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Abstract With our continuous endeavors in seeking potent anti-HIV-1 agents, we reported here the dis-

covery, biological characterization, and druggability evaluation of a class of nonnucleoside reverse tran-

scriptase inhibitors. To fully explore the chemical space of the NNRTI-binding pocket, novel series of

dihydrothiopyrano [3,2-d]pyrimidines were developed by employing the structure-based design strategy.

Most of the derivatives were endowed with prominent antiviral activities against HIV-1 wild-type and

resistant strains at nanomolar levels. Among them, compound 23h featuring the aminopiperidine moiety

was identified as the most potent inhibitor, with EC50 values ranging from 3.43 to 21.4 nmol/L. Espe-

cially, for the challenging double-mutants F227L þ V106A and K103N þ Y181C, 23h exhibited 2.3-

to 14.5-fold more potent activity than the first-line drugs efavirenz and etravirine. Besides, the resistance

profiles of 23h achieved remarkable improvement compared to efavirenz and etravirine. The binding
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Figure 1 Chemical structures of the

and DPV).
target of 23h was further confirmed to be HIV-1 reverse transcriptase. Molecular modeling studies were

also performed to elucidate the biological evaluation results and give guidance for the optimization

campaign. Furthermore, no apparent inhibition of the major CYP450 enzymes and hERG channel was

observed for 23h. Most importantly, 23h was characterized by good pharmacokinetic properties and

excellent safety in vivo. Collectively, 23h holds great promise as a potential candidate for its effective

antiviral efficacy and favorable drug-like profiles.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

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

Human immunodeficiency virus-1 (HIV-1) is the major pathogen
of acquired immune deficiency syndrome (AIDS), which remains
a serious epidemic disease threatening global public health1,2.
Benefit from the development of antiviral agents for different
stages of the HIV-1 replication cycle, the application of combi-
nation antiretroviral therapy (cART) has successfully transformed
AIDS from a fatal disease to a controllable chronic disease3.
Reverse transcriptase (RT) is an attractive HIV-1 therapeutic target
due to the validated biochemical mechanism and abundant struc-
tural information, which plays a unique role in transcribing ssRNA
into dsDNA4,5.

HIV-1 RT inhibitors can be divided into nucleoside RT in-
hibitors (NRTIs) and nonnucleoside RT inhibitors (NNRTIs) based
on distinct binding sites and mechanisms of action6. NRTIs are
competitively integrated into the processing DNA to produce
chain termination by acting as natural substrate analogues.
NNRTIs occupy the induced allosteric site, called the NNRTI-
binding pocket (NNIBP), leading to conformational changes in
the active site and inhibition of catalytic activity7,8. NNRTIs have
become an increasingly essential component of cART for their
robust potency, high specificity, and lack of mitochondrial toxicity,
and they are available in the first two-drug single-tablet regimen
Juluca� (rilpivirine þ dolutegravir)9 and the first long-acting
injectable formulation Cabenuva� (rilpivirine þ cabotegravir)10

for maintenance of virological suppression11.
Diarylpyrimidine (DAPY) derivatives characterized by a

central pyrimidine ring and two aromatic wings have attracted
widespread attention as the most successful class of HIV-1
NNRTIs12,13. The FDA-approved drugs etravirine (1, ETR) and
rilpivirine (2, RPV) possess extraordinarily potent antiviral ac-
tivities against various resistant strains selected by the earlier
NNRTIs and are developed as once-daily oral tablets (Fig. 1)7,12.
Another promising drug dapivirine (3, DPV) is later applied as a
approved drugs (ETR, RPV,
vaginal microbicide due to its different oral bioavailability and
long half-life14. A vaginal ring containing DPV was approved by
the European Medicines Agency (EMA) in 2020 as an effective
pre-exposure prophylaxis (PrEP) agent for HIV-1 prevention15.
Nevertheless, new mutations with decreased susceptibility
to ETR or RPV and aggravated cross-resistance continue to
emerge in clinical treatment due to the inherent high mutation
rate of viral genetic material, for instance, L100I for ETR and
Y188L for RPV, especially the most challenging double-mutants
F227L þV106A and K103N þ Y181C16,17. Moreover, both ETR
and RPV suffer from poor water solubility (Sol. < 1 mg/mL)
and pharmacokinetic (PK) properties on account of excessive
lipophilic rings in the rigid structure, and there are no accurately
measured oral bioavailability data18. Consequently, unremitting
efforts are still required to focus on extensive structural opti-
mizations of DAPY derivatives to seek novel inhibitors with
higher drugeresistance profiles and good pharmacological
properties.

As is well known, classical structure-based drug design stra-
tegies usually focus on the systematic modifications of specific
molecular structures to explore the accessible chemical space and
enhance the affinity with the target protein19,20. According to the
recent advances in crystallographic studies, all DAPY derivatives
share a horseshoe-shaped binding conformation and contain four
pivotal pharmacophoric features21,22. Therefore, in the present
work, extensive molecular elaborations have been conducted
based on the “four-point pharmacophore” model by investigating
the potential binding sites of tolerant region I, tolerant region II,
hydrophobic channel, and hydrogen bonding interaction domain
to discover new HIV-1 inhibitors with elevated biological activity
and favorable druggability profiles (Fig. 2).

(i) Tolerant region II: The central scaffold of DAPYs is located in
the tolerant region II (i.e., entrance channel) composed of amino
acid residues Leu100, Glu138, and Val179. During lead opti-
mization, the Fsp3 parameter was introduced as a novel metric
to assess drug-like properties by quantifying the carbon satu-
ration and spatial complexity of molecules. It represents the
fraction of sp3 hybridized carbon atoms, calculated as the ratio
of the number of sp3 hybridized carbon atoms to the total carbon
count, which has been proven to be positively correlated with
the clinical success rate23,24. However, ETR and RPV have low
Fsp3 values because of the introduction of three aromatic rings.
Consequently, the saturated dihydrothiopyrano ring with high
Fsp3 content and large molecular volume was fused to the
central scaffold by cyclizing the pyrimidine ring, in the hope
that the newly introduced non-planar structure could reduce the
crystal packing of aromatic molecules and fully occupy the

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


Figure 2 Multidimensional optimization of diarylpyrimidine derivatives based on the “four-point pharmacophore” model.
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binding pocket. Besides, the S atom possesses a comparable
atomic radius (rs Z 104 pm) and lone pair electron as the Br
atom (rBrZ 114 pm), which may contribute to the formation of
non-polar interaction with Glu138 and electrostatic interaction
with Leu100 and Val179.

(ii) Hydrogen bonding interaction domain: The NH linker and the
pyrimidine 10-N atom establish key dual hydrogen bonds with
the main chain of Lys101. So the piperazine and amino-
piperidine substituted with benzylsulfonamide directly con-
nected to the central scaffold via a carbon�nitrogen bond
were introduced to replace the NH linker to determine the
necessity of dual hydrogen bonds for the maintenance of
activity.

(iii) Hydrophobic channel: The left-wing 2,4,6-trisubstituted
phenyl moiety of DAPYs occupies the hydrophobic channel
consisting of aromatic residues Tyr181, Phe227, and Trp229.
Therefore, three preferred substituents (cyano, cyanovinyl,
and methyl) derived from the approved drugs (ETR, RPV, and
DPV) were installed on the left-wing to yield effective p�p

stacking interactions.

(iv) Tolerant region I: The right-wing p-cyanoaniline fragment
of DAPYs points to a broad plastic “groove” surrounded
by residues Val106, Leu234, Pro236, and Tyr318, termed as
the solvent-exposed tolerant region I (i.e., the Pro236
hairpin loop). Recently, a novel class of catechol diether de-
rivatives was disclosed as potent NNRTIs with robust antiviral
activities at picomolar levels and favorable physico-
chemical properties (Fig. 3), exemplified by compounds
4 (JLJ494, EC50 Z 0.055 nmol/L) and 5 (JLJ636,
EC50 Z 1.9 nmol/L)25,26. Moreover, the crystallographic
overlay of DAPYs and catechol diethers indicated that the
ethyluracil moiety is oriented towards the tolerant region I.
Furthermore, morpholine as a frequently used heterocycle for
medicinal chemistry is employed in numerous bioactive
molecules, mainly due to its advantageous contribution to the
biological and metabolic properties27. Besides, in our



Figure 3 Chemical structures of the representative NNRTI lead compounds containing uracil (catechol diether derivatives 4 and 5) or mor-

pholine (diarylpyrimidine derivatives 6 and 7).
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previous work, compounds 6 (EC50 Z 0.011 mmol/L) and 7
(EC50 Z 0.141 mmol/L) with moderate inhibitory potency
were discovered by introducing morpholine into the tolerant
region I (Fig. 3)28,29. Therefore, uracil and morpholine with a
terminal ethylamino group were applied to the right-wing
portion as a solvent-friendly fragment to investigate the
suitability of tolerant region I. In addition, considering that
the flexible piperidine ring could adapt well to the variations
of the binding site caused by residue mutations30,31, the
p-cyanoaniline was replaced by the privileged piperidine-
linked benzyl or phenyl motif to improve the drug resis-
tance profiles.

The energy required to shift from the lowest energy preferred
conformation to the pharmacophoric conformation adopted by the
ligand to bind to the protein binding site can be compensated by
the binding energy released by drugetarget interactions32,33.
Therefore, the conformational difference between the preferred
conformation and the pharmacophoric conformation directly af-
fects the binding affinity of the drug to the target34. Notably, the
lowest energy preferred conformation of novel derivatives with
distinct scaffolds were found to superimpose well with their
pharmacophoric conformation in the RT allosteric binding site,
preliminarily validating the rationality of the design idea based on
the four-point pharmacophore model (Fig. 4).

Herein, we described the rational design and multidimensional
optimization of novel dihydrothiopyrano [3,2-d]pyrimidine de-
rivatives as potent HIV-1 inhibitors. Besides, the preliminary
SARs were discussed in detail to guide further work. More
importantly, the biological characterization and druggability
evaluation of the most promising compound 23h were performed
to confirm the feasibility of 23h as a potential drug candidate.
Figure 4 Overlay of the lowest energy preferred conformation (white

molecules with distinct scaffolds. Predicted binding mode of ligands with
2. Results and discussion

2.1. Chemistry

The newly designed derivatives were prepared via four concise
synthetic routes35e37. As shown in Scheme 1, methyl 2-
mercaptoacetate (8) was reacted with methyl 4-chlorobutanoate
to afford intermediate 9. Then the cyclization of 9 with NaH
generated 10, which was condensed with S-methylthiouronium
sulfate to produce 11. Next, 11 was hydrolyzed with HOAc to
provide 12, followed by chlorination of the hydroxyl group with
POCl3 to give the key intermediate 13. The nucleophilic addition
of 13 with different phenols yielded the corresponding in-
termediates 14a�c. Intermediates 14a or 14b underwent the
palladium catalyzed Buchwald�Hartwig reaction with BINAP
and Pd2 (dba)3 to provide the final products 15a and 15b. The
oxidative products 16a and 16b were prepared by treating 15a
with m-CPBA at �78 �C or room temperature.

As depicted in Scheme 2, treatment of 14a with 1-Boc-piper-
azine or 4-Boc-aminopiperidine in the presence of K2CO3 at
120 �C gave the intermediates 17a or 17b. Removal of the Boc
group provided the intermediates 18a or 18b, which then resulted
in the target compounds 19a and 19b after nucleophilic substitu-
tion with 4-(bromomethyl)benzenesulfonamide. In addition, the
intermediates 14a�c were converted into the target compounds
20a�d by reacting with 1-(2-aminoethyl)pyrimidine-2,4(1H,3H )-
dione or 2-morpholinoethan-1-amine.

As illustrated in Scheme 3, 14a�c were reacted with 4-
amino-1-Boc-piperidine in the presence of K2CO3 at 100 �C to
provide the intermediates 21a�c, which afforded the key ana-
logues 22a�c after removal of the Boc protecting group. Sub-
sequently, the target compounds 23a�i were obtained from the
) and the pharmacophoric conformation (green) of the representative

the HIV-1 WT RT (PDB code: 6C0N).



Scheme 1 Reagents and conditions: (i) methyl 4-chlorobutanoate, MeONa, KI, MeOH, 70 �C; (ii) NaH, THF, 0 �C to r.t.; (iii) S-methyl-

thiouronium sulfate, KOH, MeOH, r.t.; (iv) HOAc, H2O, 110
�C; (v) POCl3, N,N-dimethylaniline, 110 �C; (vi) K2CO3, DMF, r.t.; (vii) 4-

aminobenzonitrile, BINAP, Pd2 (dba)3, Cs2CO3, 1,4-dioxane, 100
�C; (viii) m-CPBA, DCM, �78 �C or r.t.

Scheme 2 Reagents and conditions: (i) K2CO3, DMF, 100 �C; (ii) TFA, DCM, r.t.; (iii) 4-(bromomethyl)benzenesulfonamide, K2CO3, DMF,

r.t.; (iv) DIEA, NMP, 120 �C.

Scheme 3 Reagents and conditions: (i) K2CO3, DMF, 100 �C; (ii) TFA, DCM, r.t.; (iii) K2CO3, DMF, r.t.

Discovery of novel dihydrothiopyrano[3,2-d]pyrimidines as potent HIV-1 inhibitors 1261
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nucleophilic reaction of 22a�c and various benzyl chlorides/
bromides.

As shown in Scheme 4, treatment of 3-fluorobenzonitrile (24)
with tert-butyl piperidin-4-ylcarbamate furnished the cyano in-
termediate 25a and hydrolysis of 25a under NaOH and H2O2

generated the amide intermediate 25b, followed by removing the
Boc group to give intermediates 26a and 26b. Finally, 14a was
Scheme 4 Reagents and conditions: (i) tert-butyl piperidin-4-

ylcarbamate, K2CO3, DMF, 120 �C; (ii) TFA, DCM, r.t.; (iii)

NaOH, H2O2, EtOH, 50
�C; (iv) 3-(4-aminopiperidin-1-yl)benzoni-

trile or 3-(4-aminopiperidin-1-yl)benzamide, BINAP, Pd2 (dba)3,

Cs2CO3, 1,4-dioxane, N2, 100
�C.

Table 1 Anti-HIV-1 (IIIB and RES056) activity and cytotoxicity of

Compd. R1 X EC50

IIIB

15a CN S 3.38 �
15b CV S 3.18 �
16a CN SO 7.99 �
16b CN SO2 1.44 �
NVP e e 118 �
EFV e e 2.67 �
ETR e e 2.81 �
RPV e e 1.00 �
aEC50: concentration of compound required to achieve 50% protection of

by the MTT method.
bCC50: concentration required to reduce the viability of mock-infected c
coupled with the above intermediates 26a or 26b via the
Buchwald�Hartwig reaction to prepare the target compounds 27a
and 27b.

2.2. Anti-HIV activity evaluation

All the target compounds were first screened for their anti-HIV
activities against theWT (IIIB) and double-mutant K103NþY181C
(RES056) HIV-1 strains. Partially representative compounds with
prominent activities were further evaluated for their inhibitory po-
tency against a panel of clinically relevant HIV-1 variants carrying
single-mutations L100I, K103N, E138K, Y181C, Y188L, or double-
mutations F227L þ V106A. Biological evaluation results are pre-
sented as EC50 (50% effective concentration of test compound) and
CC50 (50% cytotoxic concentration of test compound) values.

