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To search for potent nitric oxide (NO) donating epidermal growth factor receptor (EGFR) inhibitors, a
series of phenylsulfonylfuroxan-based anilinopyrimidines 10aeh were synthesized and biologically
evaluated. Compounds 10feh exhibited potent inhibitory activity against EGFR L858R/T790M and were
as potent as WZ4002 in inhibition of H1975 cells harboring EGFR L858R/T790M. Additionally, 10h pro-
duced high levels of NO in H1975 cells but not in normal human cells, and its antiproliferative activity
was diminished by hemoglobin, an NO scavenger. Furthermore, 10h inhibited EGFR activation and
downstream signaling in H1975 cells. These results suggest that the strong antiproliferative activity of
10h could be attributed to the synergic effects of high levels of NO production and inhibition of EGFR and
downstream signaling in the cancer cells.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

Non-small cell lung cancer (NSCLC) is the leading cause of
cancer-related death worldwide, and only less than 15% of NSCLC
patients are anticipated to be alive for five years after diagnosis
[1,2]. Currently, one of the most important therapeutic targets for
NSCLC is epidermal growth factor receptor (EGFR) tyrosine kinase
[3]. EGFR is essential for cell proliferation, survival, adhesion,
migration, and differentiation through activation of downstream
signaling pathway [4]. Deregulation of EGFR signaling attributed to
overexpression or constitutive activation can promote malignant
transformation, and is correlated with poor prognosis in NSCLC [5].
, China Pharmaceutical Uni-
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The first generation ATP-competitive and reversible EGFR in-
hibitors such as gefitinib and erlotinib (Fig. 1) are effective for pa-
tients harboring a short in-frame deletion of exon 19 (del E746_A750)
and the L858R point mutation in exon 21 in the EGFR domain [6].
Unfortunately, the secondary mutation in the catalytic domain of
EGFR exon 20 (T790M) causes about 50% of NSCLC cases to develop
resistance after repeated treatments by the first generation EGFR
inhibitors [7,8]. EGFR T790M mutation restores the affinity for ATP
similar to that of wild type (WT) EGFR, and prevents the reversible
inhibitors from binding at higher ATP concentrations [9].

The irreversible EGFR inhibitors, as the second generation in-
hibitors, including CI-1033 [10], BIBW2992 [11], HKI-272 [12],
PF00299804 [13] (Fig. 1) have been shown to be superior to the
reversible peers against EGFR T790M [14]. These inhibitors are
structurally characterized by a quinazoline-type scaffold connect-
ing an electrophilic functionality (acrylamide or analogous moiety)
that can undergo a Michael addition reaction with a conserved
cysteine residue Cys797 present in EGFR to achieve greater occu-
pancy than the reversible inhibitors [15]. Therefore, the irreversible
EGFR inhibitors can circumvent competition with ATP to overcome
the T790M mutation related resistance [16]. Nevertheless, since
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Fig. 1. Chemical structures of reversible and irreversible EGFR inhibitors.
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EGFR T790M and WT EGFR exhibit a similar affinity to ATP [9], the
quinazoline-based EGFR inhibitors could inhibit both EGFR T790M
and WT EGFR at the same concentration. Therefore, the clinical
efficacy of these inhibitors has been limited, especially in patients
with gefitinib- or erlotinib-resistant NSCLC, by some side effects
such as the dose-limiting toxicity, diarrhea and skin rash [17].

Recently, novel irreversible EGFR inhibitors with an anilino-
pyrimidine scaffold were reported by Gray et al. [18]. These in-
hibitors can display good selectivity against EGFR T790M mutant
over WT EGFR, exemplified byWZ4002 [19] (Fig. 1), which exhibits
30e100-fold stronger inhibitory activity against EGFR T790M, but
100-fold less inhibitory activity against WT EGFR as compared with
the irreversible quinazoline-based inhibitors in vitro. Accordingly,
the anilinopyrimidine is supposed to be an attracting scaffold for
the design of small molecule inhibitors against EGFR T790M.

Nitric oxide (NO), a signaling and effectormolecule, plays a pivotal
role in diverse physiological and pathophysiological processes [20]. It
is generally believed that high levels of NO generated from NO-
donors can not only induce apoptosis and inhibit metastasis of tu-
mor cells, but also sensitize tumor cells to chemotherapy, radiation
and immunotherapy in vitro and in vivo [21]. In this regard, the
combination of NO with anti-cancer agents could increase the ther-
apeutic efficacy and retard the development of drug resistance [22].
Furoxan, an important class of NO donors, is able to produce high
levels of NO in vitro and inhibit the growth of tumors in vivo [23]. Our
group has developed a variety of phenylsulfonylfuroxan-based NO
releasing compounds that exhibited potent and selective antitumor
activity in vitro and in vivo [24e26].

It is therefore of interest to investigate whether introduction of
phenylsulfonylfuroxan moiety to the anilinopyrimidine scaffold
would provide a hitherto unknown class of NO donating EGFR in-
hibitors that may release high levels of NO to exert synergistic
antitumor effects with anilinopyrimidines. As part of our ongoing
research program, a series of phenylsulfonylfuroxan-based anili-
nopyrimidines 10aeh were synthesized, and their EGFR kinase
inhibitory activity, antiproliferation against several NSCLC cell lines,
in vitro NO release, and effects on EGFR and downstream signaling
were biologically evaluated.

2. Chemistry

Compounds 10aeh were synthesized as depicted in Scheme 1.
Substituted phenol 4a was prepared from hydroxycinnamic
acid 1 by esterification and subsequent hydrogenation [27]
while phenols 4bed were commercially available. The phenols
4aed were regioselectively coupled to the 4-position of 2,4,5-
trichloropyrimidine to afford aryl ethers 5aed. On the other hand,
cyclic amines 6aec were treated with 5-fluoro-2-nitrophenyl
methyl ether to furnish nitro arylamines 7aec, which underwent
reduction to generate corresponding arylamines 8aec. Coupling of
5aedwith 8aec in the presence of trifluoroacetic acid under reflux
offered anilinopyrimidines 9aeh, which were condensed with
diphenylsulfonylfuroxan 11 prepared via a three-step reaction
sequence as described previously [24] to provide mono-
phenylsulfonylfuroxans 10aeh.

3. Results and discussion

3.1. Kinase inhibitory activity

The inhibitory activities of the target compounds 10aeh against
different types of kinases (EGFR WT, EGFR L858R, EGFR L858R/
T790M) were evaluated using a well-established FRET-based Z0-
Lyte assay [28,29], and gefitinib and WZ4002 were employed as
positive controls. As shown in Table 1, all of the tested compounds
exhibited high selective and strong inhibitory activity against EGFR
L858R/T790M over WT EGFR and EGFR L858R as WZ4002 did.
However, the ability of all compounds to inhibit EGFR L858R/
T790Mwas lower thanWZ4002 but superior to gefitinib. Generally,
the compounds with meta-furoxan substitution on the benzene
ring displayed stronger inhibitory activity on EGFR L858R/T790M
than para-ones. For instance, compounds 10feh (IC50 ¼ 0.019,
0.068, and 0.045 mM, respectively) were more active than com-
pounds 10aee (IC50s ¼ 0.14e0.96 mM) in inhibition of EGFR L858R/
T790M.

