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C H E M I S T R Y

Late-stage modification of complex drug: 
Base-controlled Pd-catalyzed regioselective synthesis 
and bioactivity of arylated osimertinibs
Rui Feng1†, Yong-Qi Zhen2†, Dongbo Wu3†, Lian Sun1, Jin-Bu Xu1, Xiaohuan Li1*,  
Lan Zhang1*, Feng Gao1*

Achieving regioselective synthesis in complex molecules with multiple reactive sites remains a tremendous chal-
lenge in synthetic chemistry. Regiodivergent palladium-catalyzed C─H arylation of complex antitumor drug 
osimertinib with various aryl bromides via the late-stage functionalization strategy was demonstrated here. This 
reaction displayed a switch in regioselectivity under complete base control. Potassium carbonate (K2CO3) pro-
moted the arylation of acrylamide terminal C(sp2)-H, affording 34 derivatives. Conversely, sodium tert-butoxide 
(t-BuONa) mediated the aryl C(sp2)-H arylation of the indole C2 position, providing 27 derivatives. The derivative 
3r containing a 3-fluorophenyl group at the indole C2 position demonstrated similar inhibition of EGFRT790M/L858R 
and superior antiproliferative activity in H1975 cells compared to osimertinib, as well as similar antiproliferative 
activity in A549 cells and antitumor efficacy in xenograft mouse model bearing H1975 cells. This approach pro-
vides a “one substrate–multi reactions–multiple products” strategy for the structural modification of complex 
drug molecules, creating more opportunities for the fast screening of pharmaceutical molecules.

INTRODUCTION
Drug development is a complex, costly, and time-consuming pro-
cess that can take 10 to 15 years or even longer (1–4). As a key en-
abler, chemical synthesis is an essential step in the drug discovery 
process. Innovations in synthetic methodologies can greatly facili-
tate the construction of diverse and drug-like compound libraries 
(5). Over the past decade, late-stage functionalization (LSF), which 
could directly modify high-complexity, drug-like substrates at a late 
stage, has been an efficient way to prepare new chemical entities for 
drug discovery and chemical biology, without resorting to de novo 
synthesis (5–7). Transition metal–catalyzed C─H bond activation 
approaches allow the installation of handles for further derivatiza-
tion and offer the opportunity to explore chemical space more ef-
fectively than relying solely on conventional synthetic approaches, 
creating the possibility of broad adoption of LSF (8). However, the 
multitude of C─H bonds in structurally complex biologically active 
molecules could drastically limit the applicability of C─H bond ac-
tivations since the regioselectivity of the LSF is crucial. The regiose-
lectivity of a particular compound could greatly affect the biological 
activity of its derivatives.

As an oral, unique mono-anilino-pyrimidine epidermal growth 
factor receptor kinase inhibitor (EGFR TKI), osimertinib (Fig. 1A) 
was approved by the US Food and Drug Administration in Novem-
ber 2015 as a first-line treatment for non–small cell lung cancer 
(NSCLC) patients with EGFR activation and/or resistant mutations 
(9). Osimertinib is effective in overcoming or delaying drug resis-
tance associated with first-generation EGFR TKIs and reducing 
nonselectivity toxicity mediated by EGFR TKIs (10, 11). However, 

after approximately 19 months of treatment with osimertinib, ac-
quired resistance also occurs, often associated with the C797S point 
mutation and/or other mechanisms (12). In addition, increasing the 
dosage of osimertinib to overcome the C797S mutation by enhanc-
ing competition with adenosine triphosphate (ATP) is not a feasible 
solution, as the main metabolite of osimertinib has been shown in 
human pharmacokinetic studies to result in poor in vivo selectivity 
and increased risk of toxicity associated with wild-type EGFR TKIs 
(13, 14). To address these limitations, many osimertinib derivatives 
have been developed, but there is still a need for further discovery in 
this area (15–21).

Osimertinib can be divided into four important parts as an EGFR 
TKI (Fig. 1B). The indole ring, which is embedded deeply in the hy-
drophobic pocket of the EGFR protein, selectively inhibits EGFRT790M 
kinase by interacting with the Met790 residue of the kinase through 
van der Waals forces. The Michael acceptor acrylamide side chain ex-
tends toward the conserved residue Cys797 in the active site and forms 
a covalent bond with the amino acid residue Cys797 through Michael 
addition. The pyrimidine ring is located in the hinge region and is 
close to the Met793 residue while being distant from the Gatekeeper 
residue Met790. Optimizing those parts can lead to the development of 
more effective and selective EGFR TKIs. The nitrogen atom at posi-
tion 1 and the bridging hydrogen atom of the pyrimidine ring of 
osimertinib engage in a bidentate hydrogen bond with the hydrogen 
and oxygen atoms, respectively, on the Met793 residue located in the 
hinge region of the EGFR protein (22, 23). Inspired by the informa-
tion above, we sought to introduce additional hydrophobic groups at 
the indole C2 position of osimertinib to occupy the hydrophobic 
pocket at the rear of the ATP binding site, which could strengthen the 
interaction between osimertinib and the ATP binding site or Met790 
residues, for enhancing selectivity. Considering the crucial role of the 
aryl ring in the field of antitumor drug development, as well as its 
contribution to the hydrophobicity (24, 25), we hypothesized that in-
troducing the aryl ring with various substituted groups to the indole 
C2 position may enhance the interactions of osimertinib with corre-
sponding amino acid residues.
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A great deal of effort has been devoted to the formation of C2-
arylated indole via transition metal–catalyzed oxidative C─H bond 
activation (26–28). The method avoids the prefunctionalization of 
indoles and affords a shortcut for the arylation of indoles (29). The 
coupling species including aryl halides, hypervalent iodine arylating 
agents, arylsiloxanes, aryl boronic acids, aryltrifluoroborate salts, 
aromatic sulfinic acids, aryltriazenes, and even arenes have been 
successfully used as the aryl sources, while the transition metal like 
palladium, rhodium, copper, ruthenium, nickel, and cobalt have 
been applied in the direct arylation of indoles (29–40). Nevertheless, 
direct arylation for the synthesis of 2-aryl indoles still faces the regi-
oselectivity challenge as the most reactive position of indoles is the 
C3 site (41). Strategies in achieving high site selectivity of indole C2 
arylation include preinstallation of directing groups or protecting 
groups on the nitrogen atom, the use of acidic/basic additives, the 
switch of ligand, and the limited substrate scope (42).