As illustrated in Tables 1e3, most compounds displayed
excellent potency against IIIB strain in the single-digit to double-
digit nanomolar ranges (EC50 Z 1.44�20.0 nmol/L). Among
them, compound 16b was the most active IIIB inhibitor with an
EC50 of 1.44 nmol/L, being slightly superior to ETR
(EC50 Z 2.81 nmol/L) and EFV (EC50 Z 2.67 nmol/L), and
comparable to RPV (EC50 Z 1.00 nmol/L). As for the most
challenging double-mutant variant RES056, compounds with high
potency toward the IIIB strain were also found to be effective at
inhibiting the RES056 strain (EC50 Z 15.2�445 nmol/L). Five
compounds (15a, 15b, 16b, 23h, and 27b) yielded greater potency
than EFV (EC50 Z 114 nmol/L), with EC50 values of
15.2e85.3 nmol/L. In particular, compound 23h
(EC50 Z 15.2 nmol/L) was identified as the most powerful
inhibitor against RES056 strain, being up to 2.3- and 7.5-fold
greater than ETR (EC50 Z 35.2 nmol/L) and EFV
(EC50 Z 114 nmol/L), but slightly weaker than RPV
(EC50 Z 10.7 nmol/L). Besides, most of the novel compounds had
decreased cytotoxicity (CC50 Z 3.07�284 mmol/L) compared to
ETR (CC50 Z 2.20 mmol/L) and RPV (CC50 Z 3.98 mmol/L),
15a�b and 16a�b in MT-4 cells.

(nmol/L)a CC50 (mmol/L)b

RES056

3.17 85.3 � 54.3 4.53 � 0.72

1.21 23.5 � 14.7 4.89 � 0.62

0.95 445 � 95.7 �19.7

0.17 49.1 � 14.0 18.7 � 8.01

66.9 2221 � 736 >15.0

1.73 114 � 55.6 >6.34

0.47 35.2 � 19.7 2.20 � 0.015

0.27 10.7 � 7.96 3.98

MT-4 cell cultures against HIV-1-induced cytopathicity, as determined

ell cultures by 50%, as determined by the MTT method.
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contributing to the higher SI values and reflecting their sufficient
safety profiles at the in vitro cellular level.

Based on the antiviral evaluation (IIIB and RES056 strains)
results, preliminary SAR of these novel derivatives could be
delineated: Firstly, with ETR as the lead compound, a non-
planar dihydrothiopyrano moiety was introduced into the central
ring, with the aim of fully occupying the tolerant region II to
improve antiviral activities and physicochemical properties. As
depicted in Table 1, compounds 15a�b and 16a�b were able to
potently inhibit the HIV-1 IIIB (EC50 Z 1.44�7.99 nmol/L) and
RES056 strains (EC50 Z 23.5�445 nmol/L), while exhibiting
reduced cytotoxicity (CC50 � 4.53 mmol/L) compared to ETR
and RPV. Analysis of SAR revealed that the nature of sub-
stituents at the R1 or X position had a significant influence on the
antiviral activity. Pairwise comparison of compounds 15a and
15b indicated that the cyanovinyl group at the R1 position
favored the potency over the cyano group, due to enhanced
p�stacking interaction with the hydrophobic channel. Sulfona-
tion at the X position resulted in a more potent inhibitor 16b, but
the introduction of the sulfoxide group afforded 16a with sharply
reduced activity. Thus, the established SAR confirmed that the
newly introduced dihydrothiopyrano moiety fits well in the
tolerant region II to improve binding affinity.

In continuation of our efforts, we set out to introduce distinct
moieties derived from other classes of NNRTIs at the right-wing
and linker to replace the p-cyanoaniline fragment, affording
derivatives 19a�b and 20a�d based on the molecular hybridi-
zation strategy. However, as shown in Table 2, all compounds
showed very weak or even loss of activity toward IIIB and
RES056 strains. Directly attaching the central scaffold to
piperazine and piperidine via a carbon-nitrogen bond to remove
the NH linker resulted in the discovery of 19a and 19b with lost
potency. Thus, the critical double hydrogen bonds involved in
Table 2 Anti-HIV-1 (IIIB and RES056) activity and cytotoxicity of

Compd. R1 Y EC50 (n

IIIB

19a CN N >3081

19b CN CHNH >16,08

20a CN e 233 �
20b CV e 20.0 �
20c CH3 e 523 �
20d CN e 5690 �
NVP e e 118 �
EFV e e 2.67 �
ETR e e 2.81 �
RPV e e 1.00 �
aEC50: concentration of compound required to achieve 50% protection of

by the MTT method.
bCC50: concentration required to reduce the viability of mock-infected c
cND: not determined.
the right imino linker are necessary to maintain the binding
force, which also suggests that the inherent conformational
flexibility ensures favorable resistance profiles of DAPY
NNRTIs. Moreover, to further investigate the tolerant region I,
20a�d were designed by molecular hybridization of DAPYs
with catechol diethers and morpholine derivatives. Regrettably,
replacement of the p-cyanoaniline moiety of 15a with
ethylamino-containing uracil and morpholine yielded 20a and
20d with sharply decreased activities against WT and RES056
strains, probably because the uracil and morpholine were too
flexible to fully occupy the tolerant region I. The potency order
of 20a�c was as follows: 20b (�CV) > 20a (�CN) > 20c
(�CH3), indicating that cyanovinyl and cyano are more favor-
able than methyl for binding affinity.

In an effort to fully explore the SAR of these dihy-
drothiopyrano[3,2-d]pyrimidines, we attempted to replace
the p-cyanoaniline group with privileged piperidine-linked
benzyl or phenyl moieties to improve resistance profiles,
considering that the piperidine ring can adapt to the changed
binding pockets through flexible conformation. Meanwhile,
structurally diverse substituents were introduced to the terminal
benzene ring, to reach into the tolerant region I and form
additional interactions. As shown in Table 3, most of compounds
23a�i and 27a�b exhibited single-digit nanomolar inhibitory
activity against the IIIB strain and maintained moderate potency
against the RES056 strain. Further investigation of SAR
revealed that the R2 substituents on the phenyl group signifi-
cantly affected the anti-HIV-1 potency. The comparison between
compounds 23a�c indicated that the antiviral activity was
dependent on the R2 substitution position of the benzene moiety
and that the para-substitution was preferred over the meta- and
ortho-substitution. Besides, the compounds with para-
substituted phenyl were in the following order of potency:
19a�b and 20a�d in MT-4 cells.

mol/L)a CC50 (mmol/L)b

RES056

NDc 19.3 � 3.04

6 ND 3.07 � 0.30

158 >248,390 >284

19.8 22,659 � 4857 142 � 31.1

466 >152,494 152 � 28.3

4760 ND 20.5 � 11.3

66.9 2221 � 736 >15.0

1.73 114 � 55.6 >6.34

0.47 35.2 � 19.7 2.20 � 0.015

0.27 10.7 � 7.96 3.98

MT-4 cell cultures against HIV-1-induced cytopathicity, as determined

ell cultures by 50%, as determined by the MTT method.



Table 3 Anti-HIV-1 (IIIB and RES056) activity and cytotoxicity of 23a�i and 27a�b in MT-4 cells.

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

IIIB RES056

23a CN 4-CN 4.44 � 1.39 263 � 97.1 3.76 � 0.32

23b CN 3-CN 6.00 � 1.03 764 � 86.1 3.78 � 0.63

23c CN 2-CN 7.10 � 2.69 1158 � 184 3.86 � 1.14

23d CN 3-SO2NH2 4.65 � 0.65 790 � 134 5.61 � 3.42

23e CN 4-CO2C2H5 14.8 � 13.5 4834 � 517 65.3 � 39.8

23f CN 4-NH2 7.00 � 1.04 653 � 236 12.0 � 6.47

23g CN 4-NHSO2CH3 2.37 � 1.98 326 � 185 �3.87

23h CV 4-SO2NH2 3.43 � 2.00 15.2 � 9.44 3.31 � 1.70

23i CH3 4-SO2NH2 5.43 � 4.40 442 � 272 �226

27a CN 3-CN 10.2 � 7.57 836 � 290 8.39 � 5.22

27b CN 3-CONH2 3.76 � 2.29 24.5 � 8.11 5.99 � 2.95

NVP e e 118 � 66.9 2221 � 736 >15.0

EFV e e 2.67 � 1.73 114 � 55.6 >6.34

ETR e e 2.81 � 0.47 35.2 � 19.7 2.20 � 0.015

RPV e e 1.00 � 0.27 10.7 � 7.96 3.98

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

by the MTT method.
bCC50: concentration required to reduce the viability of mock-infected cell cultures by 50%, as determined by the MTT method.
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23a (4-CN) z 23g (4-NHSO2CH3) > 23f (4-NH2) > 23e (4-
CO2C2H5), demonstrating that suitably sized substituents
containing hydrogen-bond donors and acceptors are more
beneficial for inhibitory activity. In agreement with the previ-
ously established SAR, the replacement of the methyl at the R1

position with a cyanovinyl led to remarkably improved antiviral
activities especially against the RES056 strain, as exemplified by
compounds 23i (CH3, EC50(RES056) Z 442 nmol/L) and 23h (CV,
EC50(RES056) Z 15.2 nmol/L). In addition, the contribution of
directly linked substituted phenyl on the piperidine moiety to the
inhibitory potency was also investigated. Specifically, removal
of the methylene linker of compound 23b yielded a slightly less
potent compound 27a; while replacing the cyano group of 27a
with an amide group significantly elevated the activities (27b,
EC50(IIIB) Z 3.76 nmol/L, EC50(RES056) Z 24.5 nmol/L), but still
inferior to those of compound 23h (EC50(IIIB) Z 3.43 nmol/L,
EC50(RES056) Z 15.2 nmol/L).

Based on the preliminary antiviral activities, several potent
compounds were further evaluated against various NNRTI-
resistant strains. As illustrated in Table 4, all compounds
demonstrated excellent potency against HIV-1 variants at nano-
molar levels, with EC50 values ranging from 2.30 to 184 nmol/L.

In terms of the L100I strain38,39, all selected compounds were
more potent than EFV (EC50 Z 57.4 nmol/L) with EC50 values of
4.46e55.6 nmol/L, amongwhich 23h (EC50Z4.46nmol/L) and 15b
(EC50Z7.26nmol/L) showed2.0 times and1.3 times greater activity
than ETR (EC50 Z 9.13 nmol/L), although inferior to RPV
(EC50 Z 1.54 nmol/L). With respect to the K103N strain40,41, all
compounds were endowed with excellent potency in the single-digit
nanomolar range (EC50 Z 2.30�8.69 nmol/L), being more active
than EFV (EC50 Z 99.2 nmol/L) and comparable to ETR
(EC50Z 3.38 nmol/L) andRPV (EC50Z 1.31 nmol/L). In the case of
the Y181C strain42,43, all compounds except 15a and 23i were more
effective than ETR,while 23h (EC50Z 8.46 nmol/L) demonstrated a
1.7-fold improvement in potency compared to ETR
(EC50 Z 14.1 nmol/L). As regards the Y188L strain44, all of them
inhibited Y188L strain more potently than RPV (EC50Z 79.4 nmol/
L) and EFV (EC50 Z 93.2 nmol/L), with EC50 values below
43.0 nmol/L, and 23h (EC50 Z 16.5 nmol/L) yielded equipotent
activity toETR (EC50Z 15.4 nmol/L). For the E138K strain selected
in a high proportion of patients receiving RPV45,46, 23g
(EC50Z 8.66 nmol/L) displayed the best potency, whichwas slightly
superior to ETR (EC50 Z 10.7 nmol/L) but less potent than RPV
(EC50Z 5.75 nmol/L). In terms of the highly resistant double-mutant
strain F227L þV106A47,48, most compounds remained very potent
inhibition of replication of this strain. In particular, 23h provided
optimal efficacy of 5.35 nmol/L, which was up to 15.3- and 14.5-fold
better thanRPV (EC50Z 81.6 nmol/L) andEFV (EC50Z 77.4 nmol/
L), respectively.

Therefore, 23h was identified as the most potent inhibitor
against mutant strains. Fig. 5 clearly presented a visual compari-
son of the anti-HIV-1 potency of 23h versus the reference drugs
ETR and EFV, indicating that 23h had higher inhibitory effects on
all strains than the reference drugs, especially for the highly
resistant double-mutant strains K103N þ Y181C and
F227L þ V106A.

Furthermore, the SI and RF values of the selected compounds
against the mutant strain are listed in Table 5. To be specific, most



Table 4 Anti-HIV-1 activity against resistant strains of the representative target compounds.

Compd. EC50 (nmol/L)a

L100I K103N Y181C Y188L E138K F227L þ V106A

15a 16.7 � 4.51 6.41 � 0.99 42.3 � 4.45 20.7 � 1.88 17.4 � 2.24 40.9 � 0.00

15b 7.26 � 0.51 6.42 � 0.40 11.1 � 3.39 23.3 � 0.48 21.7 � 7.55 27.9 � 9.17

16b 21.8 � 5.65 2.30 � 0.15 10.4 � 1.44 12.3 � 2.27 10.9 � 0.32 37.9 � 21.3

23f 55.6 � 2.68 8.69 � 0.00 14.7 � 1.17 26.1 � 3.53 21.6 � 0.56 184 � 8.33

23g 28.0 � 5.38 4.59 � 0.45 �8.29 12.7 � 2.99 8.66 � 0.54 165 � 40.8

23h 4.46 � 0.36 6.13 � 0.12 8.46 � 1.17 16.5 � 5.18 21.4 � 4.19 5.35 � 0.69

23i 39.2 � 7.66 6.56 � 1.07 35.7 � 5.75 43.0 � 0.26 37.6 � 7.41 64.7 � 13.3

27b 13.3 � 6.79 5.46 � 0.00 7.87 � 1.84 7.14 � 1.50 17.1 � 4.42 111 � 11.4

NVP 705 � 451 3551 � 2413 3785 � 2577 4416 � 2469 158 � 112 3538 � 2750

EFV 57.4 � 45.9 99.2 � 56.8 4.94 � 1.75 93.2 � 58.9 4.67 � 1.38 77.4 � 55.9

ETR 9.13 � 6.10 3.38 � 0.69 14.1 � 5.72 15.4 � 6.07 10.7 � 6.66 16.3 � 6.24

RPV 1.54 � 0.00 1.31 � 0.36 4.73 � 0.48 79.4 � 0.77 5.75 � 0.11 81.6 � 21.2

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

by the MTT method.

Figure 5 Comparison of the in vitro antiviral activity of 23h, ETR,

and EFV.
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compounds had relatively higher SI values of 155e34,451 than
ETR (SIZ 63�651) and RPV (SI Z 49�3045) toward the mutant
strains due to their decreased cytotoxicity. Intriguingly, all com-
pounds showed no obvious decline in activity against the K103N
strain compared to that against the WT strain, as reflected by an RF
value of less than 2.0 (RFZ 1.2�2.0). In addition, the RF values of
23h (RF Z 1.6 and 4.4) were lower than those of ETR (RF Z 5.8
Table 5 Selectivity index and resistance fold for HIV-1 variants of

Compd. SIa (RFb)

L100I K103N Y181C Y1

15a 271 (4.9) 707 (1.9) 107 (12.5) 219

15b 674 (2.3) 762 (2.0) 441 (3.5) 210

16b 858 (15.1) 8130 (1.6) 1798 (7.2) 152

23f 216 (7.9) 1381 (1.2) 816 (2.1) 460

23g �138 (11.8) �843 (1.9) �467 (�3.5) �3

23h 742 (1.3) 540 (1.8) 391 (2.5) 201

23i �5765 (7.2) �34,451 (1.2) �6331 (6.6) �5

27b 450 (3.5) 1097 (1.5) 761 (2.1) 839

NVP >21 (6.0) >4 (30.0) >4 (32.0) >3

EFV >110 (21.5) >64 (37.2) >1283 (1.9) >6

ETR 241 (3.2) 651 (1.2) 156 (5.0) 143

RPV 2575 (1.5) 3045 (1.3) 841 (4.7) 50

aSI: selectivity index, the ratio of CC50/EC50.
bRF: resistance fold, the ratio of EC50 (mutant strain)/EC50(WT strain).
and 12.5), EFV (RF Z 29.0 and 42.7), and RPV (RF Z 82 and
10.7) for the challenging variants F227L þ V106A and
K103Nþ Y181C. More importantly, 23h had a major improvement
in drug resistance profiles (RF Z 1.3�6.2) compared to ETR
(RF Z 1.2�12.5), EFV (RF Z 1.7�42.7), and RPV
(RF Z 1.3�82), suggesting that 23h featuring the flexible scaffold
is more resilient to clinically relevant NNRTI-resistant mutations.