3.2. Inhibitory activity on gefitinib-resistant H1975 and -sensitive
HCC827 cells

The antiproliferative effects of the target compounds 10aeh on
NSCLC cell lines gefitinib-resistant H1975 (harboring EGFR L858R/
T790M) and gefitinib-sensitive HCC827 (bearing EGFR del E746_A750)
were investigated with gefitinib and WZ4002 as controls by an MTT
assay. As can be seen in Table 2, consistent with their kinase inhibition,
most of these compounds displayed higher antiproliferative activity
on H1975 cells (IC50s ¼ 0.052e0.372 mM) than gefitinib
(IC50 ¼ 8.589 mM). Notably, compounds 10feh (IC50s ¼ 0.052e
0.068 mM) with the furoxan moiety linked to the meta-position of
phenyl ringwere as potent asWZ4002 (IC50¼ 0.064 mM), and showed
stronger inhibitory activity against H1975 cells than para-substituted



Table 2
Antiproliferative activities of compounds 10aeh against cells harboring a different
status of EGFR.

a

Scheme 1. Synthesis of the target compounds 10aeh. Reagents and conditions: (a) EtOH, H2SO4, reflux, 4 h; (b) LiAlH4, BnCl, dry THF, rt, 4 h; (c) H2, Pd/C, MeOH, rt, overnight, (for
4a, 8a and 8b); (d) 2,4,5-trichloropyrimidine, K2CO3, DMF, rt, 2 h; (e) 5-fluoro-2-nitrophenyl methyl ether, K2CO3, DMSO, rt, overnight (for 7a and 7b); dioxane, 120 �C, 2 h (for 7c);
(f) acrylic acid, DCC/DMAP, anhydrous CH2Cl2, rt, overnight; (g) iron powder, NH4Cl, THF/H2O (1/1, v/v), reflux, 3 h, (for 8c); (h) 5aed, TFA, 2-BuOH, reflux, 3 h; (i) 3,4-
bis(phenylsulfonyl)-1,2,5-oxadiazole-2-oxide (11), NaH, anhydrous THF, rt, 0.5 h.
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analogs 10aee (IC50s ¼ 0.148e0.372 mM). Additionally, 10feh were
also active against HCC827 cells (IC50s ¼ 0.022e0.063 mM).

3.3. Activity on the cell lines harboring WT EGFR

As shown in Table 1, the target compounds did not significantly
suppress WT EGFR relative to EGFR L858R/T790M. To validate that,
the antiproliferative activity of the target compounds against cell
lines harboring WT EGFR were investigated. The tested cell lines
included NSCLC cells A549 possessing WT EGFR and k-Ras
mutation-activating bypass MAPK signal pathway, human epithe-
lial carcinoma cells A431 which overexpress WT EGFR, and human
normal bronchial epithelial cell line 16HBE harboring WT EGFR. It
can be seen from Table 2, most of compounds showed lower to
moderate inhibitory activity against the cell lines harboring WT
EGFR, comparable or superior to WZ4002. The compounds 10feh
exhibited less antiproliferative activity on A549 cells (IC50 ¼ 4.189,
3.905 and 1.715 mM, respectively) and A431 cells (IC50¼ 1.356,1.201
and 0.348 mM, respectively) relative to their inhibition against
H1975 and HCC827 cells, suggesting that these compounds might
Table 1
Inhibitory activity of compounds 10aeh against different types of EGFRs in vitro.

Compound EGFR IC50 (mM)a

WT L858R L858R/T790M

10a 2.28 >10 0.78
10b 2.94 5.36 0.96
10c 1.09 1.53 0.14
10d 3.15 3.22 0.25
10e >10 >10 0.41
10f 0.13 0.15 0.019
10g 0.24 0.49 0.068
10h 0.35 0.37 0.045
Gefitinib 0.0001 0.0002 0.941
WZ4002 0.0032 0.0054 0.0008

a EGFR activity assays were performed using the FRET-based Z0-Lyte assay ac-
cording to themanufacturer’s instructions. The compoundswere incubatedwith the
kinase reactionmixture for 1.5 h beforemeasurement. The data weremeans of three
independent experiments.
possess a good selectivity against NSCLC cells with EGFR mutants
over the other cancer cells. Additionally, 10feh showed much less
inhibition on the growth of 16HBE cells (IC50 ¼ 2.207, 3.251 and
1.928 mM, respectively), which was approximately 35e50 fold less
potent than their inhibition against the H1975 and HCC827 cells,
suggesting the safety profile of these compounds.

3.4. Effects of NO on antiproliferative activity

3.4.1. The antiproliferative activity was positively correlated with
NO release

Next, the effects of NO on the antiproliferative activity of target
compounds against NSCLC cells were evaluated. In this regard,
NSCLC cells H1975 and normal human bronchial epithelial cells
16HBE were respectively exposed to compounds 10a, 10b, 10g, 10h,
Compound IC50 (mM)

H1975b HCC827c A549d A431e 16HBEf

10a 0.315 4.817 2.835 0.551 3.519
10b 0.372 1.928 3.746 0.479 2.423
10c 0.221 0.863 3.655 2.199 2.296
10d 0.148 0.095 4.254 0.357 2.192
10e 0.154 4.902 3.902 4.659 3.371
10f 0.052 0.063 4.189 1.356 2.207
10g 0.068 0.036 3.905 1.201 3.251
10h 0.055 0.022 1.715 0.348 1.928
Gefitinib 8.589 0.006 4.626 8.982 1.601
WZ4002 0.064 0.009 3.354 1.115 0.811

a The inhibitory effects of individual compounds on the proliferation of cancer cell
lines were determined by the MTT assay. The data were means from at least three
independent experiments.

b H1975 is a human lung cancer cell line (EGFR L858R/T790M).
c HCC827 is a human lung cancer cell line (EGFR del E746_A750).
d A549 is a human lung cancer cell line (WT EGFR/k-Ras dependent).
e A431 is human epithelial carcinoma cell line (overexpressed WT EGFR).
f 16HBE is a normal human bronchial epithelial cell line.



Fig. 2. Variable levels of NO (presented as nitrite) produced by the indicated compounds.
H1975 and 16HBE cell lines were treated with individual compounds at 100 mM for
150 min, and the contents of nitrite in the cell lysates were determined by Griess assay.
The individual values were determined by measuring absorbance at 540 nm and calcu-
lated according to the standard curve. Data shown were the mean values � SEM of each
compound in individual types of cells from three experiments. Gfb: gefitinib.

Fig. 3. NO produced by 10h contributed to the inhibitory effect on cell proliferation.
H1975 cells were pretreated with the indicated concentrations of hemoglobin (Hb) (0,
1, 5, 10 or 20 mM) for 1 h and treated with 1 mM of 10h for 24 h. The results were
expressed as percent of cell growth inhibition relative to control cells. Data were mean
values � SEM obtained from three independent experiments.
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gefitinib (each at 100 mM) and DMSO for the same incubation time.
The levels of NO generated in the cell lysates were determined and
presented as that of nitrite (Fig. 2) using a Griess assay [30]. As
expected, treatment with gefitinib or DMSO resulted in little nitrite
in both H1975 and 16HBE cells. In contrast, treatment with the
Scheme 2. The speculative mechanism by which compounds 10
tested compounds generated variable levels of nitrite in H1975
cells. Interestingly, treatment with less active compounds 10a and
10b produced lower levels of nitrite, whereas more active com-
pounds such as 10g and 10h produced higher levels of nitrite in
these cells, indicating that the amounts of NO released by these
compounds were positively correlated with their inhibitions on
H1975 cells in vitro (R ¼ 0.907, p < 0.05, determined by Pearson’s
correlation analysis). Additionally, the levels of nitrite produced by
10g and 10h in 16HBE cells weremuch less than that in H1975 cells.
These results suggest that the target compounds may selectively
produce high levels of NO in NSCLC cells with EGFR mutations but
not in normal human cells harboring WT EGFR, which is in
agreement with their strong selective inhibition on proliferation of
NSCLC cells with EGFR mutations in vitro.

