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Background: Pyruvate dehydrogenase kinases (PDHKs), important metabolic and abnormally expressed enzymes in cancer cells, are 
promising targets for cancer therapy, especially for non-small-cell lung cancer (NSCLC).
Methods: In this study, a new hit, dichloroacetophenone (DAP) analog 9, was postulated to bind to the PDHK1 allosteric pocket, 
guided by molecular modeling and kinase biochemical experiments. Based on this binding mode, novel DAP analogs were designed 
and synthesized to confirm the importance of Phe180, Tyr411, and the hydrophobic core at the bottom of the pocket.
Results: This structure–activity relationship (SAR) study led to the discovery of a novel potent hybrid scaffold, dichloroacetophenone 
biphenylsulfone ether. Dichloroacetophenone biphenylsulfone ether 31 and 32 inhibited PDHK1 with IC50 values of 86 and 140 nM, 
respectively.
Conclusion: Compound 32 with acceptable in vitro metabolic stability, predicted drug-likeness properties and ADME/T profiles, 
showed promising therapeutic efficacy in a lung cancer xenograft mouse model.
Keywords: PDHK1, dichloroacetophenone, allosteric pocket, anti-NSCLC activity, tumor xenograft mouse model

Introduction
Cancer cells predominantly generate ATP through persistent aerobic glycolysis rather than the mitochondrial oxidative 
phosphorylation (OXPHOS). This phenomenon is known as the “Warburg effect”.1 The disruption of glucose metabolism 
in cancer may offer new therapeutic opportunities for cancer treatment.2 The pyruvate dehydrogenase complex (PDC) is 
a pivotal enzyme in cellular glucose metabolism that links pyruvate to the tricarboxylic acid cycle in mitochondrion.3 

Dysfunction of PDC is associated with cancer pathobiology. Pyruvate dehydrogenase kinase (PDHK) is a critical 
negative regulator of the pyruvate dehydrogenase complex (PDC). By catalyzing the phosphorylation of serine residues 
(S300, S293, and S232) in the E1α subunit of PDC, PDHKs can downregulate the activity of PDC.4 Aberrant elevation of 
PDHKs is frequently observed in lung cancer, pancreatic ductal adenocarcinoma, and other solid cancers.5–8 Four PDHK 
isoforms have been reported to be involved in cancer progression.8–11 Among these isoforms, PDHK1 is the most closely 
associated with cancer malignancy, especially non-small-cell lung cancer (NSCLC).12–15 These results suggest that 
targeting PDHK1 is a promising strategy for the design of anticancer drugs.

In the past decade, many small molecular PDHK inhibitors have been reported.16,17 Representative PDHK inhibitors 
are shown in Figure 1. Although these representative inhibitors can inactivate PDHKs at nanomolar concentrations, they 
cannot be used as single agents for the treatment of cancer owing to their low antiproliferative effects on cancer cells. On 
the other hand, dichloroacetophenones (DAPs) have gradually emerged as a novel class of promising PDHK inhibitors 
over the past 6 years.18–20 This type of PDHK inhibitor has displayed more potent anticancer activity than other PDHK 
inhibitors.

Here, we report the discovery of novel dichloroacetophenones as more potent anti-NSCLC PDHK1 inhibitors than the 
reported small molecules, guided by molecular modeling and kinase biochemical experiments (Figure 2). In preliminary 
SAR exploration, different 4′-alkyloxy/aryloxy substituted DAP derivatives and different linkage groups “L” were 
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studied to afford a new PDHK1 inhibitor 9. Based on its binding mode at the allosteric site, a SAR study of the 
substitution of 4′-phenyloxy was carried out. Further SAR exploration at the 2′-position yielded significantly more potent 
PDHK1 inhibitors with IC50 values as low as 86 nM. Furthermore, compound 32 demonstrated satisfactory efficacy and 
safety in a tumor xenograft mouse model.

Graphical Abstract

Figure 1 Structures of reported PDHK inhibitors.
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Chemistry
The synthetic routes to the new 4′-alkoxy analogues 1–6 are outlined in Scheme 1. Catalyzed by anhydrous potassium 
carbonate, the condensation of 4-hydroxy-acetophenone (S1) and the corresponding bromides produced ethers (1a–1e). 
Subsequently, nitration in 95% nitric acid and acetic anhydride gave intermediates (2a–2e). Intermediates 2a and 2b were 
converted to compounds 1 and 2 by basic hydrolysis and chlorination with lithium chloride and copper chloride dihydrate 
in N,N-dimethylformamide, respectively. The chlorination of intermediates 2b–2d with ammonium chloride and 
1.3-dichloro-5,5-dimethylhydantoin in acetonitrile produced compounds 3–5, respectively. Compound 6 was prepared 
from intermediate 2e by treatment with chlorine gas in acetic acid.

As shown in Scheme 2, compounds 7–30 were prepared from 3-nitro-4-fluoro-acetophenone (S2) in two steps. The 
chlorination of S2 with N-chlorosuccinimide and p-toluenesulfonic acid hydrate in N,N-dimethylformamide gave 
intermediate 3a. Intermediate 3a was readily converted into compounds 7–30, after treatment with various phenols or 
amines in the presence of sodium bicarbonate.

Compounds 31 and 32 were synthesized from commercially available 4-fluoro-2-hydroxy-acetophenone (S3) 
(Scheme 3). The nitration of S3 in nitric acid and concentrated sulfuric acid produced intermediate 4a. A nucleophilic 
replacement reaction with the appropriate bromides and chlorination easily converted intermediate 4a to 6a or 6b. In the 
presence of sodium bicarbonate, 6a and 6b reacted with 4-((4-isopropoxyphenyl)sulfonyl)phenol to furnish compounds 
31 and 32, respectively.

Results and Discussion
Preliminary Structure–Activity Relationship Study
According to DAP-64, which inhibited PDHK1 moderately (IN% = 22.3% at 10 μM), we first designed 4′-substituted 
derivatives to explore the effect of different substitution patterns on PDHK1 inhibition, and to probe the attributes of the 
binding pocket (Table 1). In the 4′-alkoxy linked series, different functional groups were introduced at the ends of the 
alkyl chains. Alcohols 1 and 2 showed inhibition rates ranging from 33.2% to 39.1%. Ester 3 (IN% = 45.6%) exhibited 

Figure 2 Design strategy of novel dichloroacetophenones as PDHK1 inhibitors.

Scheme 1 Reagents and conditions: (a) Bromides, K2CO3, CH3CN, 80°C; (b) 95% nitric acid, acetic anhydride, 0°C; (c) aq. NaOH, EtOH; (d) LiCl, CuCl2▪2H2O, DMF, 
90°C; (e) NH4Cl, DCDMH, CH3CN, 80°C, 1 h; 35°C, overnight; (f) Cl2, AcOH, r.t.
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the most potent activity among the 4′-alkoxy derivatives tested. Lactam 5 (IN% = 43.8%) showed better PDHK1 
inhibitory activity than that of amide 4 (IN% = 32.5%). Amine 6 (IN% = 29.4%) demonstrated the lowest activity 
because of its positive charge on nitrogen in the assay buffer. These observations suggest that the terminal lipophilic ester 
and lactam groups improved the PDHK1 inhibitory activity better than the other groups.

In the 4′-phenyloxy series, compound 7 exhibited more potent inhibition of PDHK1 (IN% = 47.2%) than ester 3. 
Substitution of the linkage oxygen atom with the NH group (8) decreased the anti-PDHK1 activity by approximately 

Scheme 2 Reagents and conditions: (a) NCS, p-TsOH▪H2O, DMF, 80°C; (b) Corresponding phenols or amines, NaHCO3, DMF, 25–50°C.

Scheme 3 Reagents and conditions: (a) 95% nitric acid, 96% con.H2SO4, 0°C; (b) Bromides, K2CO3, CH3CN, 80°C; (c) NCS, p-TsOH▪H2O, DMF, 80°C; (d) NaHCO3, 
DMF, 25–50°C.
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8.4%. The introduction of chlorine at the 4″-position (9, IN% = 52.7%) on the phenyl ring promoted inhibitory 
activity significantly about 5.5%. Compounds with methoxy 10 and methyl 11 at the 4″-position decreased inhibitory 
activity by about 11.6–13.5%, relative to compound 9. Other functional groups at the 4″-position, such as cyano 
(12), amido (13), and acetylamino (14), led to a decrease in inhibitory activity of about 11.3–30%, compared to that 
of compound 9. By comparing the activity of compounds 14 and 15, it was observed that chlorine at 3″-position 
improved the anti-PDHK1 activity significantly (by about 18.9%). Polycyclic aryls 16–18 with bulk volume 
decreased inhibition activity, especially when parallel aryls were located at the 2″,3″-positions (17–18, IN% = 
26.5–30.1%), suggesting that the binding pocket is probably a long cylindrical pocket that is unable to accommodate 
parallel aryls.

New Hit 9 Was Postulated Binding at Allosteric Pocket on PDHK1
For further drug design, the binding site of compound 9 should be validated. Although there are no experimental 
conditions for us to obtain the direct 3D co-crystal data of PDHK1 and compound 9, we obtained rational binding 
information using kinase activity assays and molecular modeling.