On the whole, the above biological evaluation results and
comprehensive SAR investigations reasonably verified our orig-
inal design hypotheses: i) the non-planar dihydrothiopyran ring
introduced into the central scaffold could accommodated well in
the tolerant region II to develop extensive interactions; ii) the
cyanovinyl group is the optimal substituent on the left-wing
because of the formation of additional p�p stacking interactions;
iii) the benzyl-linked aminopiperidine moiety on the right wing
proved to be more favorable for improving activity, due to the
flexible conformation enables relatively easy adaptation to the
residue mutations; and these systematic optimization campaigns
led to the identification of the most promising inhibitor 23h with
robust antiviral potency and improved resistance profiles against
NNRTI-resistant strains.
the representative target compounds.

88L E138K F227L þ V106A RES056

(6.1) 260 (5.1) 111 (12.1) 53 (25.2)

(7.3) 225 (6.8) 175 (8.8) 208 (7.4)

0 (8.5) 1716 (7.6) 493 (26.3) 381 (34.1)

(3.7) 556 (3.0) 65 (26.3) 18 (93.3)

05 (5.4) �447 (3.7) �23 (69.6) �12 (138)

(4.8) 155 (6.2) 619 (1.6) 218 (4.4)

256 (7.9) �6011 (6.9) �3493 (11.9) �511 (81.4)

(1.9) 350 (4.5) 54 (29.5) 244 (6.5)

(37.4) >95 (1.3) >4 (30.0) >7 (18.8)

8 (34.9) >1358 (1.7) >82 (29.0) >56 (42.7)

(5.5) 206 (3.8) 135 (5.8) 63 (12.5)

(80) 692 (5.8) 49 (82) 371 (10.7)
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2.3. HIV-1 RT inhibition assay

To further validate the target of the novel dihydrothiopyrano[3,2-
d]pyrimidine derivatives, the representative compounds 15b and
16b featuring p-cyanoaniline and 23h featuring piperidine-linked
benzyl sulfonamide were tested for their potency in inhibiting the
RT enzyme. As shown in Table 6, all tested compounds
Table 6 HIV-1 RT inhibitory activity of 15b, 16b, 23h,

NVP, EFV, ETR, and RPV.

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

15b 0.101 � 0.012 EFV 0.014 � 0.002

16b 0.027 � 0.011 ETR 0.232 � 0.036

23h 0.529 � 0.142 RPV 0.118 � 0.027

NVP 0.089 � 0.015

aIC50: inhibitory concentration of test compounds required to

inhibit biotin deoxyuridine triphosphate (biotin-dUTP) incorpora-

tion into HIV-1 RT by 50%.

Figure 6 Binding modes and interaction forces o

Figure 7 (a) Superimposition of 23h (pink) and ETR (blue) with L100

(blue) with F227L þV106A RT (PDB code: 6DUF). (c) Superimposition

6C0R).
demonstrated potent inhibition of RT with IC50 values ranging
from 0.027 to 0.529 mmol/L, which were superior or comparable
to that of ETR (IC50 Z 0.232 mmol/L) and RPV
(IC50 Z 0.118 mmol/L). In general, the enzymatic assay results
were able to suggest that these novel dihydrothiopyrano[3,2-d]
pyrimidines showed high binding affinity to RT and belonged to
typical HIV-1 NNRTIs.

2.4. Molecular docking analysis

To achieve insight into the theoretical binding modes of novel
compounds within RT and elucidate the unique resistance profiles
of 23h, molecular docking analysis of 23h and ETR were per-
formed by SYBYL-X 2.0. Four co-crystal structures of WT RT
(PDB ID: 6C0N)49, L100I RT (PDB ID: 1S1V)50,
F227L þ V106A RT (PDB ID: 6DUF)49, and K103N þ Y181C
RT (PDB ID: 6C0R)49 were chosen as the templates.

As expected, 23h binds to WT, L100I, F227L þ V106A, and
K103N þ Y181C RT in a similar manner. As displayed in Fig. 6,
compound 23h adopts a typical U-shaped conformation that
f 23h (pink) with WT RT (PDB code: 6C0N).

I RT (PDB code: 1S1V). (b) Superimposition of 23h (pink) and ETR

of 23h (pink) and ETR (blue) with K103N þ Y181C RT (PDB code:



Figure 8 Binding modes in the most abundant clusters of 23h in complex with WT RT (a, PDB code: 6C0N), L100I RT (b, PDB code: 1S1V),

F227L þ V106A RT (c, PDB code: 6DUF), and K103N þ Y181C RT (d, PDB code: 6C0R).
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resembles other DAPY-typed inhibitors. Several common binding
features and protein�ligand interactions were delineated as fol-
lows. Firstly, the left-wing of 4-cyanovinyl-2,6-dimethylphenyl
moiety as a conjugated system effectively occupies the hydro-
phobic channel, establishing foremost p�stacking interactions
with Tyr181 and Tyr188. Secondly, the central dihydrothiopyrano
ring is oriented towards the solvent-exposed tolerant region II,
which is stabilized by non-polar interaction with Glu138 and
electrostatic interaction with Leu100 and Val179. Thirdly, the
pyrimidinyl and the NH linker form the “signature” dual
hydrogen-bonds with the amino hydrogen (N/H2eO/HeN)
and carbonyl oxygen (NeH/O＝C) of the main chain of Lys101,
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respectively, which are necessary to maintain binding affinity.
Fourthly, the benzyl sulfonamide motif stretches into the solvent-
exposed tolerant region I, being involved in double hydrogen-
bonding interactions with Lys104 (NeH2/O＝C) and Val106
(S＝O2/HeN).

On the other hand, compound 23h and the lead compound ETR
were docked into the mutant RT simultaneously to explain the
improved anti-resistance profiles of 23h. Examination of the
interaction forces between 23h and L100I RT (Fig. 7a) indicates
that the pivotal hydrogen bonds are still retained, despite slight
variations in the bond distance and formation condition of the
hydrogen bonds. However, one of the key hydrogen bonds be-
tween ETR and Lys101 is lost because the disappearance of
electrostatic interaction caused by the L100I mutation shifted the
pyrimidine ring of ETR away from the main chain of Lys101. As
shown in Fig. 7b, the smaller Leu227 and Ala106 further broaden
the chemical space of the pocket, allowing 23h to occupy the
binding sites through the conformational reorientation of the
piperidine ring and the dihydrothiopyrano ring. Furthermore, it is
observed that the “water bridge” hydrogen bonds between the
piperidine ring and Lys103 (N/H2eO/HeN) and Pro236
(N/HeOeH/O＝C) and the hydrogen bond between sulfon-
amide and new Ala106 (S＝O2/HeN) compensated for the lack
of hydrophobic interaction with the highly conserved residue
Phe227. By contrast, ETR can only develop one hydrogen bond
with Lys101 (NeH2/OeH2/O＝C) through the amino group
on the central ring in the presence of a bridging water molecule,
whereas the double hydrogen bonds of the pyrimidine nitrogen
and the NH linker with Lys101 disappears. With regard to the
binding modes in K103N þ Y181C RT (Fig. 7c), the nitrogen
atom on the pyrimidine ring of ETR generates an intramolecular
Figure 9 RMSD�time profiles of protein-ligand complexes with refere

complex (b), 23h/F227L þ V106A RT complex (c), and 23h/K103N þ Y
hydrogen bond (N/H2eO/H2eN) with its amino group instead
of Lys101 via a water molecule, while it has no substantial
contribution to the binding affinity. Of particular note are the
water bridge hydrogen bonds formed with mutant Asn103
(N/H2eO/HeN) and Pro236 (N/HeOeH/O＝C) and the
dual hydrogen bonds formed with Lys101 (N/H2eO/HeN;
NeH/O＝C) of 23h continue to be maintained to offset the
damage of the K103N mutation. Besides, the left-wing terminal
cyano group of 23h develops an additional hydrogen bond with
the amino group of Lys223 (C hN/H2eN), compensating for
the affinity loss of the weakened p�p stacking interaction caused
by the Y181C substitution.

All in all, the molecular docking results clearly revealed the
binding modes and interaction forces of 23h and rationalized its
potent inhibitory activity against mutant strains compared to ETR,
which provides valuable information for further drug design.

2.5. Molecular dynamics simulation

To study the stability state and dynamic behaviors of compound
23h binding to distinct RT, comprehensive molecular dynamics
(MD) simulations of 23h in complex with WT RT and various
mutant RTs were performed for 200 ns using the software
Schrödinger. All the results were visualized by the softwares
LigPlot þ v.2.2.8 and Schrödinger and the methods were
described in the experimental section.

The MD simulation trajectories were clustered using the
trajectory clustering program and the most abundant clusters of
RT/23h complexes were extracted shown in Fig. 8, still main-
taining the horseshoe conformation and interaction profile
similar to those in Figs. 6 and 7. The Root Mean Square
nce to the first frame for the 23h/WT RT complex (a), 23h/L100I RT

181C RT complex (d) during the 200 ns MD simulations.
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Deviation (RMSD) values are commonly used to assess the
conformational drift of protein-ligand complexes by measuring
the average shift change of atoms in a specific frame relative to
the reference frame. As depicted in Fig. 9, the RMSD plots
indicated that all the HIV-1 RT-ligand complexes remain stable
during the 200 ns simulation process, indicating that the overall
structure of the RT proteins did not change significantly due to
the binding of the 23h ligand. In addition, the coordinates of
23h fluctuate less than 2.5 Å in each RT/23h complex after 200
ns of MD simulations and consistently bind stably to the HIV-1
RT allosteric site. The Root Mean Square Fluctuation (RMSF)
of RT and 23h were further investigated to characterize the local
deviation of protein chain and ligand atom positions, respec-
tively. The peaks on the protein RMSF plot indicate the amino
acid residues that fluctuate the most during the simulation
(Supporting Information Fig. S1), while the ligand RMSF plot
shows the ligand fluctuations for each atom of the 23h back-
bone, corresponding to the two-dimensional structure in the top
Figure 10 Ramachandran plots of the 23h/WT RT complex (a), 23h/L1

K103N þ Y181C RT complex (d) after 200 ns MD simulations.
panel (Supporting Information Fig. S2). In addition, Ram-
achandran plots showed that all RT residues were located in the
most favoured (more than 90%), additional allowed, and
generously allowed regions (Fig. 10).

Protein-ligand contacts of 23h with different RTs are illus-
trated in Figs. 11 and 12, and Supporting Information Fig. S3,
which demonstrate the detailed interactions between the ligand
and specific residues, mainly including hydrogen bond, hydro-
phobic contact, and water bridge. Notably, the interactions frac-
tion plot implies that the specific interaction remains constant over
what percent of the 200 ns simulations, while multiple contacts
between individual residues and the ligand may yield interaction
fraction above 1.0 (Fig. 11). Besides, Fig. 12 visually represents
the number of contact forces between 23h and RT in each tra-
jectory frame, as well as the specific residue codes that interact
with the ligand, with darker orange reflecting stronger in-
teractions. Consistent with the results in Figs. 11 and 12, the two-
dimensional ligand interaction diagrams demonstrated that 23h
00I RT complex (b), 23h/F227L þV106A RT complex (c), and 23h/



Figure 11 Interactions fraction plots of the ligand with specific amino acid residues of HIV-1 WT RT (a), L100I RT (b), F227L þV106A RT

(c), and K103N þ Y181C RT (d) in MD simulations.

Figure 12 Number of protein-ligand contacts in each trajectory frame for 23h with HIV-1 WT RT (a), L100I RT (b), F227L þV106A RT (c),

and K103N þ Y181C RT (d).

Table 7 CYP450 inhibitory activity of compound 23h, approved drugs ETR and RPV, and selective enzyme inhibitors.

Compd. IC50 (mmol/L)

CYP1A2 CYP2C9 CYP2C19 CYP2D6 CYP3A4

23h >50 3.41 15.6 36.8 13.5

ETR 7.48 0.277 0.496 12.0 41.3

RPV 9.11 0.346 0.335 3.41 2.17

a-Naphthoflavone 0.385

Sulfaphenazole 0.616

(þ)-N-3-Benzylnirvanol 0.148

Quinidine 0.142

Ketoconazole 0.0372
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Figure 13 Inhibitory activity of compound 23h against the hERG

channel.

Table 8 Water solubility of compound 23h, ETR, and RPV.

Compd. 23h ETR RPV

pH Z 7.4 (mg/mL) 3.04 <1 <1

pH Z 7.0 (mg/mL) 11.7 <1 0.02

pH Z 2.0 (mg/mL) 161 127 103

Discovery of novel dihydrothiopyrano[3,2-d]pyrimidines as potent HIV-1 inhibitors 1271
establishes signature double hydrogen bonds with the Lys101
backbone of both WT RT and mutant RT and forms extensive
hydrophobic contacts with Tyr181, Tyr188, and Trp229,
Figure 14 Drug�time curve of 23h an
contributing to the critical role of maintaining the protein-ligand
binding affinity (Fig. S3).

Overall, the MD simulation results indicated that the com-
plexes of ligand 23h with both WT RT and mutant RT maintained
stable conformations and retained extensive protein-ligand in-
teractions, and Ramachandran plots validated the structural sta-
bility of all RT/23h complex, contributing to the high binding
affinity between 23h and various RTs.
2.6. CYP450 inhibitory activity assessment

Four main subtypes of cytochrome P450 (CYP) enzymes,
CYP2C9, CYP2C19, CYP2D6, and CYP3A4, are widely involved
in the metabolism of most drugs in vivo and play a crucial role in
detoxification and bioactivation processes51. ETR and RPV have
potent CYP inhibitory activity for CYP2C9 and CYP2C19, thus
may cause adverse drugedrug interactions in combination with
other antiviral agents52,53. Therefore, compound 23h was further
evaluated for its CYP enzymatic inhibitory activity to predict the
risk of combination administration, with selective enzyme in-
hibitors as positive controls. As displayed in Table 7, 23h showed
no or weak CYP450 inhibitory potency against CYP1A2
(IC50 > 50 mmol/L), CYP2C9 (IC50 Z 3.41 mmol/L), CYP2C19
(IC50 Z 15.6 mmol/L), and CYP2D6 (IC50 Z 36.8 mmol/L),
which were much lower than those of ETR (IC50

Z 0.277�12.0 mmol/L) and RPV (IC50 Z 0.335�9.11 mmol/L).
In particular, the inhibitory effects of 23h on CYP2C9 and
CYP2C19 were significantly reduced compared to ETR and RPV.
d ETR after iv and po administration.



Table 9 Pharmacokinetic profiles of compound 23h and ETR.

