin-1-yl)phenyl)-2-(4-(7-chloro-4-oxo-1,4-
dihydroquinazolin-2-yl)phenoxy)acetamide (44m).—Off-white solid, mp 

280–282 °C, yield 46.2%. 1H NMR (400 MHz, DMSO-d6), δ (ppm): 12.51 (1H, s), 10.18 

(1H, s), 8.19 (2H, d, J = 8.8 Hz), 8.12 (1H, d, J = 8.8 Hz), 7.80 (1H, d, J = 2.4 Hz), 7.45 

(1H, d, J = 2.4 Hz), 7.51 (2H, dd, J = 8.8, 2.4 Hz), 7.13–7.17 (3H, m), 4.81 (2H, s), 3.33 

(4H, brs), 2.91–2.93 (4H, m), 2.25 (3H, s). 13C NMR (100 MHz, DMSO-d6 + CF3COOD), 

δ (ppm): 166.3, 161.6, 160.9, 153.6, 149.4, 143.2, 139.4, 135.2, 129.9(2), 128.1, 

127.7, 126.7, 125.9, 124.7, 121.5, 121.4, 119.6, 119.5, 114.9(2), 67.1, 53.0(2), 48.2(2), 42.2. 

HRMS (ESI)+ Calculated for C27H26Cl2N5O3 [M + H]+ m/z 538.1413, found 538.1415.

N-(3-Chloro-4-(4-methylpiperazin-1-yl)phenyl)-2-(4-(7-methyl-4-oxo-1,4-
dihydroquinazolin-2-yl)phenoxy)acetamide (44n).—White powder, mp 

279–282 °C, yield 55.5%. 1H NMR (400 MHz, DMSO-

d6), δ (ppm): 12.33 (1H, s), 10.27 (1H, s), 9.91 (1H, s), 8.17 (1H, d, 

J = 8.8 Hz), 8.01 (1H, d, J = 8.4 Hz), 7.93 (2H, s), 7.85 (1H, d, J = 2.4 Hz), 7.56 (1H, dd, J = 

8.8, 2.4 Hz), 7.52 (1H, s), 7.31 (1H, dd, J = 8.4, 2.4 Hz), 7.22 (1H, d, J = 8.8 Hz), 7.14 (1H, 

d, J = 8.8 Hz), 4.82 (2H, s), 3.52 (2H, d, J = 11.6 Hz), 3.38 (2H, d, J = 11.6 Hz), 3.20 (2H, 

t, J = 12.0 Hz), 2.96 (2H, t, J = 12.0 Hz), 2.88 (3H, s), 2.46 (3H, s). 13C NMR (100 MHz, 

DMSO-d6), δ (ppm): 166.3, 162.2, 160.3, 151.9, 148.8, 145.0, 143.1, 135.1, 129.4(2), 127.7, 

127.5, 126.8, 125.7, 125.5, 121.3(2), 119.3, 118.3, 114.7(2), 67.0, 52.9(2), 48.1(2), 42.7, 

21.4. HRMS (ESI)+ Calculated for C28H29ClN5O3 [M + H]+ m/z 518.1959, found 518.1953.

Bioinformatics Analysis.

PrePPI (https://honiglab.c2b2.columbia.edu/PrePPI/) was used to predict BRD4 and CK2 

related PPI networks. Subsequently, these interacting proteins were annotated and clustered 

using the Gene Ontology (GO) and the DAVID databases. Finally, the GEPIA tool (http://

gepia.cancer-pku.cn/) was used to analyze the breast cancer transcriptome data of BRD4 and 

CK2 obtained from the TCGA database, and a significantly positive correlations identified 

between BRD4 and CK2 PPI networks were produced by using Cytoscape (version 3.8.2)

Molecular Docking.

