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ABSTRACT:

We designed and synthesized a series of human immunodeficiency virus type 1
(HIV-1) non-nucleoside reverse transcriptase inhibitors (NNRTIs) with a
piperidine-substituted thiophene[3,2-d]pyrimidine scaffold, employing a strategy of
structure-based molecular hybridization and substituent decorating. Most of the
synthesized compounds exhibited broad-spectrum activity with low (single digit)
nanomolar ECsy values towards a panel of wild-type (WT), single-mutant and
double-mutant HIV-1 strains. Compound 27 was the most potent; compared with ETV,
its antiviral efficacy was 3-fold greater against WT, 5- to 7-fold greater against Y181C,
Y188L, E138K and F227L+V106A, and nearly equipotent against L100I and K103N,
though somewhat weaker against K103N+Y181C. Importantly, 27 has lower

cytotoxicity (CCsp >227 puM) and a huge selectivity index (SI) value (ratio of
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CCso/ECsp) of >159,101. 27 also showed favorable, drug-like pharmacokinetic and
safety properties in rats in vivo. Molecular docking studies and the structure-activity

relationships provide important clues for further molecular elaboration.

INTRODUCTION

Non-nucleoside reverse transcriptase inhibitors (NNRTIs) are a component of
Highly Active Antiretroviral Therapy (HAART) regimens used to treat human
immunodeficiency virus type 1 (HIV-1), the main causative agent of acquired immune
deficiency syndrome (AIDS),'” due to their potent antiviral activity, high selectivity,
modest toxicity and favorable pharmacokinetics.6 NNRTIs distort the enzyme’s active
site and perturb the alignment of the primer terminus by interacting in a
noncompetitive manner with the allosteric site (NNRTIs binding pocket, NNIBP)
about 10 A distant from the polymerase active site of RT, resulting in inhibition of the
reverse transcription step of HIV-1 replication.® Nevirapine (1, NVP), delavirdine (2,
DLV) and efavirenz (3, EFV) are first-generation NNRTIs for AIDS therapy,
exhibiting potent anti-HIV-1 activity, but some toxicities (for example, hepatotoxicity
and severe rash are associated with the use of nevirapine, while efavirenz has central
nervous system side effects.).” However, there is a low genetic barrier for viral
resistance, and drug-resistant mutants rapidly emerge, including K103N, Y181C,
Y188L single mutants and K103N/Y181C double mutant (RES056); among them,
K103N and Y181C are the two most prevalent mutations in vivo, primarily selected

by nevirapine and efavirenz, and this has limited the clinical usefulness of the
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first-generation NNRTIs.*’ Second-generation NNRTTIs include the recently approved
drugs etravirine (4, ETV) and rilpivirine (5, RPV), both of which are the members of
the diarylpyrimidine (DAPY) family.'” Another DAPY derivative, dapivirine (6,
TMC120) has emerged as a microbicide with great potential for the prevention of
transmission of HIV-1 infections, showing favorable pharmacokinetics when
delivered through gels or vaginal rings."" Structure-activity relationship (SAR) studies
led to the identification of three regions (A, B, C) of the DAPY scaffold (Figure 1).
The DAPY inhibitors adopt a conformationally flexible horseshoe shape in the NNIBP,
showing both torsional flexibility (“wiggling””) and repositioning and reorientation
(“jiggling”), which may serve to minimize the loss of binding stabilization caused by
mutations.'? Consequently, they exhibit a broad spectrum of activity against wild-type
(WT) and clinically relevant HIV-1 mutant strains, with nanomolar ECsy values. The
genetic barrier to emergence of drug resistance is higher than with the first-generation
NNRTIs.'"” However, hypersensitivity reactions or other adverse effects have been
reported with second-generation NNRTIs.® Also, although drug resistance is delayed,
it continues to emerge in patients receiving second-generation NNRTIs regimens.13
Among resistance mutations, K103N and E138K are most frequently selected by
etravirine and rilpivirine.'"* Therefore, considerable effort has been directed to find
new DAPY analogues that retain activity against NNRTIs-resistant mutants, including

K103N, Y181C, Y188L and E138K.
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Figure 1. Chemical structures of five NNRTIs approved by the US FDA and dapivirine, a

microbicide in the DAPY family.
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Figure 2. Design strategies used in our previous and present studies to obtain structurally
elaborated DAPY-based NNRTIs utilizing the thiophene[3,2-d]pyrimidine scaffold. The
illustration of the co-crystal structure of etravirine/RT was generated using PyMOL
(www.pymol.org).