Parametera Unit 23h (iv)b 23h (po)c ETR (iv)b ETR (po)c

t1/2 h 2.09 � 0.39 3.00 � 0.74 1.80 � 0.24 1.82 � 0.07

Tmax h e 1.50 � 0.87 e 1.00 � 0.00

Cmax mg/L e 333 � 276 e 110 � 34.1

AUC0�t mg/L$h 1152 � 69.7 1685 � 1480 576 � 45 395 � 139

AUC0�N mg/L$h 1211 � 78.9 1857 � 1678 587 � 48 421 � 153

V L/kg 49.7 � 9.00 e 8.85 � 1.17 e
CL L/h/kg 16.6 � 1.07 e 3.42 � 0.30 e

MRT0�t h 1.56 � 0.17 4.10 � 0.12 0.93 � 0.23 2.55 � 0.04

MRT0�N h 2.03 � 0.41 5.02 � 0.48 1.10 � 0.34 3.03 � 0.14

F % 15.33 7.17

aPK parameter (mean � SD, n Z 3).
bDosed intravenously at 2 mg/kg.
cDosed orally at 20 mg/kg.

Figure 15 The single-dose acute toxicity of 23h after oral

administration.
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Overall, compound 23h showed no apparent inhibition of the
major CYP isoforms, with improved CYP inhibition profiles over
ETR and RPV.

2.7. hERG channel inhibition assay

The human ether-à-go-go-related gene (hERG) channel is
responsible for the rapid repolarization of the cardiac action po-
tential and plays a crucial role in maintaining normal cardiac
function54. Blockade of the hERG channel by non-cardiovascular
drugs could induce acquired long QT syndrome and increase the
risk of Torsade de Pointes. In the Phase IIb clinical trial
NCT00110305 of RPV, dose-dependent prolongation of the QT
interval with a delayed onset was observed in healthy subjects
receiving daily doses of 75 mg55. Therefore, we further deter-
mined the inhibitory activity of compound 23h on the hERG
potassium channel to assess the potential cardiac safety risk by
using the manual patch-clamp electrophysiology method. As
shown in Fig. 13, compound 23h demonstrated an IC50 value of
0.079 mmol/L against the hERG channel, which was weaker than
that of the reference drug cisapride (IC50 Z 0.012 mmol/L).

2.8. In vivo pharmacokinetics studies

Oral administration remains the most ideal and convenient de-
livery method for cART12. As shown in Table 8, compound 23h
exhibited improved water solubility (sol. Z 161 mg/mL,
pH Z 2.0; sol. Z 11.7 mg/mL, pH Z 7.0; sol. Z 3.04 mg/mL,
pH Z 7.4), which were higher than those of ETR and RPV at
different pH conditions. Therefore, the in vivo pharmacokinetic
profiles of the most promising compound 23h and ETR were
investigated after iv and po administration (Fig. 14). After iv dose
at 2 mg/kg, 23h was characterized by a moderate half-life of
2.09 h, a favorable volume of distribution (V Z 49.7 L/kg), and a
slow mean clearance rate (CL Z 16.6 L/h/kg). After po dose at
20 mg/kg, 23h achieved the maximum plasma concentration
(Cmax Z 333 mg/L) at 1.50 h, and its area under curve (AUC0�N)
and mean residence time (MRT0�N) was 1857 mg/L$h and 5.02 h,
respectively. Especially, compound 23h (t1/2(iv) Z 2.09 h;
t1/2(po) Z 3.00 h) exhibited a longer half-life than ETR
(t1/2(iv) Z 1.80 h; t1/2(po) Z 1.82 h) after iv and po administration,
respectively. Moreover, 23h displayed a favorable oral bioavail-
ability (F ) of 15.33%, which was higher than that of ETR
(F Z 7.17%) and was sufficient for an orally bioavailable
candidate (Table 9).

2.9. In vivo safety studies

A suitable drug candidate requires not only excellent antiviral
activity and PK profiles, but also favorable in vivo safety prop-
erties. Therefore, the single-dose acute toxicity of 23h was
investigated to assess its in vivo safety properties. After intra-
gastric administration of 23h at 2000 mg/kg, no death or signs of
intoxication were observed in the drug administration mice.
Besides, there were no significant body weight loss or abnormal
behaviors such as fatigue, cramps, anorexia, and ruffled fur in
the treatment group compared with the control group (0 mg/kg).
Body weight of treatment and control groups gradually increased
in the following 7 days, with no obvious difference in weight
gain (Fig. 15). Overall, the in vivo safety studies indicated that
23h was well tolerated at doses up to 2000 mg/kg without acute
toxicity.

3. Conclusions

Based on the NNRTI “four-point pharmacophore” model, we have
designed and synthesized novel series of dihydrothiopyrano[3,2-d]
pyrimidines, to fully exploit the potential chemical space and
discover potent HIV-1 inhibitors with higher drugeresistance
profiles and favorable pharmacological properties. Detailed SAR
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investigations were derived from the biological evaluation results:
(1) the saturated dihydrothiopyran ring introduced into the central
scaffold could accommodated well in the tolerant region II to form
extensive interactions; (2) the cyanovinyl group is the optimal
substituent on the left-wing due to the prolonged conjugation
system enhancing the p�stacking interactions; (3) the piperidine-
linked benzyl moiety is more favorable for antiviral potency,
suggesting that conformational flexibility allows the ligand to
adapt for resistant RT mutations; (4) the dual hydrogen bonds
formed by the pyrimidinyl nitrogen and the imino linker with
Lys101 are essential to maintain binding affinity.

Among these newly developed derivatives, compound 23h was
identified as an exceptionally potent inhibitor against WT and
resistant HIV-1 strains, with EC50 values of 3.43 nmol/L (IIIB),
4.46 nmol/L (L100I), 6.13 nmol/L (K103N), 8.46 nmol/L
(Y181C), 16.5 nmol/L (Y188L), 21.4 nmol/L (E138K),
5.35 nmol/L (F227L þ V106A), and 15.2 nmol/L
(K103N þ Y181C). In the case of the highly resistant double-
mutants K103N þ Y181C and F227L þ V106A, 23h still dis-
played prominent inhibitory potency of 15.2 and 5.35 nmol/L,
being equivalent to RPV (EC50 Z 10.7 and 81.6 nmol/L), and
more effective than EFV (EC50 Z 114 and 77.4 nmol/L) and ETR
(EC50 Z 35.2 and 16.3 nmol/L). More encouragingly, 23h
afforded significant improvement in drug resistance profiles
(RF Z 1.3�6.2) against various mutant strains compared to EFV
(RF Z 1.7�42.7), ETR (RF Z 1.2�12.5), and RPV
(RF Z 1.3�82). In the target validation experiment, 23h potently
inhibited HIV-1 RT at a low micromolar concentration and thus
behaved as a typical NNRTI. Comprehensive molecular docking
analysis and MD simulations demonstrated that the molecular
mechanism of action of 23h contributes to the elevated binding
affinity, providing a reasonable explanation for the improved drug
resistance profiles and guiding further structural optimization ef-
forts. In addition, the CYP450 inhibition profiles of 23h were
significantly improved over ETR and RPV, with IC50 values in the
range of 3.41e50 mmol/L against the main CYP enzymes.
Notably, 23h exhibited desirable in vivo pharmacokinetic prop-
erties, with a higher oral bioavailability of 15.33% and a longer
half-life of 3.00 h compared to ETR (F Z 7.17%; t1/2 Z 1.82 h).
Furthermore, the in vivo safety studies indicated that 23h showed
good tolerability at the dose of 2000 mg/kg.

Taken together, the current study validated the design hy-
pothesis of introducing alicyclic rings and hydrophilic groups
into the solvent-exposed region to balance the bioactivity and
physicochemical properties. Particularly, all in vitro and in vivo
data highlight the potential of 23h as an anti-HIV-1 candidate
due to its prominent antiviral activities and favorable drugg-
ability profiles.
4. Experimental

4.1. Chemistry

Melting point (mp) was determined on the micromelting point
apparatus (RY-1G, Tianjin Skylight). 1H NMR and 13C NMR
spectra were recorded on the nuclear magnetic resonance spec-
trometer (Bruker Avance 400 or 600 MHz NMR Spectrometer,
Bruker) with DMSO-d6 or CDCl3 as the solvent and tetrame-
thylsilane (TMS) as the internal standard. Mass spectra were ob-
tained on the layer chromatography�mass spectrometry
(LC�MS) instrument (TSQ Vantage LC�MS/MS, Thermo
Fisher). Thin-layer chromatography (TLC) was conducted on the
high-efficiency thin-layer chromatography silica gel plate (Silica
Gel 60 GF254, Merck) to monitor the reaction. Silica gel column
chromatography was performed on the column packed with
200e300 mesh silica gel. Rotary evaporators (EYELA N-1300D,
Tokyo Rikakikai) were used to concentrate the excess solvent.
Sample purity was measured on a Shimadzu SPD-20A/20AV
HPLC system. All compounds are >95% pure by HPLC analysis.

4.1.1. Synthesis of methyl 4-((2-methoxy-2-oxoethyl)thio)
butanoate (9)
To a solution of sodium methoxide (0.15 g, 3.0 mmol) in MeOH
(10 mL) was added methyl 2-mercaptoacetate (8, 0.11 g,
1.0 mmol), and the mixture was stirred at room temperature for
30 min. Potassium iodide (1.66 mg, 0.01 mmol) and methyl 4-
chlorobutanoate (0.14 g, 1.0 mmol) were added and the solution
was stirred at 70 �C for 10 h. After cooling to room temperature,
the reaction mixture was filtered and the resultant filtrate was
concentrated under vacuum to remove the solvent. Then 10 mL of
water was added and the mixture was extracted with EtOAc
(3 � 10 mL). The combined organic layer was washed
with saturated brine (3 � 5 mL), dried over anhydrous Na2SO4,
filtered, and concentrated in vacuum to give intermediate 9 as a
yellow oil. Yield: 83%. 1H NMR (600 MHz, CDCl3): d 3.75 (s,
3H, SCH2COOCH3), 3.66 (s, 3H, SCH2CH2CH2COOCH3), 3.21
(s, 2H, SCH2COOCH3), 2.77 (t, J Z 7.2 Hz, 2H,
SCH2CH2CH2COOCH3), 2.66 (t, J Z 7.2 Hz, 2H,
SCH2CH2CH2COOCH3), 1.93 (p, J Z 7.2 Hz, 2H,
SCH2CH2CH2COOCH3). ESI-MS: m/z 207.3 [M þ H]þ, 224.4
[M þ NH4]

þ, C8H14O4S (206.06).

4.1.2. Synthesis of methyl 3-oxotetrahydro-2H-thiopyran-2-
carboxylate (10)
To a solution of sodium hydride (60% in mineral oil, 0.06 g,
1.5 mmol) in THF (10 mL) was slowly added the intermediate 9
(0.21 g, 1.0 mmol) in 2 mL of THF at �10 �C under a nitrogen
atmosphere, and the mixture was stirred at room temperature for
2 h. Then the reaction solution was acidified to pH 7 with diluted
hydrochloric acid and extracted with EtOAc (3 � 10 mL). The
combined organic layer was washed with saturated brine
(3 � 5 mL), dried over anhydrous Na2SO4, filtered, and concen-
trated in vacuum to give intermediate 10 as a yellow oil and was
used in next step without purification. Yield: 76%. ESI-MS: m/z
175.3 [M þ H]þ, 192.5 [M þ NH4]

þ, C7H10O3S (174.04).

4.1.3. Synthesis of 2-(methylthio)-7,8-dihydro-6H-thiopyrano
[3,2-d]pyrimidin-4-ol (11)
To a solution of potassium hydroxide (0.11 g, 2.0 mmol) in MeOH
(10 mL) was added the intermediate 10 (0.17 g, 1.0 mmol) and S-
methylthiouronium sulfate (0.29 g, 1.5 mmol), and the mixture
was stirred at room temperature for 8 h. Then water (50 mL) and
HOAc (1.0 mL) were added to the reaction mixture. The resulting
precipitate was collected by filtration, washed with water
(3 � 5 mL), and dried to provide intermediate 11 as a white solid.
Yield: 80%, mp: 234e236 �C. 1H NMR (400 MHz, DMSO-d6):
d 12.70 (s, 1H, OH), 2.94�2.84 (m, 2H, C6-dihydrothiopyr-
anopyrimidine-H), 2.61 (t, J Z 6.3 Hz, 2H, C8-dihydrothiopyr-
anopyrimidine-H), 2.45 (s, 3H, CH3), 2.08�1.95 (m, 2H, C7-
dihydrothiopyranopyrimidine-H). ESI-MS: m/z 215.4 [M þ H]þ,
237.3 [M þ Na]þ, C8H10N2OS2 (214.02).
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4.1.4. Synthesis of 7,8-dihydro-6H-thiopyrano[3,2-d]
pyrimidine-2,4-diol (12)
Intermediate 11 (0.21 g, 1.0 mmol) was suspended in a solution of
H2O (10 mL) and HOAc (5.0 mL), and then the mixture was
heated to reflux for 24 h. After cooling to room temperature, the
resulting precipitate was collected by filtration, washed with water
(3 � 5 mL), and dried to afford intermediate 12 as a colorless
crystalline solid. Yield: 52%, mp: >300 �C. 1H NMR (400 MHz,
DMSO-d6): d 11.17 (s, 1H, C4eOH), 10.82 (s, 1H, C2eOH), 2.84
(d, J Z 6.0 Hz, 2H, C6-dihydrothiopyranopyrimidine-H), 2.43 (t,
J Z 6.3 Hz, 2H, C8-dihydrothiopyranopyrimidine-H), 2.04�1.91
(m, 2H, C7-dihydrothiopyranopyrimidine-H). ESI-MS: m/z 185.0
[M þ H]þ, 207.2 [M þ Na]þ, C7H8N2O2S (184.03).

4.1.5. Synthesis of 2,4-dichloro-7,8-dihydro-6H-thiopyrano[3,2-
d]pyrimidine (13)
Intermediate 12 (0.18 g, 1.0 mmol) and N,N-dimethylaniline
(0.03 g, 0.25 mmol) were dissolved in 10 mL of POCl3 and then the
mixture was refluxed at 110 �C for 12 h. After cooling to room
temperature, the reaction solution was slowly added to ice and
filtered. The crude precipitate was further purified by silica gel
column chromatography with EtOAc:PE (1:8) as the eluent to
provide intermediate 13 as a white solid. Yield: 69%, mp:
105e107 �C. ESI-MS: m/z 221.3 [Mþ H]þ, C7H6Cl2N2S (219.96).

4.1.6. General procedure for the synthesis of intermediates
14a�c
To a solution of intermediate 13 (0.22 g, 1.0 mmol) and potassium
carbonate (0.28 g, 2.0 mmol) in DMF (5 mL), the different ma-
terial 4-hydroxy-3,5-dimethylbenzonitrile (0.14 g, 1.0 mmol) or
(E )-3-(4-hydroxy-3,5-dimethylphenyl)acrylonitrile (0.17 g,
1.0 mmol) or 2,4,6-trimethylphenol (0.14 g, 1.0 mmol) was added
and stirred at room temperature for 6 h. Then the reaction mixture
was poured into water (20 mL) and extracted with EtOAc
(3 � 10 mL). The combined organic layer was washed with
saturated brine (3 � 5 mL), dried over anhydrous Na2SO4, filtered,
and finally purified by silica gel column chromatography with
EtOAc:PE (1:6) as the eluent to give the corresponding in-
termediates 14a�c as a white solid.

