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BTK inhibitors with B cell
suppression activity bearing a 4,6-substituted
thieno[3,2-d]pyrimidine scaffold†

Qiumeng Zhang,‡a Luyao Zhang,‡bc Jie Yu,a Heng Li,bc Shijun He,bc Wei Tang,bc

Jianping Zuo*bc and Wei Lu *a

A series of 4,6-substituted thieno[3,2-d]pyrimidine derivatives as Bruton's tyrosine kinase (BTK) inhibitors

are designed, synthesized and evaluated for their enzymatic inhibition and immunosuppressive activities.

These derivatives exhibit varying inhibitory activities against BTK in vitro. Compound 8 is a novel potent

BTK inhibitor which has an IC50 value of 29.9 nM, exerts excellent immunosuppressive activity by

inhibiting the proliferation of B cells (IC50 ¼ 284 nM), and shows low cytotoxicity (CC50 ¼ 53 632 nM) on

murine splenocytes. In addition, compound 8 displays considerable selectivity between T cells (IC50 > 10

mM) and B cells. Furthermore, enzymatic assays on more than twenty kinases confirm that compound 8

is more selective than the reference compound Olmutinib. In summary, the results suggest that

compound 8 is a potential BTK inhibitor for further evaluation and modification of the C-4 and C-6

position of the thieno[3,2-d]pyrimidine scaffold, which could be considered a new strategy in the

development of BTK inhibitors.
Introduction

Bruton's tyrosine kinase (BTK) is a non-receptor tyrosine kinase
that belongs to the Tec kinase family,1,2 which is expressed
primarily in immune cells including B cells, monocytes,
neutrophils, mast cells and macrophages.3,4 Recently, signi-
cant progress has been made in understanding the function
and regulation of BTK in multiple signaling pathways,5–10 such
as the B cells receptor (BCR) signaling11 and Fcg receptor (FCR)
signaling pathways.12 BTK plays a critical role in B cell devel-
opment, including proliferation, differentiation, maturation,
activation and survival. In the past decades, BTK inhibitors have
been considered as a therapeutic option for the treatment of B
cell malignancies.13–21 Ibrutinib, which is a selective irreversible
BTK inhibitor, has been approved by the US Food and Drug
Administration (FDA) for the treatment of patients with chronic
lymphocytic leukemia (CLL), mantle cell lymphoma (MCL) and
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Waldenstrom's macroglobulinemia.9,12–24 Besides, B cells have
been recognized to play a pivotal role in regulating immune
responses and BTK inhibitors have been proven to be effective
in treating autoimmune diseases such as rheumatoid arthritis
(RA) and systemic lupus erythematous (SLE).25,26 Several BTK
inhibitors have been reported in the clinical development for
the treatment of RA or SLE,22,27–33 including Ibrutinib, Olmuti-
nib, Spebrutinib, and Acalabrutinib (Fig. 1).
Fig. 1 Chemical structures of some clinical BTK inhibitors used in the
treatment RA or SLE.

This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra04261b&domain=pdf&date_stamp=2017-05-16
http://orcid.org/0000-0003-3041-9200
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04261b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007042


Fig. 3 Design of 4,6-substituted thieno[3,2-d]pyrimidines.
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To date, thieno[3,2-d]pyrimidine derivatives have attracted
a great deal of attention due to their broad spectrum of bio-
logical activities, including antitumor, anti-autoimmune,
and antifungal activities. Over the past decades, numerous
studies have resulted in vast literature on the modication of
the thieno[3,2-d]pyrimidine core. These thieno[3,2-d]pyrimi-
dines exhibit remarkable biological functions by targeting
different kinases, such as EGFR, VEGFR, mTOR, PI3K,
BTK, HDAC and SIRT (Fig. 2).34–46 Among the reported thieno
[3,2-d]pyrimidine derivatives, Olmutinib, which is a 2,4-
substituted thieno[3,2-d]pyrimidine, is being developed as an
EGFR inhibitor47 for the treatment of non-small cell
lung cancer and as a BTK inhibitor27 for autoimmune
disorders.

We are interested in developing BTK inhibitors for the
treatment of autoimmune diseases and thus attracted to the
broad spectrum activities of thieno[3,2-d]pyrimidine deriva-
tives. Therefore, a series of novel thieno[3,2-d]pyrimidine based
BTK inhibitors are designed by extending the C-2 substitution
of Olmutinib to the C-6 position of our thieno[3,2-d]pyrimidine
derivatives using an angle-changing strategy. Considering the
space length, the substituents are attached to the thiophene
ring through the C–C bond. An electrophilic warhead is essen-
tial for irreversible BTK inhibitors to form a covalent bond with
Cys481 of BTK, thus the C-4 substitution of Olmutinib is kept on
the C-4 position of our thieno[3,2-d]pyrimidine derivatives. The
results show that most of the synthesized compounds exhibit
weak potency against BTK, whereas compounds 7 and 8 are
equipotent to Olmutinib. In addition, it is exciting that
compounds 7 and 8 are ineffective in inhibiting EGFR. Thus,
high selectivity between BTK and EGFR could be achieved by
compounds with the 4,6-substituted thieno[3,2-d]pyrimidine
scaffold. Herein, we describe the design, synthesis and
preliminary activities of the compounds related to the general
structure A (Fig. 3).
Fig. 2 Chemical structures of some thieno[3,2-d]pyrimidines.

This journal is © The Royal Society of Chemistry 2017
Results and discussion
Chemistry

The detailed synthetic strategy to target compounds 4–20 is
illustrated in Scheme 1. Compound 1was prepared according to
published procedures.48,49 Intermediates 2 and 3 were obtained
from compound 1 through nucleophilic substitution with 3-
nitrophenol and 6-nitroindoline, respectively. Compounds 4a–
20a were assembled via the following two steps from 2 or 3: (i)
Suzuki coupling between intermediates 2/3 and the corre-
sponding boric acid/boric acid ester and (ii) reduction of nitro
with RANEY®-Ni under H2. Finally, 4a–20a were reacted with
acryloyl chloride to obtain the targets 4–20. Some of the inter-
mediates and nal targets have poor solubility, especially 3, 14,
16, 17, 18 and 20.
Biological evaluation

First, the 4,6-substituted thieno[3,2-d]pyrimidine derivatives
were evaluated for their activities against BTK using the
LanthaScreen® Tb Kinase Activity Assay. The results were
Scheme 1 Synthesis of target compounds 4–20. Reagents and
conditions: (a) 3-nitrophenol, Cs2CO3, anhydrous DMF, rt, 96%; (b) 6-
nitroindoline, trifluoroacetic acid, isopropyl alcohol, 80 �C, 93%; (c)
Pd(dppf)Cl2-DCM, Na2CO3, corresponding boric acid or boric acid
ester, THF, water, 80 �C, N2, overnight; (d) RANEY®-Ni, H2, MeOH, rt,
overnight; and (e) acryloyl chloride, NaHCO3, THF, water, 0 �C.

RSC Adv., 2017, 7, 26060–26069 | 26061
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Table 2 The inhibitory activities of the indoline substituted derivatives
against BTK

Comp. R2

BTK enzymatic assaya IC50

(nM)

14 3688 � 1135

15 >10 000
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expressed as IC50 values and are summarized in Tables 1 and 2.
Compound 4, which was obtained by evolving the C-2 substi-
tution of Olmutinib to the C-6 position, was approximately 215-
fold less potent than Olmutinib. Among the tested compounds,
7 and 8 were the most potent BTK inhibitors which had IC50

values of 11.9 nM and 29.9 nM, respectively. Apparently, they
are equipotent to Olmutinib (IC50 ¼ 13.9 nM) in suppressing
BTK activity. Moreover, when the C-4 position of 8 was replaced
by N-(indolin-6-yl)acrylamide, the BTK inhibitory activities of
compound 15 disappeared (IC50 > 10 000 nM). Besides, most of
the compounds shown in Table 2 exhibit negligible activities
against BTK. These results suggest that substitution of the
indoline ring at the C-4 position is unfavorable for the inter-
action with BTK. In addition, the wide varieties of activities
shown in Table 1, which range from 11.9 nM to more than
Table 1 The inhibitory activities of the phenol substituted derivatives
against BTK

Comp. R1

BTK enzymatic assaya IC50

(nM)

4 2980 � 975

5 2151 � 984

6 249.3 � 34

7 11.9 � 1.1

8 29.9 � 8.2

9 >10 000

10 >10 000

11 1494 � 657

12 >10 000

13 >10 000

Olmutinibb — 13.9 � 5.6

a The data were analysed in duplicate and shown as mean � SE. b Used
as the positive control.