The LSF strategy appears to be an efficient method to introduce 
the aryl ring into the indole motif of osimertinib. However, since 
osimertinib is a complex drug molecule with three aromatic rings 
and multiple functional groups, introducing the aromatic ring to the 
indole C2 position via C─H activation requires selectivity since it 
can occur at the double bond located in the acrylamide side chain as 
well as the pyrimidine ring (43, 44). In particular, a Heck reaction 
on the acrylamide should be easier to access. Both C─H activation 
of indole C2 position and Heck reaction can use the palladium cata-
lytic system with base, and even the same catalytic system was ad-
opted in the two reactions. For example, Young and coworkers used 
PdCl2(PPh3)2/potassium acetate to complete the indole C2 arylation 
in the search of new antimicrobial agents, while the same catalytic 
system was applied to a Heck reaction to couple 1-(pyrrolidin-1-yl)
prop-2-en-1-one and 5-bromo isatin by Yu and coauthors (45, 46). 
More examples are that the same palladium catalysts and different 
bases could achieve indole C2 C─H activation or Heck reaction of 
acrylamide, respectively (43, 47–51). As said above, we aimed to 
synthesize a series of indole C2-arylated osimertinib derivatives by 
LSF strategy. The key issue of the strategy was how to control the 
regioselectivity. Here, we report the base-controlled switching of re-
gioselectivity between the C2 position of the indole ring and the 
terminal double bond of the acrylamide side chain in the structur-
ally complex antitumor drug osimertinib and evaluate the antitu-
mor activity of the synthesized derivatives.

RESULTS
Reaction condition optimization
The initial investigation commenced with osimertinib and 1-bromo- 
4-(tert-butyl)benzene 1a as model substrates and toluene as solvent, 
keeping the reaction temperature at 100°C (Table  1). At first, we 
used Pd(OAc)2 as the catalyst and Cy-John-Phos or PCy3 as the li-
gand to screen the base (entries 1 to 7) (52). Only one product was 
observed in the cases of using inorganic bases K2CO3, CsF, and 
Cs2CO3 (entries 1 and 5, 2, and 6), whereas the organic bases t-BuOK 
and sodium bis(trimethylsilyl)amide (NaHMDS) failed to produce 
any products. The molecular formula of the formed product was de-
duced as C28H33N7O2 based on a protonated molecular ion at m/z 
632.3635 [M + H]+ in the high resolution electrospray ionization 
mass spectroscopy (HRESIMS) (calcd 632.3645). Compared to 
the starting material osimertinib, the proton signals of the tert-
butylphenyl group were observed and the terminal double bond dis-
appeared in the 1H nuclear magnetic resonance (NMR) spectrum, 
indicating that 1a was coupled with the acrylamide terminal double 
bond of osimertinib to generate the product 2a only. The coupling 
constant of the double bond in the acrylamide side chain was 15.6 Hz, 
revealing that the substituted double bond was (E) stereoselectivity. 
The results proved the positive effect of the inorganic base on cou-
pling the acrylamide terminal double bond with 1a. However, using 
K2CO3 as base and replacement of Pd(OAc)2 with Pd2(dba)3, 
and Cy-John-Phos or PCy3 with 2,2′-bis(diphenylphosphino)-1,
1′-binaphthalene (BINAP), no product was detected (entry 8). 
Pleasingly, in the presence of t-BuOK or t-BuONa with Pd2(dba)3/
BINAP, the reactions gave the indole C2 coupling product 3a as the 
only detectable product (entries 9 and 10), suggesting that the or-
ganic base might be beneficial to the C─H activation of indole C2 
position. Besides 1H and 13C NMR spectra, the structure of target 
compound 3a was confirmed by x-ray diffraction (Fig. 2A). Simi-
larly, the reaction did not yield any products when NaHMDS was 
used (entry 11). To our delight, when applying Pd(PPh3)4 directly as 
catalyst, t-BuOK as base only obtained 3a in 49% yield, while 
K2CO3 only gave 2a in 65% yield (entries 12 and 13). The results 
preliminarily demonstrated that the regioselective of C─H activa-
tion at both reaction sites of osimertinib could be achieved by base 
control, which might be due to the different roles the base plays in 
the Heck reaction and the indole C2 C─H activation (53). Heck 
reaction might be through a carbometallation pathway that requires 