Molecular docking follows previous studies.14,51 Small molecules were constructed using 

the Accelrys Discovery Studio (version 3.5; Accelrys, SanDiego, CA, USA) using LibDock 

Zhang et al. Page 30

J Med Chem. Author manuscript; available in PMC 2023 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://honiglab.c2b2.columbia.edu/PrePPI/
http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/


protocol. Small molecules were energy minimized with the CHARMm force field. Then 

CDOCKER protocol was performed to rerank the top 10 small molecule compounds. Other 

parameters were set as default values.

BRD4 and CK2 Enzymatic Assays.

The in vitro BRD and CK assays were performed by the drug discovery service of Huawei 

Pharmaceutical Company. The BRD enzymatic profiling assays were performed with TR-

FRET technology.14 The CK2 and CK1 enzymatic profiling assays were performed by the 

methods reported in the literature.53

Cellular Thermal Shift Assay (CETSA).

CETSA was performed with intact cells to assay the interaction between 1, 18, 44e, and 

BRD4/CK2α. Briefly, MDA-MB-231 cells were incubated with DMSO (0.3% vol/vol), 1 (5 

μM), 18 (5 μM), or 44e (5 μM). After 6 h treatment in the incubator, cells were collected 

and resuspended in PBS. Following heating at the indicated temperatures (48, 51, 54, 57, 60, 

and 63 °C) for 3 min, cell suspensions were lysed by three freeze–thaw cycles with liquid 

nitrogen, thawing at room temperature. The lysates were clarified by centrifugation at 17 

000g for 20 min. The soluble proteins in the supernatant were collected and prepared for 

Western blotting to detect the indicated proteins.

Cell Culture, Antibodies, and Reagents.

MDA-MB-231, MDA-MB-468, and MCF-10A cells were purchased from American Type 

Culture Collection (ATCC, Manassas, VA, USA). MDA-MB-231 and MCF-10A cells were 

cultured in DMEM with 10% fetal bovine serum, while MDA-MB-468 cells were cultured 

in L-15 with 10% fetal bovine serum and incubated with 5% CO2. Antibodies used in this 

study were as follows: BRD4 (Cell Signaling Technology, no. 13440S), p-BRD4S492 (EMD 

Millipore, ABE no. 1451), c-Myc (Abcam, ab56), LC3B antibody (Abcam, ab51520), 

SQSTM1/p62 antibody (Abcam, ab56416), CK2α (Cell Signaling Technology, no. 2656S), 

p-AKTS129 (Abcam, 133458), GAPDH (Cell Signaling Technology, no. 5174), beclin-1 

(Cell Signaling Technology, no. 3495), Bax (Cell Signaling Technology, no. 5023), Bcl-2 

(Cell Signaling Technology, no. 2870), caspase-3 (Abcam, ab13847). MTT (M2128), 3-MA 

(M9281), and Hoechst 33258 were purchased from Solarbio. Bafilomycin A1 (ab120497) 

was purchased from Abcam.

Generation of JQ1-Resistant Cells.—To generate JQ1-resistant cells, MDA-MB-231 

cells were subjected to gradual increases in JQ1 concentrations (72 h pulses every 2 weeks 

for 6 months).

Cell Viability Assay.—The MDA-MB-231, MDA-MB-468, or MCF-10A cells were 

dispersed in 96-well plates at a density of 6 × 104 cells/mL. After 24 h incubation, cells were 

treated with different concentrations of compounds for 24 h. Cell viability was measured by 

MTT assay. MTT (5 mg/mL) was added, and cells were incubated for an additional 4 h at 

37 °C; then the absorbance value was determined with an enzyme-labeling instrument at 490 

nm.
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Colony Formation Assay.—Cells (500–800 per well) were seeded in 6-well plates 

and allowed to adhere overnight. Cells were treated with the indicated concentration of 

compounds or vehicle control for 7–10 days. Cells were fixed with formaldehyde (4%) and 

stained with crystal violet. The number of colonies was counted. Data represent the mean ± 

SD from 3 independent experiments performed in triplicate wells.