4.1.6.1. 4-((2-Chloro-7,8-dihydro-6H-thiopyrano[3,2-d]pyr-
imidin-4-yl)oxy)-3,5-dimethylbenzonitrile (14a). White solid,
yield: 67%, mp: 254e256 �C. 1H NMR (400 MHz, DMSO-d6):
d 7.73 (s, 2H, C3,C5-Ph-H), 3.16 (d, J Z 5.6 Hz, 2H, C6-dihy-
drothiopyranopyrimidine-H), 2.92 (t, J Z 6.2 Hz, 2H, C8-dihy-
drothiopyranopyrimidine-H), 2.23�2.13 (m, 2H, C7-
dihydrothiopyranopyrimidine-H), 2.07 (s, 6H, CH3 � 2). ESI-MS:
m/z 332.4 [M þ H]þ, C16H14ClN3OS (331.05).

4.1.6.2. (E)-3-(4-((2-Chloro-7,8-dihydro-6H-thiopyrano[3,2-d]
pyr imidin-4-y l )oxy)-3 ,5-dimethylphenyl )acryloni tr i le
(14b). White solid, yield: 86%, mp: 240e242 �C. 1H NMR
(400 MHz, DMSO-d6): d 7.34 (d, JZ 16.7 Hz, 1H, ArCHZ ), 7.19
(s, 2H, C3,C5-Ph-H), 5.82 (d, J Z 16.6 Hz, 1H, ZCHCN),
3.17�3.05 (m, 2H, C6-dihydrothiopyranopyrimidine-H), 2.97 (t,
J Z 6.3 Hz, 2H, C8-dihydrothiopyranopyrimidine-H), 2.30 (p,
J Z 6.2 Hz, 2H, C7-dihydrothiopyranopyrimidine-H), 2.13 (s, 6H,
CH3 � 2). ESI-MS: m/z 358.3 [M þ H]þ, C18H16ClN3OS (357.07).

4.1.6.3. 2-Chloro-4-(mesityloxy)-7,8-dihydro-6H-thiopyrano
[3,2-d]pyrimidine (14c). White solid, yield: 73%, mp:
176e178 �C. ESI-MS: m/z 321.4 [M þ H]þ, C16H17ClN2OS
(320.08).

4.1.7. General procedure for the synthesis of target compounds
15a and 15b
BINAP (0.03 g, 0.05 mmol) and Pd2 (dba)3 (0.05 g, 0.05 mmol)
were first suspended in 1,4-dioxane (20 mL) under stirring at room
temperature for 15 min. Then the 4-aminobenzonitrile (0.11 g,
0.9 mol) and cesium carbonate (0.97 g, 3.0 mol) were added and
the stir was continued for another 10 min. Finally, intermediate
14a (0.33 g, 1.0 mmol) or 14b (0.36 g, 1.0 mmol) was added. The
mixture was backfilled with nitrogen fully and heated at 100 �C
for 12 h. After cooling to room temperature, the reaction solution
was filtered, and the obtained organic layer was purified by silica
gel column chromatography with EtOAc:PE (1:4) as the eluent
and finally recrystallized from EtOAc�PE to afford the target
compounds 15a or 15b as a white solid.

4.1.7.1. 4-((2-((4-Cyanophenyl)amino)-7,8-dihydro-6H-thiopyr-
ano[3,2-d]pyrimidin-4-yl)oxy)-3,5-dimethylbenzonitrile
(15a). White solid, yield: 77%, mp: 253e255 �C. 1H
NMR (400 MHz, DMSO-d6): d 9.98 (s, 1H, NH), 7.78 (s, 2H,
C3,C5-Ph

0 0-H), 7.45 (s, 4H, C2,C3,C5,C6-Ph
0-H), 3.19�3.05 (m, 2H,

C6-dihydrothiopyranopyrimidine-H), 2.88 (t, J Z 6.2 Hz, 2H, C8-
dihydrothiopyranopyrimidine-H), 2.26�2.16 (m, 2H, C7-dihy-
drothiopyranopyrimidine-H), 2.11 (s, 6H, CH3 � 2). 13C NMR
(100 MHz, DMSO-d6): d 163.63, 163.07, 154.68, 154.12, 145.20,
133.10, 133.02, 132.98, 119.92, 119.00, 118.05, 109.09, 104.50,
102.39, 31.74, 26.34, 22.96, 16.12. ESI-MS: m/z 414.5 [M þ H]þ,
431.5 [M þ NH4]

þ. C23H19N5OS (413.13). HPLC purity: 98.54%.

4.1.7.2. (E)-4-((4-(4-(2-Cyanovinyl)-2,6-dimethylphenoxy)-7,8-
dihydro-6H-thiopyrano[3,2-d]pyrimidin-2-yl)amino)benzonitrile
(15b). White solid, yield: 61%, mp: 278e280 �C. 1H NMR
(400 MHz, DMSO-d6): d 9.95 (s, 1H, NH), 7.68 (d, J Z 16.7 Hz,
1H, ArCH Z ), 7.54 (s, 2H, C3,C5-Ph

00-H), 7.48 (d, J Z 8.6 Hz,
2H, C3,C5-Ph

0-H), 7.39 (d, J Z 8.8 Hz, 2H, C2,C6-
Ph0-H), 6.48 (d, J Z 16.7 Hz, 1H, ZCHCN), 3.19�3.06 (m, 2H,
C6-dihydrothiopyranopyrimidine-H), 2.87 (t, J Z 6.2 Hz, 2H, C8-
dihydrothiopyranopyrimidine-H), 2.20 (p, J Z 6.0 Hz, 2H, C7-
dihydrothiopyranopyrimidine-H), 2.08 (s, 6H, CH3 � 2). 13C
NMR (100 MHz, DMSO-d6): d 163.47, 163.30, 154.76, 152.47,
150.45, 145.29, 132.97, 131.93, 131.63, 128.64, 119.95, 119.33,
118.06, 104.49, 102.26, 96.93, 31.71, 26.33, 22.98, 16.40. ESI-
MS: m/z 440.6 [M þ H]þ, 457.6 [M þ NH4]

þ, C25H21N5OS
(439.15). HPLC purity: 96.28%.

4.1.8. General procedure for the synthesis of target compounds
16a and 16b
A mixture of compound 15a (0.41 g, 1.0 mmol) and 3-
chloroperbenzoic acid (0.20 g, 1.2 mmol) in DCM (10 mL) was
stirred at �78 �C or room temperature for 6 h. Then saturated
sodium bisulfite solution (10 mL) was added and extracted with
DCM (3 � 10 mL). The combined organic layer was washed with
saturated brine (3 � 5 mL), dried over anhydrous Na2SO4, filtered,
purified by silica gel column chromatography with EtOAc:PE
(1:4) as the eluent, and finally recrystallized from EtOAc�PE to
give the target compounds 16a or 16b as a white solid.

4.1.8.1. 4-((2-((4-Cyanophenyl)amino)-5-oxido-7,8-dihydro-
6 H - t h i o p y r a n o [ 3 , 2 - d ] p y r i m i d i n - 4 - y l ) o x y ) - 3 , 5 -
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dimethylbenzonitrile (16a). White solid, yield: 72%, mp:
247e249 �C. 1H NMR (400 MHz, DMSO-d6): d 10.52 (s, 1H, NH),
7.80 (d, J Z 4.6 Hz, 2H, C3,C5-Ph

0 0-H), 7.50 (s, 4H, C2,C3,C5,C6-
Ph0-H), 3.32�3.19 (m, 2H, C8-dihydrothiopyranopyrimidine-H),
3.09�2.79 (m, 2H, C6-dihydrothiopyranopyrimidine-H), 2.61�2.51
(m, 2H, C7-dihydrothiopyranopyrimidine-H), 2.15 (d, JZ 14.7 Hz,
6H, CH3 � 2). 13C NMR (100 MHz, DMSO-d6): d 169.09, 167.61,
158.94, 153.63, 144.12, 133.16, 133.08, 119.60, 119.31, 118.95,
111.11, 109.44, 104.19, 60.21, 45.19, 32.08, 16.22, 12.89. ESI-MS:
m/z 447.5 [M þ NH4]

þ, 452.3 [M þ Na]þ, C23H19N5O2S (429.13).
HPLC purity: 99.31%.

4.1.8.2. 4-((2-((4-Cyanophenyl)amino)-5,5-dioxido-7,8-
dihydro-6H-thiopyrano[3,2-d]pyrimidin-4-yl)oxy)-3,5-
dimethylbenzonitrile (16b). White solid, yield: 62%, mp:
263e265 �C. 1H NMR (400 MHz, DMSO-d6): d 10.62 (s, 1H,
NH), 7.81 (s, 2H, C3,C5-Ph

00-H), 7.64�7.18 (m, 4H, C2,C3,C5,C6-
Ph0-H), 3.69�3.55 (m, 2H, C6-dihydrothiopyranopyrimidine-H),
3.02 (t, J Z 6.0 Hz, 2H, C8-dihydrothiopyranopyrimidine-H),
2.34 (d, J Z 5.1 Hz, 2H, C7-dihydrothiopyranopyrimidine-H),
2.16 (s, 6H, CH3 � 2). 13C NMR (100 MHz, DMSO-d6): d 169.89,
164.70, 158.49, 153.31, 143.82, 133.19, 133.08, 132.92, 119.52,
119.44, 118.92, 112.61, 109.52, 104.48, 52.49, 32.08, 18.98,
16.08. ESI-MS: m/z 463.5 [M þ NH4]

þ, 468.4 [M þ Na]þ,
C23H19N5O3S (445.12). HPLC purity: 95.98%.
4.1.9. General procedure for the synthesis of intermediates 18a
and 18b
A mixture of intermediate 14a (0.33 g, 1.0 mmol), tert-butyl
piperazine-1-carboxylate (0.23 g, 1.2 mmol), or tert-butyl piper-
idin-4-ylcarbamate (0.24 g, 1.2 mmol), and potassium carbonate
(0.28 g, 2.0 mmol) in 10 mL of DMF was heated at 120 �C for
12 h. After cooling to room temperature, the reaction solution was
added to the 50 mL of water. The resulting precipitate was
collected by filtration, washed with water (3 � 5 mL), and dried to
provide crude products 17a or 17b, which was used directly in the
next step without further purification. Subsequently, to a solution
of 17a (0.48 g, 1.0 mmol) or 17b (0.50 g, 1.0 mmol) in DCM
(10 mL) was added trifluoroacetic acid (1.14 g, 10 mmol) and the
mixture was stirred at room temperature for 4 h. Then the reaction
solution was alkalized to pH 9 with saturated sodium bicarbonate
solution and extracted with DCM (3 � 10 mL). The combined
organic layer was washed with saturated brine (3 � 5 mL), dried
over anhydrous Na2SO4, filtered, and finally purified by silica gel
column chromatography with MeOH:DCM (1:10) as the eluent to
afford the intermediates 18a or 18b as a white solid.

4.1.9.1. 3,5-Dimethyl-4-((2-(piperazin-1-yl)-7,8-dihydro-6H-
thiopyrano[3,2-d]pyrimidin-4-yl)oxy)benzonitrile (18a). White
solid, yield: 52%. 1H NMR (400 MHz, DMSO-d6): d 8.83 (s, 1H,
piperazine-NH), 7.69 (s, 2H, C3,C5-Ph-H), 3.53 (t, J Z 5.1 Hz,
4H, C2,C6-piperazine-H), 3.12�2.94 (m, 6H, C6-dihydrothiopyr-
anopyrimidine-H, C3,C5-piperazine-H), 2.77 (t, J Z 6.3 Hz, 2H,
C8-dihydrothiopyranopyrimidine-H), 2.21�2.10 (m, 2H, C7-
dihydrothiopyranopyrimidine-H), 2.08 (s, 6H, CH3 � 2). 13C
NMR (100 MHz, DMSO-d6): d 170.78, 163.31, 157.15, 153.73,
132.86, 119.18, 108.83, 101.57, 42.65, 41.11, 32.03, 26.31, 23.18,
21.22, 16.15. C20H23N5OS (381.16).

4.1.9.2. 4-((2-(4-Aminopiperidin-1-yl)-7,8-dihydro-6H-thiopyr-
ano[3,2-d]pyrimidin-4-yl)oxy)-3,5-dimethylbenzonitrile
(18b). White solid, yield: 64%, mp: 234e236 �C. 1H NMR
(400 MHz, DMSO-d6): d 7.87 (s, 2H, NH2), 7.69 (s, 2H, C3,C5-
Ph-H), 4.11 (d, J Z 13.2 Hz, 2H, piperidine-H), 3.20 (tt,
J Z 11.0, 3.9 Hz, 1H, piperidine-H), 3.10�3.01 (m, 2H, C6-
dihydrothiopyranopyrimidine-H), 2.80�2.66 (m, 4H, piperidine-
H, C8-dihydrothiopyranopyrimidine-H), 2.14 (p, J Z 6.1 Hz,
2H, C7-dihydrothiopyranopyrimidine-H), 2.08 (s, 6H, CH3 � 2),
1.78 (d, J Z 12.0 Hz, 2H, piperidine-H), 1.25 (tt, J Z 13.1,
6.6 Hz, 2H, piperidine-H). C21H25N5OS (395.18).

4.1.10. General procedure for the synthesis of target compounds
19a and 19b
Intermediate 18a (0.38 g, 1.0 mmol) or 18b (0.40 g, 1.0 mmol)
was dissolved in 10 mL of DMF, followed by the addition of
4-(bromomethyl)benzenesulfonamide (0.28 g, 1.1 mmol) and
potassium carbonate (0.17 g, 1.2 mmol). After being stirred at
room temperature until completion, the reaction mixture was
poured into water (20 mL) and extracted with EtOAc (3 � 10 mL).
The combined organic layer was washed with saturated brine
(3 � 5 mL), dried over anhydrous Na2SO4, filtered, purified by
silica gel column chromatography with MeOH:DCM (1:20) as the
eluent, and finally recrystallized from EtOAc�PE to give the
target compounds 19a or 19b as a white solid.

4.1.10.1. 4-((4-(4-(4-Cyano-2,6-dimethylphenoxy)-7,8-dihydro-
6H-thiopyrano[3,2-d]pyrimidin-2-yl)piperazin-1-yl)methyl)benze-
nesulfonamide (19a). White solid, yield: 60%, mp: 141e143 �C.
1H NMR (400 MHz, DMSO-d6): d 7.77 (d, J Z 8.3 Hz, 2H,
C3,C5-Ph

0-H), 7.66 (s, 2H, C3,C5-Ph
00-H), 7.46 (d, JZ 8.3 Hz, 2H,

C2,C6-Ph
0-H), 7.32 (s, 2H, SO2NH2), 3.50 (s, 2H, NeCH2), 3.36

(s, 4H, C2,C6-piperazine-H), 3.11�2.98 (m, 2H, C6-dihy-
drothiopyranopyrimidine-H), 2.73 (dt, J Z 178.4, 6.2 Hz, 2H, C8-
dihydrothiopyranopyrimidine-H), 2.27 (t, J Z 4.5 Hz, 4H, C3,C5-
piperazine-H), 2.19�2.09 (m, 2H, C7-dihydrothiopyranopyr-
imidine-H), 2.07 (s, 6H, CH3 � 2). 13C NMR (100 MHz, DMSO-
d6): d 163.23, 163.02, 157.57, 153.89, 143.26, 142.61, 132.90,
132.73, 129.57, 126.08, 119.10, 108.69, 100.06, 61.70, 52.51,
43.83, 32.05, 26.32, 23.34, 16.18. ESI-MS: m/z 551.2 [M þ H]þ,
C27H30N6O3S2 (550.18). HPLC purity: 96.60%.