Detailed analysis of a wide range of crystal structures of HIV-1 RT/NNRTI
complexes, together with data on drug resistance mutations, has identified several
factors important for the design of NNRTIs with broad-spectrum activity against
mutant HIV-1 strains;'> these factors include extensive main-chain hydrogen bonding
interactions (double hydrogen-bonding chelate with the Lys101/Lys103 backbone)'®"’
and addition of a heterocyclic motif to the parent compound to maximize interactions
with highly conserved residues in the HIV-1 RT binding pocket.'®

Based on the crystallographic studies, it was concluded that NNIBP contains
solvent-accessible regions that provide broad regions that are potentially available to
accommodate novel NNRTTs, such as tolerant region I (the Pro236 hairpin loop) and
tolerant region II (the entrance channel, i.e. the largely open region in front of Lys103,
Glu138 and Val179).">!®

By the classical definition for drug design, an active molecule should efficiently
enter and maximally occupy the binding pocket, thereby interacting effectively with
the amino acids around the binding site.'” The availability of crystallographic
structures of RT/DAPYs, together with the results of medicinal chemistry studies,

have enabled structure-based design of various NNRTI sub-classes with promising

activity profiles against mutant strains. In our lab, we have made great efforts to
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utilize these two tolerant regions in the NNBIP in order to develop potent and highly
selective DAPY's derivatives as antiviral agents active against the prevalent mutations
in clinical HIV-1 isolates, as shown in Figure 2.

Regarding the tolerant region I, we recently reported the addition of a
functionalized side tail to the known DAPY NNRTIs. The resulting
piperidine-substituted triazine/aniline derivatives (exemplified by 7 (XC-6b3) and 8
(LZ-5a6)) showed higher potency against WT, but had only weak (7: ECsp = 0.56 uM)
or no activity (8: ECso > 234 uM) against the K103N/Y181C double mutant resistant
strain.'” The aromatic p-cyanoaniline moiety (A-ring) in ETV and RPV was replaced
with various substituted benzyl-linked piperidin-4-yl-amino moieties, as we
anticipated several advantages of introducing such structures. Firstly, the N atom of
the piperidine can form an additional H-bond with Lys103 through a water bridge,
which might contribute to an improved resistance profiles.'®!” Thus, the
piperidine-linked NH might serve as a Lys101/Lys103 double backbone chelate motif,
because all NNRTIs can form direct or water-mediated hydrogen bonds with these
amino acids in the protein backbone. Secondly, the substituted benzyls are directed
toward the protein-solvent interface (the Pro236 hairpin loop) and are available to
participate in additional hydrogen bonds with key residues of the NNIBP. Thirdly, the
polar substituted benzyl-linked piperidin-4-yl-amino moiety could contribute to
improved physicochemical and pharmacokinetic properties.*’

On the other hand, the entrance channel is another relatively unexplored open

region in the NNIBP; this region extends into the solvent-exposed region, and is
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surrounded by several relatively inflexible residues, Leul00, Lys101, Glul38 and
Val179.>' The entrance channel therefore represents another attractive tolerant region
that would be available to accommodate diverse groups, providing additional scope
for the generation of novel inhibitors.****

At the beginning of our endeavor to identify new DAPYs by establishing novel
binding interactions with the solvent-accessible entrance channel and to further
expand the chemical scope of the core ring system, we adopted an isosteric
replacement strategy to morph the central six-membered heterocyclic core to several
fused heterocycles bearing bridgehead nitrogen, such as pyrazolo[1,5-a]pyrimidine
and [1,2,4]triazolo[1,5-a]pyrimidine (exemplified by 9 (YT-5a) and 10 (LW-7n),
respectively). Although these representative compounds displayed potent activity
toward WT HIV-1 at low nanomolar concentrations, with high selectivity (Figure 2),
they exhibited weak potency against the K103N/Y181C double mutant HIV-1 strain
(for 10: ECso = 7.6 uM).”

