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Abstract In this report, a series of novel piperidine-substituted thiophene[3,2-d]pyrimidine derivatives

were designed to explore the hydrophobic channel of the non-nucleoside reverse transcriptase inhibitors

binding pocket (NNIBP) by incorporating an aromatic moiety to the left wing of the lead K-5a2. The

newly synthesized compounds were evaluated for anti-HIV potency in MT-4 cells and inhibitory activity

to HIV-1 reverse transcriptase (RT). Most of the synthesized compounds exhibited broad-spectrum activ-

ity toward wild-type and a wide range of HIV-1 strains carrying single non-nucleoside reverse transcrip-

tase inhibitors (NNRTI)-resistant mutations. Especially, compound 26 exhibited the most potent activity

against wild-type and a panel of single mutations (L100I, K103N, Y181C, Y188L and E138K) with an

EC50 ranging from 6.02 to 23.9 nmol/L, which were comparable to those of etravirine (ETR). Moreover,

the RT inhibition activity, preliminary structureeactivity relationship and molecular docking were also

investigated. Furthermore, 26 exhibited favorable pharmacokinetics (PK) profiles and with a bioavail-

ability of 33.8%. Taken together, the results could provide valuable insights for further optimization
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Figure 1 Chemical structures of sec

and thiophene[3,2-d]pyrimidine lead K
and compound 26 holds great promise as a potential drug candidate for the treatment of HIV-1 infection.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Acquired immune deficiency syndrome (AIDS) is caused by
human immunodeficiency virus (HIV), which could enter the host
cell and eventually leads to significant weakening of the host
immune system. In the life cycle of HIV-1, reverse transcriptase
(RT) is responsible for transcribing the single-stranded RNA
genome to a double-stranded DNA, and it is a crucial target for
development of novel anti-AIDS drugs1. Among the HIV-1 RT
inhibitors, non-nucleoside reverse transcriptase inhibitors
(NNRTIs), due to their unique antiviral potency, high specificity
and low toxicity, gained a definitive position in highly active an-
tiretroviral therapy (HAART) regimens used to treat HIV-12e4.

Nevirapine (NVP), delavirdine (DLV), and efavirenz (EFV)
were approved as the first-generation NNRTIs for AIDS therapy5.
However, their low genetic barrier results in the emergence of
drug-resistant mutants rapidly. K103N and Y181C are the two
most prevalent mutations in vivo, which elicited frequently resis-
tance to NVP and EFV6. Etravirine (1, ETR) and rilpivirine (2,
RPV), both of which belong to the diarylpyrimidine (DAPY)
family, were approved as the second-generation NNRTIs in 2008
and 2011 by U. S. Food and Drug Administration (FDA),
respectively5. Although they could effectively inhibit most of the
RT-resistant mutations caused by the first-generation NNRTIs,
they generally failed to suppress the most refractory mutations
E138K and RES056 (K103N þ Y181C)7,8. In addition, the pa-
tients treated with second-generation NNRTIs were frequently
reported with hypersensitivity reactions and other adverse ef-
fects9,10. Therefore, new NNRTIs that offer a combination of
improved potency against these mutants, a favorable profile of
safety and tolerability is urgently needed11e13.

Previous research efforts in our lab led to the discovery of
two potent HIV-1 NNRTIs, named as K-5a2 and 25a (Fig. 1),
exhibiting excellent activities against drug-resistant mutations
compared to that of ETR14,15. Both compounds share a thio-
phene[3,2-d]pyrimidine central scaffold and a flexible extended
right wing with piperidine-linked benzenesulfonamide struc-
ture, with the difference that K-5a2 retains the 4-cyano-2,6-
dimethylphenyl structure of ETR in the left wing while 25a
ond-generation NNRTI drugs

-5a2 and 25a.
features the 4-cyanovinyl-2,6-dimethylphenyl structure of RPV
in its left wing. The co-crystal structures of wild-type (WT) and
mutant HIV-1 RT in complex with K-5a2 and 25a indicated that
they displayed potent activity against WT and a panel of
NNRTI-resistant mutant HIV-1 strains due to conformational
flexibility and positional adaptability of the inhibitors, and the
network of main chain hydrogen bonds and hydrophobic in-
teractions developed between the inhibitors and NNIBP. Espe-
cially, the hydrophobic interactions between the left wing of K-
5a2 and the hydrophobic channel surrounded by Tyr181,
Tyr188, Phe227, Trp229, and Leu234 were critical for the
enzymeeinhibitor complex formation. Although the 4-cyano-
2,6-dimethylphenyl structure of K-5a2 projected into the hy-
drophobic channel, it contacted with Tyr188 and Trp229 only
and did not develop an effective pep interaction with the
highly conserved residue Phe227. As depicted in Fig. 2, we can
learn that the hydrophobic channel still has enough space to
accommodate structurally diverse groups16e18.

In the present work, we paid our attention to explore the
structureeactivity relationship (SARs) of this underexplored
region in the NNIBP by introducing different aromatic struc-
tures, including thiophene, furfuran and substituted benzene
ring, to the left wing of K-5a2, with the aim to develop novel
potent NNRTIs with improved drug resistance profiles. The
synthetic routes, anti-HIV activity, preliminary SARs and
modeling analysis of these novel thiophene[3,2-d]pyrimidine
derivatives will be discussed.

2. Results and discussion

2.1. Chemistry

Schemes 1 and 2 illustrate the general synthetic routes of the in-
termediates 6aek and target compounds 11e32. Firstly, Suzuki
coupling of various boronic acid derivatives with commercially
available 4-iodo-2,6-dimethylphenol (5), in DMF/H2O solution using
Pd(PPh3)4 as catalyst, provided the intermediates 6aek (Scheme 1).
Compounds 6aek were followed by a nucleophilic substitution with
2,4-dichlorothieno[3,2-d]pyrimidine (7) in the presence of potassium
carbonate to afford the intermediates 8aek, respectively. Then, the
intermediates 9aek were obtained by Buchwald-Hartwig cross
coupling reactions of 8aek with 4-(tert-butoxycarbonyl)-amino-
piperidine in the presence of BINAP and PdCl2(PPh3)2. Removing
the Boc protecting group of 9aek by trifluoroacetic acid (TFA)
furnished the key intermediates 10aek, which were reacted with 4-
(bromomethyl)benzenesulfonamide or 4-(chloromethyl)benzamide to
yield the target compounds 11e32 (Scheme 2).

2.2. In vitro anti-HIV activities

The newly synthesized derivatives 11e32 were firstly evaluated
for their antiviral potency against WT HIV-1 (IIIB) and a HIV-2

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 2 Design of the novel thiophene[3,2-d]pyrimidine derivatives.

Scheme 2 Synthesis of the target compounds 11e32. Reagents and conditions: (i) 6aek, DMF, K2CO3, r.t.; (ii) BINAP, PdCl2(PPh3)2, Cs2CO3,

N-(tert-butoxycarbonyl)-4-aminopiperidine, 1,4-dioxane, 120 �C; (iii) TFA, DCM, r.t.; (iv) 4-(bromomethyl) benzenesulfonamide or 4-(chlor-

omethyl) benzamide, DMF, K2CO3, r.t.

Scheme 1 Synthesis of 6aek. Reagents and conditions: (i) Pd(PPh3)4, K2CO3, DMF, H2O, 100
�C.
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strain (ROD) in MT-4 cell cultures. NVP, EFV, ETR and the lead
compound K-5a2 were selected as control. The values of EC50

(50% effective concentration), CC50 (50% cytotoxic concentra-
tion), and SI (selectivity index, CC50/EC50 ratio) of the target
compounds are summarized in Table 1.

As depicted in Table 1, all the target compounds exhibited
effective potency against WT HIV-1 with EC50 values ranging
from 9.93 to 882 nmol/L. Among them, most compounds
demonstrated EC50 values of 9.93e93.3 nmol/L, which were su-
perior to that of the control drug NVP (EC50 Z 186 nmol/L).
Especially, compound 26 proved to be the most potent inhibitor
against HIV-1 (IIIB) with an EC50 value of 9.93 nmol/L, which
was comparable to that of EFV (EC50 Z 5.25 nmol/L) and ETR
(EC50 Z 5.03 nmol/L), but slightly weak to that of K-5a2
(EC50 Z 1.4 nmol/L). Besides, compounds 11, 23, 24, 25 and 27
were also endowed with promising anti-HIV-1 potencies
(EC50 Z 17.7, 11.3, 12.8, 17.0 and 13.3 nmol/L, respectively) and
moderate cytotoxicity (CC50 Z 13.5, 16.9, 6.80, 5.31 and
14.0 mmol/L, respectively). In the case of HIV-2 (ROD), all the
compounds showed weaker activity or lost activity.

Preliminary investigation of the SARs revealed that the nature of
the substituent group of the left wing (R1) and right wing (R2) have a
significant effect on their antiviral potency. Detailed comparison of
the activities of 11e18 suggested that the substitution position of
thiophene and furfuran ring have little effect on their activity toward
WT HIV-1 strain. However, a phenyl ring seems more favorable to
the activity than a thiophene or furfuran ring at the R1 position when
comparing the activity of 11e18 (EC50 Z 17.7e240 nmol/L) and
19, 20 (EC50 Z 43.8e47.7 nmol/L), which could be explained by
the stronger stacking interaction between the phenyl moiety and
resides in the hydrophobic channel of NNIBP. Elaboration with a F
atom or CN substituents at the para-position of the phenyl ring
yielded 23e26with a highly effective potency of 9.93e17.0 nmol/L,
while OCH3 or N(CH3)2 substituents at this position (21, 22, 29,



Table 1 Anti-HIV-1 (IIIB) and HIV-2 (ROD) activity, cytotoxicity and SI of target compounds 11e32.

Compd. R1 R2 EC50 (nmol/L)a CC50 (mmol/L)b SIc

IIIB ROD IIIB ROD

11 SO2NH2 17.7 � 4.83 4148 � 1785 13.5 � 3.94 762 3

12 CONH2 93.3 � 82.8 25,289 � 18,400 28.9 � 15.6 310 1

13 SO2NH2 63.6 � 11.4 6805 � 1225 15.6 � 4.97 246 2

14 CONH2 57.5 � 12.7 3181 � 832 15.8 � 7.04 275 5

15 SO2NH2 49.5 � 14.8 5111 � 1707 21.5 � 0.89 435 4

16 CONH2 203 � 51.5 >20,535 �20.5 �101 NAd

17 SO2NH2 31.6 � 17.7 4802 � 916 15.4 � 5.86 489 3

18 CONH2 240 � 94.3 >17,044 17.0 � 12.9 71 <1

19 SO2NH2 43.8 � 15.6 6135 � 272 21.3 � 1.26 487 3

20 CONH2 47.7 � 11.8 3842 � 1765 17.5 � 6.18 367 5

21 SO2NH2 61.1 � 10.3 >16,635 16.6 � 4.65 272 <1

22 CONH2 52.6 � 11.4 5035 � 685 13.4 � 5.94 256 3

23 SO2NH2 11.3 � 2.07 3283 � 1255 16.9 � 4.77 1492 5

24 CONH2 12.8 � 2.73 �5655 6.80 � 3.13 532 <1

25 SO2NH2 17.0 � 5.78 5560 � 42.3 5.31 � 2.56 312 1

26 CONH2 9.93 � 1.27 >5488 5.48 � 2.12 552 <1

(continued on next page)
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Table 1 (continued )

Compd. R1 R2 EC50 (nmol/L)a CC50 (mmol/L)b SIc

IIIB ROD IIIB ROD

27 SO2NH2 13.3 � 2.60 4916 � 2247 14.0 � 8.28 1054 3

28 CONH2 23.4 � 16.9 >4169 4.16 � 1.75 178 <1

29 SO2NH2 79.2 � 48.7 >18,381 18.3 � 4.50 232 <1

30 CONH2 176 � 26.4 >23,535 23.5 � 0.38 134 <1

31 SO2NH2 882 � 323 >110,175 110 � 1.46 125 <1

32 CONH2 163 � 57.8 4659 � 824 19.8 � 4.47 121 4

NVP e e 186 � 59.0 >9510 >9.51 >51 NAd

EFV e e 5.25 � 1.98 >5330 >6.33 >1205 NAd

ETR e e 5.03 � 1.68 >4594 >4.59 >913 NAd

K-5a2e e e 1.4 � 0.4 �227,890 �227 >159,101 NAd

aEC50: concentration of compound required to achieve 50% protection of MT-4 cell cultures against HIV-1-induced cytotoxicity, as determined by

the MTT method. A smaller EC50 values means that the compound has greater activity.
bCC50: concentration required to reduce the viability of mock-infected cell cultures by 50%, as determined by the MTT method. A larger CC50

values means that the compound has lower toxicity.
cSI: selectivity index, the ratio of CC50/EC50.
dNA: stands for�1 or<1.
eData were reported in ref. 14. eNot applicable.
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30, EC50 Z 52.6e176 nmol/L) resulted in a decreased activity,
suggesting that the antiviral activity is very sensitive to the kind of
the substituents. Furthermore, by comparing the activity of 25e28
with 29e32, we concluded that the position of CN and N(CH3)2
substituents has little effect on the activity. In addition, the effect of
the type of substituent (SO2NH2 and CONH2) in the right wing on
the antiviral activity was not obvious.