Fig. 1. Overview of osimertinib. (A) Structure of osimertinib and its active sites. (B) Two-dimensional binding mode of osimertinib to EGFR found in the x-ray structure. 
HR, hydrophobic region; PB, phosphate binding site.
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anti-dehydropalladation associated with base. The C2 arylation of 
indole might be by the electrophilic pathway that involves the elec-
trophilic addition of an aryl-palladium species to the indole C3 po-
sition, a 1,2-migration (C3 to C2 migration) of the palladium 
center, a deprotonation associated by base, and the reductive elimi-
nation of palladium metalation intermediate (54). The stronger or-
ganic base t-BuOK might promote the deprotonation of the indole 

motif. However, the base-controlled selectivity may refer to the dis-
tinguished structure of osimertinib. The pyrimidine ring at the in-
dole C3 position may have some effect on the selectivity since when 
simple indole or acrylamide was used as substrates, the correspond-
ing palladium catalytic system did not work.

We next investigated the influence of different bases on the reac-
tion process with the catalyst Pd(PPh3)4. The reaction using t-BuONa 

Table 1. Optimization of the reaction conditions. Reaction conditions: If not specified, osimertinib (0.1 mmol), 1a (0.2 mmol), catalyst [Pd(OAc)2 (5 mol %), 
Pd2(dba)3 (5 mol %), Pd(PPh3)4 (10 mol %)], ligand (10 mol %), base (0.2 mmol), toluene (1 ml), 20 hours.

Entry Catalyst Ligand Base Yield of 2a (%)* Yield of 3a (%)*

1 Pd(OAc)2 Cy-John-Phos K2CO3 62 –

2 Pd(OAc)2 Cy-John-Phos CsF 58 –

3 Pd(OAc)2 Cy-John-Phos t-BuOK – –

4 Pd(OAc)2 Cy-John-Phos NaHMDS – –

5 Pd(OAc)2 PCy3 K2CO3 45 –

6 Pd(OAc)2 PCy3 Cs2CO3 49 –

7 Pd(OAc)2 PCy3 t-BuONa – –

8 Pd2(dba)3 BINAP K2CO3 – –

9 Pd2(dba)3 BINAP t-BuOK – 56

10 Pd2(dba)3 BINAP t-BuONa – 55

11 Pd2(dba)3 BINAP NaHMDS – –

12 Pd(PPh3)4 – t-BuOK – 49

13 Pd(PPh3)4 – K2CO3 65 –

14 Pd(PPh3)4 – t-BuONa – 54

15 Pd(PPh3)4 – t-BuOLi – –

16 Pd(PPh3)4 – CsF 56 –

17 Pd(PPh3)4 – Cs2CO3 58 –

18 Pd(PPh3)4 – LiHMDS – –

19 Pd(PPh3)4 – NaHMDS – –

20 Pd(PPh3)4
† – t-BuONa – 58

21 Pd(PPh3)4
† – t-BuONa‡ – 60

22 Pd(PPh3)4
† – K2CO3 64 –

23 Pd(PPh3)4
† – K2CO3

‡ 63 –

*Isolated yield.    †A value of 20 mol %.    ‡A value of 0.3 mmol.
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only produced 3a in 54% yield, which was better than t-BuOK (en-
tries 14 and 12). CsF and Cs2CO3 only gave 2a but led to little drops in 
the yields (entries 16 and 17). Other bases including t-BuOLi, lithium 
bis(trimethylsilyl)amide (LiHMDS), and NaHMDS did not provide 
any products, and the starting material remained. In addition, the 
yield of compound 3a rose a little to 60% when increasing the amount 
of Pd(PPh3)4 to 20 mol % along with the amount of t-BuONa to three 
equivalents. However, the yield of 2a was nearly not influenced by the 
amounts of Pd(PPh3)4 and K2CO3 (entries 20 to 23). Thus, the opti-
mized conditions for the generation of desired compounds 2a and 3a 
are those in entries 13 and 21 (Table 1), respectively.

Substrate scope
With the optimized conditions for the base-controlled regioselective 
Heck coupling and the indole C2 C─H activation in hand, we evalu-
ated the scope of the reactions by assessing combinations of various 
aryl bromides with osimertinib. First, under optimal conditions for 
the coupling of the terminal double bond with aryl bromides using 
K2CO3, a broad range of electron-withdrawing and electron-donating 
substituents in the benzene ring, at positions para- and meta-, with 
respect to the bromine atom, were tolerated (Table 2). The substrates 
1a to 1d with alkyl groups on the phenyl ring delivered the corre-
sponding products in good results (65 to 72% yields), as well as sub-
strates with alkoxyl, trimethyl silyl, (substituted)phenyl, or naphthyl 
group on the phenyl ring (1e to 1o, 60 to 75% yields). The coupling 
process for 1p to 1w, where the stronger electron-withdrawing 
groups such as chloro, fluoro, trifluoromethyl, and cyanide were pres-
ent at para- or meta-position in aryl moiety, proceeded smoothly (58 
to 68% yields). When the methylsulfonyl group was substituted at 
para-position (1x), the yield of the coupling products was moderate 
(48%). The trisubstituted or disubstituted benzenes including 5-
bromo-2-fluoro-1,3-dimethyl-benzene (1y), 1-bromo-3-chloro-5-
fluorobenzene (1z), and 1-bromo-3,5-dimethylbenzene (1aa) were 
well tolerated, leading to coupling products 2y, 2z, and 2aa in yield 
65, 67, and 65%, respectively. The aforementioned results suggest that 