3.4.2. The antiproliferative activity was diminished by an NO
scavenger

To verify the contribution of NO to the inhibitory activity, 10h
was selected to test its antiproliferative effects in the presence or
absence of an NO scavenger, hemoglobin. H1975 cells were pre-
treated with various concentrations of hemoglobin for 1 h and then
treated with 1 mM of 10h. The effects of different treatments on the
growth of H1975 cells were determined by the MTT assay (Fig. 3). It
was observed that treatment with 10h alone significantly inhibited
the growth of H1975 cells and this inhibitory effect was dramati-
cally reduced by pretreatment with hemoglobin in a dose-
dependent manner. These results clearly demonstrate that NO
production by the compound substantially contribute to its inhi-
bition on NSCLC cell proliferation in vitro.

3.4.3. The mechanism of NO release
As reported previously [31,32], the sulfhydryl groups can

induce the generation of NO from furoxans, we postulate that the
phenylsulfonylfuroxan moiety of the target compounds is likely to
release NO by the assistance of the conserved cysteine residue
Cys797 on EGFR T790M. As shown in Scheme 2, a nucleophilic
attack of Cys797-S� on position 3 of the furoxan ring of 10 may
lead to generation of the adduct 12. Subsequently, ring opening of
furoxan occurs to form the nitroso derivative 13, which further
eliminates nitrosyl anions (NO�) and produces nitroso compound
14. Meanwhile, the eliminated nitrosyl anions furnish NO after
oxidation. According to this assumption, the furoxan moiety of 10h
might bind with Cys797, as WZ4002 does, because 10h and
WZ4002 have a similar configuration at the Michael addition site,
while the acrylamide group located at the piperazine moiety
might be too far away from the Cys797 to bind. Furthermore, there
was no significant difference in the potency for 10h, 10f and 10g in
kinase and cellular experiments, suggesting that the acrylamide
may not be determinant factor for activity. Additionally, 10h
released higher levels of NO in H1975 cells than 10g without an
acrylamide group. These results suggest that the acrylamide group
of 10h might not reduce the efficiency of Cys797 in interacting
with the furoxan group and subsequently not affect the amount of
NO release.
aeh may bind with Cys797 on EGFR T790M to release NO.



Fig. 4. Compounds 10h and WZ4002 inhibited the activation of EGFR and downstream
signaling in H1975 NSCLC cells harboring EGFR L858R/T790M.
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3.5. Effects on EGFR activation and downstream signaling

In order to get insight into the mechanisms underlying the ac-
tivity of these NO-releasing EGFR inhibitors, we subsequently
examined the inhibitory effects of the active compound 10h on the
EGFR activation and downstream signaling in H1975 cells. The cells
were treated with various concentrations of 10h or WZ4002. The
expression and activation of EGFR-related signal events, AKT and
ERK were determined by immunoblotting, and the results were
summarized in Fig. 4. It was observed that treatment with 10h
significantly inhibited the phosphorylation of EGFR in a dose-
dependent manner but was less potent than WZ4002. However,
the treatment by 10h at 1 mM completely restrained the expression
of downstream proteins p-Akt and p-Erk, which was slightly su-
perior to WZ4002.
4. Conclusions

In summary, a series of phenylsulfonylfuroxan-based anilino-
pyrimidines 10aeh were synthesized and biologically evaluated.
Most of the compounds were more potent than gefitinib, especially
10feh showed stronger and selective inhibitory effects toward
EGFR mutant L858R/T790M. These compounds also showed better
inhibitory activity against H1975 cell line harboring EGFR L858R/
T790M than gefitinib, among them, compounds 10feh were as
potent as WZ4002 in inhibition of H1975 cell line. Furthermore,
10feh were also the most active compounds against gefitinib-
sensitive HCC827 bearing EGFR del E746_A750. Importantly,
these compounds only showed lower to moderate inhibition on the
cells with WT EGFR (A431, A549 and 16HBE cells), suggesting that
they might possess good selectivity and safety profiles. Interest-
ingly, compound 10h released much higher levels of NO in H1975
cells than in 16HBE cells, and the antiproliferative activity of 10h in
H1975 was diminished by an NO scavenger in a dose-dependent
manner, suggesting that NO released by this compound may play
an important role in antiproliferation of H1975 cells. Furthermore,
the EGFR kinase inhibitory and antiproliferative activities of 10h
were further rationalized by Western blot analysis for activation of
EGFR and the downstream signaling in H1975 cells. All these results
suggest that the good antiproliferative activity of 10h could be
attributed to the synergic effect of high levels of NO production and
inhibition of EGFR and related signaling in the cancer cells.
Therefore, our novel findings provide a proof of principle in design
of new NO-releasing EGFR inhibitors for the intervention of NSCLC.
We are interested in further investigation on the in vivo anti-NSCLC
effects and the mechanisms underlying the action of 10h in inhi-
bition of human tumorigenesis of NSCLC.

5. Experimental protocols

5.1. Chemical analysis

Melting points of individual compounds were determined on a
Mel-TEMP II melting point apparatus and uncorrected. 1H NMR and
13C spectra were recorded with a Bruker Avance 300 or 500 MHz
spectrometer at 303 K, using TMS as an internal standard. MS
spectrawere recorded on aMarinerMass Spectrum (ESI) and HRMS
on Agilent technologies LC/MSD TOF. All compounds were
routinely checked by TLC and 1H NMR. TLCs and preparative TLCs
were performed on silica gel GF/UV 254, and the chromatograms
were conducted on silica gel (200e300 mesh) and visualized under
UV light at 254 and 365 nm. All solvents were reagent grade and,
when necessary, were purified and dried by standard methods.
Solutions after reactions and extractions were concentrated using a
rotary evaporator operating at a reduced pressure of ca. 20 Torr.
Compounds 4bedwere commercially available. 7a [33], 7b [34], 7c
[34], 8a [33] and 8b [35] were synthesized according to corre-
sponding references and 3,4-bis(phenylsulfonyl)-1,2,5-oxadiazole-
2-oxide (11) was synthesized as previously described [24].

5.1.1. 4-(3-Hydroxypropyl)phenol (4a)
Compound 3 [27] (1 g, 6.7 mmol) was stirred under H2 in the

presence of 10% palladium carbon (catalytic amount) in MeOH for
12 h. The mixture was filtered through a pad of Celite�, the filtrate
was dried and concentrated to offer 4a as a white solid (0.99 g, 98%
yield, m.p. 52e53 �C); Analytical data for 4a: 1H NMR (500 MHz,
CDCl3): d 1.83e1.89 (m, 2H), 2.63 (t, J ¼ 7.8 Hz, 2H), 3.01 (brs, 1H),
3.67 (t, J ¼ 6.5 Hz, 2H), 6.74 (d, J ¼ 8.4 Hz, 2H), 7.05 (d, J ¼ 8.3 Hz,
2H); 13C NMR (75MHz, CDCl3): d 155.68,136.7, 129.94,111.37, 62.06,
33.87, 31.48; ESI-MS: m/z 151.1 [M � H]�; ESI-HRMS (m/z):
[M � H]� calcd for C9H12O2 151.0765; obsd 151.0766.

5.1.2. General procedure for the preparation of 5aed
Potassium carbonate (2.42 g, 17.5 mmol) and 2,4,5-

trichloropyrimidine (1.0 mL, 8.72 mmol) were added to the solu-
tion of 4aed (8.72 mmol) in DMF (20 mL). The mixture was stirred
at room temperature for 2 h. The reaction mixture was poured into
ice water and white solid was precipitated. After filtration, filter
cake was dried and was used for further steps without purification.

5.1.2.1. 3-(4-((2,5-Dichloropyrimidin-4-yl)oxy)phenyl)propan-1-ol
(5a). The title compound was obtained starting from 4a. As a white
solid, 98% yield. M.p. 116e118 �C. Analytical data for 5a: 1H NMR
(300MHz, CDCl3): d 1.88e1.97 (quint, J¼ 6.27, 7.14 Hz, 2H), 2.79e2.74
(t, J ¼ 7.41 Hz, 2H), 3.73e3.69 (t, J ¼ 6.36 Hz, 2H), 7.08e7.11 (d,
J ¼ 8.49 Hz, 2H), 7.26e7.29 (d, J ¼ 8.19 Hz, 2H), 8.45 (s, 1H); 13C NMR
(75MHz,CDCl3): d165.11,157.99,157.38,149.54,140.00,129.54,120.97,
116.94, 61.86, 33.95, 31.37; ESI-MS: m/z 321.1 [M þ Na]þ; ESI-HRMS
(m/z): [Mþ H]þ calcd for C13H12Cl2N2O2 299.0349; obsd 299.0374.