In the presence of the E2 subunit, AZD7545 showed 86.4% PDHK1 activity inhibition at 10 μM, and hit 9 displayed 
51.3% kinase inhibitory activity. When E2 subunit-free inhibitory activity was measured, AZD7545 showed a 4.77% 
inhibition rate at 10 μM, whereas hit 9 still exhibited 50.1% inhibitory activity (Figure 3A). These observations indicated 
that compound 9 was different from AZD7545, which inhibited PDHK1 only in the presence of the E2 subunit. On the 
other hand, the PDHK1 inhibitory percentages of compound 9, VER-246608 and Pfz3, were measured at different ATP 
concentrations. At an ATP concentration of 1 μM, the inhibition rates of VER-246608, 9, and Pfz3 were 74.9%, 50.3%, 
and 54.7%, respectively. After the concentration of ATP was increased to 2 μM, the inhibition rate of VER-246608 
decreased to 28.8%, whereas the inhibitory activities of compounds 9 and Pfz3 remained at 53.1% and 53.3%, 
respectively. These observations suggested that the inhibitory activity of 9 and Pfz3 was not affected by ATP 
concentration, and they were different from VER-246608, which is a known ATP competitive inhibitor of PDHK 
(Figure 3B). In addition, in silico attempts to dock compound 9 with PDHK1 at the DCA binding site failed to afford 
refined conformations because of the narrow space in the pocket (Volumecompd.9 = 286.8 Å3 > Volumepocket = 266.9 Å3). 
It is unlikely that compound 9 occupies the DCA binding site in PDHK1. Taken together, we postulated that compound 9 
inhibits PDHK1 in the allosteric pocket for further rational drug design.

Compound 9 was docked to the allosteric domain in the homology model of PDHK1, which was constructed using 
hPDHK2 (PDB code 2BU7) as the template. The binding mode showed the formation of a hydrogen bond between the 
nitro group and Asn100, with a predicted O-N distance of 2.188 Å (Figure 3C). Chlorine at 4″ position formed alkyl 
interactions with Leu97, Leu101, and Val177, and a special halogen hydrogen bond with Phe180. These affinities made 
compound 9 more potent than the lipophilic compounds 10 and 11.

Table 1 Inhibitory Effect of Compounds 1–18 on PDHK1

Compd. Inhibition% at 10 µM* Compd. Inhibition% at 10 µM*

1 39.1 ± 2.1% 10 39.2 ± 3.4%
2 33.2 ± 3.8% 11 41.1 ± 3.9%

3 45.6 ± 1.8% 12 39.3 ± 3.6%

4 32.5 ± 3.4% 13 41.4 ± 3.9%
5 43.8 ± 6.2% 14 22.7 ± 6.4%

6 29.4 ± 7.9% 15 41.6 ± 3.2%

7 47.2 ± 1.2% 16 41.8 ± 3.8%
8 38.8 ± 2.1% 17 26.5 ± 6.5%

9 52.7 ± 1.8% 18 30.1 ± 4.2%
DAP-64 21.9 ± 2.4%

Note: *Inhibition rates are presented as mean ± SD (n = 5).
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Discovery of Compound 30 with Significantly Improved PDHK1 Inhibition Activity
Guided by the binding conformation of compound 9, we designed and synthesized compounds 19–30 to validate the 
binding properties of the pocket and pursue more potent inhibitors (Table 2). Compared with compound 9, the 
introduction of a bromo atom at the 4″-position (19) increased the inhibition rate by approximately 5.9% owing to the 
stronger halogen hydrogen bond interaction between bromine and the hydrogen atom of Phe180 (Figure 4A). At the same 
position, hydrophobic isopropyl (20) and cyclohexyl (24) induced a decrease in anti-PDHK1 activity of 16.5–19.8%. 
Compound 21 with an acetyl group at the 4″-position showed a similar inhibitory rate (IN% = 54.1%) as compound 19 

Figure 3 (A) Effect of E2 subunit on PDHK1 inhibitory percentages of compound 9, AZD7545 (10 μM). (B) Effect of ATP concentration on PDHK1 inhibitory percentages 
of VER-246608, compound 9 and Pfz3 (10 μM) (VER-a / 9-a / Pfz3-a: CATP = 1 μM; VER-b/ 9-b / Pfz3-b: CATP = 2 μM). (C) The merged complex of compound 9 with 
PDHK1 and its binding modes. Data was presented as mean ± SD (n = 5 each group). ns represents P >0.05, **** represents P <0.0001.

Table 2 Inhibitory Effect of Compounds 19–30 on PDHK1

Compd. Inhibition% at 10 µM* Compd. Inhibition% at 10 µM*

19 58.6 ± 5.3% 25 53.2 ± 1.9%

20 36.2 ± 3.9% 26 56.3 ± 3.2%
21 54.1 ± 6.3% 27 33.5 ± 4.8%

22 68.5 ± 2.1% 28 36.9 ± 3.6%

23 20.3 ± 2.8% 29 41.4 ± 1.6%
24 32.9 ± 3.4% 30 78.8 ± 3.5%

Note: *Inhibition rates are presented as mean ± SD (n = 5).
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by forming two hydrogen bonds with Asn100 and Phe180 (Figure 4B). Compound 25, with a phenyl ring at the 4″- 
position, showed a 53.2% inhibition rate, whereas compound 26 with coumarin-6-oxyl displayed a 56.3% inhibition rate 
on PDHK1. Compared with compound 25, 3″-phenyl (27) decreased the inhibition rate to 33.5% owing to the lack of π–π 
interaction with Phe180. Bis-chloro-substitution at the 3″,4″-positions (22, IN% = 68.5%) resulted in a dramatic increase 
in the inhibitory rate. The binding mode of compound 22 showed that the two chlorines formed halogen hydrogen bonds 
with Phe180 and Tyr 411, respectively (Figure 4C). In the absence of chlorine hydrogen bond interactions, 3″,4″- 
methylenedioxy (23, IN% = 20.3%) induced a significant decrease in anti-PDHK1 activity.

Further analysis of the binding modes of compounds 21 and 22 revealed the existence of a spare space between 
acetyl/chlorine and Met156, which is the hydrophobic center residue at the bottom of the pocket. Then, 4″-benzoyl (28) 
was employed as a substitute for the acetyl group to explore deeper areas. However, benzoyl led to a decrease in activity 
by approximately 17.2% relative to that of compound 21. A possible reason could be that the phenyl ring did not stretch 
into the hydrophobic bottom of the pocket and weakened the hydrogen bond interaction between carbonyl and Phe180. In 
contrast, compound 29 with a long benzyloxy at the 4″-position, increased activity by approximately 2.2% relative to 
compound 10. Hence, to occupy the hydrophobic center at the bottom and retain the hydrogen bond interaction with the 
residue, a (4-isopropyloxyphenyl)sulfonyl group was designed to link at the 4″-position. This new moiety caused PDHK1 
inhibitory activity to increase sharply (30, IN% = 78.8%). The binding pattern of compound 30 showed that the sulfonyl 
group formed two hydrogen bonds with Tyr411 and the isopropyl group entered the hydrophobic bottom (Figure 4D).

Figure 4 Binding modes of compounds with PDHK1 at allosteric pocket. (A) compound 19, (B) compound 21, (C) compound 22, (D) compound 30, blue dash line: 
hydrogen bond.
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Further Promotion of Potency and Selectivity by Modification at the 2′-Position
Encouraged by the PDHK1 inhibitory rate of compound 30, we measured its inhibitory activity against the other PDHK 
isoforms (Table 3). Pfz3 and VER-246608 were used as reference inhibitors. Surprisingly, compound 30 displayed 
weaker inhibitory potency against PDHK2 and PDHK3 than against PDHK1 and PDHK4. To further improve the 
inhibition and selectivity of PDHK1 and 4, we designed two new compounds (31–32) with acetate ethyl ester and 
acetamide moieties at the 2′-position by linkages with oxygen atoms. Compared with compound 30, introduction of an 
acetate ester moiety (31) increased the inhibition rates of PDHK1 and PDHK4 by approximately 5.4% and 16.7%, 
respectively. Ester 31 (IC50 = 86 nM) exhibited a stronger PDHK1 inhibitory potency than amide 32 (IC50 = 140 nM). 
However, amide 32 (selectivity = 123 folds) displayed better selectivity for PDHK1 than ester 31 (selectivity = 4.9 folds).

The binding mode of compound 31 with PDHK1 showed that the acetate moiety formed a hydrogen bond with 
Asn100, while the nitro group interacted with Tyr411 via another hydrogen bond (Figure 5A). These two hydrogen bonds 
caused the isopropyl group to enter a crack at the hydrophobic bottom. In contrast, compound 32 displayed different 
hydrogen bonding modes compared to compounds 30 and 31. The amide moiety made the nitro group of compound 32 
form a hydrogen bond with Tyr163 instead of Asn100 (Figure 5B). This change caused isopropyl to move outward and 
induced a slight decrease in PDHK1 inhibitory activity. These observations suggest the importance and steric/geometric 
constraints of hydrogen bond interactions from Asn100.

The binding modes of compounds 30–32 on PDHK4 are shown in Figure 5C–E. The sulfone group of 31 and Asn154 
formed a hydrogen bond, which was not observed in the binding modes of 30 and 32. This strong hydrogen bond may 
make compound 31 more potent than compounds 30 and 32. Compared to compound 30, the nitro group of compound 32 
formed a hydrogen bond with Tyr141 instead of Gln78, and this interaction caused the sulfone moiety to move outward, 
leading to a decline in its inhibitory activity against PDHK4.

Antiproliferative Potency
Next, we tested the antiproliferative effects of these new PDHK inhibitors on the H1975, H1650, and H1299 cancer cell 
lines (Table 4). Roughly, compounds 7–32 exhibited better antiproliferative activities against NSCLC cell lines than did 
compounds 1–6. Thirteen compounds showed a strong inhibition rate (IN% > 85%) in three cancer cell lines at 2.5 μM 
simultaneously. Compounds 24 and 31–32 exhibited a surprising inhibition rate (IN% > 95%) in all three cell lines. 
Compound 24, with weak enzymatic activity, showed good anti-NSCLC cellular activity, suggesting that it may inhibit 
cancer cells through other targets. The IC50 values of compounds 30–32 on cancer cell lines and HEK293 cells were 
measured for further evaluation (Table 5). Compound 30 displayed potent antiproliferation on these NSCLC cells, with 
IC50 ranging from 0.33 to 0.88 μM. Compound 32 showed better anti-NSCLC potency compared to compounds 30 and 
31. As compounds 30–32 showed both potent anti-NSCLC cytotoxicity and anti-PDHK1 inhibitory activity, it could be 
inferred that their antiproliferation activity on these NSCLC lines may be mainly caused/promoted by the inhibition of 
PDHK1. Compound 32 even exhibited a more potent antiproliferative effect on NCI-H1299 cells than DOX. Moreover, 
its selectivity between cancerous and normal cells is better than that of DOX, which is still in clinical use and highly 
toxic.