Specific nonpolar interactions-based scaffold decoration has recently
experienced a renaissance, gaining increased recognition as a useful tool in NNRTIs
discovery.26 Continuing our research project, we therefore turned our attention to the
introduction of small hydrophobic groups at the 5,6-positions in the central
pyrimidine ring of DAPY NNRTIs, aiming to establish nonpolar interactions with
hydrophobic side chains of residues in the entrance channel cleft. In the present work,

we further explored privileged and synthetically accessible piperidine-substituted

thiophene[3,2-d]pyrimidine derivatives, in which the thiophene[3,2-d]pyrimidine
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structure replaces the pyrimidine (B-ring) of the lead compound, ETV. In principle,
the sulfur atom of thiophene[3,2-d]pyrimidine occupies the same position as the
bromo atom of ETV. The lone-pair electrons and atomic radius (r = 104 pm) of the
sulfur atom are similar to those of the bromo substituent of ETV (r = 114 pm), and
there could be a strong electrostatic  interaction  between  the
thiophene[3,2-d]pyrimidine scaffold and Vall79. Next, the p-cyanoaniline moiety
(A-ring) was replaced with different substituted benzyl-linked piperidin-4-yl-amino
moieties. In the resulting compounds, the piperidin-4-yl-amino and the N atom at the
1-position of the thiophene[3,2-d]pyrimidine can form multiple hydrogen bonds with
the backbones of Lys101 and Lys103. The trisubstituted phenoxy ring (C-ring), which
plays a crucial role in aryl-aryl interactions with Tyr181, Tyr188, Phe227 and Trp229,
was retained. We expected that all these factors would allow the novel
thiophene[3,2-d]pyrimidine derivatives to occupy the NNIBP more effectively,
strengthening the binding interactions with residues of the NNIBP.

Thus, we report here the design and synthesis of a series of novel
thiophene[3,2-d]pyrimidine derivatives with different aryl substituents varying in
size, polar group substitution and electronic nature on the piperidin-4-yl-amino moiety.
Anti-HIV activity evaluation showed that these compounds have potent,
broad-spectrum profiles against WT and resistant mutant strains of HIV-1, being
superior in these respects to the approved drug ETV. A pharmacokinetics study of the
most potent compound, 27, in rats showed that it has favorable, drug-like

pharmacokinetics. Also, a detailed consideration of the SARs of this series of
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derivatives suggested opportunities for further elaboration of these compounds.
CHEMISTRY

The newly designed thiophene[3,2-d]pyrimidine derivatives were synthesized
according to the an efficient and reliable method, previously reported for the DAPY

family,*”?®

as outlined in Scheme 1. The synthetic work was started from
commercially available 2,4-dichlorothiophene[3,2-d]pyrimidine (11); successive
nucleophilic substitution reactions with substituted phenols (12a and 12b) and
4-(tert-butoxycarbonyl)-aminopiperidine (14) in the presence of potassium carbonate
and N N-dimethylformamide afforded the key intermediates 15a and 15b.
Deprotection with trifluoroacetic acid at room temperature in dichloromethane
afforded the corresponding analogues 16a and 16b, which were led to the target
compounds 17-37 and 38-48 by nucleophilic substitution with substituted benzyl
chloride (or bromine) or 4-picolyl chloride hydrochloride in the presence of potassium
carbonate. All new thiophene[3,2-d]pyrimidines were fully characterized by proton
nuclear magnetic resonance (‘H NMR), carbon nuclear magnetic resonance (*C