5.1.2.2. 2-(4-((2,5-Dichloropyrimidin-4-yl)oxy)phenyl)ethanol (5b).
The title compound was obtained starting from 4b. As awhite solid,
96% yield. M.p. 179e181 �C. Analytical data for 5b: 1H NMR
(500 MHz, CDCl3): d 2.92 (t, J ¼ 6.5 Hz, 2H), 3.91 (t, J ¼ 6.5 Hz, 2H),
7.13 (d, J ¼ 8.4 Hz, 2H), 7.31 (d, J ¼ 8.3 Hz, 2H), 8.46 (s, 1H); 13C NMR
(75 MHz, CDCl3): d 165.12, 158.11, 157.42, 150.05, 136.94, 130.27,
121.22, 117.00, 63.35, 38.52; ESI-MS: m/z 307.0 [M þ Na]þ; ESI-
HRMS (m/z): [M þ H]þ calcd for C12H10Cl2N2O2 285.0192; obsd
285.0211.
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5.1.2.3. (4-((2,5-Dichloropyrimidin-4-yl)oxy)phenyl)methanol (5c).
The title compound was obtained starting from 4c. As a white solid,
94% yield. M.p. 107e109 �C. Analytical data for 5c: 1H NMR
(500 MHz, CDCl3): d 4.62 (s, 2H), 7.19 (d, J ¼ 8.5 Hz, 2H), 7.47 (d,
J ¼ 8.6 Hz, 2H), 8.47 (s, 1H); 13C NMR (75 MHz, CDCl3): d 165.05,
158.05, 157.42, 150.62, 139.16, 128.18, 121.18, 116.91, 64.20; ESI-MS:
m/z 293.0 [M þ Na]þ; ESI-HRMS (m/z): [M þ H]þ calcd for
C11H8Cl2N2O2 271.0036; obsd 271.0051.

5.1.2.4. (3-((2,5-Dichloropyrimidin-4-yl)oxy)phenyl)methanol (5d).
The title compoundwas obtained starting from 4d. As awhite solid,
90% yield. M.p. 139e141 �C. Analytical data for 5d: 1H NMR
(500 MHz, CDCl3): d 4.78 (s, 2H), 7.11 (d, J ¼ 8.1 Hz, 1H), 7.21 (s, 1H),
7.30 (d, J ¼ 7.7 Hz, 1H), 7.44 (t, J ¼ 8.0 Hz, 1H), 8.46 (s, 1H); 13C NMR
(75 MHz, CDCl3): d 165.12, 158.16, 157.43, 151.71, 143.26, 129.78,
124.62, 120.30, 119.48, 117.02, 64.41; ESI-MS: m/z 293 [M þ Na]þ;
ESI-HRMS (m/z): [M þ H]þ calcd for C11H8Cl2N2O2 271.0036; obsd
271.0051.

5.1.3. 1-(4-(3-Methoxy-4-nitrophenyl)piperazin-1-yl)prop-2-en-1-
one (7d)

To a solution of acrylic acid (0.61 g, 8.43 mmol) in anhydrous
CH2Cl2 (20 mL), dicyclohexylcarbodiimide (DCC) (1.74 g,
8.43 mmol), 7c (2 g, 8.43 mmol) and 4-dimethylaminopyridine
(DMAP) (catalytic amount) were added, and the mixture was stir-
red at room temperature for 12 h. After filtration, the filtrate was
evaporated to dryness in vacuo, and the crude product was purified
by column chromatography to obtain 7d as a yellow solid (89%
yield). M.p. 162e163 �C. Analytical data for 7d: 1H NMR (500 MHz,
CDCl3): d 3.45 (t, J ¼ 5.15 Hz, 4H), 3.81e3.86 (m, 4H), 3.96 (s, 3H),
5.77 (d, J ¼ 10.55 Hz, 1H), 6.35 (s, 1H), 6.37 (d, J ¼ 16.6 Hz, 1H), 6.43
(dd, J ¼ 2.2, 9.3 Hz, 1H), 6.58 (dd, J ¼ 10.5, 16.7 Hz, 1H), 8.00 (d,
J ¼ 9.3 Hz, 1H); 13C NMR (75 MHz, CDCl3): d 164.20, 156.28, 155.54,
144.68, 129.39, 128.91, 123.45, 105.42, 97.02, 55.72, 50.17, 49.78,
44.74, 41.94; ESI-MS: m/z 292.1 [M þ H]þ, 314.1 [M þ Na]þ; ESI-
HRMS (m/z): [M þ H]þ calcd for C14H17N3O4 292.1297, obsd
292.1301.

5.1.4. 1-(4-(4-Amino-3-methoxyphenyl)piperazin-1-yl)prop-2-en-
1-one (8c)

Compound 7d (0.49 g, 1.68 mmol) was dissolved in a mixture of
THF (50 mL) and water (50mL). Iron powder (0.47 g, 8.4 mmol) and
ammonium chloride (0.45 g, 8.4 mmol) were then added, and the
resulting mixture was heated to 65 �C for 3 h. The reaction mixture
was cooled to room temperature and filtered through celite. The
THF was removed in vacuo, and the resulting residue was basified
with sodium bicarbonate and extracted with ethyl acetate (20 mL)
three times. The organic layer was separated and dried using
anhydrous sodium sulfate, concentrated, used without further
purification. As a yellow oil, 98% yield. Analytical data for 8c: 1H
NMR (300 MHz, CDCl3): d 3.00 (m, 4H), 3.46 (s, 2H), 3.69 (s, 2H),
3.82 (s, 5H), 5.70 (d, J ¼ 10.5 Hz, 1H), 6.30 (d, J ¼ 16.8 Hz, 1H), 6.39
(d, J¼ 8.1 Hz,1H), 6.50 (s,1H), 6.58 (dd, J¼ 10.5,17.1 Hz,1H), 6.64 (d,
J ¼ 7.8 Hz, 1H); 13C NMR (75 MHz, CDCl3): d 165.17, 147.80, 144.11,
130.86, 127.71, 127.29, 115.14, 109.97, 102.74, 55.30, 51.75, 51.26,
45.78, 41.94; ESI-MS: m/z 262.2 [M þ H]þ; ESI-HRMS (m/z):
[M þ H]þ calcd for C14H19N3O2 262.1550; obsd 262.1568.

5.1.5. General procedure for the preparation of 9aeh
A flask was charged with compounds 5aed (0.70 mmol), 8aec

(0.70 mmol), TFA (0.08 mL, 1.05 mmol), 2-BuOH (10 mL). The slurry
was heated to 100 �C for 3 h. The reaction mixture was allowed to
cool to room temperature and, was neutralized with a saturated
sodium bicarbonate aqueous solution. The aqueous mixture was
then extracted with CH2Cl2 (20 mL) three times. The crude product
was purified using flash chromatography with 20:1 (v/v)
dichloromethaneemethanol to afford compounds 9aeh.