Annexin-V/PI Dual Staining.—Cells (1 × 105 per well) were cultured in six-well plates 

for 24 h. Cells were then cultured in the absence or presence of 44e (2.5, 5, or 10 μM) for 

24 h and then washed twice with cold PBS. The early and late apoptosis cells were identified 

by flow cytometry (Becton Dickinson, Franklin Lakes, NJ) after applying an Annexin-V/PI 

Staining Kit (Roche, Germany). The detailed procedures were performed according to the 

corresponding manufacturer’s instructions.

Hoechst Staining.—Cells (2.5 × 104 per well) were plated in 24-well plates, left to adhere 

overnight, and then incubated with or without 44e (2.5, 5, or 10 μM) for 24 h. Then, the 

original growth medium was discarded, cells were washed twice with PBS, followed by 

addition of Hoechst 33258 for 5 min, and then observed under an Olympus fluorescence 

microscope.

Autophagy Assay.—A total of 2.5 × 104 cells/well were seeded in a 24-well plate. After 

transfection with GFP-mRFP-LC3 (HB-AP2100001, HANBIO, China) for 4 h, the original 

growth medium was replaced with fresh medium, and cells were incubated with or without 

compounds for 24 h at 37 °C, then analyzed under a fluorescence microscope.

Western Blot Analysis.—Cells were seeded in a 6-well plate (1.5 × 105 cells/well), 

grown at 37 °C for 24 h, and then treated with compounds and vehicle (DMSO) for 24 

h, collected, centrifuged (3000 rpm for 5 min), dissociated, centrifuged again (12000g for 

10 min), and quantified (the BCA kit, Beyotime). Western blot analysis was carried out by 

the following method: In brief, equal amounts of total protein in cell lysate were separated 

by 10–15% SDS-PAGE and then transferred to PVDF membranes. After being soaked in 

blocking buffer (5% skimmed milk), the membranes were incubated with corresponding 

primary antibodies at 4 °C overnight, followed by HRP-conjugated secondary antibody at 

room temperature for 2 h, and visualized using ECL as the HRP substrate.

Pharmacokinetic Studies.—The pharmacokinetic parameters of 44e were evaluated. 

Six Sprague–Dawley (SD) rats (body weight of 200–220 g) were randomly divided into 

two groups (3 rats in each group) for injection (iv) or oral administration (po). The saline 

solutions were formulated in 5% DMSO and 10% hydroxypropyl-β-cyclodextrin (HP-β-

CD). Two groups of rats were administered a single concentration of 44e at 1 mg/kg (caudal 

vein injection) or 10 mg/kg (oral gavage). Blood samples were collected through the jugular 

vein at the specified time and centrifuged at 7000 rpm for 10 min to obtain the isolated 

plasma. LC-MS (5500QTRAP system, Applied Biosystems) was used to evaluate the plasma 

concentration of 44e.

Xenograft Tumor Models.—All experimental protocols used in this study were carried 

out in accordance with guidelines of the animal ethics committee (Sichuan University). 
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Female nude mice (BALB/c, 6–8 weeks, 20–22 g, n = 48) were randomized into two 

groups (24 mice per group) and injected with MDA-MB-231 cells (5 × 106 cells/mouse) or 

MDA-MB-468 cells (5 × 106 cells/mouse). When the tumors of all mice reached 100 mm3 

in volume (V = L × W2/2), the mice were randomly grouped by weight and coded according 

to the tumor types (n = 6 in each group) and treated via intragastric administration of 0.2 

mL of saline, 1 + 18 (50 mg/kg, combined at a mole ratio of 1:1), or 44e (25 or 50 mg/kg) 

once a day for 19 days. Meanwhile, the tumor volume and body weight were measured 

every 3 days during treatment. At the end of treatment, all mice were sacrificed. The tumor 

tissues and main tissues were harvested and weighed. Then, the tumor tissues were frozen in 

liquid nitrogen or fixed in formalin immediately for immunohistochemistry analysis and HE 

staining.