16 650 � 124

17 >10 000

18 >10 000

19 >10 000

20 >10 000

Olmutinibb — 13.9 � 5.6

a The data were analyzed in duplicate and shown as mean � SE. b Used
as the positive control.

26062 | RSC Adv., 2017, 7, 26060–26069
10 000 nM, indicating that BTK is sensitive to the substitution
at the C-6 position.

Based on the overall prole of this series, compounds 7 and 8
were selected for further proling because of their excellent
enzymatic potency. Since the structures of 7 and 8 were similar
with the dual BTK and EGFR inhibitor Olmutinib, the EGFR
kinase activity assay was performed. As shown in Table 3,
compounds 7 and 8 were ineffective in inhibiting EGFR (IC50

> 10 000 nM). The high selectivity between BTK and EGFR of
7 and 8 is benecial in the treatment of autoimmune diseases.

In order to evaluate the immunosuppressive activity of
compounds 7 and 8, the nonspecic toxicity of murine sple-
nocytes was determined using a Cell Counting Kit-8 (CCK-8) and
lymphocytes proliferation responses were determined using the
3H-TdR incorporation method. Also, concanavalin A (Con A)
Table 3 The inhibitory activities of compounds 7 and 8 against EGFR

Comp. BTK IC50
a (nM) EGFR IC50 (nM) SI

7 11.9 � 1.1 >10 000 >844
8 29.9 � 8.2 >10 000 >334
Olmutinib 13.9 � 5.6 17.6 � 6.4 1.3

a The results of IC50 shown as mean � SE.

This journal is © The Royal Society of Chemistry 2017
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Table 4 Cytotoxicity and proliferation response of murine lymphocytes

Compound

Cytotoxicitya Proliferative responses of murine lymphocytesa

CC50 (nM)

IC50 (nM)

SI

IC50 (nM)

SICon A stimulation LPS stimulation

7 557 4507 0.1 183 3.0
8 53 632 >10 000 <5.4 284 188
Olmutinib 1489 1426 1.0 300 5.0
Ibrutinib 800 1829 0.4 86 9.3

a The data were analysed in duplicate.

Fig. 4 Enzyme inhibition screen of 8 and Olmutinib against twenty-
five selected kinases.
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and lipopolysaccharide (LPS), which induce the proliferation of
T cells and B cells, respectively, were used. The results are
summarized in Table 4. Interestingly, compound 7 exhibits
high cytotoxicity with a CC50 value of 557 nM, however, its
toxicity was greatly reduced when the C-6 position substituents
of p-methylpiperazinephenyl was converted into p-meth-
anesulfonylphenyl (8, CC50 ¼ 53 632 nM). Besides, 7 and 8 show
potent inhibition against B cells (184 nM and 284 nM, respec-
tively) but are ineffective against T cells (4507 nM and
>10 000 nM, respectively). Considering that BTK mediates
signaling pathways downstream of BCR in B cells,50 not T cells,
the immunosuppressive results are reasonable. In summary, 7
is conrmed to possess no immunosuppressive activity against
B cells due to its high cytotoxicity, and 8 exhibits excellent
immunosuppressive activity by inhibiting B cells compared
with Olmutinib and Ibrutinib.

Furthermore, we screened the inhibitory activities of
compound 8 against twenty-ve selected kinases related to the
SRC kinase family, JAK family, MAPK family and others.
Compound 8 and Olmutinib were measured at single concen-
tration of 200 nM in duplicate. As presented in Fig. 4, Olmutinib
exhibits potent inhibition of JAK3, EGFR, ITK, BLK and BTK at
200 nM. Compound 8 has a negligible impact on most of the
tested kinases except BTK and BLK, which indicates that
compound 8 has relatively better kinase selectivity than
Olmutinib.
Conclusion

In summary, a series of 4,6-substituted thieno[3,2-d]pyrimi-
dines were designed and synthesized. Among the derivatives,
This journal is © The Royal Society of Chemistry 2017
compounds 7 and 8 with IC50 values of 11.9 nM and 29.9 nM,
respectively, exhibit potent anti-BTK activity that is equipotent
to Olmutinib. Due to the fact that BTK plays a critical role in B
cell derived diseases, the nonspecic toxicity and proliferation
responses of murine splenocytes were analyzed. Compound 8
exhibits excellent immunosuppressive activity by inhibiting B
cell proliferation (IC50 ¼ 284 nM) and low cytotoxicity (CC50 ¼
53 632 nM). Furthermore, the enzymatic inhibition screen
assays on more than twenty kinases conrm that compound 8,
which has negligible activities for EGFR, JAK3, and ITK, is more
selective than the reference compound Olmutinib. These
preliminary results suggest that compound 8 is a novel prom-
ising BTK inhibitor for further evaluation and modication of
the 4,6-substituted thieno[3,2-d]pyrimidine scaffold could be
applied in the development of novel BTK inhibitors.

Experimental
Material and methods

All reagents and solvents were purchased from suppliers and
puried/dried if an anhydrous solvent was necessary. Mass
spectra (MS) were recorded on aWaters SDQmass spectrometer
and high resolution mass spectra (HRMS) were recorded on
aWaters SYNAPT G2 ESI-TOF-MS analyzer. 1H NMR spectra and
13C NMR spectra were recorded in CDCl3, MeOD, CF3COOD,
D2O and DMSO-d6 on a Bruker DRX-400 (400 MHz) using TMS
as the internal standard. Chemical shis are reported as
d (ppm) and spin–spin coupling constants as J (Hz) values.
Melting points were taken on a SGW X-4 melting point appa-
ratus, uncorrected and reported in degrees centigrade. Column
chromatography was performed with silica gel (200–300 mesh).
The purity of all tested compounds was established by HPLC to
be >95%.

Synthetic procedures

6-Bromo-4-chlorothieno[3,2-d]pyrimidine (1). Compound 1
was prepared according to ref. 48 and 49; white crystal; mp: 138.1–
138.9 �C; 1H NMR (400 MHz, CDCl3) d 8.93 (s, 1H), 7.61 (s, 1H);
ESI-MS: m/z 248.9 [M + H]+.

6-Bromo-4-(3-nitrophenoxy)thieno[3,2-d]pyrimidine (2).
Compound 1 (2.49 g, 10 mmol), 3-nitrophenol (1.39 g, 10 mmol)
and Cs2CO3 (6.52 g, 20 mmol) were mixed and anhydrous DMF
(50 mL) was added subsequently. The solution was stirred at
RSC Adv., 2017, 7, 26060–26069 | 26063
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room temperature for 2 h (monitored by TLC). Subsequently,
the mixture was poured into ice water (500 mL) and a white
solid precipitated slowly. The precipitate was collected, washed
with water and dried to give the desired product 2 (3.4 g, 96%);
white solid; mp: 174.0–174.6 �C; 1H NMR (400 MHz, DMSO-d6)
d 8.72 (s, 1H), 8.31 (s, 1H), 8.22 (d, J ¼ 8.1 Hz, 1H), 7.99 (s, 1H),
7.89 (d, J ¼ 8.2 Hz, 1H), 7.82 (d, J ¼ 8.2 Hz, 1H); 13C NMR (101
MHz, DMSO-d6) d 162.7, 161.7, 154.6, 151.7, 148.5, 131.1, 129.1,
127.7, 126.6, 121.2, 118.7, 117.6; ESI-MS: m/z 352.0 [M + H]+.

6-Bromo-4-(6-nitroindolin-1-yl)thieno[3,2-d]pyrimidine (3).
Triuoroacetic acid (1.5 mL, 20 mmol) was added to a solution
of compound 1 (2.49 g, 10 mmol) and 6-nitroindoline (1.64 g, 10
mmol) in isopropyl alcohol (100 mmol). The resulting mixture
was heated to 80 �C for 5 h. Subsequently, the reaction mixture
was cooled to room temperature and then poured into ice water,
and yellow solid precipitated slowly. The precipitate was
collected, washed with water and dried to provide the desired
product 3 (3.5 g, 93%); yellow solid; mp: >250 �C; 1H NMR (400
MHz, DMSO-d6 + CF3COOD) d 9.26 (s, 1H), 8.62 (d, J ¼ 8.7 Hz,
1H), 7.88 (s, 1H), 7.48 (d, J ¼ 8.9 Hz, 1H), 7.31 (s, 1H), 4.62 (s,
2H), 3.32 (s, 2H); HRMS (ESI) m/z calcd for chemical formula:
C14H9BrN4O2S [M + H]+: 376.9702, found: 376.9726.