All the compounds were further evaluated against a panel of
clinically relevant NNRTIs-resistant single-mutant strains (L100I,
K103N, Y181C, Y188L, E138K) and double-mutant strains
F227L þ V106A, RES056. The results were depicted in Table 2.
Moreover, the SI and RF (fold-resistance factor, EC50 mutant
strain/EC50 WT strain) were summarized in Table 3. In general,
the compounds activity to mutant strains exhibits a similar trend
to their potency to WT HIV-1 strain. Compound 26 demonstrated
the most active potency toward all the single-mutant HIV-1 strain,
including L100I, K103N, Y181C, Y188L and E138K
(EC50 Z 10.5, 6.02, 18.9, 23.9 and 23.2 nmol/L, respectively), its
activity was superior to that of NVP and EFV, and comparable to
that of ETR. Interestingly, all the target compounds displayed
lower fold resistance (FR, ratio of EC50 against mutant strain/
EC50 against WT strain) values toward K103N than other mutant
strains. Most compounds were demonstrated with improved ac-
tivity against K103N mutation compared to WT strain. For
example, 26 displayed the most effective activity against K103N
(EC50 Z 6.02 nmol/L, FR Z 0.6), being more potent than its
activity to WT HIV-1 (EC50 Z 9.93 nmol/L). For double-mutant
HIV-1 strain F227L þV106A, compounds 23 and 27 were proved
to be the most potent inhibitors and exhibited EC50 values of 46.6
and 49.2 nmol/L, respectively, being far more potent than NVP
(EC50 > 9510 nmol/L) and EFV (EC50 Z 268 nmol/L), and
comparable to ETR (EC50 Z 14.2 nmol/L). In the case of
RES056, which is the most challenging double mutation
emerging in HIV patients, compounds 25 and 26 provided the
greatest potency with EC50 values of 103 and 125 nmol/L
respectively, being superior to EFV (EC50 Z 265 nmol/L), but
slightly inferior to ETR (EC50 42.5 nmol/L) and K-5a2
(EC50 Z 30.6 nmol/L).

With the aim to validate the binding target of these novel
piperidine-substituted thiophene[3,2-d]pyrimidine derivatives,
their inhibitory effects on WT HIV-1 RT were investigated. As
shown in Table 4, most compounds exhibited effective inhibitory
activity (IC50 Z 0.161e0.624 mmol/L) to HIV-1 RT, being
comparable to the lead K-5a2 (IC50 Z 0.300 mmol/L), superior to
the reference drug NVP (IC50 Z 1.220 mmol/L) and inferior to
ETR (IC50 Z 0.011 mmol/L). Compound 31, the weakest inhibitor
of WT HIV-1 strain in cell culture (EC50 Z 882 nmol/L),
exhibited the lowest binding-affinity for WT HIV-1 RT



Table 2 Activity against mutant HIV-1 strains of target compounds 11e32.

Compd. EC50 (nmol/L)a

L100I K103N Y181C Y188L E138K F227L þ V106A RES056

11 89.3 � 23.0 20.7 � 2.75 63.5 � 8.75 53.4 � 2.15 49.9 � 0.35 85.7 � 9.71 565 � 22.5

12 414 � 37.9 129 � 5.87 511 � 77.2 307 � 58.2 287 � 4.98 1108 � 269 2903 � 119

13 186 � 29.4 62.9 � 10.4 197 � 16.1 133 � 3.35 193 � 14.8 358 � 18.4 1194 � 184

14 262 � 75.0 74.8 � 2.93 180 � 33.4 222 � 30.5 177 � 2.93 525 � 21.1 813 � 177

15 97.9 � 62.4 23.1 � 2.56 91.7 � 18.2 106 � 43.6 124 � 88.7 56.7 � 16.2 999 � 151

16 731 � 274 184 � 90.2 731 � 198 619 � 3.59 662 � 58.4 1092 � 226 10,011 � 1066

17 76.0 � 17.2 17.9 � 1.51 63.2 � 16.1 62.0 � 5.83 52.5 � 11.3 56.8 � 3.85 932 � 88.4

18 925 � 286 171 � 56.9 741 � 154 628 � 49.6 739 � 318 854 � 186 4515 � 1447

19 344 � 117 59.9 � 6.01 167 � 24.5 121 � 9.19 107 � 18.8 200 � 10.4 1713 � 473

20 416 � 87.9 102 � 2.50 196 � 54.6 205 � 13.6 146 � 12.5 395 � 5.14 1733 � 5.51

21 169 � 2.91 57.6 � 0.67 157 � 5.61 146 � 44.7 114 � 9.20 122 � 59.9 1563 � 1280

22 268 � 103 58.4 � 7.14 158 � 27.3 110 � 3.57 149 � 42.0 297 � 39.8 1123 � 353

23 45.4 � 5.26 11.7 � 1.03 44.8 � 5.26 51.8 � 8.47 30.9 � 5.26 46.6 � 15.5 388 � 76.2

24 61.1 � 9.35 11.7 � 1.09 36.1 � 1.21 51.4 � 9.60 34.8 � 10.6 56.6 � 13.7 575 � 120

25 27.4 � 4.41 13.2 � 0.33 30.8 � 0.11 53.6 � 3.50 44.4 � 3.62 59.9 � 10.2 103 � 3.39

26 10.5 � 4.56 6.02 � 0.84 18.9 � 2.28 23.9 � 2.40 23.2 � 8.64 97.2 � 25.3 125 � 39.3

27 24.6 � 4.97 8.56 � 1.69 32.4 � 4.07 54.7 � 2.26 34.8 � 9.28 49.2 � 8.26 347 � 75.9

28 50.2 � 10.3 20.0 � 1.20 51.6 � 4.32 73.4 � 5.16 41.9 � 4.56 157 � 6.60 402 � 41.9

29 247 � 4.50 97.2 � 3.07 260 � 30.2 269 � 30.0 183 � 19.4 140 � 1.31 1682 � 388

30 1115 � 543 173 � 46.3 585 � 33.3 556 � 57.4 245 � 173 1253 � 804 >23,535

31 2401 � 256 685 � 0.21 2300 � 413 1992 � 46.5 979 � 185 2157 � 298 29,610 � 4817

32 1135 � 99.2 212 � 7.34 626 � 39.2 552 � 45.6 198 � 34.2 783 � 196 4298 � 1542

NVP 1403 � 828 7818 � 556 >9510 >9510 115 � 24.5 >9510 >9510

EFV 46.5 � 9.11 111 � 35.4 6.33 � 1.06 306 � 53.9 5.12 � 1.28 268 � 48.7 265 � 47.9

ETR 6.35 � 1.77 3.13 � 0.42 12.2 � 2.63 17.3 � 5.53 8.07 � 2.52 14.2 � 5.14 42.5 � 15.1

K-5a2b 3.4 � 0.6 2.9 3.2 � 0.4 3.0 � 0.1 2.9 4.2 � 1.2 30.6 � 12

aEC50: concentration of compound required to achieve 50% protection of MT-4 cell cultures against HIV-1-induced cytotoxicity, as determined by

the MTT method.
bData were reported in Ref. 14.

Table 3 SI and RF values of target compounds 11e32.

Compd. SI (RF)a

L100I K103N Y181C Y188L E138K F227L þ V106A RES056

11 151 (5.0) 651 (1.2) 213 (3.6) 253 (3.0) 271 (2.8) 158 (4.8) 24 (31.9)

12 70 (4.4) 224 (1.4) 57 (5.5) 94 (3.3) 101 (3.1) 26 (11.9) 10 (31.1)

13 84 (2.9) 249 (1.0) 79 (3.1) 117 (2.1) 81 (3.0) 44 (5.6) 13 (18.8)

14 60 (4.6) 212 (1.3) 88 (3.1) 71 (3.9) 89 (3.1) 30 (9.1) 19 (14.1)

15 220 (2.0) 932 (0.5) 235 (1.9) 203 (2.1) 173 (2.5) 380 (1.1) 22 (20.2)

16 �28 (3.6) �111 (0.9) �28 (3.6) �33 (3.0) �31 (3.3) �19 (5.4) �2 (49.2)

17 203 (2.4) 865 (0.6) 245 (2.0) 249 (2.0) 295 (1.7) 272 (1.8) 17 (29.5)

18 18 (3.8) 99 (0.7) 23 (3.1) 27 (2.6) 23 (3.1) 20 (3.6) 4 (18.8)

19 62 (7.9) 356 (1.4) 127 (3.8) 176 (2.8) 200 (2.4) 106 (4.6) 12 (39.1)

20 42 (8.7) 171 (2.1) 89 (4.1) 85 (4.3) 120 (3.1) 44 (8.3) 10 (36.3)

21 98 (2.8) 289 (0.9) 105 (2.6) 114 (2.4) 145 (1.9) 136 (2.0) 11 (25.6)

22 50 (5.1) 230 (1.1) 85 (3.0) 122 (2.1) 90 (2.8) 45 (5.7) 12 (21.4)

23 372 (4.0) 1441 (1.0) 377 (4.0) 326 (4.6) 547 (2.7) 363 (4.1) 43 (34.3)

24 111 (4.8) 578 (0.9) 189 (2.8) 132 (4.0) 195 (2.7) 120 (4.4) 12 (44.9)

25 194 (1.6) 403 (0.8) 173 (1.8) 99 (3.2) 120 (2.6) 89 (3.5) 51 (6.1)

26 521 (1.1) 910 (0.6) 290 (1.9) 229 (2.4) 236 (2.3) 56 (9.8) 44 (12.6)

27 569 (1.9) 1639 (0.6) 432 (2.4) 256 (4.1) 402 (2.6) 285 (3.7) 40 (26.1)

28 83 (2.1) 208 (0.9) 81 (2.2) 57 (3.1) 99 (1.8) 26 (6.7) 10 (17.2)

29 74 (3.1) 189 (1.2) 71 (3.3) 68 (3.4) 100 (2.3) 131 (1.8) 11 (21.2)

30 21 (6.3) 135 (1.0) 40 (3.3) 42 (3.2) 96 (1.4) 19 (7.1) <1 (>133)

31 46 (2.7) 161 (0.8) 48 (2.6) 55 (2.3) 112 (1.1) 51 (2.4) 4 (33.5)

32 17 (6.9) 93 (1.3) 32 (3.8) 36 (3.4) 100 (1.2) 25 (4.8) 5 (26.2)

NVP >7 (7.5) >1 (42) NA (>51.1) NA (>51) >82 (0.6) NA (>51.1) NA (>51.1)

EFV >136 (8.8) >57 (21) >1000 (1.2) >21 (58) >1237 (1.0) >24 (51.1) >24 (51.0)

ETR >723 (1.3) >1463 (0.6) >376 (2.4) >264 (3.5) >569 (1.6) >322 (2.8) >108 (8.4)

aRF is the ratio of EC50 (resistant viral strain)/EC50 (wild-type viral strain).
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(IC50 Z 1.681 mmol/L). In general, the enzyme inhibitory activity
(IC50) of these novel synthesized compounds was consistent with
their anti-HIV-1 (IIIB) activity (EC50), and there was a good linear
relationship between them (Fig. 3). All the results indicated that
these novel synthesized piperidine-substituted thiophene[3,2-d]
pyrimidine derivatives are classical NNRTIs.

2.3. Molecular modelling studies

Classical molecular dynamics (MD) simulations and MM/GBSA
free energy calculations were performed to identify the molecular
determinants responsible of the activity profile of the most
effective inhibitor 26 bound to the WT and the mutated forms of
HIV-1 RT. To this end, the X-ray crystal structure of the WT HIV-
1 RT (PDB code: 6c0n), and its K103N (PDB code: 6c0o) and
RES056 (K103N/Y181C) (PDB code: 6c0r) variants were used16.
The co-crystallized NNRTIs K-5a2 was used as template to place
26 into the inhibitor’s binding site, according to the close simi-
larity between the crystallographic and simulated ligands.

As depicted in Fig. 4, compound 26 adopts a horseshoe-like
conformation in the NNIBP, which was commonly observed in
Table 4 Inhibitory activity against WT HIV-1 RT of target

compounds 11e32.

Compd. IC50 (mmol/L)a Compd. IC50 (mmol/L)a

11 0.243 � 0.037 22 0.233 � 0.028

12 0.901 � 0.045 23 0.211 � 0.015

13 0.265 � 0.059 24 0.171 � 0.010

14 0.249 � 0.001 25 0.288 � 0.026

15 0.227 � 0.046 26 0.182 � 0.016

16 0.595 � 0.044 27 0.207 � 0.006

17 0.167 � 0.014 28 0.202 � 0.020

18 0.624 � 0.055 29 0.477 � 0.009

19 0.164 � 0.005 30 0.473 � 0.059

20 0.161 � 0.014 31 1.681 � 0.056

21 0.268 � 0.052 32 0.271 � 0.016

NVP 1.220 � 0.337 ETRb 0.011 � 0.000

EFVb 0.030 � 0.000 K-5a2b 0.300 � 0.060

aIC50: inhibitory concentration of test compound required to

inhibit biotin deoxyuridine triphosphate (biotindUTP) incorpora-

tion into WT HIV-1 RT by 50%.
bThe data were obtained from the same laboratory with the same

method (Prof. Erik De Clercq, Rega Institute for Medical Research,

KU Leuven, Belgium).