HE Staining.—The fixed tissues were dehydrated and paraffin embedded. Then tissues 

were sliced into 4 mm thick slices, stained for 10–15 min with hematoxylin, washed for 2 

min (tap water), differentiated for 30 s (different gradients hydrochloric acid and ethanol), 

washed for 5 min (warm water), and finally placed into the eosin solution for 2 min before 

regular dehydration and sealing with resinene. All the specimens were evaluated according 

to the pathological examination SOP procedure.

Immunohistochemistry Analysis (IHC).—Tumor sections were immersed in EDTA 

antigen retrieval buffer (pH 8.0) or citrate buffer (pH 6.0), and microwave was used for 

antigen retrieval. Then the slides were incubated with anti-Ki-67 antibody (1:500), anti-

BRD4 antibody (1:500), anti-c-Myc antibody (1:500), anti-CK2α antibody (1:500), anti-p-

AKTS129 antibody (1:400), or anti-LC3B antibody (1:400) for 30–40 min at 37 °C. Normal 

rabbit or mouse IgG was used as a negative control. The slides were then treated with HRP 

polymer conjugated secondary antibody for 30 min and developed with diamino-benzidine 

solution. Meyer’s hematoxylin was used as a counterstain.

Statistical Analysis.

All cell experiments were performed independently at least three times. The data are 

expressed as the mean ± SD and analyzed with GraphPad Prism 7.0. Statistical comparisons 

were made by one-way ANOVA and Student’s test. p < 0.05 was considered statistically 

significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

AKT protein kinase B

BC breast cancer

BafA1 bafilomycin A1

BLBC basal-like breast cancer

BRD4 bromodomain-containing protein 4

CK2 casein kinase 2

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene

DMAc dimethylacetamide

EDCI 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

EGFR epidermal growth factor receptor

ER estrogen receptor

ERK extracellular signal-regulated kinase

GFP green fluorescent protein

HE hematoxylin–eosin

HER2 human epidermal growth factor receptor 2

HOAc acetic acid

HOBt hydroxybenzotriazole

HRESIMS high resolution electrospray ionization mass spectroscopy

IHC immunohistochemistry analysis

IC50 half-maximal inhibitory concentration

MAPK mitogen-activated protein kinase

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

3-MA 3-methyladenine

NMM N-methylmorpholine

PE polyethylene

PARP poly(ADP-ribose) polymerase

PI3K phosphoinositide 3-kinase

PR progesterone receptor
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PTSA p-toluenesulfonic acid

Q-TOF quadrupole time of flight

SAR structure–activity relationship

TCGA The Cancer Genome Atlas

TEA triethylamine

TFA trifluoroacetic acid

TNBC triple-negative breast cancer

TMS tetramethylsilane

TR-FRET time resolved fluorescence resonance energy transfer

VEGFR2 vascular endothelial growth factor 2
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Figure 1. 
Structures representing known BRD4 and CK2 inhibitors. (A) Representative published 

BRD4 inhibitors with diverse scaffolds. (B) Representative published CK2 inhibitors with 

diverse scaffolds.
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Figure 2. 
Bioinformatics analysis. (A) Workflow of bioinformatics analysis of BRD4–CK2 

association. (B) Clustering of BRD4 and CK2 interacting protein networks related to cell 

autophagy and apoptosis. (C) Predicted BRD4 and CK2 related proteins involved in the 

regulation of cell apoptosis and autophagy-associated cell death. (D) Correlation between 