the electronegativity and the substituted positions of the bromoben-
zene do not affect the coupling reaction. The optimal conditions were 
also applicable for bromonaphthalene and its derivatives, bromo-
anthracene, 6-bromo-2-methylquinoline, and 2-methyl-1H-indene, 
delivering the corresponding products (2ab to 2ah) in 47 to 75% 
yields. However, heteroaryl bromides such as pyridine, pyrimidine, 
furan, thiophene, and thiazole did not react with osimertinib under 
optimal conditions. In addition, to further confirm the structures of 
this series of compounds, x-ray diffraction analysis was performed 
on compound 2v (Fig. 2B), confirming that the products under the 
catalysis of Pd(PPh3)4/K2CO3 are arylated derivatives of osimertinib 
at the terminal double bond in the side chain.

The scope of osimertinib indole C2 selective arylation with 
Pd(PPh3)4/t-BuONa was examined as well (Table  3). Similarly, the 
aryl bromides that bear both electron-donating groups, such as alkyl 
(1a, 1b, 1d, and 1ai), alkoxy (1e to 1h and 1ak), phenyl (1j to 1l), 
pyridinyl (1al), and naphthyl (1n), as well as electron-withdrawing 
groups, such as chloro (1p), fluoro (1q and 1r), and trifluoromethyl 
(1s and 1t), were tolerated in the standard reaction conditions, afford-
ing the desired indole C2 coupling products in good yields (53 to 
65%). Trisubstituted and disubstituted phenyl bromides with electron-
withdrawing or electron-donating groups (1y, 1aa, and 1aj) furnished 
desired products with 52 to 57% yields. Furthermore, naphthyl bro-
mides and those bearing the methoxy group provided the cross-
coupling products (3ab to 3ae) in 57 to 61% yields. 6-Bromoquinoline 
(1am) is also reactive under identical reaction conditions to obtain 
the cross-coupling product in 56% yield. The reactivity of the various 
tested aryl bromides was no different, indicating the good applica-
bility of the optimal reaction conditions. However, bulky substrates 
such as 9-bromo anthracene, 2-bromo-1,3-dimethyl-benzene, and 
2,4,6-triisopropyl benzene did not produce any products under the 
conditions, suggesting that aryl bromides with large steric hindrance 
were not applicable in indole C2 cross-coupling process. In addition, 
heteroaryl bromides including pyridine, pyrimidine, furan, and thio-
phene exhibited low reactivity under this catalytic system.

Fig. 2. Single-crystal x-ray structures of compounds 3a and 2v. (A) 3a and (B) 2v.
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The synthetic utility of the present base-controlled regioselec-
tive synthesis of osimertinib was further demonstrated by two 
large-scale reactions. Accordingly, the reaction was carried out using 
osimertinib (1.0 mmol), 4-​tert-butyl bromobenzene (2.0 mmol), 
Pd(PPh3)4 (10 mol %), and K2CO3 (2.0 mmol), which delivered 
the desired product 2a in 63% yield. When conducting the re
action of osimertinib (1.0 mmol) with 4-​tert-butyl bromobenzene 
(2.0 mmol), Pd(PPh3)4 (20 mol %), and t-BuONa (3.0 mmol), 368 mg 
of 2a was obtained (58% yield). The two large-scale reactions 
were essentially the same yield as the small-scale reactions in 
Tables 2 and 3.

 In vitro antiproliferative activity on H1975 and A549 cells
Using osimertinib as a positive control, the in vitro antiprolifera-
tive activity of 61 newly synthesized derivatives of osimertinib 
against H1975 (EGFRT790M/L858R) cells were used by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
(table S1). The results showed that 21 compounds (2f to 2i, 2p, 2r to 
2u, 2z, 2ab, 2ag, 2ah, 3e, 3g, 3h, 3k, 3p, 3r, 3s, and 3ab) had similar 
or better percent inhibition than osimertinib at the concentration of 
0.5 μM against H1975 cells. Substituents on the aromatic ring have 
an impact on the cytotoxicity. Introducing the mono- or disubsti-
tuted phenyl ring with electron-donating groups (alkyl, alkoxyl, 

Table 2. Substrate scope of aryl bromides for the base-controlled regioselective Heck coupling reaction of the terminal double bond in the acrylamide 
sidechain of osimertinib. Reaction conditions: osimertinib (0.1 mmol), 1a to 1ah (0.2 mmol), Pd(PPh3)4 (10 mol %), K2CO3 (0.2 mmol), toluene (1 ml), 20 hours. 
Isolated yield.
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phenyl, and trimethylsilyl groups) to both acrylamide and indole C2 
position reduced the percent inhibition of osimertinib, except for 
compound 3e with meta-methoxy benzene ring at the indole C2 posi-
tion. Both 2,3-dihydrobenzo[b][1,4]dioxine and benzo[d][1,3]diox-
ole substituted at acrylamide position enhanced the percent inhibition 
notably (2g and 2h), whereas 2,3-dihydrobenzo[b][1,4]dioxine (3g) at 
the indole C2 position led to slight decrease, but enzo[d][1,3]dioxole 
increased the percent inhibition (3h). For acrylamide derivatives, 
compound 2p with para-chlorobenzene ring, 2s and 2t with para- or 
meta-trifluoromethyl benzene ring, and 2z with both chlorine and 
fluorine atoms showed better activities than compounds with fluorine 
atom (2q and 2r) and other electron-withdrawing groups (2u to 2x). 
When naphthyl group was introduced to osimertinib, the effect of ac-
tivity was influenced by the substituted position. 2-Naphthyl group 
enhanced the percent inhibition (2ab), and 1-naphthyl group de-
creased the activity (2 ac). Moreover, for the substituted naphthyl 
group, the connected positions to osimertinib were not important. 
Both compounds 2ad and 2ae exhibited less activity than osimertinib. 
The indole C2 derivatives (3p to 3t, and 3ab to 3ae) had the same 
structure-activity relationship, except for 3r and 3t. On the contrary, 