5.1.5.1. 3-(4-((5-Chloro-2-((2-methoxy-4-(4-methylpiperazin-1-yl)
phenyl)amino)pyrimidin-4-yl)oxy)phenyl)propan-1-ol (9a). The title
compound was obtained starting from 5a and 8a. As a white solid,
81% yield. M.p. 203e204 �C. Analytical data for 9a: 1H NMR
(500MHz, CDCl3): d 1.98 (quint, J¼ 7.2, 6.9 Hz, 2H), 2.38 (s, 3H), 2.63
(m, 4H), 2.77 (t, J ¼ 7.7 Hz, 2H), 3.12 (m, 4H), 3.70 (t, J ¼ 6.5 Hz, 2H),
3.81 (s, 3H), 6.19 (d, J ¼ 6.7 Hz, 1H), 6.46 (d, J ¼ 2.0 Hz, 1H), 7.11 (d,
J ¼ 8.4 Hz, 2H), 7.27 (d, J ¼ 8.4 Hz, 2H), 7.40 (s, 1H), 7.56 (brs, 1H),
8.22 (s, 1H); 13C NMR (75 MHz, DMSO-d6): d 163.82, 158.14, 157.77,
151.02, 149.89, 148.29, 139.58, 129.30, 121.59, 120.54, 119.59, 106.24,
103.85, 99.85, 60.06, 55.50, 54.60, 48.56, 45.71, 34.56, 31.04; ESI-
MS: m/z 484.3 [M þ H]þ; ESI-HRMS (m/z): [M þ H]þ calcd for
C25H30ClN5O3 484.2110; obsd 484.2124.

5.1.5.2. 2-(4-((5-Chloro-2-((2-methoxy-4-(4-methylpiperazin-1-yl)
phenyl)amino)pyrimidin-4-yl)oxy)phenyl)ethanol (9b). The title
compound was obtained starting from 5b and 8a. As a white solid,
84% yield. M.p. 173e174 �C. Analytical data for 9b: 1H NMR
(500 MHz, CDCl3): d 2.36 (s, 3H), 2.59 (t, J ¼ 4.5 Hz, 4H), 2.94 (t,
J¼ 6.5 Hz, 2H), 3.11 (t, J¼ 4.7 Hz, 4H), 3.81 (s, 3H), 3.92 (t, J¼ 6.5 Hz,
2H), 6.2 (brs, 1H), 6.45 (d, J¼ 2.1 Hz,1H), 7.15 (d, J¼ 8.4 Hz, 2H), 7.31
(d, J ¼ 8.3 Hz, 2H), 7.41 (s, 1H), 7.59 (brs, 1H), 8.21 (s, 1H); 13C NMR
(75 MHz, DMSO-d6): d 163.79, 158.18, 157.72, 151.02, 150.13, 148.24,
136.96, 129.91, 122.63, 121.46, 119.60, 106.39, 103.90, 99.85, 62.18,
55.47, 54.59, 48.54, 45.66, 38.36; ESI-MS:m/z 470.3 [MþH]þ, 504.5
[M þ Cl]�; ESI-HRMS (m/z): [M þ H]þ calcd for C24H28ClN5O3
470.1953; obsd 470.1971.

5.1.5.3. (4-((5-Chloro-2-((2-methoxy-4-(4-methylpiperazin-1-yl)
phenyl)amino)pyrimidin-4-yl)oxy)phenyl)methanol (9c). The title
compound was obtained starting from 5c and 8a. As a white solid,
90% yield. M.p. 225e227 �C. Analytical data for 9c: 1H NMR
(500 MHz, CDCl3): d 2.91 (s, 3H), 3.42 (m, 4H), 3.56 (m, 4H), 3.84 (s,
3H), 4.82 (s, 2H), 6.81 (s, 1H), 6.94 (s, 1H), 7.14 (d, J ¼ 8.2 Hz, 2H),
7.40 (s, 1H), 7.49 (d, J ¼ 7.9 Hz, 2H), 7.78 (brs, 1H), 8.25 (s, 1H); 13C
NMR (75 MHz, DMSO-d6): d 163.69, 159.18, 158.02, 152.02, 149.13,
148.24, 135.96, 129.91, 122.03, 121.06, 119.20, 106.08, 103.90, 99.85,
62.67, 55.08, 54.59, 48.38, 45.52; ESI-MS: m/z 456.2 [M þ H]þ; ESI-
HRMS (m/z): [M þ H]þ calcd for C23H26ClN5O3 456.1797; obsd
456.1800.

5.1.5.4. 1-(4-((5-Chloro-4-(4-(hydroxymethyl)phenoxy)pyrimidin-2-
yl)amino)-3-methoxyphenyl)piperidin-4-ol (9d). The title com-
pound was obtained starting from 5c and 8b. As a pale yellow solid,
89% yield. M.p. 207e208 �C. Analytical data for 9d: 1H NMR
(500 MHz, CDCl3): d 1.72 (m, 2H), 2.04 (m, 2H), 2.88 (m, 2H), 3.43
(m, 2H), 3.83 (s, 3H), 3.84 (m, 1H), 4.79 (s, 2H), 6.2 (brs, 1H), 6.47 (d,
J ¼ 2.1 Hz, 1H), 7.16 (d, J ¼ 8.4 Hz, 2H), 7.46 (d, J ¼ 8.3 Hz, 3H), 7.59
(brs, 1H), 8.25 (s, 1H); 13C NMR (75 MHz, DMSO-d6): d 163.56,
157.99, 157.35, 151.02, 150.13, 148.26, 136.96, 129.87, 122.46, 121.06,
118.98, 106.36, 103.78, 99.81, 67.13, 62.67, 55.08, 47.65, 33.67; ESI-
MS: m/z 457.2 [M þ H]þ, 479.2 [M þ Na]þ; ESI-HRMS (m/z):
[M þ H]þ calcd for C23H25ClN4O4 457.1637; obsd 457.1646.

5.1.5.5. 1-(4-(4-((5-Chloro-4-(4-(hydroxymethyl)phenoxy)pyr-
imidin-2-yl)amino)-3-methoxyphenyl)piperazin-1-yl)prop-2-en-1-
one (9e). The title compound was obtained starting from 5c and 8c.
As a pale yellow solid, 87% yield. M.p. 171e173 �C. Analytical data
for 9e: 1H NMR (500 MHz, CDCl3): d 3.14 (m, 4H), 3.80 (m, 2H), 3.83
(s, 3H), 3.91 (m, 2H), 4.78 (s, 2H), 5.75 (d, J ¼ 10.6 Hz, 1H), 6.34 (d,
J ¼ 16.8 Hz, 2H), 6.56e6.61 (dd, J ¼ 10.6, 16.8 Hz, 2H), 7.18 (d,
J ¼ 8.4 Hz, 2H), 7.47 (d, J ¼ 8.3 Hz, 3H), 7.60 (s, 1H), 8.24 (s, 1H); 13C
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NMR (75 MHz, DMSO-d6): d 164.19, 163.99, 158.48, 157.72, 151.02,
150.13, 148.24, 144.68, 136.96, 129.91, 122.82, 122.23, 121.46, 119.60,
106.41, 103.93, 99.87, 63.49, 55.85, 50.76, 50.33, 45.69, 42.01; ESI-
MS: m/z 496.3 [M þ H]þ, 518.3 [M þ Na]þ; ESI-HRMS (m/z):
[M þ H]þ calcd for C25H26ClN5O4 496.1746; obsd 496.1762.

5.1.5.6. (3-((5-Chloro-2-((2-methoxy-4-(4-methylpiperazin-1-yl)
phenyl)amino)pyrimidin-4-yl)oxy)phenyl)methanol (9f). The title
compound was obtained starting from 5d and 8a. As a white solid,
92% yield. M.p. 213e215 �C. Analytical data for 9f: 1H NMR
(500 MHz, CDCl3): d 2.88 (s, 3H), 3.14 (m, 2H), 3.46 (m, 2H), 3.51 (m,
2H), 3.58 (m, 2H), 3.82 (s, 3H), 4.72 (s, 2H), 6.32 (d, J ¼ 7.4 Hz, 1H),
6.53 (s, 1H), 7.11 (d, J ¼ 7.7 Hz, 1H), 7.17 (s, 1H), 7.41 (d, J ¼ 7.7 Hz,
1H), 7.46 (t, J ¼ 8.0 Hz, 1H), 7.51 (s, 1H), 7.90 (s, 1H), 8.23 (s, 1H); 13C
NMR (75 MHz, DMSO-d6): d 163.92, 158.42, 157.81, 151.78, 151.23,
147.28, 129.55, 128.12, 127.52, 122.99, 121.03, 120.13, 119.38, 109.01,
103.86, 101.01, 63.26, 55.59, 54.97, 48.86, 45.93; ESI-MS: m/z 456.3
[M þ H]þ; ESI-HRMS (m/z): [M þ H]þ calcd for C23H26ClN5O3
456.1797; obsd 456.1800.