BRD4 and CK2 in BC.
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Figure 3. 
Workflow of designing BRD4–CK2 inhibitors based on extracted amino acid residues and 

virtual screening.
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Figure 4. 
Binding mode analysis of 26, 42g, and 44e. (A, B) Docking poses show the interaction 

of 26, 42g, and 44e with BRD4 (BD2) (PDB ID 5UOO) and CK2 (PDB ID 6RFE), 

respectively. Oxygen atoms are colored in red and nitrogen atoms in blue.
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Figure 5. 
Structural optimization and discovery of BRD4–CK2 dual-target inhibitors. Representative 

compounds are shown.
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Figure 6. 
Antiproliferative activity of candidate compound 44e. (A) Antiproliferative activity of 1, 
18, 1 + 18, and 44e toward MDA-MB-231 and MDA-MB-468 cells. (B) Antiproliferative 

activity of 44e toward compound 1-resistant MDA-MB-231R cells.
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Figure 7. 
Antiproliferative activity of candidate compound 44e relies on BRD4 and CK2. (A) 

BRD4, CK2, or BRD4/CK2 knockdown efficiency in MDA-MB-231 cells as determined 

by Western blots. GAPDH was used as a control. (B) MDA-MB-231 cell viability after 24 h 

at different concentrations of 44e.
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Figure 8. 
Western blotting assay. (A) CETSA assay detected the thermal stability of BRD4 and 

CK2 in MDA-MB-231 cells treated with 1, 18, and 44e. (B, C) Expression of BRD4, 

p-BRD4S492, c-Myc, CK2α, and p-AKTS129 in MDA-MB-231 and MDA-MB-468 cells 

treated with 0, 2.5, 5, and 10 μM of 44e for 24 h. Error bar shows SD; *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001 compared with the control groups.
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Figure 9. 
Compound 44e inhibits colony formation and promotes apoptosis in TNBC cells. (A, B) 

Colony formation assay. MDA-MB-231 and MDA-MB-468 cells were treated with 0, 2.5, 

5, and 10 μM of 44e for 7 days. (C, D) Hoechst 33258 staining assay. MDA-MB-231 and 

MDA-MB-468 cells treated with 0, 2.5, 5, and 10 μM of 44e for 24 h. Scale bar, 10 μm.
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Figure 10. 
Apoptotic effect of 44e on TNBC cells. (A, B) MDA-MB-231 and MDA-MB-468 cells were 

treated with indicated concentrations of 44e for 24 h. Apoptosis ratios were determined 

by flow cytometry analysis of Annexin-V/PI double staining. A representative image and 

quantification of apoptosis are presented. (C, D) Cells were treated with 44e at different 

concentrations for 24 h. The levels of apoptosis-related proteins, including Bcl-2, Bax, 

caspase-3, and cleaved caspase-3, were analyzed by Western blotting. GAPDH was used as 

load control. Error bar shows SD; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 

compared with the control groups.
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Figure 11. 
Compound 44e induces regulated autophagy in TNBC cells. (A) MDA-MB-231 and MDA-

MB-468 cells were transfected with GFP-mRFP-LC3 adenovirus, following co-incubation 

with 44e (5 μM) in the presence or absence of BafA1 (10 nM). Scale bar, 10 μm. (B, C) 

Expression levels of Beclin-1, LC3, and p62 in MDA-MB-231 and MDA-MB-468 cells 

treated with 5 μM 44e, analyzed by Western blotting. GAPDH was used as load control. 

Error bar shows SD; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with 

the control groups.
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Figure 12. 
Mechanism of autophagy in 44e-induced cell death in TNBC cells. (A, B) MDA-MB-231 

and MDA-MB-468 cell viability was measured by MTT assay. Cells were treated with 

44e at 5 μM or combined with 3-MA at 1 mM treated for 24 h. 3-MA was added 1 h 

before treatment with 44e. (C) MDA-MB-231 and MDA-MB-468 cell apoptosis ratios were 

analyzed by flow cytometry with Annexin-V/PI double staining. Cells were treated with 44e 
at 5 μM or combined with 3-MA at 1 mM for 24 h. 3-MA was added 1 h before treatment 

with 44e. (D, E) Colony formation assay in MDA-MB-231 and MDA-MB-468 cells. Cells 

treated with 44e at 5 μM or combined with 3-MA at 1 mM. Error bar shows SD; *p < 0.05, 

**p < 0.01, ***p < 0.001 compared with the control groups.
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Figure 13. 
Antitumor activity of 44e in the MDA-MB-231 and MDA-MB-468 xenograft models. 