Table 3 Inhibitory Effect of Compounds 30–32 on PDHKs and Selectivity

Compd. Inhibition% at 10 µM / IC50 (µM)* Selectivity#

PDHK1 PDHK2 PDHK3 PDHK4

30 0.101 ± 0.024 21.2 ± 6.1% 13.2 ± 4.2% 43.4 ± 5.6%/10.3 ± 1.9 102.0
31 84.2 ± 5.8%/0.086 ± 0.010 37.3 ± 4.2% 32.4 ± 2.8% 60.1 ± 3.0%/0.42 ± 0.12 4.9

32 73.0 ± 4.9%/0.14 ± 0.017 30.4 ± 9.2% 27.9 ± 8.3% 31.5 ± 7.5%/17.2 ± 2.1 122.9

Pfz3 56.2 ± 3.2% 27.2 ± 7.0% 26.5 ± 4.3% 24.3 ± 4.2% /
VER- 
246608

75.7 ± 5.1% 69.4 ± 3.3% 73.6 ± 4.6% 72.1 ± 8.5% /

Notes: *Inhibition rates and IC50 values are expressed as mean ± SD (n = 5); #Selectivity = IC50(PDHK4)/IC50(PDHK1).
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In vitro Liver Microsome Metabolic Stability Evaluation of Compounds 30–32
To evaluate the druggable potency of compounds 30–32, in vitro liver microsomal metabolic stability tests were 
performed (Table 6). Compounds 30 and 31 showed poor metabolic stability in the mouse liver system (t1/2 <0.1 h), 
whereas compound 32 (t1/2 = 0.120 h) showed an equivalent metabolic rate to that of the positive control. In the human 
liver microsome system, compound 32 exhibited acceptable metabolic stability (t1/2 = 0.778 h, CLint = 1.78 mL/h/mg).

Predicted Drug-Likeness Properties and ADME/T Profiles of Compound 32
Furthermore, the drug-likeness properties of compound 32 were predicted using Molsoft software (Supplementary Table S1). 
Compound 32 exhibited acceptable drug-likeness (HBA = 9, HBD = 2, MlogP = 4.11, MlogS = 16.8). In addition, the ADME/ 
T profiles of compound 32 were also predicted (Supplementary Table S2), and its human intestinal absorption (97.1%), 
MDCK cell permeability (<0.1) and P-glycoprotein inhibition suggest that compound 32 may possess rational bioavailability 
and excretion. A satisfactory plasma protein binding rate (<99.5%) and low blood-brain barrier penetration (0.2) were also 
observed. Although the cardiovascular toxicity of compound 32 is ambiguous, acute toxicity can be avoided.

Compound 32 Inhibited Tumor Growth in a Xenograft Mouse Model
Finally, we evaluated the in vivo efficacy of compound 32 in an H1299 xenograft mouse model. Female BALB/c nude 
mice were intraperitoneally injected with vehicle, compound 32 (6 mg/kg) or DOX (6 mg/kg). Efficacy data revealed that 
compound 32 exhibited significant antitumor activity during the treatment period, with tumor growth inhibition (TGI) of 
66.6%, which is comparable to that of DOX (Figure 6A). After 21 days of administration, DOX-treated mice showed 

Figure 5 Binding modes of compounds with PDHK1 ((A) compound 31, (B) compound 32; blue dash line: hydrogen bond) and PDHK4 ((C) compound 30, (D) compound 
31, (E) compound 32; blue dash line: hydrogen bond) at allosteric pocket.
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Table 4 Inhibitory Effect of Compounds 1–32 on Non-Small-Cell Lung Cancer Cells NCI-H1975, H1650, and 
H1299

Compd. Antiproliferation Inhibition% at 2.5 µM* Compd. Antiproliferation Inhibition% at 2.5 µM*

H1975 H1650 H1299 H1975 H1650 H1299

1 88.5± 1.8 13.7 ± 3.3 25.2 ± 4.1 17 97.8 ± 3.0 95.2 ± 5.9 76.3 ± 4.2
2 81.2 ± 2.9 67.1 ± 4.6 94.8 ± 3.2 18 97.1 ± 3.7 28.7 ± 2.8 94.8 ± 6.3

3 78.2 ± 2.2 39.6 ± 5.1 60.3 ± 5.8 19 60.3 ± 2.5 96.1 ± 2.3 93.2 ± 9.8

4 26.3 ± 4.6 1.51 ± 4.5 NT 20 95.4 ± 8.0 95.6 ± 4.1 70.1 ± 5.5
5 96.7 ± 2.3 29.8 ± 2.1 94.7 ± 2.1 21 85.2 ± 3.8 96.4 ± 9.1 92.2 ± 2.4

6 98.3 ± 3.1 14.2 ± 3.9 73.2 ± 5.0 22 87.7 ± 5.1 95.9 ± 2.2 79.4 ± 7.5

7 97.9 ± 3.5 85.3 ± 2.4 85.0 ± 1.6 23 97.3 ± 2.9 84.4 ± 6.5 67.2 ± 1.7
8 98.4 ± 4.3 56.1 ± 2.3 97.3 ± 3.5 24 97.9 ± 2.8 96.3 ± 1.6 98.1 ± 4.4

9 97.5 ± 4.2 92.2 ± 7.2 49.6 ± 5.2 25 85.2 ± 10.1 97.5 ± 4.8 47.5 ± 2.4

10 95.9 ± 5.0 86.4 ± 4.6 89.1 ± 7.0 26 61.6 ± 3.6 96.8 ± 1.5 96.9 ± 3.4
11 85.1 ± 4.0 94.5 ± 5.3 96.8 ± 2.1 27 98.1 ± 5.4 97.2 ± 3.2 59.6 ± 1.7

12 96.8 ± 2.1 87.6 ± 3.1 96.2 ± 6.3 28 97.8 ± 2.3 96.5 ± 5.1 85.3 ± 2.5

13 97.2 ± 2.3 59.3 ± 9.6 95.7 ± 3.4 29 95.2 ± 1.8 96.9 ± 3.8 86.4 ± 3.3
14 88.3 ± 1.6 97.6 ± 2.7 95.9 ± 2.2 30 96.3 ± 2.6 96.8 ± 0.2 88.5 ± 5.1

15 96.5 ± 2.9 77.8 ± 1.8 78.0 ± 1.2 31 97.0 ± 4.2 97.5 ± 6.7 96.3 ± 2.3

16 85.4 ± 2.7 97.0 ± 3.1 88.1 ± 1.9 32 97.8 ± 1.7 97.2 ± 2.1 98.1 ± 5.5
DOX# 97.7 ± 6.0 95.8 ± 1.5 95.7 ± 4.3

Notes: *The proliferative inhibition rate was determined using the MTT assay. Data are presented as mean ± SD (n = 5). #DOX represents 
doxorubicin, a clinical anticancer drug.

Table 5 IC50 Values of DAP Analogs 30–32 on NSCLC Cell 
Lines and HEK293

Compd. IC50 (µM)*

H1975 H1650 H1299 HEK293

30 0.33 ± 0.08 0.62 ± 0.12 0.60 ± 0.15 1.97 ± 0.10

31 0.80 ± 0.09 0.54 ± 0.10 0.88 ± 0.11 1.30 ± 0.23

32 0.30 ± 0.08 0.46 ± 0.11 0.31 ± 0.10 1.22 ± 0.25
Pfz3 9.4 ± 0.83 21.9 ± 3.1 16.3 ± 4.2 14.6 ± 3.8

DOX 0.34 ± 0.10 0.12 ± 0.03 0.77 ± 0.13 0.06 ± 0.04

Note: *IC50 values are expressed as mean ± SD (n = 5).

Table 6 In vitro Stability Evaluation of Compounds 30–32 in Liver 
Microsomes

Species Compd. t1/2 (h)* CLint (mL/h/mg)*

Mice 30 0.083 ± 0.016 17.13 ± 3.13
31 0.041 ± 0.011 35.55 ± 10.6

32 0.120 ± 0.021 11.81 ± 2.19

6-hydroxycoumarin 0.137 ± 0.012 10.19 ± 0.83

Human 32 0.778 ± 0.024 1.78 ± 0.05

6-hydroxycoumarin 1.058 ± 0.106 1.32 ± 0.13

Note: *The values of t1/2 and CLint are expressed as mean ± SD (n = 5).
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significant body weight loss, whereas the body weight of compound 32-treated mice decreased very little (Figure 6B). No 
other side-effects were observed after administration of compound 32. Compound 32 may have acceptable toxicity 
properties; however, further comprehensive toxicity evaluation is required.

Conclusion
In summary, a series of novel DAP analogs was designed and synthesized as PDHK inhibitors for the treatment of non- 
small-cell lung cancer. After 3-round structure–activity relationship studies, compound 32 was discovered to be a novel 
potent selective PDHK1 inhibitor with good selectivity against other PDHK isoforms (at least 122 folds). Additionally, it 
showed better anti-proliferative activity than DOX against H1299 cells and excellent selectivity between cancerous and 
normal cells. More importantly, with acceptable predicted drug-likeness, ADME/T profiles, and in vitro metabolic 
stability, it significantly suppressed tumor growth in an H1299 tumor xenograft mouse model at a dose of 6 mg/kg. It 
could be used as a new lead for the development of novel anti-NSCLC drugs in the future.