NMR), and electrospray ionisation mass spectrometry (ESI-MS). Purity of all

compounds was determined to be >95% by analytical HPLC (Table S1 in Supporting

Information).
Boc R
Y — /<>\ L /<>\ Q /<>\ Q /<>\
NH
/
s
1 13a,R=CN 15a, R=CN 16a, R =CN 17-37,R=CN

13b, R =CHj 15b, R =CHj 16b, R =CHj 38-48, R = CH3

Scheme 1. Reagents and conditions: (i) substituted phenols (12a or 12b), DMF, K,CO;, r.t.; (ii)
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4-(tert-butoxycarbonyl)aminopiperidine (14), DMF, K,COs, reflux, 12h; (iii) TFA, DCM, r.t.; (iv)
substituted benzyl chloride (or bromine) or 4-picolyl chloride hydrochloride, DMF, K,CO;, r.t.
RESULTS AND DISCUSSION

Table 1. Anti-HIV activity and cytotoxicity of target compounds 17-25

Page 10 of 65

CN
6)
S~ N /O | X R
\ \NJ\N 2574
H 3
ECso (nM) SI
compd R CCso(nM)
I RES056 ROD JLIIY RES056

17 4-CN 5.86+3.49 4404260 >5370 5360+760 914 12

18 2-CN 5.714+2.89 810+140 >5780 5790+£2410 1014 7

19 4-Br 26.56+3.94 2030+920 >24320 24320+2520 916 12

20 2-CH; 9.40+2.06 78090 >10360 10360+8270 1101 13

21 3-CN 4.14+0.21 360+130 >4530 45204310 1091 13

22 4-COOCH; 3.2542.18 700£140 >41390 41390+20000 12740 59

23 3-F 4.40+2.73 290+60 >76740 76740+22030 17451 267

24 2-F 8.234+0.36 24200+18490 >189400 189400+39480 23011 8

25 4-NO, 7.57+0.23 520+150 >4660 46604200 615 9
NVP - 312+56 >7590 - >15020 48.08 >orX2-
3TC - 2240+820 - 8790+2910 >87240 >39
AZT - 7.1£2.9 10£9.2 6.6+1.4 >93550 >13144 >9149
EFV - 6.02+2.0 156.1+14.9 - >6340 >1014 >41
DLV - 653623 >43810 - >43810 >67 X1
ETV - 4.1+0.2 25.0£3.0 - >4590 >1127 >184

“ ECsp: concentration of compound required to achieve 50% protection of MT-4 cell cultures against
HIV-1-induced cytotoxicity, presented as the mean + standard deviation (SD) and determined by the
MTT method.

» CCsp: concentration required to reduce the viability of mock-infected cell cultures by 50%, as
determined by the MTT method.

“SI: selectivity index, the ratio of CCso/ECs.

The first phase of our new explorations involved determining the suitability of
the thiophene[3,2-d]pyrimidine core. For this purpose, we kept the
2,6-dimethyl-4-cyanophenyl structure constant in the left ring and used a small set of

substituted benzyl-linked piperidin-4-yl-amino moieties as the right ring. It can be
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observed that the nine newly synthesized derivatives 17-25 were evaluated for
anti-HIV activity and cytotoxicity in MT-4 cell cultures infected with WT HIV-1
strain (IIIB), double-mutant strain RES056 (K103N+Y181C) and a HIV-2 strain
(ROD). Nevirapine (NVP), lamivudine (3TC), delavidine (DLV), efavirenz (EFV),
etravirine (ETV) and azidothymidine (AZT) were selected as reference drugs. The
values of ECsp, CCso and SI (selectivity index, i.e., CCso/ECsy ratio) are summarized
in Table 1. All nine compounds exhibited high potency against the WT HIV-1 strain
with low nanomolar ECs, values ranging from 3.2 to 26 nM and SI values between
615 and 23,011, which are superior to those of the reference drugs (3TC, NVP, EFV,
DLV, AZT) and comparable to those of the second-generation NNRTI drug ETV. As
expected, the compounds did not inhibit the HIV-2 strain. 22 turned out to be the most
potent HIV-1 inhibitor with an ECsq value of 3.2 nM and a high SI of 12,740 in this
initial assay, being slightly more potent than ETV.