General procedure for the synthesis of compounds 4–20
Step 1. A solution of compound 2 or 3 (0.5 mmol), corre-

sponding boric acid or boric acid ester (0.75 mmol) and
Pd(dppf)Cl2-DCM (41 mg, 0.05 mmol) in THF (10 mL) was
degassed with N2 for 5 min followed by the addition Na2CO3

(106 mg, 0.5 M in water) under a continuous ow of nitrogen.
The reaction mixture was stirred at 70 �C until the reaction was
complete (monitored by TLC). The reactionmixture was allowed
to cool to room temperature and then ltered. The lter cake
was washed with water and DCM several times to afford the
crude product (poor solubility). The crude product was sus-
pended in methanol (30 mL) and then the mixture was purged
with N2. RANEY®-Ni was added and the mixture was purged
with N2 again, then H2. The resulting solution was stirred at
room temperature overnight. MeOH (20 mL) and DCM (50 mL)
were added and the solution was ltered and concentrated in
vacuo to afford 4a–20a, which were used directly in the next step.

Step 2. Corresponding 4a–20a (0.1 mmol) was dissolved or
suspended in THF (10 mL) and then NaHCO3 (0.2 mmol, 2 M in
water) was added. Subsequently, acryloyl chloride (0.11 mmol,
1 M in anhydrous THF) was added to the solution dropwise at
0 �C. The resulting mixture was stirred for 1 h (monitored by
TLC). Then EA (20 mL) and water (30 mL) were added and the
layers were partitioned and separated. The organic layers were
washed with NH4Cl solution, then washed with water and brine,
and dried over anhydrous sodium sulfate. The ltrate was
concentrated and crystallized from MeOH/CH2Cl2/hexane to
give the corresponding product 4–20.

3-((6-(4-Phenoxyphenyl)thieno[3,2-d]pyrimidin-4-yl)oxy)aniline
(4a). From compound 2 (176 mg, 0.5 mmol) and (4-phenox-
yphenyl)boronic acid (161 mg, 0.75 mmol), as that described in
step 1, gave 4a (95 mg, 46%); off-white solid; mp: 152.2–
153.1 �C; 1H NMR (400 MHz, CDCl3) d 8.71 (s, 1H), 7.72 (d, J ¼
8.4 Hz, 2H), 7.62 (s, 1H), 7.39 (t, J ¼ 7.7 Hz, 2H), 7.20 (dt, J ¼
14.8, 7.7 Hz, 2H), 7.09 (d, J¼ 7.8 Hz, 4H), 6.69–6.54 (m, 3H), 3.81
26064 | RSC Adv., 2017, 7, 26060–26069
(s, 2H); 13C NMR (101 MHz, CDCl3) d 164.0, 163.6, 159.3, 156.1,
154.9, 153.1, 152.9, 148.0, 130.4, 130.0, 128.4, 127.7, 124.2,
119.7, 119.1, 118.8, 117.2, 112.9, 111.5, 108.4; ESI-MS: m/z 412.1
[M + H]+.

N-(3-((6-(4-Phenoxyphenyl)thieno[3,2-d]pyrimidin-4-yl)oxy)
phenyl)acrylamide (4). From compound 4a (41 mg, 0.1 mmol),
as that described in step 2, gave 4 (21 mg, 45%); off-white solid;
mp: 214.2–214.9 �C; 1H NMR (400 MHz, DMSO-d6) d 10.39 (s,
1H), 8.70 (s, 1H), 8.07 (s, 1H), 7.99 (d, J ¼ 8.5 Hz, 2H), 7.78 (s,
1H), 7.53 (d, J ¼ 8.3 Hz, 1H), 7.46 (q, J ¼ 7.6 Hz, 3H), 7.24 (t, J ¼
7.3 Hz, 1H), 7.14 (d, J¼ 8.3 Hz, 4H), 7.07 (d, J¼ 8.0 Hz, 1H), 6.44
(dd, J ¼ 17.0, 10.0 Hz, 1H), 6.26 (d, J ¼ 16.8 Hz, 1H), 5.83–5.73
(m, 1H); 13C NMR (101 MHz, DMSO-d6) d 163.9, 163.4, 162.9,
158.8, 155.6, 154.6, 152.2, 151.9, 140.3, 131.5, 130.3, 129.9,
128.6, 127.4, 127.0, 124.4, 119.5, 119.4, 118.7, 116.9, 116.8,
116.0, 112.7; HPLC: room temperature, tg ¼ 17.03 min, UV254 ¼
97%; HRMS (ESI) m/z calcd for C27H19N3O3S [M + Na]+:
488.1045, found: 488.1054.

3-((6-(4-(2-Methoxyethoxy)phenyl)thieno[3,2-d]pyrimidin-4-
yl)oxy)aniline (5a). From compound 2 (176mg, 0.5mmol) and 2-
(4-(2-methoxyethoxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxabor-
olane (209 mg, 0.75 mmol), as that described in step 1, gave 5a
(83 mg, 42%); off-white solid; mp: 172.4–173.2 �C; 1H NMR (400
MHz, CDCl3) d 8.70 (s, 1H), 7.70 (d, J ¼ 7.8 Hz, 2H), 7.59 (s, 1H),
7.23 (s, 1H), 7.03 (d, J ¼ 7.7 Hz, 2H), 6.62 (dd, J ¼ 18.1, 7.7 Hz,
3H), 4.19 (s, 2H), 3.80 (s, 4H), 3.48 (s, 3H); 13C NMR (101 MHz,
CDCl3) d 164.1, 163.6, 160.4, 154.8, 153.4, 153.2, 148.0, 130,
128.2, 125.8, 118.4, 117.0, 115.3, 112.9, 111.5, 108.4, 70.9, 67.5,
59.3; ESI-MS: m/z 394.0 [M + H]+.

N-(3-((6-(4-(2-Methoxyethoxy)phenyl)thieno[3,2-d]pyrimidin-
4-yl)oxy)phenyl)acrylamide (5). From compound 5a (39 mg, 0.1
mmol), as that described in step 2, gave 5 (18 mg, 40%); white
solid; mp: 204.1–205.2 �C; 1H NMR (400 MHz, CDCl3) d 8.69 (s,
1H), 7.73 (s, 2H), 7.71 (s, 1H), 7.61 (s, 1H), 7.49 (s, 1H), 7.41 (s,
2H), 7.04 (d, J ¼ 8.2 Hz, 3H), 6.43 (d, J ¼ 16.7 Hz, 1H), 6.23 (dd, J
¼ 16.8, 10.2 Hz, 1H), 5.78 (d, J ¼ 10.2 Hz, 1H), 4.20 (s, 2H), 3.80
(s, 2H), 3.48 (s, 3H); 13C NMR (101 MHz, CDCl3) d 164.2, 163.4,
160.4, 154.5, 153.7, 152.5, 139.2, 130.9, 130.1, 128.2, 125.8,
118.4, 115.3, 70.9, 67.5, 59.3; HPLC: room temperature, tg ¼
10.69 min, UV320 ¼ 98%; HRMS (ESI) m/z calcd for chemical
formula: C24H21N3O4S [M + Na]+: 470.1150, found: 470.1152.

3-((6-(4-Morpholinophenyl)thieno[3,2-d]pyrimidin-4-yl)oxy)
aniline (6a). From compound 2 (176 mg, 0.5 mmol) and 4-(4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)morpholine
(217 mg, 0.75 mmol), as that described in step 1, gave 6a
(103 mg, 51%); white solid; mp: 227.2–228.3 �C; 1H NMR (400
MHz, CDCl3) d 8.69 (s, 1H), 7.69 (d, J ¼ 8.8 Hz, 2H), 7.58 (s, 1H),
7.22 (d, J ¼ 8.0 Hz, 1H), 6.97 (d, J ¼ 8.8 Hz, 2H), 6.62 (ddd, J ¼
17.2, 7.2, 1.7 Hz, 3H), 3.95–3.84 (m, 4H), 3.80 (s, 2H), 3.31–3.24
(m, 4H); 13C NMR (101 MHz, CDCl3) d 164.2, 163.5, 154.7, 153.8,
153.2, 152.3, 148.0, 130.3, 127.8, 123.9, 117.6, 116.7, 115.1,
112.8, 111.6, 108.4, 66.7, 48.3; ESI-MS: m/z 404.9 [M + H]+.