Methods and Materials
Chemistry
Unless otherwise mentioned, all commercial reagents were used directly without further purification. All the organic 
solutions were concentrated using an evaporator (EYEL4) below 40°C under reduced pressure. All reactions were 
monitored by thin layer chromatography (TLC) on 0.1–0.2 mm silica gel plates, which can be visualized under UV light 
at 254 nm. The chemical structures of the compounds were confirmed by 1H-NMR and 13C-NMR spectroscopy using 
a Bruker AV-400/600 instrument, with tetramethylsilane (TMS) as the internal standard. High-resolution mass spectra 
(HRMS) of all compounds were recorded on a Waters Xevo G2-XS QTOF spectrometer (ESI). The purity (>95%) of all 
biologically evaluated compounds was determined by Agilent 1260 Infinity HPLC on an Agilent ZORBAX SB-C18 
column (4.6 mm × 150 mm, 5 μm), using a mixture of acetonitrile, water, and 0.1% trifluoroacetic acid (TFA) at a flow 
rate of 1 mL/min, and the peaks were determined at 254 nm.

General Procedure for Synthesis of Target Compounds 1–6
The intermediates 2a–2e were easily prepared by condensation and nitration of 4-hydroxy-acetophenone (S1) according 
to previously reported procedures.21,22

Method A: To a solution of the corresponding intermediates 2a–2b (3.0 mmol) in THF, 1N NaOH was added slowly. 
The mixture was then stirred overnight at room temperature. To the mixture, 3M HCl was added slowly to adjust the pH 
to 7. After evaporation, the residue was extracted with DCM and dried over anhydrous Na2SO4 for 3 hours. After 

Figure 6 In vivo anticancer activity of compound 32 on H1299 xenograft mouse model. Female nude BALB/c mice were administered by intraperitoneal injection with 
vehicle, compounds 32 and DOX at a dosage of 6 mg/kg, respectively (n = 5 each group). Average tumor volume (A) and average body weight (B) were measured every 3 
days. Data are expressed as the mean ± SEM (n = 5). * indicates P <0.05 vs control.
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filtration, the residue, cupric chloride dihydrate (3.1 g, 18.0 mmol) and lithium chloride (763.2 mg, 18.0 mmol) in DMF 
(10 mL) was heated to 90°C. After stirring for 3–6 hours, the mixture was cooled to room temperature, diluted with water 
(50 mL), and extracted with DCM (3 × 30 mL). The organic phase was washed with water (3 × 30 mL) and dried 
overnight with anhydrous Na2SO4. After evaporation, the residue was purified using silica gel to yield target compounds 
1 and 2.

2.2-Dichloro-1-(4-(2-hydroxyethoxy)-3-nitrophenyl)ethan-1-one (1) was obtained as a colorless oil; yield 33%; 
1H NMR (400 MHz, CDCl3) δ: 8.66 (d, J = 2.4 hz, 1H), 8.35 (dd, J = 2.4, 8.8 hz, 1H), 7.23 (d, J = 8.8 hz, 1H), 6.53 (s, 
1H), 4.35 (dd, J = 4.0, 4.8 hz, 2H), 4.05 (d, J = 3.2 hz, 2H), and 2.32 (brs, 1H) ppm (Supplementary Figure S1). 13C NMR 
(101 MHz, CDCl3) δ: 183.3, 156.4, 139.5, 135.9, 128.1, 123.7, 114.8, 71.8, 67.7, and 60.7 ppm (Supplementary Figure S2). 
HRMS m/z calcd for C10H8Cl2NO5 [M-H]− 291.9785, found 291.9827 (Supplementary Figure S3). HPLC analysis: 
retention time = 12.5 min; purity = 95.4%.

2.2-Dichloro-1-(4-(3-hydroxypropoxy)-3-nitrophenyl)ethan-1-one (2) was obtained as a white solid; yield 28%; m.p.: 
68–70 °C; 1H NMR (400 MHz, CDCl3) δ: 8.64 (d, J = 2.4 hz, 1H), 8.34 (dd, J = 2.4, 9.2 hz, 1H), 7.23 (d, J = 8.8 hz, 1H), 6.53 
(s, 1H), 4.39 (t, J = 6 hz, 2H), 3.91 (t, J = 5.6 hz, 2H), and 2.14 (quint, J = 6 hz, 1H) ppm (Supplementary Figure S4). 13C NMR 
(101 MHz, CDCl3) δ: 183.3, 156.6, 139.3, 135.9, 128.0, 123.2, 114.2, 67.8, 67.7, 59.4 and 31.4 ppm (Supplementary Figure 
S5). HRMS m/z calcd for C11H12Cl2NO5 [M+H]+ 308.0087, found 308.0072 (Supplementary Figure S6). HPLC analysis: 
retention time = 8.2 min; purity = 97.6%.

Method B: A solution of the corresponding intermediates 2b–2d (2.0 mmol), ammonium chloride (107.0 mg, 
2.0 mmol), and 1.3-dichloro-5,5-dimethylhydantoin (788.1 mg, 4.0 mmol) in acetonitrile (10 mL) was stirred for 
1 hour at 80°C. After cooling to 35°C, stirring overnight, and evaporating, the mixture was dissolved in EA (30 mL), 
washed with water (3 × 30 mL), and dried with anhydrous Na2SO4 overnight. After evaporation, the residue was purified 
using silica gel to yield the target compounds 3–5.

3-(4-(2,2-Dichloroacetyl)-2-nitrophenoxy)propyl acetate (3) was obtained as a light yellow oil; yield 71%; 1H NMR 
(400 MHz, DMSO-d6) δ: 8.56 (d, J = 2.4 hz, 1H), 8.31 (dd, J = 2.4, 9.2 hz, 1H), 7.89 (s, 1H), 7.56 (d, J = 9.2 hz, 1H), 
4.37 (t, J = 6 hz, 2H), 4.15 (t, J = 6 hz, 2H), 2.07 (quint, J = 6 hz, 1H), and 1.99 (s, 3H) ppm (Supplementary Figure S7). 
13C NMR (101 MHz, DMSO-d6) δ: 183.3, 170.9, 156.3, 139.5, 135.8, 127.9, 123.3, 114.2, 67.7, 66.9, 60.6, 28.3, and 
20.9 ppm (Supplementary Figure S8). HRMS m/z calcd for C13H17Cl2N2O6 [M+NH4]+ 367.0458, found 367.0454 
(Supplementary Figure S9). HPLC analysis: retention time = 9.3 min; purity = 95.2%.

2-(4-(2,2-Dichloroacetyl)-2-nitrophenoxy)acetamide (4) was obtained as a white solid; yield 61%; m.p.: 160–161°C; 
1H NMR (400 MHz, DMSO-d6) δ: 8.60 (d, J = 2.0 hz, 1H), 8.32 (dd, J = 1.6, 8.8 hz, 1H), 7.90 (s, 1H), 7.50 (d, J = 
3.2 hz, 2H), 7.42 (d, J = 8.8 hz, 1H), and 4.86 (s, 2H) ppm (Supplementary Figure S10). 13C NMR (101 MHz, DMSO-d6) 
δ: 184.3, 166.6, 155.6, 139.6, 135.8, 127.2, 124.6, 116.3, 69.2, and 68.1 ppm (Supplementary Figure S11). HRMS m/z 
calcd for C10H9Cl2N2O5 [M+H]+ 306.9883, found 306.9905 (Supplementary Figure S12). HPLC analysis: retention time 
= 14.1 min; purity = 98.3%.

(S)-5-((4-(2,2-dichloroacetyl)-2-nitrophenoxy)methyl)pyrrolidin-2-one (5) was obtained as a white solid; yield 
57%; m.p.: 176–177°C; 1H NMR (400 MHz, CDCl3) δ: 8.69 (d, J = 2.4 hz, 1H), 8.38 (dd, J = 2.4, 8.8 hz, 1H), 7.22 
(d, J = 8.8 hz, 1H), 6.52 (s, 1H), 4.98 (quint, J = 2.8 hz, 1H), 4.79 (dd, J = 3.2, 10 hz, 1H), 4.39 (dd, J = 2.4, 10 hz, 1H), 
3.14–3.07 (m, 1H), 2.70–2.62 (m, 1H), 2.49–2.44 (m, 1H) and 2.35–2.28 (m, 1H) ppm (Supplementary Figure S13). 
13C NMR (101 MHz, CDCl3) δ: 183.3, 167.5, 155.5, 139.5, 136.3, 128.5, 124.6, 114.5, 68.9, 67.8, 57.2, 29.7, and 19.0 
ppm (Supplementary Figure S14). HRMS m/z calcd for C13H13Cl2N2O5 [M+H]+ 347.0196, found 347.0207 
(Supplementary Figure S15). HPLC analysis: retention time = 13.7 min; purity = 95.7%.

Method C: Chlorine gas was bubbled slowly into a solution of the corresponding intermediate, 2e (2.0 mmol) in 
acetic acid (5 mL) at room temperature. The reaction was monitored using high-performance liquid chromatography. 
After evaporation, the residue was purified using preparative-HPLC to obtain target compound 6.