compound 3r containing meta-fluoro benzene ring enhanced the cy-
totoxicity, while 3t with meta-trifluoromethyl benzene ring decreased 
the percent inhibition rate. Meanwhile, when choosing quinolyl group 
as a substituent, the acrylamide derivative 2ag displayed better cyto-
toxicity than osimertinib, whereas indole C2 derivative 3am promot-
ed the growth of H1975 cells. Following the assessment of inhibitory 
rates at 0.5 μM against H1975 cells, 14 compounds with promising 
activity were selected for further median inhibitory concentration 
(IC50) determination in both A549 and H1975 cell lines (Table 4).

According to Table 4, most selected modified compounds exhib-
ited better or equal antiproliferative activities against both A549 and 
H1975 cell lines. For A549 cells, all selected compounds had better 
IC50 values than osimertinib. Except for 2z (IC50 = 0.4333 μM), the 
IC50 values of all acrylamide derivatives are less than half of osimer-
tinib (IC50 = 0.6864 μM), whereas the acrylamide derivatives 2ab and 
2ag featuring naphthyl and quinolyl groups showed the best activity. 
On the contrary, when the naphthyl or quinolyl group attached to the 
indole C2 position, the activity was decreased. For H1975 cells, the 
introduction of particular aromatic ring to indole C2 position en-
hanced the activity, whereas the modification of acrylamide showed a 

Table 3. Substrate scope of aryl bromides for the base-controlled regioselective C─H activation of C2 position at the indole moiety of osimertinib. 
Reaction conditions: osimertinib (0.1 mmol), 1a to 1am (0.2 mmol), Pd(PPh3)4 (20 mol %), t-BuONa (0.3 mmol), toluene (1 ml), 20 hours. Isolated yield.
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similar IC50 value to osimertinib. Derivatives 3p, 3r, and 3s with halo-
gen atoms on the benzene ring exhibited the best antiproliferative ac-
tivities. In particular, the IC50 value of 3r was 0.044 μM, while the 
positive control osimertinib was 0.210 μM. In general, 2g, 2h, 3e, 3p, 
3r, and 3s exhibited promising in  vitro antiproliferative activity 
against both A549 and H1975 cell lines. On the basis of the distinct 
structural characteristics of these six compounds, we selected 2h, 3e, 
and 3r for EGFRT790M/L858R kinase activity testing.

 In vitro EGFR kinase assays
The selected compounds were evaluated for their in vitro kinase in-
hibitory activity (Table  5). 2h exhibited an IC50 value obviously 
higher than the positive control drug osimertinib, possibly due to its 
modification on the double bond, which hinders its binding to the 
Cys797 protein and causes off-target effects. In contrast, 3e and 3r 
both showed IC50 values comparable to osimertinib. Therefore, 3e 
and 3r were selected for further identification in the H1975 cells.

 In vitro antiproliferative activity of 3r and 3e on 
osimertinib-resistant H1975 cells
To assess the effect of 3r and 3e on the growth of resistant cells, 
the antiproliferative activities of 3r, 3e, and osimertinib against 
osimertinib-resistant H1975 cells (H1975OR) were evaluated. As 
shown in fig. S1, the results suggested that 3r exhibited a bit better 
antiproliferative activity (IC50 = 1.9 μM) than osimertinib and 3e 
(IC50 = 2.6 μM for osimertinib, IC50 = 3.9 μM for 3e).

Effect on cell apoptosis
To assess the antiproliferative activity of compounds 3e and 3r in 
human NSCLC cells, cell colony formation assay was carried out. 
Presenting notable cell colony reduction and superior antiprolifera-
tive activity of 3r than that of both 3e and osimertinib at the same 
concentrations (Fig.  3A). For figuring out the mechanism of cell 
death induced by 3e and 3r, Hoechst 33258 staining was conducted, 

resulting in a marked increase in fluorescence intensity, which was 
referred to as the destruction of cell structure and chromatin con-
traction (Fig. 3B). Subsequently, the apoptosis rate was detected by 
Annexin V/Propidium iodide (PI) double staining (Fig.  3C). The 
results showed that 3e and 3r could induce apoptosis. In addition, 
Western blot analysis revealed that the expression levels of Bax and 
cleaved caspase-3 were markedly up-regulated, while the antiapop-
totic marker Bcl-2 was down-regulated after 3e and 3r treatment 
(Fig. 3D), confirming that 3e and 3r could notably induce apoptosis. 
Together, compounds 3e and 3r can inhibit the proliferation and 
induce apoptosis of H1975 cells, in which 3r was superior to 3e and 
osimertinib.