N-(3-((6-(4-Morpholinophenyl)thieno[3,2-d]pyrimidin-4-yl)oxy)
phenyl)acrylamide (6). From compound 6a (40 mg, 0.1 mmol), as
that described in step 2, gave 6 (19 mg, 41%); yellow solid; mp:
>250 �C; 1H NMR (400 MHz, DMSO-d6) d 10.35 (s, 1H), 8.64 (s,
1H), 7.91 (s, 1H), 7.80 (d, J ¼ 8.7 Hz, 2H), 7.76 (s, 1H), 7.52 (d, J ¼
This journal is © The Royal Society of Chemistry 2017
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8.3 Hz, 1H), 7.43 (t, J ¼ 8.1 Hz, 1H), 7.06 (d, J ¼ 8.9 Hz, 3H), 6.43
(dd, J ¼ 17.0, 10.1 Hz, 1H), 6.26 (dd, J ¼ 17.0, 1.6 Hz, 1H), 5.82–
5.73 (m, 1H), 3.81–3.67 (m, 4H), 3.29–3.20 (m, 4H); 13C NMR (101
MHz, DMSO-d6) d 164.3, 163.4, 162.7, 154.4, 153.5, 152.2, 152.0,
140.3, 131.6, 129.9, 127.6, 127.3, 122.1, 117.3, 116.9, 116.7, 115.1,
114.6, 112.7, 65.9, 47.3; HPLC: room temperature, tg¼ 10.60min,
UV254 ¼ 98%; HRMS (ESI) m/z calcd for chemical formula:
C25H22N4O3S [M + Na]+: 481.1310, found: 481.1312.

3-((6-(4-(4-Methylpiperazin-1-yl)phenyl)thieno[3,2-d]pyrimidin-
4-yl)oxy)aniline (7a). From compound 2 (176mg, 0.5mmol) and 1-
methyl-4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)
piperazine (227 mg, 0.75 mmol), as that described in step 1, gave
7a (79 mg, 38%); yellow solid; mp: 228.5–229.3 �C; 1H NMR (400
MHz, CDCl3) d 8.68 (s, 1H), 7.67 (d, J ¼ 8.8 Hz, 2H), 7.56 (s, 1H),
7.22 (t, J¼ 8.0 Hz, 1H), 6.97 (d, J¼ 8.8 Hz, 2H), 6.70–6.52 (m, 3H),
3.80 (s, 2H), 3.45–3.30 (m, 4H), 2.66–2.56 (m, 4H), 2.39 (s, 3H); 13C
NMR (101 MHz, CDCl3) d 164.2, 163.5, 154.7, 154.0, 153.2, 152.2,
148.0, 130.3, 127.8, 123.5, 117.4, 116.6, 115.4, 112.8, 111.6, 108.4,
54.8, 47.9, 46.0; ESI-MS: m/z 418.2 [M + H]+.

N-(3-((6-(4-(4-Methylpiperazin-1-yl)phenyl)thieno[3,2-d]
pyrimidin-4-yl)oxy)phenyl)acrylamide (7). From compound 7a
(42 mg, 0.1 mmol), as that described in step 2, gave 7 (19 mg,
41%); yellow solid; mp: 233.1–233.5 �C; 1H NMR (400 MHz,
DMSO-d6) d 10.34 (s, 1H), 8.65 (s, 1H), 7.91 (s, 1H), 7.78 (dd, J ¼
9.1, 5.4 Hz, 3H), 7.53 (d, J ¼ 8.1 Hz, 1H), 7.44 (t, J ¼ 8.1 Hz, 1H),
7.05 (d, J¼ 8.8 Hz, 3H), 6.44 (dd, J¼ 17.0, 10.1 Hz, 1H), 6.27 (dd,
J¼ 17.0, 1.8 Hz, 1H), 5.78 (dd, J¼ 10.1, 1.8 Hz, 1H), 3.30 (dd, J¼
12.6, 7.9 Hz, 6H), 2.56–2.37 (m, 8H), 2.23 (s, 3H); 13C NMR (101
MHz, DMSO-d6) d 164.3, 163.3, 162.7, 154.4, 153.5, 152.1, 152.0,
140.3, 131.6, 129.9, 127.6, 127.3, 121.6, 117.1, 116.8, 116.6,
115.1, 114.8, 112.7, 54.3, 47.0, 45.7; HPLC: room temperature, tg
¼ 7.60 min, UV254 ¼ 97%; HRMS (ESI) m/z calcd for chemical
formula: C26H25N5O2S [M + Na]+: 494.1627, found: 494.1645.

3-((6-(4-(Methylsulfonyl)phenyl)thieno[3,2-d]pyrimidin-4-yl)
oxy)aniline (8a). From compound 2 (176 mg, 0.5 mmol) and (4-
(methylsulfonyl)phenyl)boronic acid (150 mg, 0.75 mmol), as
that described in step 1, gave 8a (93 mg, 47%); off-white solid;
mp: >250 �C; 1H NMR (400 MHz, DMSO-d6) d 8.74 (s, 1H), 8.28
(d, J ¼ 13.9 Hz, 1H), 8.21 (d, J ¼ 7.9 Hz, 2H), 8.07 (d, J ¼ 7.9 Hz,
2H), 7.10 (t, J ¼ 7.9 Hz, 1H), 6.56–6.39 (m, 3H), 5.35 (s, 2H), 3.30
(s, 3H); 13C NMR (101 MHz, DMSO-d6) d 163.4, 163.2, 154.9,
152.7, 150.3, 150.0, 141.7, 136.8, 129.8, 128.1, 127.5, 122.5,
117.2, 111.6, 108.5, 106.7, 43.4; ESI-MS: m/z 397.9 [M + H]+.

N-(3-((6-(4-(Methylsulfonyl)phenyl)thieno[3,2-d]pyrimidin-4-yl)
oxy)phenyl)acrylamide (8). From compound 8a (40 mg, 0.1
mmol), as that described in step 2, gave 8 (15 mg, 33%); yellow
solid; mp: >250 �C; 1H NMR (400 MHz, DMSO-d6) d 10.36 (s,
1H), 8.76 (s, 1H), 8.35 (s, 1H), 8.26 (d, J¼ 8.4 Hz, 2H), 8.09 (d, J¼
8.4 Hz, 2H), 7.81 (d, J¼ 1.8 Hz, 1H), 7.53 (d, J¼ 8.4 Hz, 1H), 7.46
(t, J ¼ 8.1 Hz, 1H), 7.09 (dd, J ¼ 7.9, 1.5 Hz, 1H), 6.44 (dd, J ¼
17.0, 10.1 Hz, 1H), 6.27 (dd, J ¼ 17.0, 1.8 Hz, 1H), 5.82–5.74 (m,
1H), 3.31 (s, 3H); 13C NMR (101 MHz, DMSO-d6)) d 163.4, 163.4,
163.2, 154.8, 151.8, 150.2, 141.7, 140.3, 136.7, 131.6, 129.9,
128.1, 127.5, 127.3, 122.6, 117.2, 116.9, 112.7, 43.4; HPLC: room
temperature, tg ¼ 9.18 min, UV254 ¼ 96%; HRMS (ESI) m/z calcd
for chemical formula: C22H17N3O4S2 [M + Na]+: 474.0558, found:
474.0576.
This journal is © The Royal Society of Chemistry 2017
3-((6-(3,5-Dimethoxyphenyl)thieno[3,2-d]pyrimidin-4-yl)oxy)
aniline (9a). From compound 2 (176 mg, 0.5 mmol) and (3,5-
dimethoxyphenyl)boronic acid (137 mg, 0.75 mmol), as that
described in step 1, gave 9a (120 mg, 63%); white solid; mp:
204.1–204.9 �C; 1H NMR (400 MHz, DMSO-d6) d 8.70 (s, 1H),
8.15 (s, 1H), 7.10 (t, J¼ 8.0 Hz, 1H), 7.05 (d, J ¼ 2.2 Hz, 2H), 6.65
(t, J ¼ 2.1 Hz, 1H), 6.52 (dd, J ¼ 8.1, 1.3 Hz, 1H), 6.46 (t, J ¼
2.1 Hz, 1H), 6.41 (dd, J ¼ 7.8, 1.8 Hz, 1H), 5.34 (s, 2H), 3.85 (s,
6H); 13C NMR (101 MHz, DMSO-d6) d 163.4, 163.2, 161.1, 154.7,
152.7, 152.3, 150.3, 134.0, 129.8, 120.7, 116.3, 111.6, 108.5,
106.8, 104.7, 101.9, 79.1, 55.5; ESI-MS: m/z 380.1 [M + H]+.