Figure 3 Regression analysis of pIC50 and pEC50 values for the

newly synthesized derivatives.
most DAPY NNRTIs. The complexes of 26 with WT, K103N or
RES056 RT display the following common interactions: (i) the
newly introduced biphenyl structure is stably accommodated into
the hydrophobic channel and stabilized by p-stacking interactions
with Y/C181, Y188, F227, and W229; (ii) the thiophene ring of 26
is projected towards the NNIBP entrance channel surrounded by
V179 and E138; and (iii) the piperidine-linked benzamide struc-
ture of the right wing occupies the tolerant region I surrounded by
K/N103, K104, V106, and F227.

The stability of the three proteineligand complexes formed by
26 with the WT HIV-1 RT, mutant HIV-1 K103N and RES056 RT
was analysed by means of 100 ns MD simulations. Final geom-
etries for the three simulated systems are shown in Fig. 4. All the
simulated systems were stable during MD simulation, as demon-
strated by the root-mean square deviation (RMSD) values (Sup-
porting Information Fig. S1A, B and C) for both the ligand and the
residues that shape the NN binding site.

Accordingly to the binding mode, the eNH guanidine group of
the ligand is hydrogen-bonded to the backbone oxygen of K101
with average (K101)C]O┄HN (26) distances of 2.4 � 0.5,
2.3 � 0.5 and 3.2 � 0.5 Å respectively for the WT RT, and its
single and double mutated variants (Fig. S1D, E and F) calculated
along the last 30 ns of the MD trajectory. The protonated py-
rimidine nitrogen of 26 is also involved in hydrogen-bonding with
the backbone oxygen of K/N103 with average (K/N103)C]
O┄HN (26) distances of 2.5 � 0.5, 2.3 � 0.5 and 4.1 � 0.6 Å
respectively for the WT, singly and doubly mutated species
(Fig. S1D, E and F).

In the hydrophobic channel of NNIBP, the benzonitryl moiety
of 26 stacks against Y188 and F227 (Fig. 4) with average dis-
tances of (Y188/P227) 4.4 � 0.6/3.3 � 0.6 Å for WT RT,
3.9 � 0.4/3.4 � 0.6 Å for the K103N variant, and 4.5 � 0.7/
4.7 � 0.7 Å for the K103N/Y181C mutated enzyme (Fig. S1G, H
and I). The involvement of F227 is allowed by the rearrangement
of its side chain during the second part of the MD simulations.

As noted in the Experimental Section of this work, a similar
(EC50 Z 9.93 and 6.02 nmol/L) inhibitory activity was found by
26 in the WT and the single mutant K013N, whereas it was 20-
fold less potent (EC50 Z 125 nmol/L) against the double
mutant RES056. This last data could be explained by the gradual
displacement of the ligand within the NNIBP observed during the
MD simulation. This gradual displacement allowed the insertion
of a water molecule with a consequent weakening of the (K101)
C]O┄HN (26) hydrogenebonding interaction (Fig. S1F).
Furthermore, the benzonitrile moiety slightly deviates from the
optimal orientation required for the p-stacking interaction with
Y188 and F227 in the hydrophobic channel. All these factors
would contribute to the reduced activity of 26 against RES056.
Indeed, the structural destabilization observed for RES056 in
complex with 26 was confirmed by MM/GBSA free energy cal-
culations performed on the last 30 ns for the previously generated
MD trajectories. In this regard, binding affinities (DGbind) of
e73.4 and e74.1 kcal/mol were obtained respectively for the WT
HIV-1 RT and the K103N mutant (Table 5), whereas a binding free
energy of e65.9 kcal/mol was observed for 26 in the NNIBP of
the double mutant RES056.

2.4. In vivo pharmacokinetics (PK) study and acute toxicity
assessment

Our study was approved by the ethics committee of Cheeloo College
of Medicine, Shandong University (Jinan, China). All procedures



Figure 4 Final geometries for 26 in complexs with WT (A), K103N (B) and RES056 (C) RT. Hydrogen-bonding interactions for the eNH

guanidine group and the protonated nitrogen atom with K101 and K103 of the protein as well as the p-stacking with F227 and Y188 are also

highlighted.

Figure 5 The plasma concentrationetime profiles of 26 in Wistar

rat following p.o. administration (20 mg/kg) and i.v. administration

(2 mg/kg).
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performed in studies were in accordance with the ethical standards of
the institution or practice at which the studies were conducted. The
in vivo pharmacokinetic profile of compound 26 was examined in
Wistar rat PK model (Fig. 5 and Table 6). After a single 2 mg/kg i.v.
dose, 26 was characterized by a modest clearance (CL Z 25.0 mL/
min/kg), a short terminal half-life (t1/2 Z 1.71 h) and a maximum
concentration (Cmax) of 941 ng/mL. When administered at 20 mg/kg
orally, compound 26 was rapidly absorbed with a Tmax of 2.00 h, a
favorable half-life of 2.68 h, and a Cmax of 762 ng/mL. The oral
bioavailability (F) was 33.8%, which was sufficiently enough for a
drug candidate.

Furthermore, 26 was performed acute toxicity experiment in
Kunming mice. As depicted in Fig. 6, no mortality or poisoning
symptom was found after given the mice with single oral doses of
Table 5 MM/GBSAa calculations for the three MD simulated syste

System EvdW Eelect DGgas

WTþ26 �87.2 � 4.3 �2.9 � 8.8 �90.1 � 10.8

K103N þ 26 �88.2 � 3.3 �39.3 � 9.2 �127.4 � 9.8

RES056 þ 26 �3.1 � 3.4 �35.2 � 13.3 �118.2 � 14.4

EvdW: ligandeprotein van der Waals interaction energy; Eelect: ligandepr

Generalized-Born electrostatic component of the solvation free energy; ESU

DGsolv Z EGB þ ESURF; DGbind Z DGgasþDGsolv.
aA total of 100 snapshots taken from the last 30 ns of the MD trajectori
2000 mg/kg. Besides, there have no significant weight and be-
haviors changes compared to the control group during the post-
treatment period of 8 days.

3. Conclusions

In conclusion, we designed and synthesized a novel series of
piperidine-substituted thiophene[3,2-d]pyrimidine derivatives by
incorporating an aromatic moiety to interact with the hydrophobic
channel of NNIBP. These compounds showed effective potency
against WT and most of NNRTIs-resistant HIV-1 strain, especially to
the challenging K103N mutation. Compound 26 turns out as the most
potent inhibitor with EC50 values of 9.93, 10.5, 6.02, 18.9, 23.9 and
23.2 nmol/L against WT, L100I, K103N, Y181C, Y188L and E138K
strains, respectively, being comparable to those of ETR. Furthermore,
26 also exerted stronger binding affinity for WT HIV-1 RT with an
IC50 value of 0.182 mmol/L. Molecular simulation provides a
reasonable explanation why 26 exhibited different activity against a
panel of HIV-1 mutant strains. Notably, 26 exhibited favorable PK
profiles, with a moderate clearance in rats and its bioavailability is up
to 33.8%. Taken together, the results will contribute to explore the
hydrophobic channel of NNIBP for developing novel potent NNRTIs
and compound 26 holds great promise as a potential drug candidate
for the treatment of HIV-1 infection.

4. Experimental

4.1. Chemistry

All melting points were determined on a micro melting point
apparatus (YRT-3, Tianjin, China) and are uncorrected. 1H NMR
and 13C NMR spectra were recorded in CDCl3 or DMSO-d6 on a
Bruker AV-400 spectrometer (Zurich, Switzerland) with tetrame-
thylsilane (TMS) as the internal standard. A G1313A Standard LC
ms. Values are expressed in kcal/mol.

EGB ESURF DGsolv DGbind

26.2 � 8.8 �9.6 � 0.2 16.6 � 8.7 �73.4 � 4.7

62.0 � 9.3 �9.5 � 0.2 52.5 � 9.3 �74.1 � 3.9

62.1 � 13.1 �9.6 � 0.2 52.4 � 13.0 �65.9 � 3.8

otein electrostatic interaction energy; DGgas Z EvdW þ Eelect; EGB:

RF: Solvent-accessible surface component of the solvation free energy;

es for the three simulated complexes were considered.



Table 6 Pharmacokinetic profile of 26a.

Subject t1/2 Tmax Cmax AUC0elast AUC0einf CL F

(h) (h) (ng/mL) (h,ng/mL) (h,ng/mL) (mL/min/kg) (%)

26 (i.v.)b 1.71 � 0.24 e 941 � 181 1290 � 62.7 1336 � 53.9 25.0 � 1.04 e
26 (p.o.)c 2.68 � 0.20 2.00 � 0.32 762 � 296 4359 � 1570 4761 � 1354 e 33.8

aPK parameters (mean � SD, n Z 3).
bDosed i.v. at 2 mg/kg.
cDosed p.o. at 20 mg/kg eNot applicable.

Figure 6 The relative body weight changes of Kunming mice in

different groups (26 and blank).
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Autosampler (Agilent, Palo Alto, CA, USA) was used to collect
samples for measurement of mass spectra. All reactions were
monitored by thin layer chromatography (TLC), and spots were
visualized with iodine vapor or by irradiation with UV light. Flash
column chromatography was performed on columns packed with
silica gel (200e300 mesh, Qingdao, China). Solvents were of
reagent grade and were purified by standard methods when
necessary.

4.1.1. General procedure for the preparation of intermediates
6aek
4-Iodo-2,6-dimethylphenol (5, 1.00 mmol) and boric acid sub-
stituents (1.20 mmol) were dissolved in DMF (10 mL), then
Pd(PPh3)4 (0.05 mmol) and 2 mol/L Na2CO3 aqueous solution
(2.00 mmol) were added. The reaction mixture was stirred under
N2 at 100

�C for 6e10 h (monitored by TLC). The solution was
cooled to room temperature and 10 mL of water was added. The
aqueous layer was extracted with EtOAc, then the organic phase
was dried over Na2SO4, filtered and evaporated under reduced
pressure gave the intermediates 6aek, which were conducted next
step without further purification.

4.1.2. General procedure for the preparation of intermediates
8aek
A reaction mixture of 6aek (10 mmol), 2,4-dichlorothiopheno
[3,2-d]pyrimidine (2.1 g, 10 mmol) and potassium carbonate
(1.7 g, 12 mmol) in DMF (30 mL) was stirred at room temperature
for 2e4 h (monitoring with TLC), then the mixture was poured
into water (100 mL). The precipitated white solid was collected by
filtration, washed with water, and recrystallized in DMF-H2O to
provide the desired compounds 8aek.

4.1.2.1. 2-Chloro-4-(4-(furan-2-yl)-2,6-dimethylphenoxy)thieno
[3,2-d]pyrimidine (8a). White solid, Yield 82%, m.p.:
175e177 �C. 1H NMR (400 MHz, DMSO-d6) d 8.57 (d,
J Z 5.4 Hz, 1H, C6-thienopyrimidine-H), 7.78 (d, J Z 1.8 Hz,
1H, C3-furan-H), 7.67 (d, J Z 5.4 Hz, 1H, C7-thienopyrimidine-
H), 7.57 (s, 2H, C3,C5-Phʹ-H), 6.97 (d, J Z 3.3 Hz, 1H, C5-furan-
H), 6.63 (dd, J Z 3.4, 1.8 Hz, 1H, C4-furan-H), 2.13 (s, 6H). 13C
NMR (100 MHz, DMSO-d6) d 165.0, 163.7, 152.8, 148.3, 143.5,
140.3, 131.5, 129.1, 124.3, 124.1, 115.7, 112.6, 106.6, 16.4. ESI-
MS: m/z 357.2 [MþH]þ, 379.4 [MþNa]þ. C18H13ClN2O2S
(356.04).

4.1.2.2. 2-Chloro-4-(4-(furan-3-yl)-2,6-dimethylphenoxy)thieno
[3,2-d]pyrimidine (8b). White solid, Yield 84%, m.p.:
163e165 �C. 1H NMR (400 MHz, DMSO-d6) d 8.00 (d,
J Z 5.3 Hz, 1H, C6-thienopyrimidine-H), 7.57e7.56 (m, 2H),
7.52 (d, J Z 5.4 Hz, 1H, C7-thienopyrimidine-H), 7.28 (s, 2H,
C3,C5-Phʹ-H), 7.13e7.12 (m, 1H), 2.20 (s, 6H). 13C NMR
(100 MHz, DMSO-d6) d 164.5, 163.8, 163.7, 161.2, 156.8, 148.5,
138.5, 136.9, 136.6, 131.0, 128.7, 128.6, 127.5, 124.1, 115.7,
115.5, 16.6. ESI-MS: m/z 357.2 [MþH]þ. C18H13ClN2O2S
(356.04).

4.1.2.3. 2-Chloro-4-(2,6-dimethyl-4-(thiophen-2-yl)phenoxy)
thieno[3,2-d]pyrimidine (8c). White solid, Yield 92%, m.p.:
143e145 �C. 1H NMR (400 MHz, DMSO-d6) d 7.98 (d,
J Z 5.4 Hz, 1H, C6-thienopyrimidine-H), 7.50 (d, J Z 5.4 Hz,
1H, C7-thienopyrimidine-H), 7.38 (s, 2H, C3,C5-Phʹ-H), 7.31 (dd,
J Z 3.6, 1.2 Hz, 1H, C3-thiophen-H), 7.28 (dd, J Z 5.1, 1.1 Hz,
1H, C5-thiophen-H), 7.08 (dd, J Z 5.1, 3.6 Hz, 1H, C4-thiophen-
H), 2.18 (s, 6H). 13C NMR (100 MHz, DMSO-d6) d 164.6, 163.8,
148.5, 143.5, 136.9, 132.7, 131.3, 128.0, 126.4, 124.9, 124.0,
123.3, 16.5. ESI-MS: m/z 373.2 [MþH]þ. C18H13ClN2OS2
(372.02).