(A) Body weights, tumor volumes, and tumor weights following treatment by oral 

administration with 25 or 50 mg/kg 44e or 50 mg/kg 1 + 18 in the MDA-MB-231 tumor 

xenograft model. (B) Body weights, tumor volumes, and tumor weights following the 

treatment by oral administration with 25 or 50 mg/kg 44e or 50 mg/kg 1 + 18 in the 

MDA-MB-468 tumor xenograft model. Error bar shows SD; *p < 0.05, **p < 0.01, ***p < 

0.001 compared with the control groups.
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Figure 14. 
Potential therapeutic effects of 44e in vivo. (A–C) Representative images of IHC analysis 

of Ki-67, BRD4, c-Myc, CK2α, p-AKTS129, and LC3II markers in different groups from 

MDA-MB-231 xenograft tumor model. Scale bar, 40 μm. (D) Two individual tumor tissues 

(1 and 2) excised from the MDA-MB-231 xenograft tumor model were analyzed. The 

expression levels of BRD4, c-Myc, CK2α, p-AKTS129, p62, and LC3II were detected by 

Western blot analysis. Error bar shows SD; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001 compared with the control groups.
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Scheme 1a

aReagents and conditions: (a) pyridine, DBU, 80 °C, 1.5 h; (b) pyridine, KOH, 50–80 °C, 2 

h; (c) HOAc, 1% H2SO4, 90–110 °C, 2 h; (d) dry toluene, Lawesson’s reagent, 110 °C, 4 h.
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Scheme 2a

aReagents and conditions: (a) HCl/Et2O, rt, overnight; (b) (COCl)2, 160 °C, 2.5 h; (c) 

NaOH, H2O2, 80 °C, 0.5 h; (d) ammonium hydroxide, HOBt, EDCI, NMM, THF, overnight, 

rt; (e) benzaldehyde derivatives, DMAC, PTSA, NaHSO3, 120 °C, 4–8 h.
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Scheme 3a

aReagents and conditions: (a) K2CO3, DMF, 80 °C, 3 h; (b) DCM, TFA, rt, 2 h; (c) DMAC, 

PTSA, NaHSO3, 120 °C, 4–8 h; (d) DMF, Et3N, HOBt, EDCI, rt, 24 h.
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Table 4.

CK1, CK2, and BRD Inhibitory Profiles of Compounds 44e, 1, and 18 (nM)
a

target 44e 1 18

BRD2 BD1 >10000 185 ± 24 b

BRD2 BD2 8700 ± 420 32 ± 4 b

BRD3 BD1 9200 ± 670 76 ± 8 b

BRD3 BD2 >10000 61 ± 7 b

BRD4 BD1 193 ± 60 92 ± 13 b

BRD4 BD2 98 ± 35 44 ± 5 b

BRD4 (BD1 + BD2) 180 ± 20 84 ± 10 b

BRDT BD1 >10000 207 ± 23 b

BRDT BD2 >10000 185 ± 21 b

CK2 230 ± 43 b 4 ± 1

CK1 >10000 b >10000

a
Reported compounds were tested in triplicate. Data are presented as mean ± SD.

b
Not determined.
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Table 5.

Pharmacokinetic Profile of 44e
a

parameter iv (1 mg/kg) po (10 mg/kg)

T1/2 (h) 4.21 ± 0.57 5.14 ± 0.71

Cmax (ng/mL) 237 ± 11 206 ± 6

AUC0–t (ng·h/mL) 579 ± 49 2079 ± 130

AUC0–∞ (ng·h/mL) 588 ± 36 2090 ± 146

Vz (L/kg) 21.1 ± 2.6

CL ((mL/min)/kg) 57.4 ± 1.3

F (%) 32.5

a
All data were obtained by triple testing (mean ± SD) in SD rats.
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