The position of the substituents in the right phenyl ring has some influence on
the anti-HIV activity. For instance, compounds 17-25 are basically equipotent on WT
HIV with the exception of compound 19. Specifically, addition of a cyano group at
the C, or C4 position in the phenyl ring (18 and 17) resulted in similar ECs, values of
5.7 nM and 5.8 nM respectively, whereas the Cs;-cyano analogue 21 had an ECs value
of 4.1 nM. The activity was also influenced by the electronic nature or steric demand
of substituents in the right phenyl ring. For example, introduction of a nitro group at
the C4 position yielded a 7.5 nM inhibitor (25), while bromine at this position (19)

reduced the potency to 26.5 nM. Placement of a methyl group at the C,-position
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yielded 20, which was found to have similar potency to the 2-fluoro derivative 24.

As regards activity towards the double-mutant strain RES056, 23 was the most
potent compound with an ECsy value of 290 nM, which is comparable to that of EFV
(ECso = 156.1 nM). It showed a moderate SI value (267) towards WT and RES056
mutant HIV-1 strains. These encouraging data provided some support for our
hypothesis that introduction of thiophene[3,2-d]pyrimidine to replace the central
B-ring of DAPYs would be feasible and effective. Interestingly, the 2-fluoro
counterpart of 23, i.e., 24, showed a marked decrease of potency against RES056
mutant strain. Thus, the anti-resistance potency of the compounds is also dependent
on the position of the substituents in the right phenyl ring. In addition to influencing
the antiviral activity, the shapes and volumes of substituents on the right phenyl ring
also had a major influence on the cytotoxicity (CCsp), so we continued our exploration
of this fused heterocyclic motif.

Based on the preliminary SARs of these novel thienopyrimidine analogues and
our previous investigations in other DAPY series, we decided to introduce some
hydrophilic groups on the aryl moiety directed toward the protein-solvent interface,
and we synthesized 12 new compounds (26-37) in the 2,6-dimethyl-4-cyanophenyl
series. In addition, based on the structural characteristics of dapivirine in conjunction
with previous studies,”* we replaced the cyano group of the left ring with a methyl
group to obtain a new 2,4,6-trimethyl-phenyl series (11 compounds, 38-48). The
anti-HIV activity of these compounds was evaluated in the MT-4 cell line against WT

HIV-1 (IlIB), HIV-2 strain (ROD), and a panel of NNRTIs-resistant single- and
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double-mutant strains (L1001, K103N, EI138K, Y181C, Y188L, KI103N+Y181C
(RES056) and F227L+V106A), which are common clinical mutations in HIV-infected
patients. Nevirapine (NVP), efavirenz (EFV), etravirine (ETV) and azidothymidine
(AZT) were selected as reference drugs. The ECsy, CCsy and SI values obtained are

summarized in Tables 2, 3 and 4.