4.1.10.2. 4-((1-(4-(4-Cyano-2,6-dimethylphenoxy)-7,8-dihydro-
6H-thiopyrano[3,2-d]pyrimidin-2-yl)piperidin-4-yl)amino)benze-
nesulfonamide (19b). White solid, yield: 66%, mp: 227e229 �C.
1H NMR (400 MHz, DMSO-d6): d 7.74 (d, J Z 8.2 Hz, 2H,
C3,C5-Ph

0-H), 7.68 (s, 2H, C3,C5-Ph
00-H), 7.49 (d, JZ 8.2 Hz, 2H,

C2,C6-Ph
0-H), 7.29 (s, 2H, SO2NH2), 3.97 (d, J Z 10.2 Hz, 2H,

piperidine-H, NHeCH2), 3.76 (s, 2H, NHeCH2), 3.10�2.98 (m,
2H, C6-dihydrothiopyranopyrimidine-H), 2.82�2.64 (m, 4H,
piperidine-H, C8-dihydrothiopyranopyrimidine-H), 2.13 (m, 4H,
piperidine-H, C7-dihydrothiopyranopyrimidine-H), 2.07 (s, 6H,
CH3 � 2), 1.71 (d, J Z 10.2 Hz, 2H, piperidine-H), 1.05 (q,
J Z 9.7 Hz, 2H, piperidine-H). 13C NMR (100 MHz, DMSO-d6):
d 163.07, 157.56, 154.01, 146.12, 142.73, 132.96, 132.70, 128.57,
125.92, 119.13, 108.64, 99.33, 60.22, 53.75, 49.50, 42.58, 32.08,
31.81, 26.33, 23.41, 16.17. ESI-MS: m/z 565.2 [M þ H]þ,
C28H32N6O3S2 (564.20). HPLC purity: 98.13%.

4.1.11. General procedure for the synthesis of target compounds
20a�d
To a solution of intermediate 14a (0.33 g, 1.0 mmol), 14b (0.36 g,
1.0 mmol), or 14c (0.32 g, 1.0 mmol) in 10 mL of NMP was



1276 Zhao Wang et al.
added 1-(2-aminoethyl)pyrimidine-2,4(1H,3H )-dione (0.17 g,
1.1 mmol) and N,N-diisopropylethylamine (0.26 g, 2.0 mmol), and
the mixture was stirred at 120 �C for 12 h. After cooling to room
temperature, the reaction mixture was poured into water (20 mL)
and extracted with EtOAc (3 � 10 mL). The combined organic
layer was washed with saturated brine (3 � 5 mL), dried over
anhydrous Na2SO4, filtered, purified by silica gel column chro-
matography with EtOAc:PE (1:4) as the eluent, and finally
recrystallized from EtOAc�PE to afford the target compounds
20a�c as a white solid. Using a similar synthetic method with the
intermediate 14a (0.33 g, 1.0 mmol) and 2-morpholinoethan-1-
amine (0.14 g, 1.1 mmol) as starting materials, the target com-
pound 20d was prepared as a white solid.

4.1.11.1. 4-((2-((2-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-yl)
ethyl)amino)-7,8-dihydro-6H-thiopyrano[3,2-d]pyrimidin-4-yl)
oxy)-3,5-dimethylbenzonitrile (20a). White solid, yield: 25%,
mp: 203e205 �C. 1H NMR (400 MHz, DMSO-d6): d 11.21 (d,
J Z 2.3 Hz, 1H, uracil-NH), 7.74 (s, 2H, C3,C5-Ph-H), 7.29 (s,
1H, C2-uracil-H), 6.93 (s, 1H, NH), 5.41 (s, 1H, C3-uracil-H),
3.69 (s, 2H, NHeCH2), 3.40 (s, 2H, NeCH2), 3.13�3.00 (m, 2H,
C6-dihydrothiopyranopyrimidine-H), 2.74 (t, J Z 6.2 Hz, 2H, C8-
dihydrothiopyranopyrimidine-H), 2.21�2.15 (m, 2H, C7-dihy-
drothiopyranopyrimidine-H), 2.14 (s, 6H, CH3 � 2). 13C NMR
(100 MHz, DMSO-d6): d 164.26, 163.16, 158.49, 154.01, 151.33,
146.09, 132.99, 132.84, 119.09, 108.66, 100.59, 99.99, 79.64,
31.76, 26.34, 23.35, 16.16. ESI-MS: m/z 451.5 [M þ H]þ, 473.3
[M þ Na]þ, C22H22N6O3S (450.15). HPLC purity: 98.36%.

4.1.11.2. (E)-3-(4-((2-((2-(2,4-Dioxo-3,4-dihydropyrimidin-
1(2H)-yl)ethyl)amino)-7,8-dihydro-6H-thiopyrano[3,2-d]pyr-
imidin-4-yl)oxy)-3,5-dimethylphenyl)acrylonitrile (20b). White
solid, yield: 37%,mp: 283e285 �C. 1HNMR (400MHz,DMSO-d6):
d 11.15 (d, J Z 7.7 Hz, 1H, uracil-NH), 7.59 (d, J Z 16.3 Hz, 1H,
ArCHZ ), 7.45 (s, 2H, C3,C5-Ph-H), 6.86 (s, 2H, C2-uracil-H, NH),
6.41 (d, J Z 16.7 Hz, 1H, ZCHCN), 5.31 (d, J Z 7.7 Hz, 1H, C3-
uracil-H), 3.62 (s, 2H, NHeCH2), 3.17 (s, 2H, NeCH2), 3.05�2.96
(m, 2H, C6-dihydrothiopyranopyrimidine-H), 2.67 (t, J Z 6.3 Hz,
2H, C8-dihydrothiopyranopyrimidine-H), 2.15�2.08 (m, 2H, C7-
dihydrothiopyranopyrimidine-H), 2.05 (s, 6H, CH3 � 2). 13C NMR
(100 MHz, DMSO-d6): d 164.26, 163.56, 158.58, 152.37, 151.33,
150.48, 131.63, 131.51, 128.46, 119.40, 96.69, 31.76, 26.35, 23.38,
16.55, 16.44. ESI-MS: m/z 477.4 [M þ H]þ, 499.5 [M þ Na]þ,
C24H24N6O3S (476.16). HPLC purity: 97.19%.

4.1.11.3. 1-(2-((4-(Mesityloxy)-7,8-dihydro-6H-thiopyrano[3,2-
d]pyrimidin-2-yl)amino)ethyl)pyrimidine-2,4(1H,3H)-dione
(20c). White solid, yield: 37%, mp: 223e225 �C. 1H NMR
(400MHz, DMSO-d6): d 11.15 (d, JZ 7.7Hz, 1H, uracil-NH), 6.91
(s, 4H, C3,C5-Ph-H, C2-uracil-H, NH), 5.31 (d, JZ 7.7 Hz, 1H, C3-
uracil-H), 3.61 (s, 2H, NHeCH2), 3.19 (s, 2H, NeCH2), 3.04�2.93
(m, 2H, C6-dihydrothiopyranopyrimidine-H), 2.66 (t, J Z 6.1 Hz,
2H, C8-dihydrothiopyranopyrimidine-H), 2.24 (s, 3H, CH3), 2.09
(dt, J Z 12.1, 6.1 Hz, 2H, C7-dihydrothiopyranopyrimidine-H),
1.98 (s, 6H, CH3 � 2). 13C NMR (100 MHz, DMSO-d6): d 164.25,
163.91, 158.65, 151.34, 147.88, 134.65, 130.20, 129.39, 100.62,
100.00, 31.73, 26.32, 23.41, 20.82, 16.40. ESI-MS:m/z 440.6 [Mþ
H]þ, C22H25N5O3S (439.17). HPLC purity: 98.42%.

4.1.11.4. 3,5-Dimethyl-4-((2-((2-morpholinoethyl)amino)-7,8-
dihydro-6H-thiopyrano[3,2-d]pyrimidin-4-yl)oxy)benzonitrile
(20d). White solid, yield: 68%, mp: 142e144 �C. 1H NMR
(400 MHz, DMSO-d6): d 7.67 (s, 2H, C3,C5-Ph-H), 6.81 (s, 1H,
NH), 3.49 (s, 4H, C3,C5-morpholine-H), 3.02 (t, J Z 5.5, 4H,
NHeCH2, C6-dihydrothiopyranopyrimidine-H), 2.69 (t,
J Z 6.2 Hz, 2H, C8-dihydrothiopyranopyrimidine-H), 2.51�2.14
(m, 8H, NeCH2, C2,C6-morpholine-H, C7-dihydrothiopyr-
anopyrimidine-H), 2.08 (s, 6H, CH3 � 2). 13C NMR (100 MHz,
DMSO-d6): d 163.43, 163.26, 158.61, 154.11, 133.00, 132.77,
119.06, 108.56, 66.59, 57.69, 53.65, 40.68, 38.06, 31.82, 26.34,
23.45, 16.15. ESI-MS: m/z 426.2 [M þ H]þ, C22H27N5O2S
(425.19). HPLC purity: 99.00%.
4.1.12. General procedure for the synthesis of intermediates
22a�c
A mixture of intermediate 14a (0.33 g, 1.0 mmol), 14b (0.36 g,
1.0mmol), or 14c (0.32 g, 1.0mmol), tert-butyl 4-aminopiperidine-1-
carboxylate (0.24 g, 1.2 mmol), and potassium carbonate (0.28 g,
2.0 mmol) in 10 mL of DMF was heated at 100 �C for 10 h. After
cooling to room temperature, the reaction solution was added to the
50 mL of water. The resulting precipitate was collected by filtration,
washed with water (3 � 5 mL), and dried to provide crude products
21a�c, which were used directly in the next step without further
purification. Subsequently, to a solution of 21a (0.50 g, 1.0 mmol) or
21b (0.52 g, 1.0 mmol) or 21c (0.48 g, 1.0 mmol) in DCM (10 mL)
was added trifluoroacetic acid (1.14 g, 10mmol) and themixturewas
stirred at room temperature for 4 h. Then the reaction solution was
alkalized to pH 9 with saturated sodium bicarbonate solution and
extracted with DCM (3� 10 mL). The combined organic layer was
washed with saturated brine (3 � 5 mL), dried over anhydrous
Na2SO4, filtered, and finally purified by silica gel column chroma-
tography with MeOH:DCM (1:10) as the eluent to afford the in-
termediates 22a�c as a white solid.

4.1.12.1. 3,5-Dimethyl-4-((2-(piperidin-4-ylamino)-7,8-
dihydro-6H-thiopyrano[3,2-d]pyrimidin-4-yl)oxy)benzonitrile
(22a). White solid, yield: 63%,mp:>250 �C. 1HNMR (400MHz,
DMSO-d6): d 9.00 (s, 1H, piperidine-NH), 7.67 (s, 2H, C3,C5-Ph-H),
7.02 (s, 1H, NH), 3.14 (d, J Z 12.5 Hz, 2H, C6-dihydrothiopyr-
anopyrimidine-H), 3.07�2.99 (m, 2H, C8-dihydrothiopyranopyr-
imidine-H), 2.71 (t, J Z 6.3 Hz, 4H, piperidine-H), 2.18�2.09 (m,
2H,C7-dihydrothiopyranopyrimidine-H), 2.07 (s, 6H,CH3� 2), 1.81
(s, 2H, piperidine-H), 1.54 (s, 3H, piperidine-H). 13C NMR
(100 MHz, DMSO-d6): d 163.27, 157.76, 154.08, 132.96, 132.77,
119.08, 108.60, 46.02, 41.99, 31.86, 28.05, 26.31, 23.39, 16.18. ESI-
MS: m/z 396.4 [Mþ H]þ, C21H25N5OS (395.18).

4.1.12.2. (E)-3-(3,5-Dimethyl-4-((2-(piperidin-4-ylamino)-7,8-
dihydro-6H-thiopyrano[3,2-d]pyrimidin-4-yl)oxy)phenyl)acrylo-
nitrile (22b). White solid, yield: 18%. ESI-MS: m/z 422.3 [M þ
H]þ, C23H27N5OS (421.19).

4.1.12.3. 4-(Mesityloxy)-N-(piperidin-4-yl)-7,8-dihydro-6H-thi-
opyrano[3,2-d]pyrimidin-2-amine (22c). White solid, yield:
29%, mp: >290 �C. 1H NMR (400 MHz, DMSO-d6): d 8.91 (s,
1H, piperidine-NH), 6.90 (s, 3H, C3,C5-Ph-H, NH), 3.15 (d,
JZ 12.6 Hz, 2H, C6-dihydrothiopyranopyrimidine-H), 3.07�2.96
(m, 2H, C8-dihydrothiopyranopyrimidine-H), 2.69 (t, J Z 6.3 Hz,
4H, piperidine-H), 2.24 (s, 3H, CH3), 2.12 (p, JZ 5.9 Hz, 2H, C7-
dihydrothiopyranopyrimidine-H), 1.98 (s, 6H, CH3 � 2), 1.82 (s,
2H, piperidine-H), 1.54 (s, 3H, piperidine-H). 13C NMR
(100 MHz, DMSO-d6): d 164.00, 157.90, 147.95, 134.59, 130.15,
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129.29, 46.06, 42.15, 31.84, 28.14, 26.30, 23.45, 20.81, 16.44.
ESI-MS: m/z 385.5 [M þ H]þ, C21H28N4OS (384.20).

4.1.13. General procedure for the synthesis of target compounds
23a�i
Intermediate 22a (0.40 g, 1.0 mmol), 22b (0.42 g, 1.0 mmol), or
22c (0.38 g, 1.0 mmol) was dissolved in 10 mL of DMF,
followed by the addition of substituted benzyl chloride (or
bromide) (1.1 mmol) and potassium carbonate (0.17 g,
1.2 mmol). After being stirred at room temperature until
completion, the reaction mixture was poured into water (20 mL)
and extracted with EtOAc (3 � 10 mL). The combined organic
layer was washed with saturated brine (3 � 5 mL), dried over
anhydrous Na2SO4, filtered, purified by silica gel column chro-
matography with MeOH:DCM (1:20) as the eluent, and finally
recrystallized from EtOAc�PE to give the target compounds
23a�i as a white solid.

4.1.13.1. 4-((2-((1-(4-Cyanobenzyl)piperidin-4-yl)amino)-7,8-
dihydro-6H-thiopyrano[3,2-d]pyrimidin-4-yl)oxy)-3,5-
dimethylbenzonitrile (23a). White solid, yield: 81%, mp:
184e186 �C. 1HNMR (400MHz,DMSO-d6): d 7.77 (d, JZ 8.2 Hz,
2H, C3,C5-Ph

0-H), 7.66 (s, 2H, C3,C5-Ph
0 0-H), 7.47 (d, J Z 8.1 Hz,

2H, C2,C6-Ph
0-H), 6.89 (br, 1H, NH), 3.48 (s, 2H, NeCH2),

3.12�2.95 (m, 2H, C6-dihydrothiopyranopyrimidine-H), 2.69 (t,
JZ 6.3 Hz, 5H, C8-dihydrothiopyranopyrimidine-H, piperidine-H),
2.19�2.02 (m, 8H, CH3 � 2, C7-dihydrothiopyranopyrimidine-H),
1.63 (s, 4H, piperidine-H), 1.32 (s, 2H, piperidine-H). 13C NMR
(100 MHz, DMSO-d6): d 163.26, 158.00, 154.22, 145.26, 133.01,
132.66, 132.58, 129.87, 119.38, 119.10, 110.08, 108.56, 61.93, 52.59,
48.66, 31.84, 31.66, 26.33, 23.47, 16.16. ESI-MS: m/z 511.6 [M þ
H]þ, C29H30N6OS (510.22). HPLC purity: 95.65%.