N-(3-((6-(3,5-Dimethoxyphenyl)thieno[3,2-d]pyrimidin-4-yl)oxy)
phenyl)acrylamide (9). From compound 9a (43 mg, 0.1 mmol),
as that described in step 2, gave 9 (17 mg, 39%); white solid; mp:
222.1–222.5 �C; 1H NMR (400 MHz, DMSO-d6) d 10.35 (s, 1H),
8.72 (s, 1H), 8.25–8.12 (m, 1H), 7.79 (s, 1H), 7.53 (d, J ¼ 8.5 Hz,
1H), 7.45 (t, J ¼ 8.1 Hz, 1H), 7.11–7.01 (m, 3H), 6.66 (s, 1H), 6.44
(dd, J ¼ 17.0, 10.1 Hz, 1H), 6.27 (dd, J ¼ 17.0, 1.9 Hz, 1H), 5.82–
5.75 (m, 1H), 3.86 (s, 6H); 13C NMR (101MHz, DMSO-d6) d 163.6,
163.3, 163.0, 161.1, 154.6, 152.5, 151.9, 140.3, 134.0, 131.6,
129.9, 127.3, 120.8, 116.8, 116.8, 116.3, 112.7, 104.8, 102.0, 55.6;
HPLC: room temperature, tg ¼ 11.25 min, UV300 ¼ 96%; HRMS
(ESI) m/z calcd for chemical formula: C23H19N3O4S [M + Na]+:
456.0994, found: 456.1017.

3-((6-(2,6-Dichloro-3,5-dimethoxyphenyl)thieno[3,2-d]pyrimidin-
4-yl)oxy)aniline (10a). From compound 2 (176 mg, 0.5 mmol)
and (2,6-dichloro-3,5-dimethoxyphenyl)boronic acid (188 mg,
0.75 mmol), as that described in step 1, gave 10a (117 mg, 52%);
white solid; mp: 199.1–200.5 �C; 1H NMR (400 MHz, CDCl3)
d 8.77 (s, 1H), 7.43 (s, 1H), 7.27–7.22 (m, 1H), 6.70 (s, 1H), 6.68–
6.64 (m, 1H), 6.61 (dt, J ¼ 4.4, 1.7 Hz, 2H), 3.99 (s, 6H); 13C NMR
(101 MHz, CDCl3) d 163.9, 162.7, 154.8, 154.6, 153.0, 148.0,
147.0, 133.0, 130.4, 125.8, 119.1, 115.5, 113.0, 111.6, 108.4, 98.4,
56.8; ESI-MS: m/z 448.0 [M + H]+.

N-(3-((6-(2,6-Dichloro-3,5-dimethoxyphenyl)thieno[3,2-d]
pyrimidin-4-yl)oxy)phenyl)acrylamide (10). From compound
10a (45 mg, 0.1 mmol), as that described in step 2, gave 10
(18 mg, 36%); white solid; mp: 228.0–228.5 �C; 1H NMR (400
MHz, DMSO-d6) d 10.35 (s, 1H), 8.77 (s, 1H), 7.79 (s, 1H), 7.70 (s,
1H), 7.54 (d, J ¼ 8.8 Hz, 1H), 7.45 (t, J ¼ 8.1 Hz, 1H), 7.14–7.08
(m, 2H), 6.44 (dd, J ¼ 17.0, 10.1 Hz, 1H), 6.27 (dd, J ¼ 17.0,
1.9 Hz, 1H), 5.78 (dd, J¼ 10.1, 1.9 Hz, 1H), 4.00 (s, 6H); 13C NMR
(101 MHz, DMSO-d6) d 163.3, 163.2, 162.6, 154.6, 154.5, 151.8,
146.6, 140.3, 131.7, 131.6, 129.9, 127.3, 126.0, 117.9, 117.0,
116.9, 113.5, 112.8, 99.8, 56.9; HPLC: room temperature, tg ¼
11.31 min, UV300 ¼ 99%; HRMS (ESI) m/z calcd for chemical
formula: C23H17Cl2N3O4S [M + Na]+: 524.0215, found: 524.0228.

Methyl 4-(4-(3-aminophenoxy)thieno[3,2-d]pyrimidin-6-yl)
benzoate (11a). From compound 2 (176 mg, 0.5 mmol) and (4-
(methoxycarbonyl)phenyl)boronic acid (135 mg, 0.75 mmol), as
that described in step 1, gave 11a (116mg, 62%); white solid; mp:
201.2.0–201.9 �C; 1H NMR (400 MHz, DMSO-d6) d 8.73 (s, 1H),
8.24 (s, 1H), 8.08 (s, 4H), 7.11 (s, 1H), 6.73–6.20 (m, 3H), 5.35 (s,
2H), 3.90 (s, 3H); 13C NMR (101 MHz, DMSO-d6) d 165.5, 163.3,
154.8, 152.7, 150.7, 150.3, 136.4, 130.6, 130.1, 129.8, 126.9, 121.9,
111.6, 108.5, 106.7, 52.4; ESI-MS: m/z 378.1 [M + H]+.
RSC Adv., 2017, 7, 26060–26069 | 26065
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Methyl-4-(4-(3-acrylamidophenoxy)thieno[3,2-d]pyrimidin-6-
yl)benzoate (11). From compound 11a (38 mg, 0.1 mmol), as
that described in step 2, gave 11 (15 mg, 35%); white solid; mp:
220.1–220.9 �C; 1H NMR (400 MHz, DMSO-d6) d 10.36 (s, 1H),
8.74 (s, 1H), 8.28 (s, 1H), 8.10 (q, J ¼ 8.6 Hz, 4H), 7.80 (t, J ¼
1.9 Hz, 1H), 7.53 (d, J ¼ 8.7 Hz, 1H), 7.45 (t, J ¼ 8.1 Hz, 1H), 7.08
(dd, J ¼ 8.0, 1.5 Hz, 1H), 6.44 (dd, J ¼ 17.0, 10.1 Hz, 1H), 6.27
(dd, J ¼ 17.0, 1.9 Hz, 1H), 5.78 (dd, J ¼ 10.1, 1.9 Hz, 1H), 3.90 (s,
3H); 13C NMR (101 MHz, DMSO-d6) d 165.5, 163.5, 163.3, 163.1,
154.7, 151.8, 150.9, 140.3, 136.3, 131.6, 130.7, 130.1, 129.9,
127.3, 126.9, 121.9, 117.0, 116.9, 116.8, 112.7, 52.4; HPLC: room
temperature, tg ¼ 11.08 min, UV300 ¼ 97%; HRMS (ESI) m/z
calcd for chemical formula: C23H17N3O4S [M + Na]+: 454.0837,
found: 454.0846.

3-((6-([1,10-Biphenyl]-4-yl)thieno[3,2-d]pyrimidin-4-yl)oxy)aniline
(12a). From compound 2 (176 mg, 0.5 mmol) and [1,10-
biphenyl]-4-ylboronic acid (149 mg, 0.75 mmol), as that
described in step 1, gave 12a (108 mg, 55%); white solid; mp:
216.2–217.3 �C; 1H NMR (400 MHz, CDCl3) d 8.65 (s, 1H), 7.77
(d, J ¼ 5.5 Hz, 2H), 7.65 (s, 3H), 7.57 (d, J ¼ 4.8 Hz, 2H), 7.40 (s,
2H), 7.33 (d, J ¼ 4.9 Hz, 1H), 7.17 (d, J ¼ 7.0 Hz, 1H), 6.54 (d, J ¼
15.9 Hz, 3H), 3.74 (s, 2H); 13C NMR (101 MHz, CDCl3) d 163.8,
163.7, 154.9, 153.1, 153.1, 148.0, 142.8, 140.0, 131.9, 130.4,
129.0, 128.0, 127.9, 119.7, 117.5, 112.9, 111.6, 108.4; ESI-MS:m/z
395.9 [M + H]+.

N-(3-((6-([1,10-Biphenyl]-4-yl)thieno[3,2-d]pyrimidin-4-yl)oxy)
phenyl)acrylamide (12). From compound 12a (45 mg, 0.1
mmol), as that described in step 2, gave 12 (14 mg, 31%); white
solid; mp: 248.5–249.1 �C; 1H NMR (400 MHz, DMSO-d6) d 10.35
(s, 1H), 8.72 (s, 1H), 8.20 (s, 1H), 8.07 (d, J¼ 8.3 Hz, 2H), 7.87 (d,
J ¼ 8.3 Hz, 2H), 7.82–7.77 (m, 2H), 7.77 (s, 1H), 7.56–7.52 (m,
2H), 7.49 (d, J¼ 9.8 Hz, 1H), 7.47–7.38 (m, 2H), 7.09 (dd, J¼ 8.0,
1.3 Hz, 1H), 6.44 (dd, J ¼ 17.0, 10.1 Hz, 1H), 6.27 (dd, J ¼ 17.0,
1.7 Hz, 1H), 5.81–5.74 (m, 1H); 13C NMR (101 MHz, DMSO-d6)
d 163.8, 163.4, 163.0, 154.6, 152.2, 151.9, 141.8, 140.3, 138.9,
131.6, 131.1, 129.9, 129.1, 128.1, 127.6, 127.3, 127.2, 126.7,
120.2, 116.9, 116.8, 116.3, 112.7; HPLC: room temperature, tg ¼
12.92 min, UV300 ¼ 98%; HRMS (ESI) m/z calcd for chemical
formula: C27H19N3O2S [M + Na]+: 472.1096, found: 472.1112.