2.2-Dichloro-1-(4-(2-(dimethylamino)ethoxy)-3-nitrophenyl)ethan-1-one (6) was obtained as a brown oil; yield 62%; 
1H NMR (400 MHz, Acetone-d6) δ: 8.63 (d, J = 2.4 hz, 1H), 8.43 (dd, J = 2.4, 9.2 hz, 1H), 7.63 (d, J = 8.8 hz, 1H), 7.61 
(s, 1H), 4.91 (t, J = 4.8 hz, 2H), 3.77 (t, J = 4.8 hz, 2H), and 3.04 (s, 6H) ppm (Supplementary Figure S16). 13C NMR 
(101 MHz, Acetone-d6) δ: 183.6, 155.2, 139.7, 135.5, 126.8, 124.7, 115.3, 68.2, 65.5, 55.5, and 42.9 ppm 
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(Supplementary Figure S17). HRMS m/z calcd for C12H15Cl2N2O4 [M+H]+ 321.0403, found 321.0426 (Supplementary 
Figure S18). HPLC analysis: retention time = 11.2 min; purity = 97.6%.

General Procedure for Synthesis of Target Compounds 7–30
A solution of the 3-nitro-4-fluoro-acetophenone (S2) (5.5 mmol), p-TsOH monohydrate (1.25 g, 6.6 mmol), and 
N-chlorosuccinimide (2.9 g, 21.7 mmol) in DMF (10 mL) was heated to 80°C and stirred for 1–2 hours. After cooling 
to room temperature, the mixture was diluted with water (50 mL) and extracted with DCM (3 × 40 mL). The combined 
organic layers were washed with water (3 × 30 mL) and dried overnight over anhydrous Na2SO4. After evaporation, the 
residue was purified using silica gel to yield the intermediate 3a. A solution of the intermediate 3a (1.5 mmol), the 
corresponding phenols/anilines (1.8 mmol), and NaHCO3 (441.1 mg, 5.25 mmol) in DMF (10 mL) was stirred at room 
temperature. After stirring for 6–12 hours, the mixture was diluted with water (50 mL) and extracted with DCM (3 × 
30 mL). The combined organic layers were washed with water (3 × 30 mL) and dried overnight over anhydrous Na2SO4. 
After evaporation, the residue was purified using silica gel to yield target compounds 7–30.

2.2-Dichloro-1-(3-nitro-4-phenoxyphenyl)ethan-1-one (7) was obtained as a white solid; yield 62%; m.p.: 74–76°C; 
1H NMR (400 MHz, CDCl3) δ: 8.72 (d, J = 2.4 hz, 1H), 8.22 (dd, J = 2.4, 8.8 hz, 1H), 7.49–7.45 (m, 2H), 7.34–7.30 (m, 
1H), 7.16–7.13 (m, 2H), 7.00 (d, J = 8.8 hz, 1H), and 6.51 (s, 1H) ppm (Supplementary Figure S19). 13C NMR (101 
MHz, CDCl3) δ: 183.4, 156.1, 153.8, 140.3, 135.5, 130.7, 128.2, 126.5, 124.9, 120.8, 118.4, and 67.9 ppm 
(Supplementary Figure S20). HRMS m/z calcd for C14H9Cl2NO4 [M+H]+ 325.9981, found 325.9983; HRMS m/z 
calcd for C14H13Cl2N2O4 [M+NH4]+ 343.0247, found 343.0252 (Supplementary Figure S21). HPLC analysis: retention 
time = 11.6 min; purity = 99.3%.

2.2-Dichloro-1-(3-nitro-4-(phenylamino)phenyl)ethan-1-one (8) was obtained as an orangey yellow solid; yield 
71%; m.p.: 129–130°C; 1H NMR (400 MHz, CDCl3) δ: 9.98 (s, 1H), 9.04 (d, J = 2.0 hz, 1H), 8.07 (ddd, J = 0.8, 2.4, 
9.2 hz, 1H), 7.51–7.47 (m, 2H), 7.38–7.30 (m, 3H), 7.19 (d, J = 9.2 hz, 1H), and 6.57 (s, 1H) ppm (Supplementary Figure 
S22). 13C NMR (101 MHz, CDCl3) δ: 183.2, 147.0, 136.9, 136.0, 131.9, 130.3, 130.1, 127.5, 125.5, 119.9, 116.1, and 
67.7 ppm (Supplementary Figure S23). HRMS m/z calcd for C14H11Cl2N2O3 [M+H]+ 325.0141, found 325.0140 
(Supplementary Figure S24). HPLC analysis: retention time = 15.4 min; purity = 97.3%.

2.2-Dichloro-1-(4-(4-chlorophenoxy)-3-nitrophenyl)ethan-1-one (9) was obtained as a white solid; yield 64%; m.p.: 
84–86°C; 1H NMR (400 MHz, CDCl3) δ: 8.72 (d, J = 2.4 hz, 1H), 8.25 (dd, J = 2.0, 8.8 hz, 1H), 7.43 (d, J = 9.2 hz, 2H), 
7.09 (d, J = 8.8 hz, 2H), 7.01 (d, J = 9.2 hz, 1H), and 6.51 (s, 1H) ppm (Supplementary Figure S25). 13C NMR (101 
MHz, CDCl3) δ: 183.2, 155.3, 152.3, 140.3, 135.5, 131.7, 130.6, 128.1, 125.3, 121.8, 118.4, and 67.7 ppm 
(Supplementary Figure S26). HRMS m/z calcd for C14H9Cl3NO4 [M+H]+ 359.9592, found 359.9576 (Supplementary 
Figure S27). HPLC analysis: retention time = 12.6 min; purity = 97.9%.

2.2-Dichloro-1-(4-(4-methoxyphenoxy)-3-nitrophenyl)ethan-1-one (10) was obtained as a light yellow solid; yield 
62%; m.p.: 72–74°C; 1H NMR (400 MHz, CDCl3) δ: 8.70 (d, J = 2.4 hz, 1H), 8.20 (dd, J = 2.4, 9.2 hz, 1H), 7.07 (m, 
2H), 6.98 (m, 2H), 6.96 (d, J = 8.8 hz, 1H), 6.51 (s, 1H), and 3.85 (s, 3H) ppm (Supplementary Figure S28). 13C NMR 
(101 MHz, CDCl3) δ: 183.3, 157.8, 156.7, 146.8, 139.7, 135.4, 128.1, 124.4, 121.9, 117.5, 115.5, 67.7, and 55.7 ppm 
(Supplementary Figure S29). HRMS m/z calcd for C15H12Cl2NO5 [M+H]+ 356.0087, found 356.0067; HRMS m/z calcd 
for C15H15Cl2N2O5 [M+NH4]+ 373.0353, found 373.0346 (Supplementary Figure S30). HPLC analysis: retention time = 
11.6 min; purity = 99.6%.

2.2-Dichloro-1-(3-nitro-4-(p-tolyloxy)phenyl)ethan-1-one (11) was obtained as a white solid; yield, 64%; m.p.: 
78–80°C; 1H NMR (400 MHz, CDCl3) δ: 8.70 (d, J = 2.4 hz, 1H), 8.20 (dd, J = 2.4, 8.8 hz, 1H), 7.07 (d, J = 8.4 hz, 
2H), 7.03 (d, J = 8.4 hz, 2H), 6.98 (d, J = 8.8 hz, 1H), 6.51 (s, 1H), and 2.40 (s, 3H) ppm (Supplementary Figure S31). 
13C NMR (101 MHz, CDCl3) δ: 183.3, 156.4, 151.3, 139.9, 136.2, 135.3, 131.0, 128.0, 124.5, 120.5, 118.0, 67.7, and 
20.9 ppm (Supplementary Figure S32). HRMS m/z calcd for C15H12Cl2NO4 [M+H]+ 340.0138, found 340.0134 
(Supplementary Figure S33). HPLC analysis: retention time = 12.6 min; purity = 96.1%.

4-(4-(2,2-Dichloroacetyl)-2-nitrophenoxy)benzonitrile (12) was obtained as a white solid; yield 68%; m.p.: 
159–162°C; 1H NMR (400 MHz, CDCl3) δ: 8.78 (d, J = 2.4 hz, 1H), 8.35 (dd, J = 2.4, 8.8 hz, 1H), 7.75 (d, J = 
8.8 hz, 2H), 7.19 (d, J = 8.8 hz, 2H), 7.17 (d, J = 8.8 hz, 1H) and 6.52 (s, 1H) ppm (Supplementary Figure S34). 
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13C NMR (101 MHz, CDCl3) δ: 183.1, 158.1, 153.2, 141.3, 135.7, 134.7, 128.3, 127.0, 120.8, 120.0, 117.9, 109.4, and 
67.7 ppm (Supplementary Figure S35). HRMS m/z calcd for C15H12Cl2N3O4 [M+NH4]+ 368.0199, found 368.0162 
(Supplementary Figure S36). HPLC analysis: retention time = 10.4 min; purity = 97.6%.

4-(4-(2,2-Dichloroacetyl)-2-nitrophenoxy)benzamide (13) was obtained as a white solid; yield, 63%; m.p.: 
157–158°C; 1H NMR (400 MHz, DMSO-d6) δ: 8.75 (d, J = 2.0 hz, 1H), 8.31 (dd, J = 2.4, 8.8 hz, 1H), 8.05 (brs, 
1H), 8.00 (d, J = 8.8 hz, 2H), 7.92 (s, 1H), 7.43 (brs, 1H), 7.30 (d, J = 8.8 hz, 2H), and 7.28 (d, J = 8.8 hz, 1H) ppm 
(Supplementary Figure S37). 13C NMR (101 MHz, DMSO-d6) δ: 184.4, 167.4, 156.9, 154.1, 140.9, 136.2, 132.0, 130.6, 
127.7, 127.3, 120.7, 119.9, and 69.3 ppm (Supplementary Figure S38). HRMS m/z calcd for C15H11Cl2N2O5 [M+H]+ 

369.0040, found 369.0054 (Supplementary Figure S39). HPLC analysis: retention time = 15.4 min; purity = 95.3%.
N-(4-(4-(2,2-dichloroacetyl)-2-nitrophenoxy)phenyl)acetamide (14) was obtained as a white solid; yield 65%; m.p.: 

167–169°C; 1H NMR (400 MHz, DMSO-d6) δ: 10.1 (s, 1H), 8.71 (d, J = 2.0 hz, 1H), 8.25 (dd, J = 2.4, 8.8 hz, 1H), 7.89 (s, 
1H), 7.70 (d, J = 8.8 hz, 2H), 7.20 (d, J = 9.2 hz, 2H), 7.09 (d, J = 8.8 hz, 1H), and 2.06 (s, 3H) ppm (Supplementary Figure S40). 
13C NMR (101 MHz, DMSO-d6) δ: 184.3, 168.9, 155.5, 148.9, 140.2, 137.8, 136.0, 127.6, 126.1, 121.3, 121.2, 118.8, 69.2, and 
24.4 ppm (Supplementary Figure S41). HRMS m/z calcd for C16H13Cl2N2O5 [M+H]+ 383.0196, found 383.0267 
(Supplementary Figure S42). HPLC analysis: retention time = 7.0 min; purity = 98.8%.