4.1.13.2. 4-((2-((1-(3-Cyanobenzyl)piperidin-4-yl)amino)-7,8-
dihydro-6H-thiopyrano[3,2-d]pyrimidin-4-yl)oxy)-3,5-
dimethylbenzonitrile (23b). White solid, yield: 81%, mp:
164e166 �C. 1H NMR (400 MHz, DMSO-d6): d 7.72 (d,
J Z 7.6 Hz, 1H, C4-Ph

0-H), 7.68 (s, 1H, C2-Ph
0-H), 7.65 (s, 2H,

C3,C5-Ph
0 0-H), 7.62 (d, J Z 7.8 Hz, 1H, C6-Ph

0-H), 7.53 (t,
JZ 7.7 Hz, 1H, C5-Ph

0-H), 6.87 (s, 1H, NH), 3.45 (s, 2H, NeCH2),
3.09�2.94 (m, 2H, C6-dihydrothiopyranopyrimidine-H), 2.69 (t,
J Z 6.3 Hz, 4H, C8-dihydrothiopyranopyrimidine-H, piperidine-H),
2.19�2.09 (m, 2H, C7-dihydrothiopyranopyrimidine-H), 2.09 (s, 1H,
piperidine-H), 2.06 (s, 6H, CH3 � 2), 1.63 (s, 4H, piperidine-H),
1.31 (s, 2H, piperidine-H). 13C NMR (100 MHz, DMSO-d6):
d 163.26, 157.96, 154.22, 140.90, 134.02, 133.02, 132.68, 132.44,
131.22, 129.89, 119.34, 119.10, 111.65, 108.56, 61.46, 55.38, 52.49,
31.86, 31.64, 31.15, 26.33, 23.47, 21.52, 16.16. ESI-MS: m/z 511.2
[M þ H]þ, C29H30N6OS (510.22). HPLC purity: 97.91%.

4.1.13.3. 4-((2-((1-(2-Cyanobenzyl)piperidin-4-yl)amino)-7,8-
dihydro-6H-thiopyrano[3,2-d]pyrimidin-4-yl)oxy)-3,5-
dimethylbenzonitrile (23c). White solid, yield: 78%, mp:
206e208 �C. 1HNMR (400MHz,DMSO-d6): d 7.79 (d, JZ 7.6 Hz,
1H, C3-Ph

0-H), 7.70�7.61 (m, 3H, C3,C5-Ph
0 0-H, C5-Ph

0-H), 7.52 (d,
JZ 7.7 Hz, 1H, C4-Ph

0-H), 7.46 (t, JZ 7.6 Hz, 1H, C6-Ph
0-H), 6.86

(s, 1H, NH), 3.56 (s, 2H, NeCH2), 3.10�2.94 (m, 2H, C6-dihy-
drothiopyranopyrimidine-H), 2.69 (t, J Z 6.2 Hz, 4H, C8-dihy-
drothiopyranopyrimidine-H, piperidine-H), 2.17�2.09 (m, 2H, C7-
dihydrothiopyranopyrimidine-H), 2.09 (s, 1H, piperidine-H), 2.06 (s,
6H, CH3� 2), 1.59 (s, 4H, piperidine-H), 1.30 (s, 2H, piperidine-H).
13C NMR (100 MHz, DMSO-d6): d 163.26, 158.00, 154.22, 142.82,
133.42, 133.41, 133.02, 132.69, 130.48, 128.36, 119.08, 118.11,
112.53, 108.57, 60.36, 60.22, 52.54, 31.88, 31.58, 31.19, 26.33,
23.47, 16.17, 14.56. ESI-MS: m/z 511.3 [M þ H]þ, C29H30N6OS
(510.22). HPLC purity: 97.36%.

4.1.13.4. 3-((4-((4-(4-Cyano-2,6-dimethylphenoxy)-7,8-
dihydro-6H-thiopyrano[3,2-d]pyrimidin-2-yl)amino)piperidin-1-
yl)methyl)benzenesulfonamide (23d). White solid, yield: 74%,
mp: 170e172 �C. 1H NMR (400 MHz, DMSO-d6): d 7.74 (s, 1H,
C2-Ph

0-H), 7.71 (d, J Z 7.4 Hz, 1H, C4-Ph
0-H), 7.67 (s, 2H,

C3,C5-Ph
0 0-H), 7.51 (t, J Z 7.5 Hz, 1H, C6-Ph

0-H), 7.47 (d,
J Z 7.5 Hz, 1H, C5-Ph

0-H), 7.36 (s, 2H, SO2NH2), 6.80 (s, 1H,
NH), 3.46 (s, 2H, NeCH2), 3.02 (dd, J Z 6.7, 4.1 Hz, 2H, C6-
dihydrothiopyranopyrimidine-H), 2.69 (t, J Z 6.1 Hz, 4H, C8-
dihydrothiopyranopyrimidine-H, piperidine-H), 2.19�2.09 (m,
2H, C7-dihydrothiopyranopyrimidine-H), 2.08 (s, 1H, piperidine-
H), 2.06 (s, 6H, CH3 � 2), 1.66 (s, 4H, piperidine-H), 1.32 (s,
2H, piperidine-H). 13C NMR (100 MHz, DMSO-d6): d 163.25,
157.84, 154.22, 144.59, 144.09, 140.31, 133.01, 132.74, 132.47,
129.26, 125.92, 124.68, 119.13, 108.55, 62.05, 52.62, 49.07,
31.82, 31.65, 26.30, 23.45, 16.18. ESI-MS: m/z 565.2 [M þ H]þ,
C28H32N6O3S2 (564.20). HPLC purity: 96.68%.

4.1.13.5. Ethyl 4-((4-((4-(4-cyano-2,6-dimethylphenoxy)-7,8-
dihydro-6H-thiopyrano[3,2-d]pyrimidin-2-yl)amino)piperidin-1-
yl)methyl)benzoate (23e). White solid, yield: 57%, mp:
181e183 �C. 1H NMR (400 MHz, DMSO-d6): d 7.91 (d,
JZ 8.1 Hz, 2H, C3,C5-Ph

0-H), 7.65 (s, 2H, C3,C5-Ph
0 0-H), 7.41 (d,

J Z 8.1 Hz, 2H, C2,C6-Ph
0-H), 6.87 (br, 1H, NH), 4.30 (q,

J Z 7.1 Hz, 2H, CO2CH2CH3), 3.46 (s, 2H, NeCH2), 3.09�2.97
(m, 2H, C6-dihydrothiopyranopyrimidine-H), 2.69 (t, J Z 6.2 Hz,
4H, C8-dihydrothiopyranopyrimidine-H, piperidine-H),
2.16�2.09 (m, 2H, C7-dihydrothiopyranopyrimidine-H), 2.09 (s,
1H, piperidine-H), 2.06 (s, 6H, CH3 � 2), 1.60 (s, 4H, piperidine-
H), 1.31 (t, J Z 7.1 Hz, 5H, CO2CH2CH3, piperidine-H).

13C
NMR (100 MHz, DMSO-d6): d 166.11, 163.26, 157.99, 154.24,
144.87, 141.04, 133.02, 132.74, 129.52, 129.29, 128.98, 119.10,
108.56, 62.16, 61.04, 56.50, 52.62, 31.88, 31.65, 31.16, 26.33,
23.47, 16.15, 14.66. ESI-MS: m/z 558.6 [M þ H]þ, C31H35N5O3S
(557.25). HPLC purity: 98.38%.

4.1.13.6. 4-((2-((1-(4-Aminobenzyl)piperidin-4-yl)amino)-7,8-
dihydro-6H-thiopyrano[3,2-d]pyrimidin-4-yl)oxy)-3,5-
dimethylbenzonitrile (23f). White solid, yield: 64%, mp:
169e171 �C. 1H NMR (400 MHz, DMSO-d6): d 7.66 (s, 2H, C3,C5-
Ph0 0-H), 6.87 (d, JZ 8.1 Hz, 2H, C2,C6-Ph

0-H), 6.49 (d, JZ 8.2 Hz,
2H, C3,C5-Ph

0-H), 4.94 (s, 2H, NH2), 3.17 (s, 2H, NeCH2),
3.08�2.95 (m, 2H, C6-dihydrothiopyranopyrimidine-H), 2.68 (t,
JZ 6.1 Hz, 4H, C8-dihydrothiopyranopyrimidine-H, piperidine-H),
2.12 (d, J Z 5.3 Hz, 2H, C7-dihydrothiopyranopyrimidine-H), 2.09
(s, 1H, piperidine-H), 2.05 (s, 6H, CH3� 2), 1.48 (s, 4H, piperidine-
H), 1.23 (s, 2H, piperidine-H). 13C NMR (100 MHz, DMSO-d6):
d 163.24, 158.03, 154.22, 147.95, 133.01, 132.65, 130.16, 125.66,
123.82, 119.11, 114.01, 108.55, 62.55, 52.39, 31.65, 26.31, 23.46,
21.24, 19.03, 16.16, 14.56. ESI-MS: m/z 501.5 [M þ H]þ,
C28H32N6OS (500.24). HPLC purity: 98.40%.

4.1.13.7. N-(4-((4-((4-(4-cyano-2,6-dimethylphenoxy)-7,8-
dihydro-6H-thiopyrano[3,2-d]pyrimidin-2-yl)amino)piperidin-1-
yl)methyl)phenyl)methanesulfonamide (23g). White solid, yield:
17%, mp: 153e155 �C. 1H NMR (400 MHz, DMSO-d6): d 9.68 (s,
1H, NHSO2CH3), 7.66 (s, 2H, C3,C5-Ph

00-H), 7.21 (d, J Z 8.3 Hz,
2H, C3,C5-Ph

0-H), 7.14 (d, J Z 8.4 Hz, 2H, C2,C6-Ph
0-H), 6.70
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(br, 1H, NH), 3.32 (s, 2H, NeCH2), 3.07�2.99 (m, 2H, C6-
dihydrothiopyranopyrimidine-H), 2.96 (s, 3H, NHSO2CH3), 2.69
(t, J Z 6.3 Hz, 4H, C8-dihydrothiopyranopyrimidine-H,
piperidine-H), 2.11 (t, J Z 5.7 Hz, 2H, C7-dihydrothiopyr-
anopyrimidine-H), 2.09 (s, 1H, piperidine-H), 2.06 (s, 6H,
CH3 � 2), 1.55 (s, 4H, piperidine-H), 1.23 (s, 2H, piperidine-H).
13C NMR (100 MHz, DMSO-d6): d 163.25, 137.49, 134.60,
133.01, 132.90, 132.77, 132.70, 130.12, 120.24, 119.13, 108.54,
100.98, 62.08, 52.56, 39.62, 36.25, 31.81, 31.63, 31.17, 26.30,
23.45, 16.16. ESI-MS: m/z 579.2 [M þ H]þ, C29H34N6O3S2
(578.21). HPLC purity: 98.56%.

4 . 1 . 1 3 . 8 . ( E ) - 4 - ( ( 4 - ( ( 4 - ( 4 - ( 2 - C y a n o v i n y l ) - 2 , 6 -
dimethylphenoxy)-7,8-dihydro-6H-thiopyrano[3,2-d]pyrimidin-2-
y l )amino)p iper id in -1 -y l )me thy l )benzenesu l fonamide
(23h). White solid, yield: 64%, mp: 237e239 �C. 1H NMR
(400 MHz, DMSO-d6): d 7.77 (d, J Z 8.3 Hz, 2H, C3,C5-Ph

0-H),
7.59 (d, J Z 16.7 Hz, 1H, ArCH Z ), 7.43 (s, 4H, C2,C6-Ph

0-H,
C3,C5-Ph

0 0-H), 7.30 (s, 2H, SO2NH2), 6.66 (s, 1H, NH), 6.40 (d,
JZ 16.7 Hz, 1H,ZCHCN), 3.43 (s, 2H, NeCH2), 3.08�2.95 (m,
2H, C6-dihydrothiopyranopyrimidine-H), 2.68 (t, J Z 6.2 Hz, 4H,
C8-dihydrothiopyranopyrimidine-H, piperidine-H), 2.15�2.09 (m,
2H, C7-dihydrothiopyranopyrimidine-H), 2.06 (s, 1H, piperidine-
H), 2.03 (s, 6H, CH3 � 2), 1.61 (s, 4H, piperidine-H), 1.32 (s,
2H, piperidine-H). 13C NMR (100 MHz, DMSO-d6): d 163.65,
158.05, 152.59, 150.58, 143.41, 143.14, 131.62, 131.45, 129.43,
128.33, 126.05, 119.42, 96.51, 62.02, 52.67, 49.07, 31.89, 31.68,
26.34, 23.50, 16.46. ESI-MS: m/z 591.2 [M þ H]þ, C30H34N6O3S2
(590.21). HPLC purity: 98.59%.

4.1.13.9. 4-((4-((4-(Mesityloxy)-7,8-dihydro-6H-thiopyrano
[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)benzenesulfo-
namide (23i). White solid, yield: 44%, mp: 218e220 �C. 1HNMR
(400MHz,DMSO-d6): d 7.77 (d, JZ 8.3Hz, 2H, C3,C5-Ph

0-H), 7.44
(d, JZ 8.0Hz, 2H, C2,C6-Ph

0-H), 7.30 (s, 2H, SO2NH2), 6.88 (s, 2H,
C3,C5-Ph

0 0-H), 6.60 (s, 1H,NH), 3.45 (s, 2H,NeCH2), 3.08�2.91 (m,
2H, C6-dihydrothiopyranopyrimidine-H), 2.79�2.57 (m, 4H, C8-
dihydrothiopyranopyrimidine-H, piperidine-H), 2.23 (s, 3H, CH3),
2.10 (dt, JZ 11.8, 5.4 Hz, 2H, C7-dihydrothiopyranopyrimidine-H),
1.97 (s, 6H, CH3 � 2), 1.72�1.47 (m, 2H, piperidine-H), 1.46�1.10
(m, 2H, piperidine-H). 13C NMR (100 MHz, DMSO-d6): d 163.97,
162.36, 158.15, 148.02, 143.36, 143.13, 134.49, 130.15, 129.42,
129.22, 126.03, 61.99, 52.65, 49.07, 31.86, 31.74, 26.33, 23.54,
20.80, 16.43. ESI-MS:m/z 554.5 [MþH]þ, C28H35N5O3S2 (553.22).
HPLC purity: 96.82%.

4.1.14. Synthesis of tert-butyl (1-(3-cyanophenyl)piperidin-4-yl)
carbamate (25a)
A mixture of 3-fluorobenzonitrile (24, 0.12 g, 1.0 mmol), tert-
butyl piperidin-4-ylcarbamate (0.24 g, 1.2 mmol), and potassium
carbonate (0.28 g, 2.0 mmol) in 10 mL of DMF was heated at
120 �C for 10 h. After cooling to room temperature, the reaction
solution was added to the 50 mL of water. The resulting precip-
itate was collected by filtration, washed with water (3 � 5 mL),
and dried to provide intermediate 25a as a white solid. Yield:
66%. ESI-MS: m/z 302.6 [M þ H]þ, C17H23N3O2 (301.18).