3-((6-(4-Methoxyphenyl)thieno[3,2-d]pyrimidin-4-yl)oxy)aniline
(13a). From compound 2 (176 mg, 0.5 mmol) and (4-methox-
yphenyl)boronic acid (114 mg, 0.75 mmol), as that described in
step 1, gave 13a (102 mg, 58%); white solid; mp: 194.8–195.6 �C;
1H NMR (400 MHz, CDCl3) d 8.70 (s, 1H), 7.71 (d, J ¼ 8.3 Hz, 2H),
7.59 (s, 1H), 7.23 (t, J ¼ 8.0 Hz, 1H), 7.00 (d, J ¼ 8.3 Hz, 2H), 6.62
(dd, J ¼ 18.7, 8.2 Hz, 3H), 3.88 (s, 3H), 3.82 (s, 2H); 13C NMR (101
MHz, CDCl3) d 164.1, 163.6, 161.1, 154.8, 153.5, 153.2, 148.0,
130.3, 128.2, 125.6, 118.4, 117.0, 114.7, 112.9, 111.6, 108.4, 55.5;
ESI-MS: m/z 350.1 [M + H]+.

N-(3-((6-(4-Methoxyphenyl)thieno[3,2-d]pyrimidin-4-yl)oxy)
phenyl)acrylamide (13). From compound 13a (35 mg, 0.1
mmol), as that described in step 2, gave 13 (11 mg, 27%); yellow
solid; mp: 229.1–229.8 �C; 1H NMR (400 MHz, DMSO-d6) d 10.43
(s, 1H), 7.99 (s, 1H), 7.90 (d, J¼ 8.7 Hz, 2H), 7.77 (s, 1H), 7.54 (d,
J ¼ 8.5 Hz, 1H), 7.43 (t, J ¼ 8.1 Hz, 1H), 7.10 (d, J ¼ 8.7 Hz, 2H),
7.05 (dd, J ¼ 8.0, 1.5 Hz, 1H), 6.46 (dd, J ¼ 17.0, 10.1 Hz, 1H),
26066 | RSC Adv., 2017, 7, 26060–26069
6.26 (dd, J ¼ 17.0, 1.7 Hz, 1H), 5.78–5.71 (m, 1H), 3.84 (s, 3H);
13C NMR (101 MHz, DMSO-d6) d 163.4, 160.9, 152.8, 151.9,
140.3, 131.6, 129.9, 128.2, 127.3, 124.6, 116.9, 116.7, 114.8,
112.7, 55.4; HPLC: room temperature, tg ¼ 10.98 min, UV300 ¼
97%; HRMS (ESI) m/z calcd for chemical formula: C22H17N3O3S
[M + Na]+: 426.0888, found: 426.0898.

1-(6-(4-Phenoxyphenyl)thieno[3,2-d]pyrimidin-4-yl)indolin-
6-amine (14a). From compound 3 (189 mg, 0.5 mmol) and (4-
phenoxyphenyl)boronic acid (161 mg, 0.75 mmol), as that
described in step 1, gave 14a (116 mg, 53%); yellow solid; mp:
205.2–206.3 �C; 1H NMR (400 MHz, DMSO-d6) d 8.63 (s, 1H),
8.21 (s, 1H), 7.92 (d, J ¼ 8.4 Hz, 2H), 7.86 (s, 1H), 7.46 (t, J ¼
7.7 Hz, 2H), 7.23 (t, J ¼ 7.3 Hz, 1H), 7.17 (d, J ¼ 7.9 Hz, 1H),
7.15–7.09 (m, 4H), 6.68 (d, J¼ 7.5 Hz, 1H), 4.70 (s, 2H), 3.24 (t, J
¼ 7.8 Hz, 2H); HRMS (ESI) m/z calcd for chemical formula:
C26H20N4OS [M + H]+: 437.1436, found: 437.1418.

N-(1-(6-(4-Phenoxyphenyl)thieno[3,2-d]pyrimidin-4-yl)indolin-
6-yl)acrylamide (14). From compound 14a (43 mg, 0.1 mmol), as
that described in step 2, gave 14 (17 mg, 35%); yellow solid; mp:
246.9–247.3 �C; 1H NMR (400 MHz, DMSO-d6) d 10.15 (s, 1H),
8.65 (d, J¼ 16.5 Hz, 2H), 7.93 (d, J¼ 8.6 Hz, 2H), 7.86 (s, 1H), 7.54
(d, J¼ 8.2 Hz, 1H), 7.46 (t, J¼ 7.8 Hz, 2H), 7.28–7.19 (m, 2H), 7.12
(d, J ¼ 6.6 Hz, 4H), 6.48 (dd, J ¼ 17.0, 10.1 Hz, 1H), 6.26 (d, J ¼
16.9 Hz, 1H), 5.74 (d, J ¼ 10.3 Hz, 1H), 4.73 (t, J ¼ 8.2 Hz, 2H),
3.26 (d, J¼ 8.0 Hz, 2H); HPLC: room temperature, tg¼ 10.46min,
UV365 ¼ 96%; HRMS (ESI) m/z calcd for chemical formula:
C29H22N4O2S [M + Na]+: 513.1361, found: 513.1360.

1-(6-(4-(Methylsulfonyl)phenyl)thieno[3,2-d]pyrimidin-4-yl)
indolin-6-amine (15a). From compound 3 (189 mg, 0.5 mmol)
and (4-(methylsulfonyl)phenyl)boronic acid (150 mg, 0.75
mmol), as that described in step 1, gave 15a (106 mg, 50%);
yellow solid; mp: >250 �C; 1H NMR (400 MHz, DMSO-d6) d 8.65
(s, 1H), 8.20 (d, J ¼ 8.5 Hz, 2H), 8.15 (s, 1H), 8.10 (s, 1H), 8.06
(d, J ¼ 8.4 Hz, 2H), 7.11 (d, J ¼ 7.9 Hz, 1H), 6.55 (d, J ¼ 7.8 Hz,
1H), 4.74 (t, J ¼ 8.0 Hz, 2H), 3.30 (s, 3H), 3.26–3.19 (m, 2H);
HRMS (ESI) m/z calcd for chemical formula: C21H18N4O2S2 [M
+ H]+: 423.0949, found: 423.0970.

N-(1-(6-(4-(Methylsulfonyl)phenyl)thieno[3,2-d]pyrimidin-4-
yl)indolin-6-yl)acrylamide (15). From compound 15a (42 mg, 0.1
mmol), as that described in step 2, gave 15 (19 mg, 40%); yellow
solid; mp: >250 �C; 1H NMR (400 MHz, DMSO-d6) d 10.16 (s,
1H), 8.71 (s, 1H), 8.66 (s, 1H), 8.18 (d, J ¼ 8.3 Hz, 2H), 8.13 (s,
1H), 8.05 (d, J ¼ 8.3 Hz, 2H), 7.54 (d, J ¼ 7.8 Hz, 1H), 7.23 (d, J ¼
8.1 Hz, 1H), 6.49 (dd, J ¼ 16.9, 10.1 Hz, 1H), 6.26 (d, J ¼ 17.1 Hz,
1H), 5.74 (d, J¼ 9.3 Hz, 1H), 4.75 (t, J¼ 8.3 Hz, 2H), 3.29 (s, 3H),
3.26 (d, J ¼ 8.2 Hz, 2H); 13C NMR (101 MHz, DMSO-d6) d 163.0,
161.6, 154.9, 154.0, 147.4, 143.5, 141.3, 137.8, 136.8, 132.0,
128.0, 127.5, 127.1, 126.5, 124.5, 122.6, 116.2, 114.6, 109.1, 50.2,
43.4, 27.4; HPLC: room temperature, tg ¼ 7.86 min, UV365 ¼
97%; HRMS (ESI)m/z calcd for chemical formula: C24H20N4O3S2
[M + Na]+: 499.0875, found: 499.0898.