5.1.5.7. 1-(4-((5-Chloro-4-(3-(hydroxymethyl)phenoxy)pyrimidin-2-
yl)amino)-3-methoxyphenyl)piperidin-4-ol (9g). The title com-
poundwas obtained starting from 5d and 8b. As a pale yellow solid,
90% yield. M.p. 183e185 �C. Analytical data for 9g: 1H NMR
(500 MHz, CDCl3): d 1.71 (m, 2H), 2.02 (m, 2H), 2.85 (m, 2H), 3.42
(m, 2H), 3.81 (s, 3H), 3.84 (m, 1H), 4.73 (s, 2H), 6.21 (s, 1H), 6.49 (s,
1H), 7.14 (d, J ¼ 7.7 Hz, 1H), 7.22 (s, 1H), 7.34 (d, J ¼ 7.6 Hz, 1H), 7.42
(s, 1H), 7.46 (t, J ¼ 7.8 Hz, 1H), 7.53 (brs, 1H), 8.22 (s, 1H); 13C NMR
(75 MHz, DMSO-d6): d 163.68, 158.02, 157.39, 152.22, 151.15, 146.98,
129.47, 128.04, 127.52, 122.98, 121.09, 120.04, 119.40, 108.59, 104.87,
99.98, 66.98, 62.77, 55.45, 48.73, 33.80; ESI-MS:m/z 457.2 [MþH]þ,
479.2 [Mþ Na]þ; ESI-HRMS (m/z): [Mþ H]þ calcd for C23H25ClN4O4
457.1637; obsd 457.1646.

5.1.5.8. 1-(4-(4-((5-Chloro-4-(3-(hydroxymethyl)phenoxy)pyr-
imidin-2-yl)amino)-3-methoxyphenyl)piperazin-1-yl)prop-2-en-1-
one (9h). The title compound was obtained starting from 5d and
8c. As a pale yellow solid, 85% yield. M.p. 178e180 �C. Analytical
data for 9h: 1H NMR (500 MHz, CDCl3): d 3.11 (m, 4H), 3.77 (m, 2H),
3.83 (s, 3H), 3.89 (m, 2H), 4.74 (s, 2H), 5.75 (dd, J ¼ 1.8, 10.6 Hz, 1H),
6.27 (s, 1H), 6.33 (dd, J ¼ 1.7, 16.8 Hz, 1H), 6.54 (s, 1H), 6.59 (dd,
J ¼ 10.6, 16.8 Hz, 1H), 7.14 (d, J ¼ 7.8 Hz, 1H), 7.22 (s, 1H), 7.35 (d,
J ¼ 7.6 Hz, 1H), 7.46 (t, J ¼ 7.8 Hz, 1H), 7.52 (s, 1H), 7.60 (s, 1H), 8.24
(s, 1H); 13C NMR (75 MHz, DMSO-d6): d 164.18, 163.72, 158.12,
157.71, 151.90, 151.15, 147.18, 144.68, 129.25, 128.04, 127.52, 123.45,
122.74, 120.84, 119.94, 119.40, 107.59, 104.26, 100.93, 62.27, 55.58,
50.01, 49.39, 44.64, 41.06; ESI-MS: m/z 496.3 [M þ H]þ, 518.3
[M þ Na]þ; ESI-HRMS (m/z): [M þ H]þ calcd for C25H26ClN5O4
496.1746; obsd 496.1762.

5.1.6. General procedure for the preparation of 10aeh
Compounds 9aeh (0.34 mmol) were dissolved in 10 mL of

anhydrous THF, to which 65% NaH (25 mg, 0.68 mmol) was slowly
added under stirring at 0 �C. Subsequently, 3,4-bis(phenylsulfonyl)-
1,2,5-oxadiazole-2-oxide (11) (249 mg, 0.68 mmol) was added, and
the obtained mixture was allowed to stir for 0.5 h at room tem-
perature. 15 mL of H2O was added to the mixture. The organic layer
was separated, then the water layer was extracted with CH2Cl2
(10 mL � 2). The combined organic layer was washed with water
and brine, dried over anhydrous Na2SO4, and concentrated in
vacuo. The crude product was purified by column chromatography
(MeOH/CH2Cl2 1:25 v/v) to give the title compounds.

5.1.6.1. 4-(3-(4-((5-Chloro-2-((2-methoxy-4-(4-methylpiperazin-1-
yl)phenyl)amino)pyrimidin-4-yl)oxy)phenyl)propoxy)-3-
(phenylsulfonyl)-1,2,5-oxadiazole-2-oxide (10a). The title com-
pound was obtained starting from 9a. As a yellow solid, 55% yield.
M.p. 77e79 �C. Analytical data for 10a: 1H NMR (300 MHz, CDCl3),
d 2.26 (m, 2H), 2.45 (s, 3H), 2.77 (m, 4H), 2.91 (t, J¼ 6.8 Hz, 2H), 3.18
(m, 4H), 3.82 (s, 3H), 4.49 (t, J ¼ 5.6 Hz, 2H), 6.18 (d, J ¼ 8.3 Hz, 1H),
6.46 (d, J¼ 2.1 Hz,1H), 7.15 (d, J¼ 8.4 Hz, 2H), 7.31 (d, J¼ 8.3 Hz, 2H),
7.52e7.55 (brs, 1H), 7.63 (t, J ¼ 7.9 Hz, 2H), 7.73e7.79 (t, J ¼ 7.3 Hz,
2H), 8.09 (d, J ¼ 7.5 Hz, 2H), 8.24 (s, 1H); 13C NMR (75 MHz, CDCl3):
d 164.02, 158.37, 157.12, 157.01, 150.44, 148.29, 146.61, 137.58, 137.30,
135.19, 129.22, 128.95, 128.02, 121.80, 121.54, 118.68, 110.07, 107.66,
100.14, 69.90, 55.14, 54.30, 49.05, 44.96, 30.61, 29.70; ESI-MS: m/z
708.0 [MþH]þ; ESI-HRMS (m/z): [MþH]þ calcd for C33H34ClN7O7S
708.2007; obsd 708.2014.

5.1.6.2. 4-(4-((5-Chloro-2-((2-methoxy-4-(4-methylpiperazin-1-yl)
phenyl)amino)pyrimidin-4-yl)oxy)phenethoxy)-3-(phenylsulfonyl)-
1,2,5-oxadiazole-2-oxide (10b). The title compound was obtained
starting from 9b. As a yellow solid, 67% yield. M.p. 88e90 �C.
Analytical data for 10b: 1H NMR (300 MHz, CDCl3): d 2.37 (s, 3H),
2.61 (m, 4H), 3.10 (m, 4H), 3.27 (t, J ¼ 6.6 Hz, 2H), 3.79 (s, 3H), 4.68
(t, J¼ 6.6 Hz, 2H), 6.18 (d, J¼ 7.2 Hz,1H), 6.44 (d, J¼ 1.5 Hz,1H), 7.21
(d, J¼ 8.4 Hz, 2H), 7.41 (d, J¼ 8.1 Hz, 3H), 7.54 (t, J¼ 4.8 Hz, 2H), 7.69
(d, J ¼ 7.5 Hz, 2H), 7.93 (d, J ¼ 7.8 Hz, 2H), 8.25 (s, 1H); 13C NMR
(75 MHz, CDCl3): d 163.95, 158.36, 157.22, 157.01, 151.02, 148.30,
146.70, 137.50, 135.12, 133.51, 129.71, 129.19, 127.88, 127.28, 121.89,
121.40, 118.75, 109.88, 107.26, 99.88, 71.05, 55.07, 54.57, 49.49,
45.52, 33.86; ESI-MS: m/z 694.3 [M þ H]þ; ESI-HRMS (m/z):
[M þ H]þ calcd for C32H32ClN7O7S 694.1851; obsd 694.1858.