4.1.15. Synthesis of tert-butyl (1-(3-carbamoylphenyl)piperidin-
4-yl)carbamate (25b)
To a solution of intermediate 25a (0.30 g, 1.0 mmol) and sodium
hydroxide (0.04 g, 1.0 mmol) in EtOH (10 mL), hydrogen
peroxide (5 mL) was dropwise added in and stirred at 50 �C for
2 h. Then the reaction mixture was poured into water (10 mL) and
extracted with EtOAc (3 � 10 mL). The combined organic layer
was washed with saturated brine (3� 5 mL), dried over anhydrous
Na2SO4, filtered, and concentrated in vacuum to give intermediate
25b as a white solid. Yield: 62%, mp: 191e193 �C. ESI-MS: m/z
320.2 [M þ H]þ, C17H25N3O3 (319.19).

4.1.16. General procedure for the synthesis of intermediates 26a
and 26b
To a solution of 25a (0.30 g, 1.0 mmol) or 25b (0.32 g, 1.0 mmol) in
DCM (10 mL) was added trifluoroacetic acid (1.14 g, 10 mmol) and
the mixture was stirred at room temperature for 4 h. Then the re-
action solution was alkalized to pH 9 with saturated sodium bi-
carbonate solution and extracted with DCM (3 � 10 mL). The
combined organic layer was washed with saturated brine
(3 � 5 mL), dried over anhydrous Na2SO4, filtered, and concen-
trated in vacuum to provide intermediates 3-(4-aminopiperidin-1-yl)
benzonitrile (26a) or 3-(4-aminopiperidin-1-yl)benzamide (26b) as
a viscous oil and was used in next step without purification.

4.1.17. General procedure for the synthesis of target compounds
27a and 27b
BINAP (0.03 g, 0.05 mmol) and Pd2 (dba)3 (0.05 g, 0.05 mmol)
were first suspended in 1,4-dioxane (20 mL) under stirring at room
temperature for 15 min. Then the intermediate 26a (0.20 g,
1.0 mmol) or 26b (0.22 g, 1.0 mmol) and cesium carbonate
(0.97 g, 3.0 mmol) were added and the stir was continued for
another 10 min. Finally, intermediate 14a (0.33 g, 1.0 mmol) was
added. The mixture was backfilled with nitrogen fully and heated
at 100 �C for 12 h. After cooling to room temperature, the reaction
solution was filtered, and the obtained organic layer was purified
by silica gel column chromatography with MeOH:DCM (1:50) as
the eluent and finally recrystallized from EtOAc�PE to afford the
target compound 27a or 27b as a white solid.

4.1.17.1. 4-((2-((1-(3-Cyanophenyl)piperidin-4-yl)amino)-7,8-
dihydro-6H-thiopyrano[3,2-d]pyrimidin-4-yl)oxy)-3,5-
dimethylbenzonitrile (27a). White solid, yield: 43%, mp:
186e188 �C. 1H NMR (400 MHz, DMSO-d6): d 7.65 (s, 2H,
C3,C5-Ph

00-H), 7.34 (dd, J Z 8.5, 7.4, 1H, C5-Ph
0-H), 7.26 (s, 1H,

C2-Ph
0-H), 7.21 (d, J Z 8.5 Hz, 1H, C4-Ph

0-H), 7.09 (d,
J Z 7.4 Hz, 1H, C6-Ph

0-H), 6.82 (br, 1H, NH), 3.67 (s, 3H,
piperidine-H), 3.02 (p, 2H, C6-dihydrothiopyranopyrimidine-H),
2.70 (t, J Z 6.0 Hz, 3H, C8-dihydrothiopyranopyrimidine-H,
piperidine-H), 2.12 (t, J Z 5.7 Hz, 2H, C7-dihydrothiopyr-
anopyrimidine-H), 2.08 (s, 1H, piperidine-H), 2.07 (s, 6H,
CH3 � 2), 1.69 (s, 2H, piperidine-H), 1.35 (s, 2H, piperidine-H).
13C NMR (100 MHz, DMSO-d6): d 163.26, 157.91, 154.17,
151.25, 133.01, 132.73, 130.64, 121.53, 120.26, 119.84, 119.12,
118.11, 112.37, 108.58, 56.52, 47.19, 31.85, 31.16, 30.82, 26.31,
23.42, 18.98, 16.18. ESI-MS: m/z 497.2 [M þ H]þ, C28H28N6OS
(496.20). HPLC purity: 97.17%.

4.1.17.2. 3-(4-((4-(4-Cyano-2,6-dimethylphenoxy)-7,8-dihydro-
6H-thiopyrano[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)benza-
mide (27b). White solid, yield: 35%, mp: 232e234 �C. 1H NMR
(400 MHz, DMSO-d6): d 7.91 (s, 1H, C4-Ph

0-H), 7.68 (s, 2H,
C3,C5-Ph

00-H), 7.38 (s, 1H, C5-Ph
0-H), 7.29 (s, 1H, C2-Ph

0-H),
7.25 (s, 2H, CONH2), 7.03 (d, J Z 4.1 Hz, 1H, C6-Ph

0-H), 6.73 (s,
1H, NH), 3.65 (s, 3H, piperidine-H), 3.03 (d, J Z 5.4 Hz, 2H, C6-
dihydrothiopyranopyrimidine-H), 2.72 (t, J Z 6.3 Hz, 3H, C8-
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dihydrothiopyranopyrimidine-H, piperidine-H), 2.13 (t,
J Z 5.7 Hz, 2H, C7-dihydrothiopyranopyrimidine-H), 2.09 (s, 1H,
piperidine-H), 2.09 (s, 6H, CH3 � 2), 1.72 (s, 2H, piperidine-H),
1.42 (s, 2H, piperidine-H). 13C NMR (100 MHz, DMSO-d6):
d 168.71, 163.27, 157.95, 154.18, 151.18, 135.40, 133.01, 132.75,
129.25, 119.11, 118.66, 117.98, 115.09, 108.58, 56.50,
48.06, 31.88, 31.16, 26.32, 23.46, 19.04, 16.21. ESI-MS: m/z
515.2 [M þ H]þ, C28H30N6O2S (514.22). HPLC purity: 98.29%.

4.2. In vitro anti-HIV assay

The anti-HIV activity and cytotoxicity of the target compounds
were evaluated in MT-4 cells by using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
method. The MTT method is based on the HIV-induced cyto-
pathogenic effect (CPE) and measures the degree of cell killing
on HIV infection. Firstly, stock solutions (10 � final concen-
tration) of test compounds were added in 25 mL volumes to two
series of triplicate wells to allow simultaneous evaluation of their
effects on mock- and HIV-infected cells. Serial 5-fold dilutions
of test compounds were prepared directly in flat-bottomed 96-
well microtiter trays by adding 100 mL medium to the 25 mL
stock solution and transferring 25 mL of this solution to another
well that contained 100 mL medium via a Biomek 3000 robot
(Beckman Instruments, Fullerton, CA). Each sample contains
Inhibition ð%ÞZðOD value with RT but without inhibitors � OD value with RT and inhibitorsÞ=ðOD value with RT but without inhibitors

� OD value without RT and inhibitorsÞ � 100

ð1Þ
untreated control HIV- and mock-infected cell samples. HIV-1
WT strain (IIIB), HIV-1 resistant strains [K103N þ Y181C
(RES056), L100I, K103N, Y181C, Y188L, E138K, and
F227L þ V106A] stock (50 mL) at 100�300 CCID50 (50% cell
culture infectious dose) 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 of test compounds
on normal cells to assess their cytotoxicity. Exponentially
growing MT-4 cells were centrifuged for 5 min at 1000 rpm and
the supernatant was discarded. The MT-4 cells were resuspended
at 6 � 105 cells/mL and 50 mL volumes were transferred to the
microtiter tray wells. After infecting the MT-4 cells for five days,
the viability of mock- and HIV-infected cells was examined
spectrophotometrically by the MTT method. The MTT method is
based on the reduction of yellow-colored MTT (Acros Organics,
Geel, Belgium) by mitochondrial dehydrogenase in metaboli-
cally active cells to a blue�purple formazan that can be
measured spectrophotometrically. The absorbances were read in
an eight-channel computer-controlled photometer (Infinite
M1000, Tecan) at two wavelengths (540 nm and 690 nm). All
data were calculated using the median absorbance value of three
wells. The 50% cytotoxic concentration (CC50) was defined as
the concentration of test compounds that reduces the viability of
the mock-infected MT-4 cells by 50%. The 50% effective con-
centration (EC50) was defined as the concentration of test com-
pounds that achieves 50% protection against the cytopathic
effect of the virus in infected cells.
4.3. HIV-1 RT inhibition assay

The HIV-1 RT inhibition assay was conducted with an RT assay
kit (Roche, Basel, Switzerland) by using the ELISA method. All
the reagents for performing the RT reaction came from the kit
and the ELSIA procedures for the RT inhibition assay were
conducted following the description in the kit protocol. Briefly,
the reaction mixture containing HIV-1 RT, reconstituted tem-
plate and viral nucleotides [digoxigenin (DIG)-dUTP, biotin-
dUTP and dTTP] in the incubation buffer with or without in-
hibitors was incubated for 1 h at 37 �C. The reaction mixture
was transferred to a streptavidine-coated microtiter plate (MTP)
and incubated for 1 h at 37 �C. The biotin-labeled dNTPs that
were incorporated into the cDNA chain in the presence of RT
were bound to streptavidin. The unbound dNTPs were removed
with washing buffer and anti-DIG-POD working solution was
added to the MTPs. The DIG-labeled dNTPs incorporated in
cDNA were bound to the anti-DIG-POD antibody after incuba-
tion for 1 h at 37 �C. The unbound anti-DIG-PODs were washed
out and the peroxide substrate (ABTS) solution was added to the
MTPs. A color reaction occurred during cleavage of the sub-
strate catalyzed by POD. The absorbance of the sample was
determined using a microtiter plate ELISA reader (Multiskan
Sky, Waltham, MA, USA). The inhibition rate of the test com-
pounds was calculated by Eq. (1)
4.4. Cytochrome P450 inhibition assay

Compound 23h was incubated with human liver microsome and
NADPH cofactor in the presence of various CYP substrates:
phenacetin for CYP1A2, diclofenac for CYP2C9, S-mephenytoin
for CYP2C19, dextromethorphan for CYP2D6, and midazolam for
CYP3A4. Standard CYP enzyme inhibitors were also tested as
positive controls. To begin, a working solution (100 � ) of the test
compound 23h and standard inhibitors was prepared. Then, 20 mL
of substrate solution was added to the appropriate wells, while
20 mL of potassium phosphate buffer was added to the blank wells.
Next, 2 mL of the test compound and positive control working
solution was added to their respective wells. For the wells without
inhibitors, 2 mL of solvent was added, and for the blank wells,
2 mL of potassium phosphate buffer was added. To prepare the
microsome working solution (0.253 mg/mL), 0.114 mL of human
liver microsomes was combined with 8.886 mL of potassium
phosphate buffer. Next, 158 mL of the HLM working solution was
added to all wells of the incubation plate. The plate was pre-
warmed for 10 min in a 37 �C water bath. For the NADPH so-
lution (10 mmol/L), 62 mg of NADPH cofactor was added to
6.0 mL of MgCl2 buffer. Then, 20 mL of the NADPH cofactor was
added to all incubation wells. The plate was mixed and incubated
for 10 min in a 37 �C water bath. At the time point, the reaction
should be terminated by adding 400 mL of a cold stop solution
(containing 200 ng/mL tolbutamide and 200 ng/mL labetalol in
ACN). The samples were then centrifuged at 4000 rpm for 20 min
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to precipitate the protein. Next, 200 mL of the supernatant was
diluted with 100 mL of water and shaken for 10 min before the
LCeMS/MS analysis.

4.5. hERG channel inhibition assay

The hERG channel inhibition of compound 23h was determined in
HEK293 cells with stably transfected with hERG cDNA. HEK293
cells expressing hERG were plated in F12 dishes for 24 h and
maintained at 37 �C under 5% CO2. A micropipette was drawn out
from the borosilicate glass to give a tip resistance between 2 and
5 MU. For each trial, a single dish of cells was removed from the
incubator, washed twice with ECS, and placed on the microscope.
HEK293 cells in the exponential growth phase were collected and
resuspended in ECS for later use. The whole-cell recordings were
conducted with a commercially available patch-clamp amplifier.
The HEK293 cells were placed on the microscope stage, and one
cell in the recording tank was randomly selected for testing. The
perfusion system was fixed on an inverted microscope stage, and
the cells were continuously perfused with ECS. Tail currents were
evoked once every 15 s by a 1275 ms, �50 mV repolarizing pulse
following a 850 ms, þ60 mV depolarizing pulse with a hold
voltage of �80 mV. The voltage protocol started with a 50 ms
depolarization pulse of �50 mV, which served as the baseline for
calculating the peak tail current amplitude. Only stable cells with
recording parameters exceeding the threshold were used in the
experiments. The hERG currents were allowed to stabilize over a
3 min period under the condition that vehicle alone prior to test
compound application. The cells were kept in the test solution
until the peak tail current was stable (<5% change) for about 3
sweeps. Peak tail amplitudes were then plotted as a function of the
sweep number. Before testing the composite application, the
average of the three peak tail currents in the steady state was taken
as the control current amplitude. Four or five peak tail current
measurements at the steady state after test compound application
were averaged and used as the remaining current amplitude after
inhibition by the test compound. hERG inhibition rate was
calculated by Eq. (2):

Inhibition ð%ÞZ ½1 � ðRemaining current amplitudeÞ
= ðControl current amplitudeÞ� � 100

ð2Þ

4.6. In vivo pharmacokinetics assay

All animal treatments were performed strictly in accordance with
the institutional guidelines of animal ethical and welfare, after
gaining approval from the Medical Ethical Committee of Shan-
dong University. SpragueeDawley (SD) rats (180�200 g) were
purchased from the animal experimental center of Shandong
University and were randomly divided into two groups receiving
oral administration (20 mg/kg) or intravenous administration
(2 mg/kg). Research protocols complied strictly with the institu-
tional guidelines. Compound 23h and ETR were suspended in a
mixture solution of PEG-400 and normal saline. Blood samples
(200 mL each time) of the intravenous group were collected at 2, 5,
15, 30 min, 1, 1.5, 2, 4, and 8 h after dosing, and blood samples
(200 mL each time) of the oral administration group were collected
at 5, 15, 30 min, 1, 2, 4, 6, 8, 10, and 12 h after dosing. All the
plasma samples were obtained by centrifugation at 8000 rpm for
8 min, and immediately stored at �80 �C until analysis. LC�MS
analysis was used to determine the concentration of 23h and ETR
in plasma. Briefly, 50 mL of plasma was added to 50 mL of internal
standard and 300 mL of methanol in a 5 mL centrifugation tube.
All blood samples were centrifuged in an Eppendorf 5415D
centrifuge at 3000�g for 10 min and quantified by Agilent 1200
LC/MSD (Agilent, USA). The supernatant layer was collected and
a 20 mL aliquot was injected for LC�MS analysis. Standard
curves for 23h and ETR in blood were generated by the addition
of various concentrations of 23h and ETR together with an in-
ternal standard to blank plasma.

4.7. In vivo safety experiment

All animal treatments were performed strictly in accordance with
the institutional guidelines of animal ethical and welfare, after
gaining approval from the Medical Ethical Committee of Shan-
dong University. Kunming mice (15�19 g) were purchased from
the animal experimental center of Shandong University. Research
protocols complied strictly with the institutional guidelines.
Compound 23h was suspended in a mixture solution of PEG-400
and normal saline at the concentration of 100 mg/mL. All mice
had been fasted for 12 h, and then the mice in the test group were
administered intragastrically by gavage at a dose of 2000 mg/kg of
23h on the first day. The death, abnormal behaviors, and body
weight of these mice were monitored every day during the sub-
sequent 7 days.
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