4.1.2.4. 2-Chloro-4-(2,6-dimethyl-4-(thiophen-3-yl)phenoxy)
thieno[3,2-d]pyrimidine (8d). White solid, Yield 90%, m.p.:
140e142 �C. 1H NMR (400 MHz, DMSO-d6) d 8.58 (d,
J Z 5.3 Hz, 1H, C6-thienopyrimidine-H), 7.91 (dd, J Z 3.0,
1.4 Hz, 1H, C4-thiophen-H), 7.69e7.66 (m, 2H), 7.61 (d,
J Z 1.4 Hz, 1H, C5-thiophen-H), 7.59 (s, 2H, C3,C5-Ph0-H), 2.13
(s, 6H). 13C NMR (100 MHz, DMSO-d6) d 165.0, 163.7, 155.7,
148.1, 141.1, 140.2, 133.9, 131.2, 127.5, 127.0, 126.7, 124.1,
121.6, 115.8, 39.7, 16.5. ESI-MS: m/z 373.1 [MþH]þ, 395.2
[MþNa]þ. C18H13ClN2OS2 (372.02).

4.1.2.5. 2-Chloro-4-((3,5-dimethyl-[1,10-biphenyl]-4-yl)oxy)
thieno[3,2-d]pyrimidine (8e). White solid, Yield 93%, m.p.:
150e151 �C. 1H NMR (400 MHz, DMSO-d6) d 8.59 (d,
J Z 5.4 Hz, 1H, C6-thienopyrimidine-H), 7.72 (d, J Z 7.3 Hz,
2H, C2,C6-Phʹʹ-H), 7.68 (d, J Z 5.4, 1H, C7-thienopyrimidine-
H), 7.53 (s, 2H, C3,C5-Phʹ-H), 7.49 (t, J Z 7.5 Hz, 2H, C3,C5-
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Phʹʹ-H), 7.40 (d, J Z 7.5 Hz, 1H, C4-Phʹʹ-H), 2.16 (s, 6H). 13C
NMR (100 MHz, DMSO-d6) d 165.0, 164.9, 163.7, 163.3, 155.7,
148.6, 140.3, 139.8, 138.8, 137.7, 133.6, 131.2, 129.3, 127.9,
127.2, 124.1, 115.9, 92.2, 16.5. ESI-MS: m/z 367.2 [MþH]þ,
389.2 [MþNa]þ. C20H15ClN2OS (366.06).

4.1.2.6. 2-Chloro-4-((40-methoxy-3,5-dimethyl-[1,10-biphenyl]-
4-yl)oxy)thieno[3,2-d]pyrimidine (8f). White solid, Yield 94%,
m.p.: 150e151 �C. 1H NMR (400 MHz, DMSO-d6) d 7.97 (d,
JZ 5.4 Hz, 1H, C6-thienopyrimidine-H), 7.52 (s, 2H, C2,C6-Phʹʹ-
H), 7.50 (d, JZ 5.6 Hz, 1H, C7-thienopyrimidine-H), 7.30 (s, 2H,
C3,C5-Phʹ-H), 6.99e6.91 (m, 2H, C3,C5-Phʹʹ-H), 3.85 (s, 3H,
CH3), 2.19 (s, 6H). 13C NMR (100 MHz, DMSO-d6) d 164.5,
163.9, 159.2, 148.1, 139.1, 136.9, 132.9, 130.9, 128.1, 127.2,
124.0, 114.1, 55.3, 16.6. ESI-MS: m/z 397.2 [MþH]þ, 419.2
[MþNa]þ. C21H17ClN2O2S (396.07).

4.1.2.7. 2-Chloro-4-((40-fluoro-3,5-dimethyl-[1,10-biphenyl]-4-
yl)oxy)thieno[3,2-d]pyrimidine (8g). White solid, Yield 89%,
m.p.: 126e128 �C. 1H NMR (400 MHz, DMSO-d6) d 7.98 (d,
J Z 5.4 Hz, 1H, C6-thienopyrimidine-H), 7.74e7.68 (m, 2H,
C2,C6-Phʹʹ-H), 7.51 (d, J Z 5.6 Hz, 1H, C7-thienopyrimidine-H),
7.31 (s, 2H, C3,C5-Phʹ-H), 6.72e6.70 (m, 2H, C3,C5-Phʹʹ-H),
2.17 (s, 6H). 13C NMR (100 MHz, DMSO-d6) d 164.5, 163.8,
156.8, 148.0, 143.7, 138.5, 136.9, 131.1, 130.7, 127.6, 126.3,
125.7, 124.0, 115.4, 108.9, 16.5. ESI-MS: m/z 385.2 [MþH]þ,
407.3 [MþNa]þ. C20H14ClFN2OS (384.05).

4.1.2.8. 4’-((2-Chlorothieno[3,2-d]pyrimidin-4-yl)oxy)-30,50-
dimethyl-[1,10-biphenyl]-4-carbonitrile (8h). White solid, Yield
85%, m.p.: 131e133 �C. 1H NMR (400 MHz, DMSO-d6) d 8.59
(d, J Z 5.4 Hz, 1H, C6-thienopyrimidine-H), 7.95 (s, 4H, Phʹʹ-H),
7.68 (d, JZ 5.4 Hz, 1H, C7-thienopyrimidine-H), 7.64 (s, 2H, C3,
C5-Phʹ-H), 2.16 (s, 6H). 13C NMR (100 MHz, DMSO-d6) d 165.0,
163.6, 149.6, 144.2, 140.3, 136.8, 133.2, 131.6, 128.1, 128.0,
124.2, 119.3, 110.5, 16.5. ESI-MS: m/z 392.2 [MþH]þ.
C21H14ClN3OS (391.05).

4.1.2.9. 4’-((2-Chlorothieno[3,2-d]pyrimidin-4-yl)oxy)-30,50-
dimethyl-[1,10-biphenyl]-3-carbonitrile (8i). White solid, Yield
82%, m.p.: 142e144 �C. 1H NMR (400 MHz, DMSO-d6) d 8.03
(d, J Z 5.4 Hz, 1H, C6-thienopyrimidine-H), 7.86 (t, J Z 1.7 Hz,
1H, C4-Phʹʹ-H), 7.82 (dt, J Z 7.9, 1.6 Hz, 1H, C6-Phʹʹ-H),
7.66e7.62 (m, 1H, C2-Phʹʹ-H), 7.56 (d, J Z 7.8 Hz, 1H, C5-Phʹʹ-
H), 7.53 (d, JZ 5.4 Hz, 1H, C7-thienopyrimidine-H), 7.31 (s, 2H,
C3,C5-Phʹ-H), 2.22 (s, 6H). 13C NMR (100 MHz, DMSO-d6)
d 164.6, 163.6, 149.3, 141.7, 137.0, 136.9, 131.5, 131.4, 130.7,
129.5, 127.6, 124.1, 118.8, 112.9, 16.6. ESI-MS: m/z 392.2
[MþH]þ, 414.2 [MþNa]þ. C21H14ClN3OS (391.05).

4.1.2.10. 4’-((2-Chlorothieno[3,2-d]pyrimidin-4-yl)oxy)-
N,N,30,50-tetramethyl-[1,10-biphenyl]-4-amine (8j). White solid,
Yield 88%, m.p.: 137e138 �C. 1H NMR (400 MHz, DMSO-d6)
d 7.95 (d, J Z 5.5 Hz, 1H, C6-thienopyrimidine-H), 7.51 (d,
J Z 8.9 Hz, 2H, C2,C6-Phʹʹ-H), 7.49 (d, J Z 5.6 Hz, 1H, C7-
thienopyrimidine-H), 7.30 (s, 2H, C3,C5-Phʹ-H), 6.81 (d,
J Z 8.8 Hz, 2H, C3,C5-Phʹʹ-H), 3.00 (s, 6H, NCH3), 2.18 (s, 6H).
13C NMR (100 MHz, DMSO-d6) d 164.6, 164.0, 156.8, 150.0,
147.6, 139.5, 136.9, 130.8, 128.3, 127.6, 126.7, 124.0, 115.4,
112.7, 76.8, 40.6, 16.7. ESI-MS: m/z 410.2 [MþH]þ.
C22H20ClN3OS (409.10).

4.1.2.11. 4’-((2-Chlorothieno[3,2-d]pyrimidin-4-yl)oxy)-
N,N,30,50-tetramethyl-[1,10-biphenyl]-3-amine (8k). White solid,
Yield 84%, m.p.: 130e132 �C. 1H NMR (400 MHz, DMSO-d6)
d 7.98 (d, J Z 5.5 Hz, 1H, C6-thienopyrimidine-H), 7.51 (d,
J Z 5.4 Hz, 1H, C7-thienopyrimidine-H), 7.34 (s, 2H, C3,C5-Phʹ-
H), 7.32e7.24 (m, 1H), 6.99e6.91 (m, 2H), 6.75 (dd, J Z 8.3,
2.5 Hz, 1H, C5-Phʹʹ-H), 3.03 (s, 6H, NCH3), 2.20 (s, 6H). 13C
NMR (100 MHz, DMSO-d6) d 164.5, 163.9, 156.8, 150.9, 148.4,
141.4, 140.6, 136.9, 130.8, 129.4, 127.8, 124.0, 115.8, 115.5,
111.7, 111.5, 40.7, 16.6. ESI-MS: m/z 410.2 [MþH]þ, 422.2
[MþNa]þ. C22H20ClN3OS (409.10).
4.1.3. General procedure for the preparation of intermediates
10aek
PdCl2(PPh3)2 (0.07 g, 0.1 mmol) and BINAP (0.06 g, 0.1 mmol)
were dissolved in dry dioxane (20 mL), and then tert-butyl(4-
aminophenyl)carbamate (0.50 g, 2.4 mmol), intermediates 8aek
(0.01 mmol) and Cs2CO3 (0.97 g, 3.0 mmol) were added to the
solution. The reaction mixture was stirred under N2 at 120

�C for
10e12 h (monitoring with TLC). After cooling to room temper-
ature, the solvent was evaporated under reduce pressure, and
EtOAc was added to the residue. The organic layer was extracted
three times with water, then the organic phase was dried over
Na2SO4, filtered and evaporated under reduced pressure gave the
intermediates 9aek, which was used directly in the next step
without further purification. Then the intermediates 9aek
(2.0 mmol) and TFA (1.50 mL, 20 mmol) were dissolved in DCM
(4 mL), the mixed solution was stirred for 3e6 h (monitored by
TLC) at room temperature. Then the solution was alkalized to pH
9 with saturated NaHCO3 and extracted with DCM (3 � 5 mL).
The organic phase was dried over anhydrous Na2SO4, filtered,
concentrated and purified by flash column chromatography to give
the intermediates 10aek.

4.1.3.1. 4-(4-(Furan-2-yl)-2,6-dimethylphenoxy)-N-(piperidin-
4-yl)thieno[3,2-d]pyrimidin-2-amine (10a). White solid, Yield
56%, m.p.: 150e152 �C. 1H NMR (400 MHz, chloroform-d)
d 9.20 (s, 1H, NH), 7.78 (d, JZ 5.4 Hz, 1H, C6-thienopyrimidine-
H), 7.45 (d, JZ 1.7 Hz, 1H, C3-furan-H), 7.42 (s, 2H, C3,C5-Ph0-
H), 7.21 (d, J Z 5.4 Hz, 1H, C7-thienopyrimidine-H), 6.62 (d,
J Z 3.3 Hz, 1H, C5-furan-H), 6.46 (dd, J Z 3.4, 1.8 Hz, 1H, C4-
furan-H), 5.25 (s, 1H, NH), 3.87 (s, 1H), 3.33e3.30 (m, 2H), 2.87
(s, 2H), 2.16 (s, 6H), 2.11e2.02 (m, 2H), 1.75e167 (s, 2H). 13C
NMR (100 MHz, chloroform-d) d 163.7, 159.6, 153.3, 148.7,
142.1, 135.2, 131.4, 128.7, 123.9, 122.9, 111.7, 107.4, 105.0, 46.3,
42.7, 28.5, 16.5. ESI-MS: m/z 421.2 [MþH]þ. C23H24N4O2S
(420.16).

4.1.3.2. 4-(4-(Furan-3-yl)-2,6-dimethylphenoxy)-N-(piperidin-
4-yl)thieno[3,2-d]pyrimidin-2-amine (10b). White solid, Yield
50%, m.p.: 148e150 �C. 1H NMR (400 MHz, chloroform-d)
d 8.23 (d, J Z 5.4 Hz, 1H, C6-thienopyrimidine-H), 7.92e7.91
(m, 2H), 7.83 (d, J Z 5.4 Hz, 1H, C7-thienopyrimidine-H), 7.46
(s, 2H, C3,C5-Phʹ-H), 7.42e7.41 (m, 1H), 5.32 (s, 1H, NH), 3.88
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(s, 1H), 3.30e3.27 (m, 2H), 2.87e2.85 (m, 2H), 2.21 (s, 6H),
2.03e1.71 (m, 4H). 13C NMR (100 MHz, chloroform-d) d 165.2,
164.7, 163.9, 161.5, 155.9, 147.6, 138.7, 136.1, 135.7, 131.6,
128.7, 126.8, 124.9, 115.7, 115.2, 46.4, 42.2, 28.7, 16.6. ESI-MS:
m/z 421.2 [MþH]þ, 438.3 [MþNH4]

þ. C23H24N4O2S (420.16).