Effect on cell migration
Whether 3e and 3r can inhibit cell migration was determined by 
using wound healing scratch assay. The result showed that the 
wound closure rate of cells treated with 3e and 3r was reduced 
(Fig. 4A). Moreover, on the basis of Western blot analysis and im-
munofluorescence analysis, up-regulation of E-cadherin and down-
regulation of matrix metalloproteinase-2 (MMP-2) in H1975 cells 
(Fig.  4, B to D) were observed. Overall, the above experimental 

Table 4. Antiproliferative activities against A549 and H1975 cell lines in vitro. 

Compound

IC50 (μM)

A549 (EGFRWT) H1975 (EGFRL858R/T790M)

2g 0.2072 ± 0.0020 0.1210 ± 0.0019

2h 0.2954 ± 0.0018 0.1050 ± 0.0009

2p 0.2954 ± 0.0032 0.2506 ± 0.0026

2s 0.2072 ± 0.0018 0.7164 ± 0.0045

2z 0.4333 ± 0.0071 0.2548 ± 0.0027

2ab 0.1151 ± 0.0013 0.5768 ± 0.0031

2ag 0.1139 ± 0.0023 0.3996 ± 0.0016

3e 0.3009 ± 0.0022 0.0783 ± 0.0006

3h 1.1076 ± 0.0112 0.3740 ± 0.0022

3k 0.4001 ± 0.0049 0.1386 ± 0.0027

3p 0.4151 ± 0.0010 0.1065 ± 0.0023

3r 0.4333 ± 0.0019 0.0438 ± 0.0005

3s 0.4139 ± 0.0011 0.0969 ± 0.0008

3ab 0.6520 ± 0.0054 0.2658 ± 0.0033

Osimertinib 0.6864 ± 0.0045 0.2100 ± 0.0034

Table 5. Inhibitory activities against EGFR kinases in vitro. 

Compound

IC50 (nM)

EGFRL858R/T790M

2h 1391 ± 360

3e 6 ± 3

3r 5 ± 2

Osimertinib 6 ± 2
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results indicated that 3e and 3r inhibited the migration of H1975 
cells similarly to osimertinib.

 In vivo antitumor efficacy study
The antitumor activity of osimertinib or 3r was investigated in 
H1975 xenograft mouse model. The measured tumor volume and 

weight referred to the robust antitumor activity of 3r in H1975 xe-
nograft mouse model, especially that the high dose (20 mg/kg) 
group was consistent with the antitumor effect of osimertinib (20 mg/
kg) (Fig. 5, A to C). In addition, the Western blot analysis of Ki67 in 
tumor tissues also indicated that 3r could notably inhibit the prolif-
eration of the H1975 xenograft mouse model (Fig.  5, D and E). 

Fig. 3. Compounds 3e and 3r inhibited cell proliferation and induced apoptosis of H1975 cells. (A to C) Colony formation assay of H1975 cells treated with 3e, 3r, 
and osimertinib. (D) Hoechst 33258 staining assay in H1975 cells treated with 3e, 3r, and osimertinib. Scale bar, 40 μm. (E and F) H1975 cells were treated with 3e, 3r, and 
osimertinib for 24 hours, and apoptosis ratios were determined by flow cytometry analysis of Annexin V/PI double staining. (G to J) Western blot analysis of Bax, Bcl-2, and 
cleaved caspase-3 in H1975 cells treated with 3e, 3r, and osimertinib for 24 hours. β-Actin was used as a loading control. ns, not significant.
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Fig. 4. Compounds 3e and 3r inhibit migration in H1975 cells. (A and B) H1975 cells were treated with 3e, 3r, and osimertinib. The scratch assay was used to measure 
migration capabilities of the cells. The wound closure ratio represents the level of cell migration ability. Scale bar, 100 μm. (C to E) Western blot analysis of E-cadherin and 
MMP-2 in H1975 cells treated with 3e, 3r, and osimertinib for 24 hours. β-Actin was used as a loading control. (F and G) Immunofluorescence analysis of MMP-2 and E-
cadherin levels in H1975 cells treated with 3e, 3r, and osimertinib for 24 hours. Scale bar, 10 μm.
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Fig. 5.  In vivo antitumor effects of osimertinib and 3r on H1975 (n = 8 per group). (A) Tumor tissues, (B) tumor volumes, and (C) tumor weight following treatment 
by oral administration with osimertinib and 3r. (D) Western blot analysis of xenograft tumor tissues from vehicle-, osimertinib-, and 3r-treated nude mice for expression 
of Ki67, p-EGFR, and EGFR. β-Actin was used as a loading control. (E) Quantification of Ki67 by Western blot analysis. (F) Body weights following treatment by oral admin-
istration with osimertinib and 3r. (G) Representative hematoxylin and eosin staining in heart, liver, spleen, lung, and kidney sections. Scale bar, 40 μm. Data are expressed 
as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control groups.
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Meanwhile, the compound led to the down-regulation of p-EGFR 
in vivo (Fig. 5D). We also found that treatment of 3r or osimertinib 
did not cause obvious body weight loss and tissue damage (Fig. 5, F 
and G). Collectively, these results suggest that 3r exhibits promising 
antitumor activity in the H1975 xenograft mouse model.