Table 2. Anti-HIV activity and cytotoxicity of 26-37 and 38-48

R
o}
S~Z>N N ar
&L O
N~ N
H
ECsy(nM)” SI¢
compd R Ar CCso(nM)?
I1IB ROD I1IB
26 CN 4-SO,Me-Ph 22.1£11.0 >22312 2231243453 1005
27 CN 4-SO,NH,-Ph 1.4+0.4 >227890 >227890 >159101
28 CN 4-F-Ph 7.5+1.3 >140940 140940+19443 18708
29 CN pyridine-4-yl 10.3+1.2 >20621 20621+4744 1999
30 CN 2,4-diF-Ph 22.0+0.9 >4082 4081.8+701.2 185
31 CN 3-SO,NH,-Ph 2.4+1.1 >227800 >227800 >96006
32 CN 4-NHSO,;Me-Ph 1.5+£0.3 >68266 6826671241 44221
33 CN 4-SO,NHMe-Ph 1.5+0.4 >4422 4422+1546 2789
34 CN 4-CONH,-Ph 1.4+0.07 >95350 95352427689 66867
35 CN 3-CONH,-Ph 2.5+0.3 >48760 >48760 >19216
36 CN 4-COOEt-Ph 160.7+£3.7 >230700 =230700 =1436
37 CN 4-SO,NHCOMe-Ph 5.2+0.9 >3027 >3027 576
38 CH; 4-SO,Me-Ph 57+1.4 >3416 3417+1043 595
39 CH; 4-CO,Me-Ph 15.4+11.8 >24873 2487342177 1612
40 CH; 4-F-Ph 25.7+12.7 >11948 11948+7041 465
41 CH; 3-F-Ph 39.1+£6.8 >24591 24591+5262 628
42 CH; 3-CN-Ph 21.1£1.0 >17238 17238+6753 819
43 CHs pyridine-4-yl 7.6£1.3 >5653 56532002 747
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44 CH; 2,4-diF-Ph 36.8+8.8 >13958 1395845207 380
45 CH;3 4-CONH»-Ph 6.5+2.6 >5814 581442294 896
46 CH;3 3-CONH,-Ph 14.448.6 >7638 7638+3891 531
47 CH; 4-SO,NH,-Ph 3552+848 >16460 1646048026 2
48 CH; 4-NO,-Ph 31.845.2 >6394 6394+3429 201
NVP - - 250+65.6 - >15.0207 >60
EFV - - 5.0+02.1 - >6.3355 >1258
ETV - - 4.1£0.1 - >4.5946 >1128
AZT - - 5.8+4.0 - >7.4836 >1228

“ ECsp: concentration of compound required to achieve 50% protection of MT-4 cell cultures against
HIV-1-induced cytotoxicity, as determined by the MTT method.

» CCsp: concentration required to reduce the viability of mock-infected cell cultures by 50%, as
determined by the MTT method.

“SI: selectivity index, the ratio of CCso/ECs.

Firstly, we will discuss the activity of the 2,6-dimethyl-4-cyanophenyl series
towards WT HIV-1. These twelve newly synthesized compounds clearly showed more
potent inhibition than the initial nine compounds in this series. In particular, 27 and
31-35 displayed prominent inhibitory activity with ECsq values of 1.4 nM to 2.5 nM,
being more potent than the reference drugs AZT (ECso = 5.8 nM), EFV (ECsp = 5.0
nM) and ETV (ECsy = 4.1 nM). On the other hand, 26, 28, 29, 30 and 31 (ECso = 5.2
nM) were equipotent with ETV, or less potent. It was concluded that the activity is
very sensitive to substitution at the para-position. The order of potency of the
para-substitution at the right phenyl ring was as follows: -SO,NH,; (27, ECs5y = 1.4
nM) = -CONH, (34, ECso = 1.4 nM) ~ -NHSO;Me (32, ECsp = 1.5 nM) =
-SO,NHMe (33, ECsp = 1.5 nM) ~ -SO,NHCOMe (37, ECsp = 5.2 nM) > -F (28,
ECso = 7.5 nM) > -COOEt (36, ECso = 160.7 nM), indicating that polar groups, such
as unsubstituted sulfamide and amide, are preferred over groups with lower polarity,

such as substituted sulfamide, fluorine or ester.
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It was particularly noteworthy that when the -CO,Me group of the 22 was
replaced with -CO,Et (36), the increased length of the carbochain reduced the activity
about 50-fold (ECsyp = 160.7 nM), but 36 exhibited no cytotoxicity at the
concentration of 230 uM. Detailed comparison of the activities of 26 with 27 and 34
with 36 suggested that a hydrogen-bond donor group at the 4-position in the phenyl
ring strengthens the interaction with the NNRTI binding site. Subsequent N-acylation
of SO,NH; of 27 gave the 5.2 nM inhibitor 37, which is as potent as the reference
drug ETV (ECsy = 4.1 nM); however, 37 shows reduced activity and increased
cytotoxicity compared with 27, suggesting that increased hydrophobicity and steric
bulk at the para-position impact negatively on the activity and cytotoxicity.