4.1.3.3. 4-(2,6-Dimethyl-4-(thiophen-2-yl)phenoxy)-N-(piper-
idin-4-yl)thieno[3,2-d]pyrimidin-2-amine (10c). White solid,
Yield 47%, m.p.: 161e162 �C. 1H NMR (400 MHz, chloroform-
d) d 7.92 (d, J Z 5.3 Hz, 1H, C6-thienopyrimidine-H), 7.48 (d,
J Z 5.4 Hz, 1H, C7-thienopyrimidine-H), 7.32 (s, 2H, C3,C5-Phʹ-
H), 7.31 (dd, J Z 3.6, 1.1 Hz, 1H, C3-thiophen-H), 7.27 (dd,
J Z 5.2, 1.1 Hz, 1H, C5-thiophen-H), 7.10 (dd, J Z 5.2, 3.6 Hz,
1H, C4-thiophen-H), 5.32 (s, 1H, NH), 3.88 (s, 1H), 3.30e3.27
(m, 2H), 2.86e2.85 (m, 2H), 2.18 (s, 6H), 2.03e1.71 (m, 4H). 13C
NMR (100 MHz, chloroform-d) d 164.6, 163.8, 148.5, 143.5,
136.9, 132.7, 131.3, 128.0, 126.4, 124.9, 124.0, 123.3, 46.3, 42.5,
28.6, 16.5. ESI-MS: m/z 437.2 [MþH]þ. C23H24N4OS2 (436.14).

4.1.3.4. 4-(2,6-Dimethyl-4-(thiophen-3-yl)phenoxy)-N-(piper-
idin-4-yl)thieno[3,2-d]pyrimidin-2-amine (10d). White solid,
Yield 57%, m.p.: 157e159 �C. 1H NMR (400 MHz, chloroform-
d) d 8.52 (d, J Z 5.4 Hz, 1H, C6-thienopyrimidine-H), 7.87 (dd,
JZ 3.1, 1.5 Hz, 1H, C4-thiophen-H), 7.68e7.62 (m, 2H), 7.61 (d,
J Z 1.5 Hz, 1H, C5-thiophen-H), 7.58 (s, 2H, C3,C5-Phʹ-H), 5.31
(s, 1H, NH), 3.88 (s, 1H), 3.29e3.28 (m, 2H), 2.86e2.83 (m, 2H),
2.13 (s, 6H), 2.01e1.98 (m, 2H), 1.74e1.52 (m, 2H). 13C NMR
(100 MHz, chloroform-d) d 165.2, 163.5, 155.9, 148.6, 143.6,
141.3, 140.0, 133.4, 131.2, 127.8, 127.0, 126.4, 123.9, 121.6,
116.0, 46.3, 39.7, 28.6, 16.5. ESI-MS: m/z 437.2 [MþH]þ, 454.6
[MþNH4]

þ. C23H24N4OS2 (436.14).

4.1.3.5. 4-((3,5-Dimethyl-[1,10-biphenyl]-4-yl)oxy)-N-(piper-
idin-4-yl)thieno[3,2-d]pyrimidin-2-amine (10e). White solid,
Yield 46%, m.p.: 153e155 �C. 1H NMR (400 MHz, chloroform-
d) d 7.79 (d, J Z 5.4 Hz, 1H, C6-thienopyrimidine-H), 7.59 (d,
J Z 7.2 Hz, 2H, C2,C6-Phʹʹ-H), 7.43 (t, J Z 7.6 Hz, 2H, C3,C5-
Phʹ-H), 7.34e7.32 (m, 3H), 7.21 (d, J Z 5.4 Hz, 1H, C7-
thienopyrimidine-H), 5.04 (s, 1H, NH), 3.89 (s, 1H), 3.32e3.30
(m, 2H), 2.92e2.87 (m, 2H), 2.20 (s, 6H), 2.16e2.05 (m, 2H),
1.77e1.69 (m, 2H). 13C NMR (100 MHz, chloroform-d) d 177.8,
167.9, 163.6, 159.8, 155.2, 149.0, 144.4, 140.4, 139.0, 135.0,
132.1, 131.3, 128.7, 127.0, 123.1, 115.0, 107.5, 46.3, 42.7, 28.6,
16.6. ESI-MS: m/z 431.3 [MþH]þ, 453.4 [MþNa]þ. C25H26N4OS
(430.18).

4.1.3.6. 4-((40-Methoxy-3,5-dimethyl-[1,10-biphenyl]-4-yl)oxy)-
N-(piperidin-4-yl)thieno[3,2-d]pyrimidin-2-amine (10f). White
solid, Yield 67%, m.p.: 158e160 �C. 1H NMR (400 MHz, chlo-
roform-d) d 7.77 (d, J Z 5.4 Hz, 1H, C6-thienopyrimidine-H),
7.54e7.47 (m, 2H, C2,C6-Phʹʹ-H), 7.27 (s, 2H, C3,C5-Phʹ-H),
7.21 (d, J Z 5.4 Hz, 1H, C7-thienopyrimidine-H), 6.96 (d,
J Z 2.7 Hz, 2H), 5.01 (s, 1H, NH), 3.84 (s, 1H), 3.83 (s, 3H),
3.32e3.31 (m, 2H), 2.95e2.87 (m, 2H), 2.18 (s, 6H), 2.12e2.04
(m, 4H). 13C NMR (100 MHz, chloroform-d) d 164.7, 163.6,
159.8, 159.1, 148.5, 138.6, 135.0, 133.0, 131.2, 128.0, 127.3,
126.8, 123.1, 114.2, 55.3, 42.8, 28.5, 16.6. ESI-MS: m/z 461.3
[MþH]þ, 478.2 [MþNH4]

þ. C26H28N4O2S (460.19).

4.1.3.7. 4-((40-Fluoro-3,5-dimethyl-[1,10-biphenyl]-4-yl)oxy)-N-
(piperidin-4-yl)thieno[3,2-d]pyrimidin-2-amine (10g). White
solid, Yield 48%, m.p.: 145e147 �C. 1H NMR (400 MHz, chlo-
roform-d) d 7.84 (d, J Z 5.4 Hz, 1H, C6-thienopyrimidine-H),
7.72e7.66 (m, 2H, C2,C6-Phʹʹ-H), 7.43 (d, J Z 5.4 Hz, 1H, C7-
thienopyrimidine-H), 7.32 (s, 2H, C3,C5-Phʹ-H), 6.71e6.68 (m,
2H, C3,C5-Phʹʹ-H), 5.03 (s, 1H, NH), 3.86 (s, 1H), 3.30 (s, 2H),
2.90e2.86 (m, 2H), 2.17 (s, 6H), 2.12e1.45 (m, 4H). 13C NMR
(100 MHz, chloroform-d) d 167.8, 164.3, 163.4, 156.8, 148.2,
143.7, 138.7, 137.0, 130.7, 130.1, 127.6, 126.0, 125.7, 124.0,
115.1, 109.0, 46.5, 42.3, 28.2, 16.4. ESI-MS: m/z 449.2 [MþH]þ,
471.3 [MþNa]þ. C25H25FN4OS (448.17).

4.1.3.8. 30,50-Dimethyl-4’-((2-(piperidin-4-ylamino)thieno[3,2-
d]pyrimidin-4-yl)oxy)-[1,10-biphenyl]-4-carbonitrile (10h). White
solid, Yield 60%, m.p.: 157e159 �C. 1H NMR (400 MHz, chlo-
roform-d) d 8.52 (d, J Z 5.4 Hz, 1H, C6-thienopyrimidine-H),
7.95e7.92 (m, 4H), 7.65 (d, J Z 5.3 Hz, 1H, C7-
thienopyrimidine-H), 7.62 (s, 2H, C3,C5-Ph’-H), 5.02 (s, 1H,
NH), 3.85 (s, 1H), 3.30e3.19 (m, 2H), 2.89e2.85 (m, 2H), 2.16 (s,
6H), 2.09e1.32 (m, 4H). 13C NMR (100 MHz, chloroform-d)
d 172.3, 167.3, 165.1, 163.2, 150.7, 144.1, 139.2, 137.0, 133.0,
131.2, 128.4, 128.0, 124.5, 120.5, 110.7, 46.6, 42.4, 28.1, 16.5.
ESI-MS: m/z 456.2 [MþH]þ, 473.4 [MþNH4]

þ. C26H25N5OS
(455.18).

4.1.3.9. 30,50-Dimethyl-4’-((2-(piperidin-4-ylamino)thieno[3,2-
d]pyrimidin-4-yl)oxy)-[1,10-biphenyl]-3-carbonitrile (10i). White
solid, Yield 55%, m.p.: 171e173 �C. 1H NMR (400 MHz, chlo-
roform-d) d 8.06 (d, J Z 5.3 Hz, 1H, C6-thienopyrimidine-H),
7.89e7.88 (m, 1H, C4-Phʹʹ-H), 7.84 (dt, J Z 7.8, 1.6 Hz, 1H, C6-
Phʹʹ-H), 7.69e7.64 (m, 1H, C2-Phʹʹ-H), 7.57 (d, J Z 7.8 Hz, 1H,
C5-Phʹʹ-H), 7.52 (d, J Z 5.4 Hz, 1H, C7-thienopyrimidine-H),
7.30 (s, 2H, C3,C5-Phʹ-H), 5.01 (s, 1H, NH), 3.86 (s, 1H),
3.30e3.19 (m, 2H), 2.88e2.85 (m, 2H), 2.18 (s, 6H), 2.03e1.88
(m, 2H), 1,67e1.51 (m, 2H). 13C NMR (100 MHz, chloroform-d)
d 167.3, 164.2, 162.7, 149.03, 141.4, 137.4, 137.0, 131.9, 131.4,
130.8, 129.9, 126.8, 124.4, 119.3, 113.2, 46.4, 42.1, 28.5, 16.6.
ESI-MS: m/z 456.2 [MþH]þ, 473.6 [MþNH4]

þ. C26H25N5OS
(455.18).

4.1.3.10. 4-((4’-(Dimethylamino)-3,5-dimethyl-[1,10-biphenyl]-
4-yl)oxy)-N-(piperidin-4-yl)thieno[3,2-d]pyrimidin-2-amine (10j).
White solid, Yield 63%, m.p.: 170e171 �C. 1H NMR (400 MHz,
chloroform-d) d 7.98 (d, J Z 5.3 Hz, 1H, C6-thienopyrimidine-
H), 7.52 (d, J Z 8.6 Hz, 2H, C2,C6-Phʹʹ-H), 7.51 (d, J Z 5.4 Hz,
1H, C7-thienopyrimidine-H), 7.32 (s, 2H, C3,C5-Phʹ-H), 6.82 (d,
J Z 8.8 Hz, 2H, C3,C5-Phʹʹ-H), 5.01 (s, 1H, NH), 3.84 (s, 1H),
3.33e3.31 (m, 2H), 3.02 (s, 6H, NCH3), 2.18 (s, 6H), 2.09e1.61
(m, 6H). 13C NMR (100 MHz, chloroform-d) d 167.2, 164.3,
163.8, 156.0, 150.3, 147.1, 140.8, 136.2, 130.6, 128.3, 127.2,
126.7, 124.7, 115.4, 112.8, 46.3, 42.7, 40.6, 28.4, 16.7. ESI-MS:
m/z 474.2 [MþH]þ, 491.2 [MþNH4]

þ. C27H31N5OS (473.22).

4.1.3.11. 4-((3’-(Dimethylamino)-3,5-dimethyl-[1,10-biphenyl]-
4-yl)oxy)-N-(piperidin-4-yl)thieno[3,2-d]pyrimidin-2-amine
(10k). White solid, Yield 50%, m.p.: 166e167 �C. 1H NMR
(400 MHz, chloroform-d) d 7.83 (d, J Z 5.3 Hz, 1H, C6-
thienopyrimidine-H), 7.50 (d, J Z 5.3 Hz, 1H, C7-
thienopyrimidine-H), 7.32 (s, 2H, C3,C5-Ph0-H), 7.31e7.25 (m,
1H), 6.98e6.92 (m, 2H), 6.72 (dd, J Z 8.8, 2.4 Hz, 1H, C5-Phʹʹ-
H), 5.00 (s, 1H, NH), 3.83 (s, 1H), 3.32e3.30 (m, 2H), 3.03 (s, 6H,
NCH3), 2.86e1.83 (m, 2H), 2.20 (s, 6H), 2.12e1.54 (m, 4H). 13C
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NMR (100 MHz, chloroform-d) d 167.6, 164.2, 163.5, 156.4,
150.5, 148.6, 141.3, 139.6, 136.2, 130.8, 129.8, 127.1, 124.0,
115.7, 115.5, 112.0, 111.2, 46.5, 42.4, 40.6, 28.3, 16.6. ESI-MS:
m/z 474.3 [MþH]þ, 491.2 [MþNH4]

þ. C27H31N5OS (473.22).

4.1.4. Generalprocedure for thepreparationof the target compounds
11e32
Compounds 10aek (1.0 mmol), substituted benzyl chloride
(bromine) (1.1 mmol) and anhydrous K2CO3 (1.2 mmol) were
dissolved in anhydrous DMF (10 mL). The reaction mixture was
stirred at room temperature for 4e8 h (monitored by TLC). The
solvent was removed under reduced pressure, and then water was
added. Extracted with ethyl acetate (3 � 10 mL), and the organic
phase was dried over anhydrous Na2SO4, then purified by flash
column chromatography and recrystallized from EA/PE to give
the target compounds 11e32.