N-(2-chloro-4-(4-(2,2-dichloroacetyl)-2-nitrophenoxy)phenyl)acetamide (15) was obtained as a white solid; yield 
79%; m.p.: 142–143°C; 1H NMR (400 MHz, DMSO-d6) δ: 9.60 (s, 1H), 8.73 (d, J = 2.4 hz, 1H), 8.29 (dd, J = 2.4, 
9.2 hz, 1H), 7.90 (s, 1H), 7.79 (d, J = 8.8 hz, 1H), 7.49 (d, J = 2.8 hz, 1H), 7.23 (d, J = 8.8 hz, 1H), 7.22 (dd, J = 2.8, 
8.8 hz, 1H), and 2.10 (s, 3H) ppm (Supplementary Figure S43). 13C NMR (101 MHz, DMSO-d6) δ: 184.4, 169.3, 154.5, 
151.2, 140.6, 136.2, 133.4, 128.2, 127.7, 127.0, 121.6, 120.0, 119.7, 69.2, and 23.7 ppm (Supplementary Figure S44). 
HRMS m/z calcd for C16H12Cl3N2O5 [M+H]+ 416.9806, found 416.9864 (Supplementary Figure S45). HPLC analysis: 
retention time = 8.6 min; purity = 98.5%.

1-(4-((6-Bromo-1-chloronaphthalen-2-yl)oxy)-3-nitrophenyl)-2,2-dichloroethan-1-one (16) was obtained as a white 
solid; yield 76%; m.p.: 149–150°C; 1H NMR (400 MHz, CDCl3) δ: 8.79 (d, J = 2.4 hz, 1H), 8.21 (dd, J = 2.4, 8.8 hz, 
1H), 8.17 (d, J = 8.8 hz, 1H), 8.09 (d, J = 2.0 hz, 1H), 7.81 (d, J = 8.8 hz, 1H), 7.76 (dd, J = 2.0, 9.2 hz, 1H), 6.83 (d, J = 
8.8 hz, 1H), and 6.51 (s, 1H) ppm (Supplementary Figure S46). 13C NMR (101 MHz, CDCl3) δ: 183.2, 154.7, 146.8, 
139.6, 135.5, 133.4, 131.7, 130.4, 130.3, 128.3, 128.2, 126.2, 125.3, 123.7, 121.8, 121.5, 117.3, and 67.7 ppm 
(Supplementary Figure S47). HRMS m/z calcd for C18H10BrCl3NO4 [M+H]+ 487.8853, found 487.8828 
(Supplementary Figure S48). HPLC analysis: retention time = 15.2 min; purity = 98.6%.

2.2-Dichloro-1-(4-(naphthalen-1-yloxy)-3-nitrophenyl)ethan-1-one (17) was obtained as a yellow oil; yield 59%; 
1H NMR (400 MHz, CDCl3) δ: 8.77 (d, J = 2.0 hz, 1H), 8.14 (dd, J = 2.4, 9.2 hz, 1H), 7.95 (dd, J = 7.6, 8.0 hz, 
2H), 7.84 (d, J = 8.4 hz, 1H), 7.60–7.50 (m, 3H), 7.24 (d, J = 8.8 hz, 1H), 6.85 (d, J = 8.8 hz, 1H), and 6.50 (s, 1H) ppm 
(Supplementary Figure S49). 13C NMR (101 MHz, CDCl3) δ: 183.2, 156.4, 149.2, 139.8, 135.5, 135.3, 128.2, 128.1, 
127.3, 127.2, 126.7, 126.4, 125.7, 124.8, 121.3, 117.7, 116.9, and 67.7 ppm (Supplementary Figure S50). HRMS m/z 
calcd for C18H12Cl2NO4 [M+H]+ 376.0138, found 376.0139 (Supplementary Figure S51). HPLC analysis: retention time 
= 13.3 min; purity = 97.9%.

1-(4-(2,2-Dichloroacetyl)-2-nitrophenoxy)anthracene-9,10-dione (18) was obtained as a yellow solid; yield 31%; m. 
p.: 224–226°C; 1H NMR (400 MHz, CDCl3) δ: 8.87 (d, J = 2.0 hz, 1H), 8.40 (dd, J = 1.2, 7.6 hz, 1H), 8.29 (dd, J = 2.0, 
7.6 hz, 1H), 8.17 (dd, J = 2.0, 8.8 hz, 1H), 8.13 (dd, J = 2.0, 7.2 hz, 1H), 7.93 (dd, J = 8.0, 8.0 hz, 1H), 7.79–7.76 (m, 
2H), 7.61 (dd, J = 1.2, 8.0 hz, 1H), 6.81 (d, J = 8.8 hz, 1H), and 6.52 (s, 1H) ppm (Supplementary Figure S52). 13C NMR 
(101 MHz, CDCl3) δ: 183.2, 182.1, 181.0, 156.1, 152.2, 139.6, 136.2, 135.7, 135.5, 134.7, 134.3, 133.9, 132.5, 129.6, 
128.5, 127.5, 127.1, 126.5, 125.1, 124.9, 116.6, and 67.7 ppm (Supplementary Figure S53). HRMS m/z calcd for C22H12 

Cl2NO6 [M+H]+ 456.0036, found 456.0051 (Supplementary Figure S54). HPLC analysis: retention time = 12.2 min; 
purity = 99.6%.

1-(4-(4-Bromophenoxy)-3-nitrophenyl)-2,2-dichloroethan-1-one (19) was obtained as a white solid; yield 53%; m.p.: 
81–82°C; 1H NMR (400 MHz, CDCl3) δ: 8.73 (d, J = 2.4 hz, 1H), 8.25 (dd, J = 2.4, 9.2 hz, 1H), 7.58 (d, J = 8.8 hz, 2H), 
7.05–7.02 (m, 3H), and 6.51 (s, 1H) ppm (Supplementary Figure S55). 13C NMR (101 MHz, CDCl3) δ: 183.2, 155.2, 
152.9, 140.3, 135.6, 133.7, 128.1, 125.4, 122.2, 119.3, 118.5, and 67.7 ppm (Supplementary Figure S56). HRMS m/z 
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calcd for C14H9BrCl2NO4 [M+H]+ 403.9087, found 403.9165 (Supplementary Figure S57). HPLC analysis: retention 
time = 13.0 min; purity = 98.6%.

2.2-Dichloro-1-(4-(4-isopropylphenoxy)-3-nitrophenyl)ethan-1-one (20) was obtained as a white solid; yield 31%; m. 
p.: 76–78°C; 1H NMR (400 MHz, CDCl3) δ: 8.71 (d, J = 2.4 hz, 1H), 8.21 (dd, J = 2.4, 8.8 hz, 1H), 7.31 (d, J = 8.4 hz, 
2H), 7.06 (d, J = 8.8 hz, 2H), 7.01 (d, J = 9.2 hz, 1H), 6.51 (s, 1H), 2.97 (hept, J = 6.8 hz, 1H), and 1.27 (d, J = 6.8 hz, 
6H) ppm (Supplementary Figure S58). 13C NMR (101 MHz, CDCl3) δ: 183.3, 156.4, 151.4, 147.2, 139.9, 135.3, 128.4, 
128.0, 124.5, 120.5, 118.0, 67.7, 33.7, and 24.0 ppm (Supplementary Figure S59). HRMS m/z calcd for C17H16Cl2NO4 

[M+H]+ 368.0451, found 368.0401 (Supplementary Figure S60). HPLC analysis: retention time = 14.5 min; purity 
= 99.1%.

1-(4-(4-Acetylphenoxy)-3-nitrophenyl)-2,2-dichloroethan-1-one (21) was obtained as a white solid; yield 62%; m.p.: 
177–179°C; 1H NMR (400 MHz, Acetone-d6) δ: 8.77 (d, J = 2.0 hz, 1H), 8.42 (dd, J = 2.4, 8.8 hz, 1H), 8.15–8.11 (m, 
2H), 7.65 (s, 1H), 7.39 (d, J = 8.8 hz, 1H), 7.36–7.32 (m, 2H), and 2.61 (s, 3H) ppm (Supplementary Figure S61). 
13C NMR (101 MHz, Acetone-d6) δ: 195.8, 183.6, 158.4, 153.8, 141.4, 135.4, 134.6, 130.9, 127.5, 127.3, 120.8, 119.4, 
68.2, and 25.8 ppm (Supplementary Figure S62). HRMS m/z calcd for C16H12Cl2NO5 [M+H]+ 368.0087, found 
368.0009 (Supplementary Figure S63). HPLC analysis: retention time = 10.3 min; purity = 99.8%.