1-(6-(3,5-Dimethoxyphenyl)thieno[3,2-d]pyrimidin-4-yl)indolin-
6-amine (16a). From compound 3 (189 mg, 0.5 mmol) and (3,5-
dimethoxyphenyl)boronic acid (137 mg, 0.75 mmol), as that
described in step 1, gave 16a (105 mg, 52%); yellow solid; mp:
242.1–243.2 �C; 1H NMR (400 MHz, DMSO-d6) d 8.67 (s, 1H),
8.38 (s, 1H), 8.00 (s, 1H), 7.27 (d, J ¼ 7.8 Hz, 1H), 7.04 (s, 2H),
This journal is © The Royal Society of Chemistry 2017
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6.84 (d, J ¼ 7.6 Hz, 1H), 6.63 (s, 1H), 4.76 (t, J ¼ 8.0 Hz, 2H), 3.85
(s, 6H), 3.30 (t, J ¼ 8.1 Hz, 2H); HRMS (ESI) m/z calcd for
chemical formula: C22H20N4O2S [M + H]+: 405.1385, found:
405.1408.

N-(1-(6-(3,5-Dimethoxyphenyl)thieno[3,2-d]pyrimidin-4-yl)
indolin-6-yl)acrylamide (16). From compound 16a (40 mg, 0.1
mmol), as that described in step 2, gave 16 (17 mg, 37%); yellow
solid; mp: >250 �C; 1H NMR (400 MHz, DMSO-d6) d 10.21 (s,
1H), 8.74 (s, 1H), 8.69 (s, 1H), 8.04 (s, 1H), 7.60 (d, J ¼ 8.0 Hz,
1H), 7.28 (d, J¼ 8.1 Hz, 1H), 7.09 (d, J¼ 1.8 Hz, 2H), 6.68 (s, 1H),
6.54 (dd, J¼ 16.9, 10.1 Hz, 1H), 6.32 (d, J¼ 16.9 Hz, 1H), 5.81 (s,
1H), 4.79 (t, J¼ 8.3 Hz, 2H), 3.90 (s, 6H), 3.32 (d, J¼ 8.3 Hz, 2H);
HPLC: room temperature, tg ¼ 9.27 min, UV320 ¼ 96%; HRMS
(ESI) m/z calcd for chemical formula: C25H22N4O3S [M + Na]+:
481.1310, found: 481.1306.

1-(6-(4-Methoxyphenyl)thieno[3,2-d]pyrimidin-4-yl)indolin-6-
amine (17a). From compound 3 (189 mg, 0.5 mmol) and (4-
methoxyphenyl)boronic acid (114 mg, 0.75 mmol), as that
described in step 1, gave 17a (115 mg, 61%); yellow solid; mp:
226.5–227.2 �C; 1H NMR (400 MHz, DMSO-d6) d 8.63 (s, 1H),
8.18 (s, 1H), 7.85 (s, 3H), 7.14 (s, 1H), 7.08 (s, 2H), 6.66 (s, 1H),
4.67 (s, 2H), 3.83 (s, 3H), 3.23 (s, 2H); HRMS (ESI) m/z calcd for
chemical formula: C21H18N4OS [M + H]+: 375.1280, found:
375.1306.

N-(1-(6-(4-Methoxyphenyl)thieno[3,2-d]pyrimidin-4-yl)indolin-
6-yl)acrylamide (17). From compound 17a (37 mg, 0.1 mmol), as
that described in step 2, gave 17 (21 mg, 49%); off-white solid;
mp: >250 �C; 1H NMR (400 MHz, DMSO-d6) d 10.38 (s, 1H), 8.73
(s, 1H), 8.61 (s, 1H), 7.86 (d, J¼ 8.5 Hz, 2H), 7.80 (s, 1H), 7.54 (d, J
¼ 7.7 Hz, 1H), 7.22 (d, J ¼ 8.0 Hz, 1H), 7.08 (d, J ¼ 8.5 Hz, 2H),
6.57 (dd, J¼ 17.0, 10.3 Hz, 1H), 6.25 (d, J¼ 16.9 Hz, 1H), 5.72 (d, J
¼ 10.3 Hz, 1H), 4.72 (t, J ¼ 8.2 Hz, 2H), 3.84 (s, 3H), 3.27 (t, J ¼
8.3 Hz, 2H); HPLC: room temperature, tg ¼ 9.02 min, UV365 ¼
95%; HRMS (ESI) m/z calcd for chemical formula: C24H20N4O2S
[M + Na]+: 451.1205, found: 451.1227.

1-(6-([1,10-Biphenyl]-4-yl)thieno[3,2-d]pyrimidin-4-yl)indolin-
6-amine (18a). From compound 3 (189 mg, 0.5 mmol) and [1,10-
biphenyl]-4-ylboronic acid (149 mg, 0.75 mmol), as that
described in step 1, gave 18a (113 mg, 54%); yellow solid; mp:
245.2–246.1 �C; 1H NMR (400 MHz, DMSO-d6) d 8.63 (s, 1H),
8.17 (s, 1H), 7.99 (d, J¼ 7.7 Hz, 3H), 7.83 (d, J¼ 7.9 Hz, 2H), 7.75
(d, J ¼ 7.7 Hz, 2H), 7.51 (t, J ¼ 7.5 Hz, 2H), 7.42 (t, J ¼ 7.3 Hz,
1H), 7.13 (d, J¼ 7.8 Hz, 1H), 6.63 (d, J¼ 7.6 Hz, 1H), 4.71 (s, 2H),
3.23 (t, J ¼ 8.0 Hz, 2H); 13C NMR (101 MHz, DMSO-d6) d 149.4,
144.1, 141.4, 140.1, 139.0, 131.1, 129.0, 128.0, 127.5, 126.8,
126.6, 125.0, 112.7, 107.5, 50.4, 27.2; ESI-MS:m/z 421.1 [M + H]+.

N-(1-(6-([1,10-Biphenyl]-4-yl)thieno[3,2-d]pyrimidin-4-yl)indolin-
6-yl)acrylamide (18). From compound 18a (42 mg, 0.1 mmol), as
that described in step 2, gave 18 (23 mg, 49%); yellow solid; mp:
>250 �C; 1H NMR (400 MHz, DMSO-d6) d 10.21 (s, 1H), 8.66 (d, J
¼ 17.3 Hz, 2H), 8.01 (d, J ¼ 8.4 Hz, 3H), 7.84 (d, J ¼ 7.7 Hz, 2H),
7.77 (d, J ¼ 7.7 Hz, 2H), 7.58–7.49 (m, 3H), 7.42 (t, J ¼ 7.3 Hz,
1H), 7.23 (d, J¼ 7.9 Hz, 1H), 6.50 (dd, J¼ 16.7, 10.0 Hz, 1H), 6.26
(d, J ¼ 16.9 Hz, 1H), 5.74 (d, J ¼ 10.2 Hz, 1H), 4.76 (t, J ¼ 8.2 Hz,
2H), 3.30–3.25 (m, 2H); HPLC: room temperature, tg ¼
13.25 min, UV320 ¼ 97%; HRMS (ESI) m/z calcd for chemical
formula: C29H22N4OS [M + Na]+: 497.1412, found: 497.1398.
This journal is © The Royal Society of Chemistry 2017
1-(6-(4-(2-Methoxyethoxy)phenyl)thieno[3,2-d]pyrimidin-4-yl)
indolin-6-amine (19a). From compound 3 (189 mg, 0.5 mmol)
and 2-(4-(2-methoxyethoxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (209 mg, 0.75 mmol), as that described in step
1, gave 19a (107 mg, 51%); yellow solid; mp: 237.2–237.9 �C; 1H
NMR (400 MHz, DMSO-d6) d 8.61 (s, 1H), 8.20 (s, 1H), 7.82 (s,
3H), 7.16 (d, J ¼ 7.4 Hz, 1H), 7.08 (d, J ¼ 6.0 Hz, 2H), 6.67 (d, J ¼
7.2 Hz, 1H), 4.66 (s, 2H), 4.17 (d, J ¼ 2.3 Hz, 2H), 3.68 (s, 2H),
3.32 (s, 3H), 3.24 (s, 2H); 13C NMR (101 MHz, DMSO-d6) d 159.9,
150.2, 144.1, 127.8, 125.0, 124.6, 115.2, 113.3, 108.1, 70.2, 67.2,
58.2, 50.4, 27.2; ESI-MS: m/z 419.1 [M + H]+.