5.1.6.3. 4-((4-((5-Chloro-2-((2-methoxy-4-(4-methylpiperazin-1-yl)
phenyl)amino)pyrimidin-4-yl)oxy)benzyl)oxy)-3-(phenylsulfonyl)-
1,2,5-oxadiazole-2-oxide (10c). The title compound was obtained
starting from 9c. As a yellow solid, 87% yield. M.p. 195e197 �C.
Analytical data for 10c: 1H NMR (300 MHz, CDCl3), d 2.34 (s, 3H),
2.56 (t, J ¼ 4.8 Hz, 4H), 3.11 (t, J ¼ 4.62 Hz, 4H), 3.81 (s, 3H), 5.52 (s,
2H), 6.26 (d, J ¼ 8.79 Hz, 1H), 6.47 (d, J ¼ 2.31 Hz, 1H), 7.29 (d,
J ¼ 8.49 Hz, 2H), 7.40 (s, 1H), 7.52e7.60 (m, 4H), 7.73 (m, 2H), 8.04
(d, J¼ 7.41 Hz, 2H), 8.29 (s, 1H); 13C NMR (75MHz, CDCl3): d 163.68,
159.51, 158.15, 157.33, 157.03, 152.48, 148.33, 146.82, 137.47, 135.17,
130.61, 129.19, 128.90, 128.07, 122.04, 121.01, 118.87, 110.07, 107.40,
99.71, 71.54, 55.10, 54.55, 49.38, 45.52; ESI-MS:m/z 680.1 [MþH]þ;
ESI-HRMS (m/z): [M þ H]þ calcd for C31H30ClN7O7S 680.1694; obsd
680.1706.

5.1.6.4. 4-(4-((5-Chloro-2-((4-(4-hydroxypiperidin-1-yl)-2-
methoxyphenyl)amino)pyrimidin-4-yl)oxy)benzyl)-3-(phenyl-
sulfonyl)-1,2,5-oxadiazole-2-oxide (10d). The title compound was
obtained starting from 9d. As a yellow solid, 82% yield. M.p. 155e
157 �C. Analytical data for 10d: 1H NMR (300 MHz, CDCl3), d 1.68 (q,
J ¼ 9 Hz, 2H), 1.99 (q, J ¼ 9.4 Hz, 2H), 2.84 (t, J ¼ 8.1 Hz, 2H), 3.43 (t,
J ¼ 6.5 Hz, 2H), 3.81 (s, 4H), 5.52 (s, 2H), 6.27 (d, J ¼ 8.79 Hz, 1H),
6.50 (d, J ¼ 2.31 Hz, 1H), 7.29 (d, J ¼ 8.49 Hz, 2H), 7.43 (s, 1H), 7.52e
7.62 (m, 4H), 7.73 (m, 2H), 8.04 (d, J ¼ 7.41 Hz, 2H), 8.26 (s, 1H); 13C
NMR (75 MHz, CDCl3): d 157.35, 157.03, 152.51, 148.26, 146.92,
135.16, 130.60, 129.18, 128.88, 128.08, 122.06, 120.94, 118.78, 107.84,
100.44, 71.54, 67.13, 55.09, 47.72, 33.77; ESI-MS: m/z 681.4
[M þ H]þ; ESI-HRMS (m/z): [M þ Na]þ calcd for C31H29ClN6O8S
703.1354; obsd 703.1361.

5.1.6.5. 4-(4-((2-((4-(4-Acryloylpiperazin-1-yl)-2-methoxyphenyl)
amino)-5-chloropyrimidin-4-yl)oxy)benzyl)-3-(phenylsulfonyl)-
1,2,5-oxadiazole-2-oxide (10e). The title compound was obtained
starting from 9e. As a yellow solid, 83% yield. M.p. 162e164 �C.
Analytical data for 10e: 1H NMR (300 MHz, CDCl3), d 3.08 (m, 4H),
3.71 (brs, 2H), 3.83 (s, 5H), 5.53 (s, 2H), 5.73 (d, J ¼ 10.32 Hz, 1H),
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6.32 (d, J ¼ 16.77 Hz, 2H), 6.49 (brs, 1H), 6.59 (dd, J ¼ 10.5, 10.8 Hz,
1H), 7.31 (d, J ¼ 8.13 Hz, 2H), 7.48 (s, 1H), 7.55 (d, J ¼ 8.16 Hz, 2H),
7.60 (d, J ¼ 7.59 Hz, 2H), 7.75 (t, J ¼ 7.17 Hz, 2H), 8.04 (d, J ¼ 7.86 Hz,
2H), 8.28 (s, 1H); 13C NMR (75 MHz, CDCl3): d 165.31, 164.34, 158.47,
157.87, 157.47, 152.99, 148.71, 147.96, 146.85, 138.23, 135.70, 131.13,
129.70, 129.39, 128.58, 128.11, 127.32, 122.52, 119.07, 108.56, 100.88,
72.05, 55.65, 50.72, 50.33, 45.75, 41.93; ESI-MS: m/z 720.1
[M þ H]þ; ESI-HRMS (m/z): [M þ H]þ calcd for C33H30ClN7O8S
720.1643; obsd 720.1655.

5.1.6.6. 4-((3-((5-Chloro-2-((2-methoxy-4-(4-methylpiperazin-1-yl)
phenyl)amino)pyrimidin-4-yl)oxy)benzyl)oxy)-3-(phenylsulfonyl)-
1,2,5-oxadiazole-2-oxide (10f). The title compound was obtained
starting from 9f. As a yellow solid, 90% yield. M.p. 206e208 �C.
Analytical data for 10f: 1H NMR (300 MHz, CDCl3), d: 2.39 (s, 3H),
2.63 (m, 4H), 3.13 (m, 4H), 3.81 (s, 3H), 5.48 (s, 2H), 6.16 (d,
J ¼ 8.1 Hz, 1H), 6.45 (d, J ¼ 1.89 Hz, 1H), 7.28 (s, 2H), 7.43 (d,
J ¼ 7.2 Hz, 2H), 7.53 (t, J ¼ 7.83 Hz, 4H), 7.70 (t, J ¼ 7.5 Hz, 1H), 7.99
(d, J ¼ 7.8 Hz, 2H), 8.25 (s, 1H); 13C NMR (75 MHz, CDCl3): d 164.31,
163.91, 158.50, 157.88, 157.51, 152.73, 148.81, 147.28, 137.85, 135.61,
135.51, 129.93, 129.63, 128.50, 125.22, 123.02, 121.75, 121.48, 119.25,
107.74, 100.17, 71.82, 55.59, 55.07, 49.86, 46.03; ESI-MS: m/z 680.1
[M þ H]þ; ESI-HRMS (m/z): [M þ H]þ calcd for C31H30ClN7O7S
680.1694; obsd 680.1706.