4.1.4.1. 4-((4-((4-(4-(Furan-2-yl)-2,6-dimethylphenoxy)thieno
[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)benzenesulfo-
namide (11).White solid, Yield 77%, m.p.: 158e160 �C. 1H NMR
(400 MHz, chloroform-d) d 7.83 (d, J Z 8.0 Hz, 2H, C2,C6-Phʹʹ-
H), 7.72 (d, J Z 5.4 Hz, 1H, C6-thienopyrimidine-H), 7.48 (d,
J Z 1.7 Hz, 1H, C3-furan-H), 7.40 (s, 4H), 7.15 (d, J Z 5.4 Hz,
1H, C7-thienopyrimidine-H), 6.62 (d, J Z 3.3 Hz, 1H, C5-furan-
H), 6.49 (dd, J Z 3.4, 1.8 Hz, C4-furan-H), 5.44e5.24 (m, 2H,
SO2NH2), 5.16 (s, 1H, NH), 3.47 (s, 2H, NeCH2), 2.69e2.65 (m,
2H), 2.15 (s, 6H), 2.07e1.21 (m, 7H). 13C NMR (100 MHz,
chloroform-d) d 165.0, 163.5, 160.3, 153.6, 149.0, 143.9, 142.0,
140.7, 134.8, 131.6, 129.5, 128.5, 126.3, 123.9, 123.0, 111.7,
104.8, 62.3, 52.1, 48.3, 31.8, 16.6. HRMS m/z C30H31N5O4S2:
Calcd. 589.1817, Found 590.1895 [MþH]þ. HPLC purity:
96.83%.

4.1.4.2. 4-((4-((4-(4-(Furan-2-yl)-2,6-dimethylphenoxy)thieno
[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)benzamide
(12). White solid, Yield 79%, m.p.: 167e168 �C. 1H NMR
(400 MHz, chloroform-d) d 7.84 (d, J Z 8.1 Hz, 2H, C2,C6-Phʹʹ-
H), 7.72 (d, J Z 5.3 Hz, 1H, C6-thienopyrimidine-H), 7.46 (d,
J Z 1.7 Hz, 1H, C3-furan-H), 7.42e7.40 (m, 4H), 7.15 (d,
J Z 5.3 Hz, 1H, C7-thienopyrimidine-H), 6.62 (d, J Z 3.2 Hz,
1H, C5-furan-H), 6.48 (dd, J Z 3.2, 1.8 Hz, C4-furan-H),
6.07e5.88 (m, 2H, CONH2), 5.16 (s, 1H, NH), 3.47 (s, 2H,
NeCH2), 2.69e2.65 (m, 2H), 2.15 (s, 6H), 2.07e1.21 (m, 7H).
13C NMR (100 MHz, chloroform-d) d 165.1, 163.5, 160.2, 153.6,
149.1, 143.7, 142.2, 140.9, 134.4, 131.6, 129.7, 128.5, 126.3,
123.0, 114.3, 111.7, 104.7, 62.4, 52.1, 48.3, 31.8, 16.6. HRMS m/z
C31H31N5O3S: Calcd. 553.2148, Found 554.2225 [MþH]þ. HPLC
purity: 97.63%.

4.1.4.3. 4-((4-((4-(4-(Furan-3-yl)-2,6-dimethylphenoxy)thieno
[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)benzenesulfo-
namide (13).White solid, Yield 81%, m.p.: 154e156 �C. 1H NMR
(400 MHz, chloroform-d) d 7.83 (d, J Z 8.1 Hz, 2H), 7.74 (d,
J Z 5.4 Hz, 1H, C6-thienopyrimidine-H), 7.56 (d, J Z 5.4 Hz,
1H), 7.53 (d, J Z 5.3 Hz, 1H, C7-thienopyrimidine-H), 7.40 (d,
J Z 8.0 Hz, 2H), 7.16 (d, J Z 7.1 Hz, 1H), 7.12 (d, J Z 8.6 Hz,
1H), 5.23 (s, 2H, SO2NH2), 5.00 (s, 1H, NH), 3.47 (s, 2H,
NeCH2), 2.70 (d, J Z 10.9 Hz, 2H), 2.18 (s, 6H), 2.11e1.33 (m,
7H). 13C NMR (100 MHz, chloroform-d) d 165.0, 160.4, 149.1,
144.1, 140.6, 137.7, 136.8, 134.7, 131.5, 129.4, 128.6, 127.0,
126.3, 123.0, 115.7, 62.3, 52.3, 31.9, 16.6. HRMS m/z
C30H31N5O4S2: Calcd. 589.1817, Found 590.1886 [MþH]þ.
HPLC purity: 97.30%.

4.1.4.4. 4-((4-((4-(4-(Furan-3-yl)-2,6-dimethylphenoxy)thieno
[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)benzamide
(14). White solid, Yield 83%, m.p.: 182e185 �C. 1H NMR
(400 MHz, chloroform-d) d 7.74 (t, J Z 2.7 Hz, 2H), 7.72 (s, 1H),
7.56e7.54 (m, 2H), 7.34 (d, JZ 7.8 Hz, 2H), 7.27 (d, JZ 2.1 Hz,
2H), 7.19 (d, J Z 5.4 Hz, 1H), 7.13 (t, J Z 8.6 Hz, 1H),
6.08e5.82 (m, 2H, CONH2), 4.93 (d, J Z 8.0 Hz, 1H, NH), 3.47
(s, 2H, NeCH2), 2.72 (d, J Z 11.3 Hz, 2H), 2.19 (s, 6H),
2.07e1.84 (m, 7H). 13C NMR (100 MHz, chloroform-d) d 169.2,
165.1, 161.2, 160.4, 149.2, 143.0, 137.7, 136.8, 134.6, 132.0,
131.5, 129.1, 128.6, 128.5, 127.3, 127.0, 123.2, 115.7, 115.4, 62.6,
52.3, 32.0, 16.6. HRMS m/z C31H31N5O3S: Calcd. 553.2148,
Found 554.22195 [MþH]þ. HPLC purity: 98.82%.

4.1.4.5. 4-((4-((4-(2,6-Dimethyl-4-(thiophen-2-yl)phenoxy)
thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)benze-
nesulfonamide (15). White solid, Yield 69%, m.p.: 138e140 �C.
1H NMR (400 MHz, chloroform-d) d 7.95 (d, J Z 8.2 Hz, 2H,
C2,C6-Phʹʹ-H), 7.76 (d, J Z 5.3 Hz, 1H, C6-thienopyrimidine-H),
7.42e7.40 (m, 4H), 7.32 (dd, J Z 3.5, 1.2 Hz, 1H, C3-thiophen-
H), 7.29 (dd, J Z 5.2, 1.2 Hz, 1H, C5-thiophen-H), 7.19 (d,
J Z 5.3 Hz, 1H, C7-thienopyrimidine-H), 7.03 (dd, J Z 5.2,
3.6 Hz, 1H, C4-thiophen-H), 5.41e5.30 (m, 2H, SO2NH2), 5.11
(s, 1H, NH), 3.47 (s, 2H, NeCH2), 2.69e2.65 (m, 2H), 2.12 (s,
6H), 2.01e1.43 (m, 7H). 13C NMR (100 MHz, chloroform-d)
d 165.2, 163.8, 160.4, 153.6, 149.2, 143.5, 142.4, 140.7, 134.2,
131.6, 130.2, 128.7, 126.3, 123.9, 123.1, 111.7, 104.2, 52.1, 48.3,
31.8, 28.6, 16.6. HRMS m/z C30H31N5O3S3: Calcd. 605.1589,
Found 606.1656 [MþH]þ. HPLC purity: 92.90%.

4.1.4.6. 4-((4-((4-(2,6-Dimethyl-4-(thiophen-2-yl)phenoxy)
thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)benza-
mide (16). White solid, Yield 78%, m.p.: 148e150 �C. 1H NMR
(400 MHz, chloroform-d) d 7.92 (d, J Z 8.2 Hz, 2H, C2,C6-Phʹʹ-
H), 7.79 (d, J Z 5.4 Hz, 1H, C6-thienopyrimidine-H), 7.40e7.38
(m, 4H), 7.31 (dd, J Z 3.5, 1.2 Hz, 1H, C3-thiophen-H),
7.29e7.28 (m, 1H), 7.19 (d, J Z 5.4 Hz, 1H, C7-
thienopyrimidine-H), 7.07 (dd, J Z 5.1, 3.4 Hz, 1H, C4-
thiophen-H), 6.03 (s, 2H, CONH2), 5.10 (s, 1H, NH), 3.48 (s,
2H, NeCH2), 2.70e2.68 (m, 2H), 2.11 (s, 6H), 1.98e1.40 (m,
7H). 13C NMR (100 MHz, chloroform-d) d 165.3, 163.2, 160.8,
152.9, 148.7, 143.1, 142.7, 140.7, 134.6, 131.2, 130.2, 128.4,
126.3, 124.0, 123.1, 111.2, 104.2, 52.1, 48.5, 31.8, 28.2, 16.6.
HRMS m/z C31H31N5O2S2: Calcd. 569.1919, Found 570.1987
[MþH]þ. HPLC purity: 99.90%.

4.1.4.7. 4-((4-((4-(2,6-Dimethyl-4-(thiophen-3-yl)phenoxy)
thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)benze-
nesulfonamide (17). White solid, Yield 86%, m.p.: 168e170 �C.
1H NMR (400 MHz, chloroform-d) d 7.83 (d, J Z 8.0 Hz, 2H,
C2,C6-Phʹʹ-H), 7.73 (d, J Z 5.4 Hz, 1H, C6-thienopyrimidine-H),
7.43 (d, J Z 1.6 Hz, 1H), 7.41e7.36 (m, 4H), 7.31 (s, 2H, C3,C5-
Phʹ-H), 7.16 (d, J Z 5.4 Hz, 1H, C7-thienopyrimidine-H), 5.16 (s,
2H, SO2NH2), 5.00 (s, 1H, NH), 3.46 (s, 2H, NeCH2), 2.69 (d,
J Z 11.2 Hz, 2H), 2.17 (s, 6H), 2.07e1.59 (m, 7H). 13C NMR
(100 MHz, chloroform-d) d 165.0, 163.5, 160.4, 148.9, 144.1,
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141.8, 140.6, 134.7, 133.4, 131.5, 129.5, 126.4, 126.2, 123.0,
120.0, 62.3, 52.2, 48.4, 31.9, 16.6. HRMS m/z C30H31N5O3S3:
Calcd. 605.1589, Found 606.1659 [MþH]þ. HPLC purity:
96.62%.

4.1.4.8. 4-((4-((4-(2,6-Dimethyl-4-(thiophen-3-yl)phenoxy)
thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)benza-
mide (18). White solid, Yield 82%, m.p.: 152e154 �C. 1H NMR
(400 MHz, chloroform-d) d 7.73e7.71 (m, 3H), 7.47e7.42 (m,
1H), 7.42e7.36 (m, 2H), 7.33e7.31 (m, 4H), 7.18 (d, J Z 5.4 Hz,
1H, C7-thienopyrimidine-H), 6.06e6.04 (m, 2H, CONH2), 5.00
(d, J Z 7.4 Hz, 1H, NH), 3.46 (s, 2H, NeCH2), 2.71 (d,
J Z 11.2 Hz, 2H), 2.18 (s, 6H) C, 2.11e1.31 (m, 7H). 13C NMR
(100 MHz, chloroform-d) d 169.3, 165.1, 163.5, 160.4, 143.0,
141.8, 134.6, 133.4, 132.0, 131.5, 129.1, 127.3, 126.4, 126.2,
123.1, 120.0, 62.6, 52.2, 48.5, 32.0, 16.6. HRMS m/z
C31H31N5O2S2: Calcd. 569.1919, Found 570.1995 [MþH]þ.
HPLC purity: 96.84%.

4.1.4.9. 4-((4-((4-((3,5-Dimethyl-[1,10-biphenyl]-4-yl)oxy)
thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)benze-
nesulfonamide (19). White solid, Yield 75%, m.p.: 130e132 �C.
1H NMR (400 MHz, chloroform-d) d 7.78e7.70 (m, 3H),
7.63e7.60 (m, 2H), 7.44 (t, J Z 7.5 Hz, 2H), 7.38e7.32 (m, 5H),
7.18 (d, J Z 5.4 Hz, 1H, C7-thienopyrimidine-H), 5.08 (s, 2H,
SO2NH2), 4.97 (d, J Z 7.4 Hz, 1H, NH), 3.46 (s, 2H, NeCH2),
2.71 (d, J Z 11.2 Hz, 2H), 2.20 (s, 6H), 2.02e1.36 (m, 7H). 13C
NMR (100 MHz, chloroform-d) d 169.2, 165.1, 161.3, 149.2,
143.5, 140.7, 138.9, 134.6, 132.2, 131.4, 129.7, 128.4, 127.8,
127.2, 123.1, 110.5, 62.9, 52.3, 48.5, 32.2, 16.6. HRMS m/z
C32H33N5O3S2: Calcd. 599.2025, Found 600.2100 [MþH]þ.
HPLC purity: 100.00%.