2.2-Dichloro-1-(4-(3,4-dichlorophenoxy)-3-nitrophenyl)ethan-1-one (22) was obtained as a white solid; yield 
70%; m.p.: 85–87°C; 1H NMR (400 MHz, CDCl3) δ: 8.74 (d, J = 2.0 hz, 1H), 8.30 (dd, J = 2.4, 9.2 hz, 1H), 7.53 (d, 
J = 8.8 hz, 1H), 7.27 (d, J = 2.8 hz, 1H), 7.08 (d, J = 8.8 hz, 1H), 7.01 (dd, J = 2.8, 8.8 hz, 1H), and 6.51 (s, 1H) ppm 
(Supplementary Figure S64). 13C NMR (101 MHz, CDCl3) δ: 183.1, 154.5, 152.8, 140.5, 135.7, 134.3, 131.8, 130.1, 
128.2, 126.0, 122.3, 119.6, 119.0, and 67.7 ppm (Supplementary Figure S65). HRMS m/z calcd for C14H8Cl4NO4 [M 
+H]+ 393.9202, found 393.9238 (Supplementary Figure S66). HPLC analysis: retention time = 15.0 min; purity = 98.2%.

1-(4-(Benzo[d][1,3]dioxol-5-yloxy)-3-nitrophenyl)-2,2-dichloroethan-1-one (23) was obtained as a yellow solid; 
yield, 71%; m.p.: 122–123°C; 1H NMR (400 MHz, CDCl3) δ: 8.70 (d, J = 2.0 hz, 1H), 8.22 (dd, J = 2.0, 8.8 hz, 1H), 
7.03 (d, J = 8.8 hz, 1H), 6.85 (d, J = 8.4 hz, 1H), 6.65 (d, J = 2.4 hz, 1H), 6.60 (dd, J = 2.4, 8.4 hz, 1H), 6.51 (s, 1H), and 
6.05 (s, 2H) ppm (Supplementary Figure S67). 13C NMR (101 MHz, CDCl3) δ: 183.3, 156.4, 149.0, 147.8, 145.9, 139.8, 
135.4, 128.0, 124.6, 117.8, 113.4, 108.8, 102.9, 102.1, and 67.7 ppm (Supplementary Figure S68). HRMS m/z calcd for 
C15H9Cl2NO6 [M]+ 368.9801, found 368.9865 (Supplementary Figure S69). HPLC analysis: retention time = 13.8 min; 
purity = 99.8%.

2.2-Dichloro-1-(4-(4-cyclohexylphenoxy)-3-nitrophenyl)ethan-1-one (24) was obtained as a white solid; yield 
29%; m.p.: 106–107°C; 1H NMR (400 MHz, CDCl3) δ: 8.70 (d, J = 2.4 hz, 1H), 8.21 (dd, J = 2.4, 9.2 hz, 1H), 7.28 
(d, J = 8.4 hz, 2H), 7.05 (d, J = 8.8 hz, 2H), 7.01 (d, J = 9.2 hz, 1H), 6.51 (s, 1H), 2.57–2.51 (m, 1H), 1.91–1.86 (m, 4H), 
1.79–1.75 (m, 1H), 1.44–1.39 (m, 4H), and 1.31–1.23 (m, 1H) ppm (Supplementary Figure S70). 13C NMR (101 MHz, 
CDCl3) δ: 183.3, 156.4, 151.4, 146.4, 139.9, 135.3, 128.8, 128.0, 124.5, 120.4, 118.1, 67.7, 44.0, 34.5, 26.8, and 26.1 
ppm (Supplementary Figure S71). HRMS m/z calcd for C20H19Cl2NO4 [M]+ 407.0686, found 407.0758 (Supplementary 
Figure S72). HPLC analysis: retention time = 17.3 min; purity = 97.9%.

1-(4-([1,1′-Biphenyl]-4-yloxy)-3-nitrophenyl)-2,2-dichloroethan-1-one (25) was obtained as a white solid; yield, 
68%; m.p.: 138–139°C; 1H NMR (400 MHz, CDCl3) δ: 8.74 (d, J = 2.4 hz, 1H), 8.25 (dd, J = 2.4, 9.2 hz, 1H), 7.67 (d, 
J = 8.8 hz, 2H), 7.60–7.58 (m, 2H), 7.49–7.45 (m, 2H), 7.40–7.36 (m, 1H), 7.21 (d, J = 8.8 hz, 2H), 7.10 (d, J = 8.8 hz, 1H), 
and 6.52 (s, 1H) ppm (Supplementary Figure S73). 13C NMR (101 MHz, CDCl3) δ: 183.3, 155.9, 153.1, 140.2, 139.8, 
139.5, 135.4, 129.2, 128.9, 128.1, 127.7, 127.1, 124.9, 120.9, 118.4, and 67.7 ppm (Supplementary Figure S74). HRMS m/z 
calcd for C20H13Cl2NO4 [M]+ 401.0222, found 401.0154 (Supplementary Figure S75). HPLC analysis: retention time = 
14.0 min; purity = 96.9%.

6-(4-(2,2-Dichloroacetyl)-2-nitrophenoxy)-2H-chromen-2-one (26) was obtained as a white solid; yield 80%; m.p.: 
159–161°C; 1H NMR (400 MHz, CDCl3) δ: 8.75 (d, J = 2.4 hz, 1H), 8.27 (dd, J = 2.4, 8.8 hz, 1H), 7.67 (d, J = 9.2 hz, 1H), 
7.43 (d, J = 8.8 hz, 1H), 7.33 (dd, J = 2.8, 8.8 hz, 1H), 7.28 (d, J = 2.8 hz, 1H), 7.03 (d, J = 8.8 hz, 1H), 6.52 (d, J = 9.6 hz, 
1H), and 6.51 (s, 1H) ppm (Supplementary Figure S76). 13C NMR (101 MHz, CDCl3) δ: 183.2, 159.9, 155.2, 151.7, 149.9, 
142.2, 140.3, 135.6, 128.2, 125.6, 124.0, 120.1, 119.2, 118.8, 118.4, 118.3, and 67.7 ppm (Supplementary Figure S77). 
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HRMS m/z calcd for C17H10Cl2NO6 [M+H]+ 393.9880, found 393.9928 (Supplementary Figure S78). HPLC analysis: 
retention time = 10.9 min; purity = 99.8%.

1-(4-([1,1′-Biphenyl]-3-yloxy)-3-nitrophenyl)-2,2-dichloroethan-1-one (27) was obtained as a colorless oil; yield 
53%; 1H NMR (400 MHz, CDCl3) δ: 8.74 (d, J = 2.4 hz, 1H), 8.24 (dd, J = 2.4, 9.2 hz, 1H), 7.59–7.53 (m, 4H), 
7.46–7.37 (m, 4H), 7.14–7.11 (m, 1H), 7.08 (d, J = 9.2 hz, 1H), and 6.52 (s, 1H) ppm (Supplementary Figure S79). 
13C NMR (101 MHz, CDCl3) δ: 183.3, 155.9, 154.1, 144.1, 140.1, 139.5, 135.4, 130.9, 129.0, 128.2, 128.1, 127.1, 125.0, 
124.9, 119.2, 119.1, 118.4, and 67.7 ppm (Supplementary Figure S80). HRMS m/z calcd for C20H14Cl2NO4 [M+H]+ 

402.0294, found 402.0296 (Supplementary Figure S81). HPLC analysis: retention time = 20.7 min; purity = 95.4%.
1-(4-(4-Benzoylphenoxy)-3-nitrophenyl)-2,2-dichloroethan-1-one (28) was obtained as a white solid; yield, 83%; m. 

p.: 125–126°C; 1H NMR (400 MHz, CDCl3) δ: 8.77 (d, J = 2.4 hz, 1H), 8.31 (dd, J = 2.4, 8.8 hz, 1H), 7.92 (d, J = 6.8 hz, 
2H), 7.82–7.79 (m, 2H), 7.64–7.60 (m, 1H), 7.51 (dd, J = 7.6, 7.6 hz, 2H), 7.22 (d, J = 8.8 hz, 2H), 7.16 (d, J = 8.8 hz, 
1H), and 6.53 (s, 1H) ppm (Supplementary Figure S82). 13C NMR (101 MHz, CDCl3) δ: 195.1, 183.2, 157.5, 154.4, 
140.9, 137.2, 135.5, 135.1, 132.7, 129.9, 128.5, 128.2, 126.1, 119.9, 119.5, and 67.7 ppm (Supplementary Figure S83). 
HRMS m/z calcd for C21H14Cl2NO5 [M+H]+ 430.0244, found 430.1468 (Supplementary Figure S84). HPLC analysis: 
retention time = 14.9 min; purity = 97.3%.