5.1.6.7. 4-((3-((5-Chloro-2-((4-(4-hydroxypiperidin-1-yl)-2-
methoxyphenyl)amino)pyrimidin-4-yl)oxy)benzyl)oxy)-3-(phenyl-
sulfonyl)-1,2,5-oxadiazole-2-oxide (10g). The title compound was
obtained starting from 9g. As a yellow solid, 85% yield. M.p. 86e
88 �C. Analytical data for 10g: 1H NMR (300 MHz, CDCl3), d 1.68 (q,
J ¼ 9 Hz, 2H), 1.99 (q, J ¼ 9.4 Hz, 2H), 2.82 (t, J ¼ 8.1 Hz, 2H), 3.39 (t,
J ¼ 6.5 Hz, 2H), 3.81 (s, 4H), 5.48 (s, 2H), 6.16 (brs, 1H), 6.48 (d,
J ¼ 1.89 Hz, 1H), 7.28 (s, 2H), 7.43 (d, J ¼ 7.2 Hz, 2H), 7.53 (t,
J ¼ 7.83 Hz, 4H), 7.70 (t, J ¼ 7.5, 1H), 7.99 (d, J ¼ 7.8 Hz, 2H), 8.26 (s,
1H); 13C NMR (75 MHz, CDCl3): d 158.01, 157.39, 156.97, 152.22,
148.26, 146.98, 137.48, 135.12, 135.00, 129.45, 129.13, 128.02, 124.72,
122.56, 121.28, 120.91, 107.71, 100.39, 71.33, 67.17, 55.10, 47.73,
33.78; ESI-MS: m/z 681.2 [M þ H]þ; ESI-HRMS (m/z): [M þ Na]þ

calcd for C31H29ClN6O8S 703.1354; obsd 703.1361.

5.1.6.8. 4-((3-((2-((4-(4-Acryloylpiperazin-1-yl)-2-methoxyphenyl)
amino)-5-chloropyrimidin-4-yl)oxy)benzyl)oxy)-3-(phenylsulfonyl)-
1,2,5-oxadiazole-2-oxide (10h). The title compound was obtained
starting from 9h. As a yellow solid, 81% yield. M.p. 160e162 �C.
Analytical data for 10h: 1H NMR (300MHz, CDCl3), d: 3.06 (brs, 4H),
3.70 (brs, 2H), 3,82 (s, 5H), 5.48 (s, 2H), 5.72 (d, J ¼ 10.44 Hz, 1H),
6.15 (brs, 1H), 6.32 (d, J ¼ 16.74Hz, 1H), 6.46 (s, 1H), 6.60 (dd,
J ¼ 10.5, 10.47 Hz, 1H), 7.26 (s, 2H), 7.44 (d, J ¼ 7.5 Hz, 1H), 7.53 (t,
J ¼ 7.41 Hz, 5H), 7.69 (t, J ¼ 7.26 Hz, 1H), 7.98 (d, J ¼ 7.86 Hz, 2H),
8.27 (s, 1H); 13C NMR (75 MHz, CDCl3): d 165.36, 164.38, 158.50,
157.90, 157.40, 152.75, 148.70, 146.78, 137.96, 135.64, 135.56, 129.96,
129.64, 128.49, 128.09,127.34,125.28, 123.06, 122.32, 121.80,118.96,
108.36, 100.84, 71.83, 55.66, 50.72, 50.33, 45.75, 41.90; ESI-MS: m/z
720.1 [MþH]þ; ESI-HRMS (m/z): [Mþ H]þ calcd for C33H30ClN7O8S
720.1643; obsd 720.1655.

5.2. Biological assays

5.2.1. Cell lines and reagents
H1975 (NSCLC, EGFR L858R/T790M), HCC827 (NSCLC, EGFR del

E746_A750), A431 (epidermoid carcinoma, EGFR overexpression),
A549 (NSCLC, EGFR wild type), 16HBE (human bronchial epithelial)
cells were obtained from ATCC. The cells were maintained at 37 �C
in a 5% CO2 incubator in DMEM or RPMI 1640 (Hyclone) containing
10% fetal bovine serum (FBS, Biochrom, AG).
5.2.2. In vitro enzymatic activity assay
Wild type (WT) and EGFR mutants (L858R, L858R/T790M) and

the Z0-Lyte Kinase Kit were purchased from Invitrogen. The ex-
periments were performed according to the instructions of the
manufacturer. Briefly, the concentrations of different kinases were
determined by optimization experiments and the respective con-
centration was: EGFR (PV3872, Invitrogen) 0.287 mg/mL, EGFR-
L858R (PV4128, Invitrogen) 0.054 mg/mL, EGFR-L858R/T790M
(PV4879, Invitrogen) 0.055 mg/mL. Ten concentration gradients
were set for all the tested compounds from 5.1 � 10�9 M to
1 � 10�4 M in DMSO; a 4� compound solution was prepared. An
ATP solution in 1.33� Kinase Buffer, and a Kinase/Peptide Mixture
containing 2� kinase and Tyr 4 peptide were prepared right before
use. The 10 mL Kinase Reactions were consisted of 2.5 mL compound
solution, 5 mL Kinase/Peptide Mixture, and 2.5 mL ATP solution. 5 mL
phospho-peptide solution instead of Kinase/Peptide Mixture was
used as 100% phosphorylation control. 2.5 mL 1.33� Kinase Buffer
instead of ATP solution was used as 100% inhibition control, while
2.5 mL 4% DMSO instead of compound solution was used as 0% in-
hibition control. Mixed the plate thoroughly and incubated for 1 h
at 25 �C. 5 mL Development Solutionwas added to eachwell and the
plate was incubated for 1 h at 25 �C; the non-phospho-peptides
were cleaved in this time. In the end, 5 mL Stop Reagent was
added to stop reaction. Plate was measured on EnVision Multilabel
Reader (PerkineElmer). Curve fitting and data presentations were
performed using Graph Pad Prism version 5.0. Every experiment
was repeated at least 3 times.

5.2.3. MTT assay
1000 cells/well of H1975, 2000 cells/well of HCC827, A431, A549

and 16HBE were cultured in 8% FBS respective growth medium in
96-well microplates overnight. The cells were then treated in
triplicate with various concentrations of each compound and
cultured in 5% FBS medium for 72 h. Control cells were treated with
vehicle alone. During the last 4 h of incubation, the cells were
exposed to tetrazolium dye (MTT) solution (5 mg/mL, 20 mL/well).
The generated formazan crystals were dissolved in 100 mL of
dimethyl sulfoxide (DMSO), and the absorbance was read spec-
trophotometrically at 570 nm using an enzyme-linked immuno-
sorbent assay plate reader. The data were calculated using Graph
Pad Prism version 5.0. The IC50s were fitted using a non-linear
regression model with a sigmoidal dose response.

5.2.4. Nitrite measurement in vitro
The levels of nitrite produced by individual compounds in the

cells were determined by the colorimetric assay using the nitrite
colorimetric assay kit (Beyotime, China), according to the manu-
facturer’s instructions. Briefly, H1975 or 16HBE cells (1 � 106/well)
were treated with 100 mM of each compound for 150 min. Subse-
quently, the cells were harvested and their cell lysates were pre-
pared, then mixing with Griess for 10 min, followed by measuring
at 540 nm. The cells treated with DMSO were used as negative
controls for the background levels of nitrite production, while so-
dium nitrite at different concentrations was used as the positive
control for the standard curve.

5.2.5. Western blotting analysis
The H1975 cells were incubated with 0.01, 0.1 or 1 mM WZ4002,

10h or vehicle control (0.1%DMSO) for 6 h. Following incubation, the
cells were harvested and lysed. The cell lysates (50 mg/lane) were
separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (7.5% gel) and transferred onto nitrocellulose membranes.
After they were blocked with 5% fat-free milk, the target proteins
were probedwith anti-EGFR, antiphospho-EGFR (Tyr1068), anti-AKT,
antiphospho-AKT (Ser473), anti-ERK, antiphospho-ERK (Thr202/
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Tyr204), and anti-b-actin antibodies (Cell Signaling, Boston, MA),
respectively. The bound antibodies were detected by horseradish
peroxidase (HRP)-conjugated second antibodies and visualized using
the enhanced chemiluminescent reagent.
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