4.1.4.10. 4-((4-((4-((3,5-Dimethyl-[1,10-biphenyl]-4-yl)oxy)
thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)benza-
mide (20). White solid, Yield 88%, m.p.: 143e145 �C. 1H NMR
(400 MHz, chloroform-d) d 7.76e7.70 (m, 3H), 7.64e7.59 (m,
2H), 7.45 (t, J Z 7.5 Hz, 2H), 7.39e7.30 (m, 5H), 7.18 (d,
J Z 5.4 Hz, 1H, C7-thienopyrimidine-H), 6.01e6.00 (m, 2H,
CONH2), 4.96 (d, J Z 7.4 Hz, 1H, NH), 3.46 (s, 2H, NeCH2),
2.71 (d, J Z 11.2 Hz, 2H), 2.20 (s, 6H), 2.07e1.02 (m, 7H). 13C
NMR (100 MHz, chloroform-d) d 169.2, 165.1, 160.5, 149.2,
143.0, 140.7, 138.7, 134.6, 132.0, 131.4, 129.1, 128.7, 127.3,
127.1, 123.1, 62.6, 52.3, 32.0, 16.6. HRMS m/z C33H33N5O2S:
Calcd. 563.2355, Found 564.2426 [MþH]þ. HPLC purity:
95.41%.

4.1.4.11. 4-((4-((4-((40-Methoxy-3,5-dimethyl-[1,10-biphenyl]-4-
yl)oxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)
benzenesulfonamide (21). White solid, Yield 70%, m.p.:
138e140 �C. 1H NMR (400 MHz, chloroform-d) d 7.82 (d,
J Z 8.3 Hz, 2H), 7.73 (d, J Z 5.4 Hz, 1H, C6-thienopyrimidine-
H), 7.53 (d, J Z 8.6 Hz, 2H), 7.47e7.45 (m, 2H), 7.40 (d,
J Z 7.9 Hz, 2H), 7.16 (d, J Z 5.4 Hz, 1H, C7-thienopyrimidine-
H), 7.02e6.94 (m, 2H), 5.01 (d, JZ 7.2 Hz, 1H, NH), 3.48 (s, 2H,
NeCH2), 2.70 (d, J Z 12.3 Hz, 2H), 2.18 (s, 6H), 2.11e1.36 (m,
7H). 13C NMR (100 MHz, chloroform-d) d 165.0, 163.5, 160.4,
159.1, 148.7, 144.1, 140.5, 138.3, 134.7, 133.2, 131.3, 129.5,
128.0, 127.3, 126.7, 126.4, 123.0, 114.1, 114.0, 62.3, 55.4, 52.3,
31.9, 16.6. HRMS m/z C33H35N5O4S2: Calcd. 629.2130, Found
630.2207 [MþH]þ. HPLC purity: 92.74%.

4.1.4.12. 4-((4-((4-((40-Methoxy-3,5-dimethyl-[1,10-biphenyl]-4-
yl)oxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)
benzamide (22). White solid, Yield 74%, m.p.: 140e142 �C. 1H
NMR (400 MHz, chloroform-d) d 7.81 (d, J Z 8.2 Hz, 2H), 7.72
(d, J Z 5.3 Hz, 1H, C6-thienopyrimidine-H), 7.54 (d, JZ 8.6 Hz,
2H), 7.47 (s, 2H), 7.42 (d, J Z 7.9 Hz, 2H), 7.14 (d, J Z 5.3 Hz,
1H, C7-thienopyrimidine-H), 7.03e6.98 (m, 2H), 6.02e5.98 (m,
2H, CONH2), 5.01 (d, J Z 7.2 Hz, 1H, NH), 3.48 (s, 2H,
NeCH2), 2.70 (d, J Z 12.1 Hz, 2H), 2.18 (s, 6H), 2.11e1.36 (m,
7H). 13C NMR (100 MHz, chloroform-d) d 165.6, 163.2, 160.4,
159.6, 148.1, 143.6, 140.2, 138.7, 134.7, 133.5, 131.3, 129.5,
128.2, 127.3, 127.1, 126.4, 125.8, 123.0, 114.6, 62.2, 55.4, 52.8,
31.9, 16.6. HRMS m/z C34H35N5O3S: Calcd. 593.2461, Found
594.2532 [MþH]þ. HPLC purity: 99.92%.

4.1.4.13. 4-((4-((4-((40-Fluoro-3,5-dimethyl-[1,10-biphenyl]-4-
yl)oxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)
benzenesulfonamide (23). White solid, Yield 83%, m.p.:
138e140 �C. 1H NMR (400 MHz, chloroform-d) d 7.84 (d,
J Z 8.1 Hz, 2H), 7.74e7.71 (m, 2H), 7.50e7.47 (m, 2H), 7.41 (d,
J Z 8.0 Hz, 2H), 7.21 (s, 2H), 7.16 (d, J Z 5.4 Hz, 1H, C7-
thienopyrimidine-H), 6.70 (d, J Z 1.8 Hz, 1H), 5.08 (s, 2H,
SO2NH2), 4.95 (d, J Z 7.5 Hz, 1H, NH), 3.48 (s, 2H, NeCH2),
2.70 (d, J Z 11.3 Hz, 2H), 2.15 (s, 6H), 1.90e1.40 (m, 7H). 13C
NMR (100 MHz, chloroform-d) d 165.0, 160.4, 148.7, 144.1,
143.7, 140.5, 138.3, 134.7, 131.6, 129.9, 129.5, 127.1, 126.6,
126.4, 125.9, 125.8, 123.0, 108.9, 62.3, 52.2, 31.9, 16.5. HRMS
m/z C32H32FN5O3S2: Calcd. 617.1931, Found 618.2008 [MþH]þ.
HPLC purity: 97.39%.

4.1.4.14. 4-((4-((4-((40-Fluoro-3,5-dimethyl-[1,10-biphenyl]-4-yl)
oxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)ben-
zamide (24). White solid, Yield 88%, m.p.: 132e135 �C. 1H NMR
(400 MHz, chloroform-d) d 7.75e7.73 (m, 4H), 7.50 (d,
J Z 1.7 Hz, 2H), 7.35 (d, J Z 7.9 Hz, 2H), 7.22 (s, 2H), 7.18 (d,
J Z 5.4 Hz, 1H, C7-thienopyrimidine-H), 6.70 (s, 1H), 5.98e5.96
(m, 2H, CONH2), 4.92 (d, J Z 7.5 Hz, 1H, NH), 3.48 (s, 2H,
NeCH2), 2.72 (d, J Z 11.3 Hz, 2H), 2.16 (s, 6H), 1.93e1.43 (m,
7H). 13C NMR (100 MHz, chloroform-d) d 169.2, 165.1, 163.4,
160.4, 148.7, 143.6, 138.3, 134.6, 132.0, 131.6, 129.9, 129.2, 127.3,
126.0, 125.8, 123.2, 108.9, 62.6, 52.2, 32.0, 16.5. HRMS m/z
C33H32FN5O2S: Calcd. 581.2261, Found 582.2370 [MþH]þ.
HPLC purity: 91.70%.

4.1.4.15. 4-((4-((4-((40-Cyano-3,5-dimethyl-[1,10-biphenyl]-4-
yl)oxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)
benzenesulfonamide (25). White solid, Yield 66%, m.p.:
148e150 �C. 1H NMR (400 MHz, chloroform-d) d 7.79e7.62 (m,
7H), 7.35e7.32 (m, 4H), 7.19 (d, J Z 5.4 Hz, 1H, C7-
thienopyrimidine-H), 5.07 (s, 2H, SO2NH2), 4.90 (d,
JZ 7.4 Hz, 1H, NH), 3.47 (s, 2H, NeCH2), 2.72 (d, JZ 11.2 Hz,
2H), 2.23 (s, 6H), 2.10e1.40 (m, 7H). 13C NMR (100 MHz,
chloroform-d) d 169.4, 164.8, 163.7, 161.6, 150.2, 145.8, 136.3,
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134.2, 132.5, 132.1, 129.0, 127.6, 127.3, 119.0, 112.4, 62.6, 52.4,
32.1, 16.7. HRMS m/z C33H32N6O3S2: Calcd. 624.1977, Found
625.2050 [MþH]þ. HPLC purity: 96.65%.

4.1.4.16. 4-((4-((4-((40-Cyano-3,5-dimethyl-[1,10-biphenyl]-4-
yl)oxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)
benzamide (26). White solid, Yield 74%, m.p.: 156e158 �C. 1H
NMR (400 MHz, chloroform-d) d 7.77e7.71 (m, 7H), 7.36e7.33
(m, 4H), 7.20 (d, J Z 5.4 Hz, 1H), 6.11e5.90 (m, 2H), 4.88 (d,
JZ 7.4 Hz, 1H, NH), 3.47 (s, 2H, NeCH2), 2.72 (d, JZ 11.3 Hz,
2H), 2.21 (s, 6H), 1.90e1.42 (m, 7H). 13C NMR (100 MHz,
chloroform-d) d 169.1, 165.2, 163.2, 160.4, 150.3, 145.1, 136.5,
134.6, 132.5, 132.0, 129.0, 127.6, 127.3, 127.2, 119.0, 110.7, 62.6,
52.3, 32.0, 16.7. HRMS m/z C34H32N6O2S: Calcd. 588.2307,
Found 589.2382 [MþH]þ. HPLC purity: 97.28%.

4.1.4.17. 4-((4-((4-((30-Cyano-3,5-dimethyl-[1,10-biphenyl]-4-
yl)oxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)
benzenesulfonamide (27). White solid, Yield 74%, m.p.:
140e143 �C. 1H NMR (400 MHz, chloroform-d) d 7.86 (d,
J Z 1.5 Hz, 1H), 7.82 (dd, J Z 7.6, 1.6 Hz, 1H), 7.76e7.74 (m,
3H), 7.62 (dd, J Z 7.8, 1.5 Hz, 1H), 7.57 (d, J Z 7.8 Hz, 1H),
7.37 (d, J Z 7.6 Hz, 2H), 7.30 (s, 2H), 7.20 (d, J Z 5.4 Hz, 1H,
C7-thienopyrimidine-H), 5.09 (s, 2H, SO2NH2), 4.90 (d,
JZ 7.2 Hz, 1H, NH), 3.47 (s, 2H, NeCH2), 2.73 (d, JZ 11.2 Hz,
2H), 2.21 (s, 6H), 2.11e1.39 (m, 7H). 13C NMR (100 MHz,
chloroform-d) d 169.1, 165.7, 159.3, 150.7, 142.2, 141.6, 136.3,
134.7, 132.3, 131.4, 130.8, 129.6, 129.2, 127.4, 127.0, 123.2,
119.0, 112.9, 62.7, 52.3, 32.1, 16.7. HRMS m/z C33H32N6O3S2:
Calcd. 624.1977, Found 625.2045 [MþH]þ. HPLC purity:
98.93%.

4.1.4.18. 4-((4-((4-((30-Cyano-3,5-dimethyl-[1,10-biphenyl]-4-
yl)oxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)
benzamide (28). White solid, Yield 83%, m.p.: 140e143 �C. 1H
NMR (400 MHz, chloroform-d) d 7.88 (d, J Z 1.6 Hz, 1H), 7.83
(dd, J Z 7.9, 1.6 Hz, 1H), 7.75e7.74 (m, 3H), 7.64
(dd, J Z 7.6, 1.5 Hz, 1H), 7.57 (d, J Z 7.8 Hz, 1H), 7.35
(d, J Z 7.8 Hz, 2H), 7.30 (s, 2H), 7.20 (d, J Z 5.4 Hz, 1H,
C7-thienopyrimidine-H), 5.98e5.96 (m, 2H, CONH2), 4.90
(d, J Z 7.2 Hz, 1H, NH), 3.48 (s, 2H, NeCH2), 2.73
(d, J Z 11.2 Hz, 2H), 2.21 (s, 6H), 2.11e1.39 (m, 7H). 13C
NMR (100 MHz, chloroform-d) d 169.2, 165.2, 160.4, 150.0,
142.9, 141.9, 136.3, 134.7, 132.1, 131.4, 130.6, 130.5, 129.6,
129.1, 127.4, 127.1, 123.2, 118.9, 112.9, 62.6, 52.3, 32.0, 26.9,
16.7. HRMS m/z C34H32N6O2S: Calcd. 588.2307, Found
589.2378 [MþH]þ. HPLC purity: 100.00%.

4.1.4.19. 4-((4-((4-((4’-(Dimethylamino)-3,5-dimethyl-[1,10-
biphenyl]-4-yl)oxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-
1-yl)methyl)benzenesulfonamide (29). White solid, Yield 66%,
m.p.: 172e175 �C. 1H NMR (400 MHz, chloroform-d)
d 7.84e7.70 (m, 3H), 7.48 (d, J Z 2.0 Hz, 2H), 7.43 (d,
J Z 8.0 Hz, 2H), 7.21 (s, 2H), 7.16 (d, J Z 5.4 Hz, 1H, C7-
thienopyrimidine-H), 6.72 (d, J Z 1.8 Hz, 2H), 5.08 (s, 2H,
SO2NH2), 5.01 (s, 1H, NH), 3.46 (s, 2H, NeCH2), 3.02 (s, 6H,
NCH3), 2.71 (d, J Z 11.2 Hz, 2H), 2.18 (s, 6H), 2.09e1.42 (m,
7H). 13C NMR (100 MHz, chloroform-d) d 165.0, 160.4, 148.7,
144.1, 143.7, 140.5, 138.3, 134.7, 131.6, 129.9, 129.5, 127.1,
126.6, 125.9, 123.0, 108.9, 52.2, 46.9, 42.7, 40.3, 28.4, 16.5.
HRMS m/z C34H38N6O3S2: Calcd. 642.2447, Found 643.2524
[MþH]þ. HPLC purity: 92.28%.