N-(1-(6-(4-(2-Methoxyethoxy)phenyl)thieno[3,2-d]pyrimidin-4-
yl)indolin-6-yl)acrylamide (19). From compound 19a (42 mg, 0.1
mmol), as that described in step 2, gave 19 (17 mg, 36%); yellow
solid; mp: 245.1–246.0 �C; 1H NMR (400 MHz, DMSO-d6) d 10.19
(s, 1H), 8.66 (s, 1H), 8.61 (s, 1H), 7.84 (d, J ¼ 8.7 Hz, 2H), 7.81 (s,
1H), 7.55 (d, J ¼ 8.0 Hz, 1H), 7.22 (d, J ¼ 8.1 Hz, 1H), 7.09 (d, J ¼
8.7 Hz, 2H), 6.49 (dd, J ¼ 16.9, 10.1 Hz, 1H), 6.25 (dd, J ¼ 16.9,
1.8 Hz, 1H), 5.74 (dd, J¼ 10.1, 1.8 Hz, 1H), 4.72 (t, J¼ 8.3 Hz, 2H),
4.22–4.13 (m, 2H), 3.72–3.66 (m, 2H), 3.26 (t, J ¼ 8.3 Hz, 3H); 13C
NMR (101 MHz, DMSO-d6) d 163.0, 162.2, 159.8, 154.7, 153.8,
149.9, 143.6, 137.7, 132.0, 127.8, 127.3, 126.5, 124.7, 124.5, 118.7,
115.2, 114.6, 114.3, 108.8, 70.3, 67.2, 58.2, 50.2, 27.4; HPLC:
room temperature, tg ¼ 8.57 min, UV320 ¼ 96%; HRMS (ESI) m/z
calcd for chemical formula: C26H24N4O3S [M + Na]+: 495.1467,
found: 495.1479.

1-(6-(4-Morpholinophenyl)thieno[3,2-d]pyrimidin-4-yl)indolin-
6-amine (20a). From compound 3 (189 mg, 0.5 mmol) and 4-(4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)morpholine
(217 mg, 0.75 mmol), as that described in step 1, gave 20a
(112 mg, 52%); dark red solid; mp: >250 �C; 1H NMR (400 MHz,
D2O + CF3COOD) d 7.68–7.56 (m, 2H), 6.81 (d, J¼ 7.5 Hz, 2H), 6.64
(s, 1H), 6.57 (d, J¼ 8.1Hz, 2H), 6.27 (d, J¼ 6.6Hz, 1H), 6.08 (d, J¼
6.9 Hz, 1H), 3.69 (s, 2H), 2.99 (s, 4H), 2.54 (s, 4H), 2.27 (s, 2H);
HRMS (ESI)m/z calcd for chemical formula: C24H23N5OS [M +H]+:
430.1702, found: 430.1707.

N-(1-(6-(4-Morpholinophenyl)thieno[3,2-d]pyrimidin-4-yl)
indolin-6-yl)acrylamide (20). From compound 20a (43 mg, 0.1
mmol), as that described in step 2, gave 20 (19 mg, 39%); yellow
solid; mp: >250 �C; 1H NMR (400 MHz, DMSO-d6) d 10.18 (s,
1H), 8.65 (s, 1H), 8.59 (s, 1H), 7.77 (s, 1H), 7.74 (d, J ¼ 4.9 Hz,
2H), 7.55 (d, J ¼ 7.8 Hz, 1H), 7.22 (d, J ¼ 8.1 Hz, 1H), 7.05 (d, J ¼
8.6 Hz, 2H), 6.49 (dd, J ¼ 16.9, 10.1 Hz, 1H), 6.26 (d, J ¼ 16.7 Hz,
1H), 5.74 (d, J ¼ 10.8 Hz, 1H), 4.71 (t, J ¼ 8.2 Hz, 2H), 3.75 (s,
4H), 3.29–3.18 (m, 6H); HPLC: room temperature, tg¼ 8.63 min,
UV320 ¼ 95%; HRMS (ESI) m/z calcd for chemical formula:
C27H25N5O2S [M + H]+: 484.1807, found: 484.1815.
TR-FRET LanthaScreen assay (enzyme inhibition assay)

Firstly, we optimized the LanthaScreen™ kinase assay for BTK
(ThermoFisher Scientic, Waltham, MA, USA) according to the
manufacture's specications. TR-FRET assays were performed
by incubating a diluted series of compound concentrations with
ATP (ThermoFisher Scientic), uorescein–poly GT substrate
(ThermoFisher Scientic) and BTK Kinase (ThermoFisher
Scientic) in kinase reaction buffer (ThermoFisher Scientic).
RSC Adv., 2017, 7, 26060–26069 | 26067
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The kinase reaction buffer consisted of 50 mM HEPES pH 7.5,
0.01% BRIJ-35, 10 mM MgCl2, and 1 mM EGTA. The kinase
reaction mixtures were incubated at room temperature (23 � 2
�C) for 1 h before stopping the kinase reaction by the addition of
10 mMEDTA (ThermoFisher Scientic). The phosphorylation of
the substrate by BTK was detected using Tb-PY20 antibody
(ThermoFisher Scientic) in TR-FRET dilution buffer at pH 7.5
(ThermoFisher Scientic) and then measured by determining
the emission ratio of 520/495 nm on an microplate reader
(SpectraMax M5, Molecular Devices). IC50 was estimated using
the log(inhibitor) vs. response non-linear t (GraphPad Prism
6.0). Additional assays were similarly carried out to determine
selectivity over EGFR (ThermoFisher Scientic).

Animals

Inbred 6–8 week-old female BALB/c mice were purchased from
Shanghai Lingchang Biotechnology Co., Ltd. (certicate no.
2013-0018, Shanghai, China). Normal BALB/c mice (n ¼ 6) were
used for preparation of splenocytes and all mice were raised
under specic pathogen-free conditions and kept in a 12 h light/
dark cycle with controlled humidity (60–80%) and temperature
(22 � 1 �C). Experiments were carried out according to the
National Institutes of Health Guides for the Care and Use of
Laboratory Animals and were approved by the Bioethics
Committee of the Shanghai Institute of Materia Medica
Sciences.

Cell viability assay

Preparation of splenocytes from BALB/c mice was performed as
previously described.51 Splenocytes (1 � 106 cells) were cultured
in 96-well plates in triplicate with 200 mL RPMI 1640 media
containing 10% FBS, penicillin (100 U mL�1), and streptomycin
(100 mg mL�1) in a humidied, 37 �C, 5% CO2-containing
incubator for 48 h in the presence or absence of indicated
concentrations of compounds. A total of 20 mL CCK-8 was added
to each well. Aer 6–8 h incubation, the absorbance value at
450 nm (570 nm calibration) was measured using a microplate
reader (Molecular Devices, Sunnyvale, CA, USA) and the cell
viability was calculated.

Proliferation responses of murine lymphocytes

Splenocytes (5 � 105 cells) were cultured in triplicate for 48 h
with 5 mg mL�1 of ConA (Sigma-Aldrich, St Louis, MO) or 10 mg
mL�1 of LPS (Sigma-Aldrich) in the presence or absence of
indicated concentrations of compounds. Cells were pulsed with
0.5 mCi per well of [

3H]-thymidine (Perkin Elmer, MA, USA) for
8 h and harvested. The incorporated radioactivity was then
counted using a Beta Scintillation Counter (MicroBeta Trilux,
Perkin Elmer Life Sciences, Boston, MA). The IC50 was esti-
mated using the log(inhibitor) vs. response non-linear t
(GraphPad Prism 6.0).

In vitro enzymatic screen assays

The selectivity of attractive compounds for BTK and non-BTK
kinases was determined by testing the compounds at a single
26068 | RSC Adv., 2017, 7, 26060–26069
200 nM concentration against a panel of 25 kinases using the
Caliper assay at Shanghai ChemPartner Co. Ltd (Shanghai,
China). Firstly, the compounds were incubated at the nal
concentration of 200 nM with ATP, enzyme and FAM-labeled
peptide in kinase base buffer. The kinase base buffer con-
tained 50 mM HEPES (pH 7.5), 0.0015% Brij-35, 10 mM MgCl2
and 2 mM DTT. The kinase reaction mixtures were then incu-
bated at 28 �C for a specied period of time. Finally, 25 mL of stop
buffer was added to stop the reaction. The stop buffer consisted
of 100mMHEPES (pH 7.5), 0.015%Brij-35, 0.2% coating reagent
#3 and 50 mM EDTA. Data was collected on a Caliper and the
conversion data copied from the Caliper program. The inhibi-
tion rate was calculated using following formula: percent inhi-
bition ¼ (max � conversion)/(max � min) � 100, where, max
stands for the DMSO control and min stands for the low control.
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