DISCUSSION
Via LSF strategy, the first example of base-controlled palladium-
catalyzed regioselective Heck reaction and indole C2 C─H activation 
of anticancer drug osimertinib with aryl bromides is presented. By 
using Pd(PPh3)4 as a catalyst, a switchable regioselective direct aryla-
tion of osimertinib was achieved using K2CO3 or t-BuONa. Specifi-
cally, the inorganic base K2CO3 facilitated the arylation of the 
acrylamide terminal C(sp2)-H bond, while the organic base t-BuONa 
preferred the performance of indole C2 C(sp2)-H arylation. The re-
action exhibited good substrate compatibility, except for heterocyclic 
aromatic bromides. The electronegativity or steric hindrance of the 
bromides did not affect the reaction, although highly hindered aro-
matic bromides were unable to react with the indole C2 position due 
to steric hindrance. On the basis of the structure-activity relation-
ship of osimertinib, 34 acrylamide terminal double bond arylated 
compounds and 27 indole C2 arylated compounds were designed 
and synthesized. Among the arylated osimertinib derivatives, com-
pound 3r with the 3-fluorophenyl group at indole C2 position 
showed excellent in vitro activity, with similar EGFRT790M/L858R inhi-
bition and antiproliferative activity in A549 cells, as well as superior 
antiproliferative activity in H1975 cells than those of osimertinib. 
Furthermore, the in vivo antitumor efficacy of 3r in xenograft mouse 
model bearing H1975 cells was also comparable to osimertinib. 
Overall, the strategy efficiently provides a broad range of drug de-
rivatives in the field of medicinal chemistry, with the potential for 
further optimization and development of targeted therapies.

MATERIALS AND METHODS
All chemicals were obtained from commercial sources and used 
without further purification. The osimertinib and bromides 1a to 
1am were purchased from Aladdin Reagent Co. Ltd. (Shanghai, P. R. 
China). In addition to commercially available extra dry solvents, all 
solvents were purified by the standard operating method. Reactions 
were monitored by thin-layer chromatography using 254-nm ultra-
violet light to visualize the course of reactions. Flash column chro-
matography was performed using silica gel (200 to 300 mesh, 
Qingdao Haiyang Chemical Co. Ltd., Qingdao, P. R. China). NMR 
spectra were recorded on Bruker AV 400 MHz or 600 MHz spec-
trometers. Chemical shifts (δ) were reported in parts per million 
with tetramethylsilane as the internal standard, and J values were 
given in hertz. The following abbreviations were used to explain 
NMR peak multiplicities: s, singlet; d, doublet; t, triplet; m, multi-
plet. High-resolution mass spectra data were acquired using a Wa-
ters Acquity UPLC/Q-TOF micro mass spectrometer.

Base-controlled Pd-catalyzed arylation of osimertinib 
acrylamide double bond
Osimertinib (0.050 g, 0.1 mmol), Pd(PPh3)4 (0.012 g, 10 mol %), and 
K2CO3 (0.028 g, 0.2 mmol, 2.0 eq.) were dissolved in dry toluene 
(1 ml). The resulting mixture was stirred at room temperature while 
slowly adding the corresponding bromide. After being carried out 

under an argon atmosphere at 100°C for 20 hours, the reaction was 
quenched with water, extracted with dichloromethane, dried over 
Na2SO4, and filtered. The filtrate was collected under reduced pres-
sure. Further purification was performed by flash column chromatog-
raphy to obtain the desired products 2a to 2ah (47 to 75% yields).

Base-controlled Pd-catalyzed arylation of osimertinib indole 
C2 position
Osimertinib (0.050 g, 0.1 mmol), Pd(PPh3)4 (0.023 g, 20 mol %), 
and t-BuONa (0.029 g, 0.3 mmol, 3.0 eq.) were dissolved in dry tolu-
ene (1 ml). While stirring at room temperature, the corresponding 
bromide (0.2 mmol, 2.0 eq.) was slowly added. The mixture was car-
ried out under an argon atmosphere at 100°C for 20 hours. Then, the 
reaction was quenched with water and extracted with dichloro-
methane. The organic layer was dried over Na2SO4 and filtered, and 
the filtrate was collected under reduced pressure. Further purifica-
tion was performed by flash column chromatography to obtain the 
target products 3a to 3am (52 to 65% yields).

Cell culture, antibodies, and reagents
A549 and H1975 cells were obtained through commercial purchase 
from the American Type Culture Collection (Manassas, VA, USA). 
All lung cancer cells were cultured in RPMI 1640 medium (Hyclone, 
Logan, UT, USA) supplemented with 10% fetal bovine serum. 
H1975OR cells were established by treating H1975 cells with in-
creasing concentration of osimertinib, from 50 nM to 1 μM with 
stepwise increments of 100 nM. MTT (M2128), Hoechst 33258 
(14530), and 4′,6-diamidino-2-phenylindole (DAPI) (D9542) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies 
used in this study were as follows: Bax [5023, Cell Signaling Technol-
ogy (CST)], Bcl-2 (2870, CST), caspase-3 (9662, CST), E-cadherin 
(14472, CST), MMP-2 (2870, CST), Ki67 (28074-1-AP, Proteintech, 
IL, USA), p-EGFR (3777, CST), EGFR (2085, CST), and β-actin 
(66009-1-Ig, Proteintech, IL, USA).