4.1.4.20. 4-((4-((4-((4’-(Dimethylamino)-3,5-dimethyl-[1,10-
biphenyl]-4-yl)oxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-
1-yl)methyl)benzamide (30). White solid, Yield 69%, m.p.:
141e143 �C. 1H NMR (400 MHz, chloroform-d) d 7.84 e7.73 (m,
3H), 7.46 (d, J Z 2.0 Hz, 2H), 7.41 (d, J Z 8.0 Hz, 2H), 7.20 (s,
2H), 7.16 (d, J Z 5.3 Hz, 1H, C7-thienopyrimidine-H), 6.74 (d,
J Z 2.0 Hz, 2H), 5.98 (s, 2H, CONH2), 5.00 (s, 1H, NH), 3.48 (s,
2H, NeCH2), 3.02 (s, 6H, NCH3), 2.72 (d, JZ 11.2 Hz, 2H), 2.18
(s, 6H), 2.04e1.40 (m, 7H). 13C NMR (100 MHz, chloroform-d)
d 165.4, 160.9, 148.7, 144.5, 143.7, 140.2, 138.3, 134.4, 132.2,
130.0, 129.2, 127.5, 126.6, 126.0, 125.9, 123.5, 109.2, 52.0, 46.9,
42.9, 39.7, 28.1, 16.5. HRMS m/z C35H38N6O2S: Calcd. 606.2777,
Found 607.2852 [MþH]þ. HPLC purity: 96.74%.

4.1.4.21. 4-((4-((4-((3’-(Dimethylamino)-3,5-dimethyl-[1,10-
biphenyl]-4-yl)oxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-
1-yl)methyl)benzenesulfonamide (31). White solid, Yield 76%,
m.p.: 138e140 �C. 1H NMR (400 MHz, chloroform-d)
d 7.86e7.82 (m, 3H), 7.76e7.74 (m, 2H), 7.61 (dd, J Z 7.6,
1.5 Hz, 1H), 7.54 (d, JZ 7.6 Hz, 1H), 7.35e7.34 (m, 2H), 7.30 (s,
2H), 7.21 (d, J Z 5.3 Hz, 1H, C7-thienopyrimidine-H), 5.06 (s,
2H, SO2NH2), 5.03 (s, 1H, NH), 3.42 (s, 2H, NeCH2), 3.02 (s,
6H, NCH3), 2.70 (d, J Z 11.2 Hz, 2H), 2.16 (s, 6H), 2.03e1.36
(m, 7H). 13C NMR (100 MHz, chloroform-d) d 169.7, 165.0,
158.9, 150.7, 142.6, 141.6, 137.5, 134.6, 132.3, 131.1, 130.4,
129.2, 127.8, 127.2, 123.1, 119.3, 113.0, 111.8, 62.9, 52.5, 46.9,
42.9, 39.7, 28.1, 16.6. HRMS m/z C34H38N6O3S2: Calcd.
642.2447, Found 643.2524 [MþH]þ. HPLC purity: 94.44%.

4.1.4.22. 4-((4-((4-((3’-(Dimethylamino)-3,5-dimethyl-[1,10-
biphenyl]-4-yl)oxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-
1-yl)methyl)benzamide (32). White solid, Yield 74%, m.p.:
133e135 �C. 1H NMR (400 MHz, chloroform-d) d 7.86e7.81 (m,
3H), 7.76e7.73 (m, 2H), 7.61e7.59 (m, 1H), 7.53 (d, J Z 7.6 Hz,
1H), 7.32e7.31 (m, 2H), 7.29 (s, 2H), 7.21 (d, J Z 5.3 Hz, 1H,
C7-thienopyrimidine-H), 5.97 (s, 2H, CONH2), 5.01 (s, 1H, NH),
3.42 (s, 2H, NeCH2), 3.02 (s, 6H, NCH3), 2.72 (d, J Z 11.2 Hz,
2H), 2.16 (s, 6H), 2.00e1.41 (m, 7H). 13C NMR (100 MHz,
chloroform-d) d 169.7, 165.0, 159.2, 142.6, 141.7, 137.5, 134.2,
132.3, 131.6, 130.4, 129.2, 127.3, 123.1, 120.5, 113.0, 111.2, 62.9,
52.4, 46.9, 43.2, 39.3, 28.2, 16.6. HRMS m/z C35H38N6O2S:
Calcd. 606.2777, Found 607.2852 [MþH]þ. HPLC purity:
95.29%.

4.2. In vitro anti-HIV activities assays

The anti-HIV activity and cytotoxicity of the novel synthesized
compounds were evaluated using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) method in MT-4 cell
cultures as described previously19,20. Firstly, stock solutions
(10 � final concentration) of the compounds were added in
25 mL volumes to two series of triplicate wells with the aim to
allow simultaneous evaluation of their effects on mock- and HIV-
infected cells. With a Biomek 3000 robot (Beckman Instruments,
Fullerton, CA, USA), serial 5-fold dilutions of the test com-
pounds were made directly in flat-bottomed 96-well microtiter
trays, including untreated control HIV-1 and mock-infected cell
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samples for each sample. Wild-type and mutant HIV-1 strains
stock (50 mL at 100e300 CCID50) or culture medium was added
to either the infected or mock-infected wells of the microtiter
tray. Mock-infected cells were used to evaluate the effect on
uninfected cells to assess compounds cytotoxicity. Exponentially
growing MT-4 cells were centrifuged for 5 minat 1000 rpm
(Eppendorf 5424, Hamburg, Germany) and then supernatant was
discarded. The MT-4 cells were resuspended at 6 � 105 cells/mL,
and 50 mL aliquots were transferred to the microtiter tray wells.
At 5 days after infection, the viability of mock- and HIV-infected
cells was determined spectrophotometrically by means of MTT
assay.

The MTT assay is based on the reduction of yellow-colored
MTT (Acros Organics, Geel, Belgium) by mitochondrial dehy-
drogenase of metabolically active cells to form a blue-purple
formazan. The absorbances were read in an eight-channel com-
puter-controlled photometer at the wavelengths of 540 and
690 nm. All data were calculated using the median optical density
(OD) value of three wells. The EC50 was defined as the concen-
tration of the test compound affording 50% protection from viral
cytopathogenicity. The CC50 was defined as the compound con-
centration that reduced the absorbance (OD540) of mock-infected
cells by 50%.

4.3. Recombinant HIV-1 RT inhibitory assays

The HIV-1 RT inhibition assay was tested with an RT assay kit
(Roche, Basel, Switzerland)21. Briefly, the reaction mixture con-
taining HIV-1 RT enzyme, reconstituted template and viral nu-
cleotides [digoxigenin (DIG)-dUTP, biotin-dUTP and dTTP] in
the incubation buffer with or without inhibitors was incubated for
1 hat 37 �C. Then, the reaction mixture was transferred to a
streptavidin-coated microtitre plate (MTP) and incubated for 2 hat
37 �C. The biotin-labeled dNTPs were incorporated into the
cDNA chain in the presence of RT. The unbound dNTPs were
washed with washing buffer, and anti-DIG-POD was added to the
MTPs.

After incubation for additional 1 h at 37 �C, the DIG-labeled
dNTPs incorporated in cDNA were bound to the anti-DIG-POD
antibody. The unbound anti-DIG-PODs were washed out and the
peroxide substrate (ABST) solution was added to the MTPs. The
absorbance of the sample was determined at OD405 using a mi-
crotiter plate ELISA reader (Multiskan Sky, Waltham, MA, USA).
The percentage inhibitory activity of RT inhibitors was calculated
using the following Eq. (1):

Inhibition (%)Z(OD value with RT but without inhibitorseOD
value with RT and inhibitors)/(OD value with RT and
inhibitorseOD value without RT and inhibitors) (1)

The IC50 values correspond to the concentrations of the in-
hibitors required to inhibit biotin-dUTP incorporation by 50%.

4.4. Molecular modelling studies

4.4.1. Models preparation
The X-ray crystal structure of HIV-1 WT RT (PDB code: 6c0n),
HIV-1 K103N RT (PDB code: 6c0o) and HIV-1 RES056 RT (PDB
code: 6c0r), respectively corresponding to the X-ray crystallo-
graphic structure of the WT, K103N and RES056 RT in complex
with the NNRTIs K-5a2 were chosen to build up the initial models
for compound 26. The atomeatom pair fitting procedure imple-
mented in PyMOL V1.7 (https://pymol.org/) was applied to
manually dock compound 26 into the NNRTIs binding site, ac-
cording to the high molecular similarity of the crystallographic
and simulated ligands.

4.4.2. Molecular dynamics simulations
Amber16 was used to explore the stability of compound 26 into
the NNRTI binding site of the three simulated HIV-1 RT models
by means of unbiased MD simulations. The Amber ff99SB-ILDN
force field22 was used for the protein and protonation states at
physiological pH were optimized in accordance to the pKa values
estimated by Propka23,24. The general Amber force field
(GAFF)25. was used to parameterize the ligand and partial charges
were derived at the B3LYP/6-31G(d) level of theory with
Gaussian 0926, after preliminary optimization of the molecular
structure, by using the restrained electrostatic potential (RESP)
fitting method implemented in Antechamber.

The complex was then solvated with a truncated octahedral
(TIP3P) water box with a layer of 20 Å and neutralized by adding
Cle counterions. The position of the conserved water molecule
(HOH 817 in 6c0n, 824 in 6c0o and 736 in 6c0r), which mediates
H-bonding interactions between the protonated pyrimidine nitro-
gen of the ligand and the protein backbone oxygen atoms of K/
N103 and P236, was retained during generation of the stating
complexes although it was revealed to be not stable along the
simulation.

A stepwise minimization involving firstly all hydrogen atoms,
then water molecules, and finally all the system with a maximum
number of minimization cycles of 10,000 (the first 2000 by using
the steepest descent method and the rest with conjugate gradient)
for the latter stage was applied to the three pre-generated com-
plexes. Prior to MD simulation, heating and equilibration of the
system from 0 to 300 K was accomplished in six steps, the first
being performed at constant volume and the rest at constant pres-
sure. Harmonic restraints with a force constant of 10 kcal/mol/Å
were applied during heating to some crucial interactions involving
compound 26, the conserved water molecule and HIV-1 RT during
equilibration in order to avoid artefactual structural changes on the
pre-generated binding mode. These restraints were gradually
reduced at 5 kcal/mol/Å during the 5 ns of equilibration and totally
eliminated in the first 10 ns of MD production. The SHAKE al-
gorithm was applied to constrain bonds involving hydrogen atoms.
Periodic boundary conditions at constant volume were imposed on
the systems during the MD simulations. Cut-off for the non-bonded
interactions was set to 10 Å. The electrostatic interactions beyond
the cut-off within the periodic box were computed by applying the
Particle Mesh Ewald (PME) method. Langevin dynamics with a
collision frequency of 1.0/ps was applied for temperature regulation
during the heating. A total of 100 ns of unrestrained MD simulation
at constant volume and temperature (300 K) using the weak-
coupling algorithm with a time constant of 10.0 were run for the
three pre-equilibrated systems. The time step for saving of trajec-
tory was set to 2 ps.

Finally, trajectories for the unrestrained part of the three MD
runs were generated and analysed by using the CPPTRAJ module
of Amber. A total of 20,000 frames were collected for each
simulated system. Complexes stability during MD simulation was
evaluated by means of RMSD analysis for the NN binding site
(residues 8 Å around the ligand), and for the ligand itself. The
stability of some relevant ligandeprotein interactions was also
analysed.

https://pymol.org/
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4.4.3. Binding free energy calculations
The contributions to the binding free energy were calculated for
the three complexes according to the GB method implemented in
the MMGBSA.py module of Amber [S14]. The method allows
calculating the free energy (G) of each species (ligand, protein and
complex) as the sum of enthalpic (gas-phase) (Egas), solvation
(Gsolv) and entropy (S) terms, according to Eq. (2):

GZEgas þGsolv � TSZEint þEelect þEvdW þGsolv; pol þGsolv; n�pol

� TS

ð2Þ

where Eint, Eelect and EvdW are the internal, Coulomb, and van der
Waals energy terms and account, respectively, for bonded, polar,
and non-polar energy contributions in the gas-phase, Gsolv,pol is the
polar contribution to solvation free energy evaluated by using the
Generalized-Born solvation method, and Gsolv,n-pol accounts for
non-polar contributions to solvation free energy and was
computed linearly to the solvent-accessible surface area (SASA;
Eq. (3)).

Gsolv;n�polZ g SASAþ b ð3Þ

where g is the surface tension (set to 0.0072 kcal/mol/Å) and b is a
correction term which is assumed to be zero in the present
calculation.

All these contributions were calculated for complex, receptor
and ligand and the binding free energy (Gbind) was evaluated as
the difference for the three species (Eq. (4))

DGbindZ
�
Gcomplex

�
traj

� �
Greceptor

�
traj

� �
Gligand

�
traj

ð4Þ

where hGxitraj accounts for the average value for each species (x:
complex, receptor, ligand) determined for an ensemble of 100
snapshots taken from the last 30 ns of MD trajectory of the
complexes within the framework of the single-trajectory approach.
The vibrational entropy term (S) was not determined.
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