1-(4-(4-(Benzyloxy)phenoxy)-3-nitrophenyl)-2,2-dichloroethan-1-one (29) was obtained as a light yellow solid; yield 
57%; m.p.: 125–126°C; 1H NMR (400 MHz, CDCl3) δ: 8.70 (d, J = 2.0 hz, 1H), 8.20 (dd, J = 2.4, 9.2 hz, 1H), 7.46–7.35 
(m, 5H), 7.09–7.03 (m, 4H), 6.97 (d, J = 9.2 hz, 1H), 6.51 (s, 1H), and 5.09 (s, 2H) ppm (Supplementary Figure S85). 
13C NMR (101 MHz, CDCl3) δ: 183.3, 160.0, 156.7, 147.0, 139.8, 136.5, 135.3, 128.7, 128.2, 128.1, 127.5, 124.4, 121.9, 
117.6, 116.5, 70.6, and 67.7 ppm (Supplementary Figure S86). HRMS m/z calcd for C21H17Cl2NO6 [M+H2O]+ 

449.0433, found 449.0273 (Supplementary Figure S87). HPLC analysis: retention time = 13.8 min; purity = 99.2%.
2.2-Dichloro-1-(4-(4-((4-isopropoxyphenyl)sulfonyl)phenoxy)-3-nitrophenyl)ethan-1-one (30) was obtained as 

a white solid; yield 66%; m.p.: 140–141°C; 1H NMR (400 MHz, CDCl3) δ: 8.75 (d, J = 2.0 hz, 1H), 8.31 (dd, J = 
2.4, 8.8 hz, 1H), 7.99 (d, J = 8.8 hz, 2H), 7.85 (d, J = 8.8 hz, 2H), 7.18 (d, J = 8.8 hz, 2H), 7.11 (d, J = 8.8 hz, 1H), 6.95 
(d, J = 8.8 hz, 2H), 6.52 (s, 1H), 4.62 (hept, J = 6.0 hz, 1H), and 1.35 (d, J = 6.0 hz, 6H) ppm (Supplementary Figure 
S88). 13C NMR (101 MHz, CDCl3) δ: 183.1, 162.2, 157.9, 153.7, 141.1, 139.7, 135.6, 131.9, 130.1, 129.9, 128.2, 126.6, 
120.4, 119.9, 115.9, 70.6, 67.7, and 21.8 ppm (Supplementary Figure S89). HRMS m/z calcd for C23H20Cl2NO7S [M 
+H]+ 524.0332, found 524.1823 (Supplementary Figure S90). HPLC analysis: retention time = 14.0 min; purity = 99.5%.

General Procedure for Synthesis of Target Compounds 31–32
The intermediates 5a–5b were easily synthesized by nitration and condensation of 4-fluoro-2-hydroxy-acetophenone (S3) 
according to previously reported procedures.21 Target compounds 31 and 32 can be prepared from the corresponding 
intermediates 5a–5b by the method mentioned in “General Procedure for Synthesis of Target Compounds 7–30”.

Ethyl 2-(2-(2,2-dichloroacetyl)-5-(4-((4-isopropoxyphenyl)sulfonyl)phenoxy)-4-nitrophenoxy) acetate (31) was obtained 
as a white solid; yield 82%; mp: 67–68°C; 1H NMR (600 MHz, CDCl3) δ: 8.68 (s, 1H), 7.97 (d, J = 8.4 hz, 2H), 7.84 (d, J = 
8.4 hz, 2H), 7.38 (s, 1H), 7.13 (d, J = 9.0 hz, 2H), 6.94 (d, J = 9.0 hz, 2H), 6.42 (s, 1H), 4.64 (s, 2H), 4.62 (hept, J = 6.0 hz, 1H), 
4.28 (q, J = 7.2 hz, 2H), 1.34 (d, J = 6.0 hz, 6H), and 1.32 (t, J = 7.2 hz, 3H) ppm (Supplementary Figure S91). 13C NMR (150 
MHz, CDCl3) δ: 184.4, 166.0, 162.2, 159.9, 158.3, 154.6, 139.4, 135.8, 131.9, 131.8, 130.1, 129.9, 119.7, 119.2, 115.9, 104.8, 
71.0, 70.6, 66.3, 62.6, 21.8, and 14.1 ppm (Supplementary Figure S92). HRMS m/z calcd for C27H26Cl2NO10S [M+H]+ 

626.0649, found 626.0649 (Supplementary Figure S93). HPLC analysis: retention time = 15.3 min; purity = 99.1%.
2-(2-(2,2-Dichloroacetyl)-5-(4-((4-isopropoxyphenyl)sulfonyl)phenoxy)-4-nitrophenoxy)acetamide (32) was obtained 

as a white solid; yield 70%; mp: 142–144°C; 1H NMR (400 MHz, Acetone-d6) δ: 8.63 (s, 1H), 8.00 (d, J = 9.2 hz, 2H), 
7.89 (d, J = 9.2 hz, 2H), 7.77 (s, 1H), 7.32 (d, J = 8.8 hz, 2H), 7.18 (brs, 1H), 7.13 (s, 1H), 7.09 (d, J = 8.8 hz, 2H), 6.84 
(brs, 1H), 4.89 (s, 2H), 4.75 (hept, J = 6.0 hz, 1H), and 1.31 (d, J = 6.0 hz, 6H) ppm (Supplementary Figure S94). 
13C NMR (101 MHz, Acetone-d6) δ: 186.7, 169.7, 163.9, 163.4, 161.0, 155.8, 140.5, 137.4, 134.8, 132.2, 131.8, 131.6, 
121.4, 120.5, 117.7, 109.3, 72.9, 72.1, 69.9, and 22.9 ppm (Supplementary Figure S95). HRMS m/z calcd for C25H23 

Cl2N2O9S [M+H]+ 597.0497, found 597.0516 (Supplementary Figure S96). HPLC analysis: retention time = 16.5 min; 
purity = 96.7%.
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Biological Evaluation
In vitro PDHK1-4 Activity Assay
Recombinant human PDHK1-4 was prepared as previously described.23 PDHK activity was measured using the Kinase- 
Glo® Luminescent Kinase Kit in 96-well plates. The reaction mixture (50 μL) contained the following components: 
20 μL ddH2O, 5 μL assay buffer (250 mm Tris-HCl, 10 mm EDTA, 5 mm EGTA, and 50 mm MgCl2, pH 7.4), 5 μL DTT 
(10 mm), 5 μL peptide substrate (100 μM RYHGHSMSDP), 5 μL samples at various concentrations in DMSO, 5 μL 
recombinant PDHK1–4 proteins (10–40 μM), and 5 μL ATP (10–500 μM). After incubation at 30°C for 1 h, 50 μL 
Kinase-Glo Plus Reagent (Promega, Madison, WI) was added, and the mixture was incubated at 25°C for 10 minutes. 
Luminescence data were recorded on a SpectraMax® i3 multimode detection platform. The IC50 values were obtained by 
fitting luminescence values to a dose–response curve with Prism software (Supplementary Figures S97–S102).

Antiproliferative Assays
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays were performed to evaluate cell viability. 
NCI-H1975, H1650, H1299 (NSCLC cell lines), and HEK293 (human kidney embryo cell) were all bought from Cell 
Bank (Shanghai, China). Cells were seeded into 96-well plates (about 5,000/well), and incubated for 24 hours. 
Compounds were added at various concentrations and incubated with the cells for 3 days. Subsequently, 10 μL MTT 
(5 mg/mL) was added to each well. After incubation for 4 hours, the solution was slowly removed and DMSO (100 μL) 
was added to each well. Optical density (OD) was recorded at 570 nm using a plate reader. Each concentration was tested 
in triplicate. Data were analyzed using GraphPad Prism 7.

Molecular Modeling Studies
Homology Models Generation
Sequences of human pyruvate dehydrogenase kinases 1 and 4 (Q15118 and Q16654, respectively) were retrieved from 
the UniPort database. Discovery Studio 2020 (DS 2020) was used to construct homology models of human pyruvate 
dehydrogenase kinases 1 and 4, using human pyruvate dehydrogenase kinase 2 (PDB code 2bu7) as the template. 
Homology models’ generation of human pyruvate dehydrogenase kinase 1 and 4 were performed by “Align sequence to 
template” and “Building Homology models” protocols. After evaluation with the “Profile-3D” protocol, the optimum 
homology models of human pyruvate dehydrogenase kinase 1 and 4 were obtained.

Molecular Docking Procedure
All docking calculations were performed using AutoDock Vina (version 1.2.0), which is a classic docking program. 
Preparation of proteins and compounds were performed by “Dock Prep” and “Minimize Structure” protocols. The 
parameters used in the docking processes were as follows: center = 41.23, 35.21, and 87.62; size = 20 Å × 20 Å × 20 Å; 
number of dockings = 100; exhaustiveness of search = 8; maximum energy difference = 3 kcal/mol; and others as default.

In vitro Liver Microsome Stability Evaluation
A 10 mm stock solution of the sample was diluted to a final concentration of 20 μM for the experiments. The compound 
was mixed with a solution of 0.1 M phosphate buffer, 0.5 mg/mL mice or human liver microsome and 1 mm NADPH. 
After incubation for 30 minutes at 37°C, the reaction was stopped by adding a two-fold volume of cold acetonitrile 
containing an internal standard. The mixed solution was stored overnight at −20°C. After centrifugation at 12,000 rpm 
for 5 minutes, an aliquot of 100 μL of the supernatant was tested using UPLC-MS/MS. 6-Hydroxy-coumarine was used 
as a positive control. A blank sample without NADPH was used as the negative control.

In vivo Efficacy Studies of the H1299 Xenograft Model in Mice
All animal experiments were approved by the Animal Ethics Committee of Hubei Polytechnic University in accordance 
with the approved “Animal management regulations” and follow the recommendations concerning laboratory animal 
welfare. Female BALB/c nude mice aged 5 weeks were purchased from Hubei Bainte Biotechnology Co., Ltd. and 
maintained under pathogen-free conditions. NCI-H1299 cells were harvested during log phase growth and resuspended in 
PBS at a density of 1 × 107 cells/mL. Each mouse was inoculated subcutaneously with 1.4 × 106 cells. When the volume 
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of the tumors reached approximately 75 mm3, the mice were randomly divided into three groups (n = 5) and treated 
intraperitoneally with vehicle control (2% dimethyl sulfoxide, 30% PEG-400, and 68% ddH2O), compound 32, and DOX 
at a dose of 6 mg/kg. Vehicle and compound 32 were injected once a day for 21 days, whereas DOX was administered 
once every 3 days. Tumor diameter and body weight were monitored once every 3 days using a digital caliper and an 
electronic balance, respectively. Tumor volume was calculated using the formula (a × b2)/2, where a is the larger 
diameter and b is the smaller diameter. Eventually, the mice were euthanized and the tumors were dissected.
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