Cell viability inhibition assay
For cell viability inhibition assay, cells were seeded into 96-well 
plates and cultured overnight. The cells were treated with an indicated 
concentration of the test articles and equivalent amounts of dimethyl 
sulfoxide used as a negative control. After 72 hours, MTT was added, 
and the cells were incubated for another 4 hours. Cell viability was 
detected with a microplate reader at a wavelength of 490 nm.

Colony formation assay
The proliferation potential of cells was assessed by plating 1000 cells 
in six-well plates and treated with the indicated concentration of 3e 
and 3r or vehicle control. After 2 weeks, the cells were fixed with 
methanol and stained with crystal violet. The number of colonies 
was counted.

Hoechst 33258 staining
The H1975 cells were seeded in each well of 24-well culture plates at a 
density of 2  ×  104 cells/ml treated or untreated with 3e, 3r, and 
osimertinib and cultured for 24 hours. The subcellular structure al-
terations of apoptosis were observed under a fluorescence microscope.

Annexin V/PI staining
The H1975 cells were seeded into six-well culture plates with differ-
ent concentrations of 3e, 3r, and osimertinib and then cultured for 
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24  hours. The collected cells were then fixed with phosphate-
buffered saline (PBS). The apoptotic ratio was measured by flow cy-
tometry (Becton Dickinson, Franklin Lakes, NJ) after using an 
Annexin V/PI Staining Kit (Roche, Germany) (52).

Western blot analysis
Briefly, the H1975 cells were cultured in six-well culture plates for 
24 hours. Then, cells were treated with different concentrations of 3e, 
3r, and osimertinib. All the cells were collected and lysed by lysis 
buffer at 4°C for 1 hour. After 12,000 rpm centrifugation for 15 min, 
the protein content of the supernatant was determined by the Bio-
Rad DC protein assay (Bio-Rad Laboratories, Hercules, CA, USA). 
Equal amounts of the total protein were separated by 10 to 15% SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 
polyvinylidene difluoride (PVDF) membranes, and the membranes 
were soaked in a blocking buffer [5% skimmed milk or bovine serum 
albumin (BSA)]. Proteins were detected using primary antibodies 
followed by horseradish peroxidase (HRP)–conjugated secondary 
antibodies and visualized using enhanced chemiluminescence (ECL) 
as the HRP substrate. All animal tumors were collected and lysed at 
4°C for 1 hour. After 12,000 rpm centrifugation for 15 min, the pro-
tein content of the supernatant was determined by the Bio-Rad DC 
protein assay (Bio-Rad Laboratories, Hercules, CA, USA). Equal 
amounts of the total protein were separated by 10 to 15% SDS-PAGE 
and transferred to PVDF membranes, and the membranes were 
soaked in a blocking buffer (5% skimmed milk or BSA). Proteins 
were detected using primary antibodies followed by HRP-conjugated 
secondary antibodies and visualized using ECL as the HRP sub-
strate (55).

Scratch assay
The H1975 cells were cultured in six-well plates and scratch-
wounded by sterilized pipettes. Then, the cells were washed with 
PBS and cultured with normal medium or 3e, 3r, and osimertinib. 
After 24  hours of incubation, pictures were taken with a phase-
contrast microscope.

Immunofluorescence analysis
Cells were seeded onto the glass coverslips in 24-well plates. After 
treatment with or without 3e, 3r, and osimertinib, cells were fixed 
with 4% paraformaldehyde in PBS for 30 min. The slides were then 
washed three times with PBS and incubated with 0.2% Triton X-100 
(Sigma-Aldrich, 9002-93-1) and 5% goat serum (Sigma-Aldrich, 
G9023) for 30 min. Cells were incubated with indicated primary an-
tibody overnight at 4°C and subsequently incubated with secondary 
antibody at room temperature for 1 hour. Nuclei were finally stained 
with DAPI for 5 min. Images were captured using a fluorescence 
microscope (56).

Xenograft mouse model
Forty female BALB/c mice (6 to 8 weeks, 20 to 22 g) were injected 
with H1975 cells (5 × 106 cells per mouse). When the tumor volume 
reached approximately 0.1 cm3, mice were randomly assigned into 
five groups (n  =  8). Animals were weighed during the treatment 
period, and the tumor size was measured by electronic calipers dur-
ing the treatment period. All mice were sacrificed, and the tumor 
tissues were harvested, weighed, and photographed. Then, the tu-
mor tissues were frozen in liquid nitrogen or fixed in formalin im-
mediately for further investigation.

Hematoxylin and eosin staining
Tissues were fixed before paraffin embedding. Then, tissues were 
sliced into 4 mm, stained for 5 min with hematoxylin, washed with 
tap water for 1 min, differentiated for 30 s (hydrochloric acid and 
ethanol), washed with warm water for 5 min, and finally placed into 
the eosin solution for 2 min before regular dehydration and sealed 
with resinene.

Statistical analysis
All the presented data and results were confirmed by at least three 
independent experiments. The data were expressed as means ± SEM 
or means ± SD and analyzed with GraphPad Prism 7.0 software. 
Statistical differences between two groups were determined using 
Student’s t test, while between multiple groups were determined us-
ing a one-way analysis of variance. P < 0.05 was considered statisti-
cally significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S126
Tables S1 and S2
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