In addition, it is noteworthy that fluorine substitution at the C4-position gave the
7.5 nM compound 28, which is equipotent with the C,-fluorine compound (24, ECsy =
8.2 nM), whereas the simultaneous presence of fluorines at C, and C4 in the phenyl
ring was significantly detrimental: the potency was reduced to 22 nM and the
cytotoxicity was increased 4.08 uM. On the whole, para substitution of the phenyl
moiety on the right ring, relative to the meta-position, seems favorable for antiviral
potency, as suggested by comparison of 27/31 and 34/35.

The cytotoxicity is also strongly dependent on the nature of the substituents at
the para-position of the phenyl ring. For instance, 27 and 31 with -SO,NH,
substitution at C4 and Cs in the phenyl ring showed no cytotoxicity (CCsg) up to the
maximum tested concentration of 227 uM, while addition of a methyl group to

-SO,NH; (33) sharply increased the cytotoxicity to 4.4 uM (>51.7-fold increase).
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Compared to 27 and 31, 34 and 35 bearing a -CONH, group showed moderate
cytotoxicity. Replacement of the SO,NH; group at C4 in the phenyl ring with SO,Me
yielded 26, which showed reduced cytotoxicity and decreased potency.

Furthermore, the pyridine derivative 29 showed an acceptable anti-HIV-1 profile,
with an ECsy of 10.3 nM against WT HIV-1 (Table 2). These results support the idea
that introduction of structurally diverse heterocycles in this region could be a valid
strategy to discover novel molecules with appreciable antiviral potency.

Next, we turned our attention to the SAR of the R substituent at the
para-position of the left ring. The activities of the 2,4,6-trimethylphenyl series (38-48)
were much lower than those of the 2,6-dimethyl-4-cyanophenyl series, except for 38
and 43, which showed an improvement of ECs to 5.7 nM and 7.6 nM compared with
26 and 29, respectively. Moreover, nearly all of the 2,4,6-trimethylphenyl series
compounds exhibited higher cytotoxicity than the 2,6-dimethyl-4-cyanophenyl series.
All these results indicate that the cyano group plays a key role in enhancing the
antiviral potency and reducing cytotoxicity. Preliminary SAR of the para-substituent
group in the phenyl ring indicated the following order of activity towards WT HIV-1:
-SO,Me (38: ECsp = 5.7 nM) =~ -CO,NH,; (45: ECs) = 6.5 nM) > -CO,Me (39: ECs
= 15.4 nM) > F (40: ECsp = 25.7 nM) > NO, (48: ECsp = 31.8 nM). 47 bearing the
SO,NH, substituent showed sharply weaker activity than the corresponding derivative
27. This seems to be a good example of an activity cliff (in particular, a 3D activity
cliff), where pairs of compounds with similar structure exhibit a large difference in

activity proﬁle.zg’3 0 High sensitivity of the activity profile to molecular configuration
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is related to the flexibility of the binding pocket and the induced-fit mechanism of the
NNRTIs (vide supra).

Similarly, variation of the position of the substituent in the right ring (from the
para-position to the meta-position) resulted in slightly reduced potency (40/41, 45/46),
which is consistent with the SAR conclusions in the 2,6-dimethyl-4-cyanophenyl
series.

The activity of the synthesized derivatives was further evaluated against a panel
of clinical relevant HIV-1 mutant strains, including L1001, K103N, Y181C, Y188L,
E138K, F227L+V106A and RES056, in MT-4 cells. The results are summarized in
Table 3. Generally speaking, compounds that displayed potent activity against WT
HIV-1 virus also showed potent activity against mutant HIV-1 strains. Nearly all of
the compounds in the 2,6-dimethyl-4-cyanophenyl series exhibited high potency
against mutant HIV-1 replication, with nanomolar ECsy values and much higher SI
values than EFV, comparable to those of ETV and AZT, with the exception of 36.
Regarding the fold resistance (RF, ratio of ECsy against mutant strain/ECsy against
WT strain), most compounds exhibited low RF values towards L1001, K103N, Y181C,
Y188L, E138K and F227L+V106A, as shown in Table S2 (see Supporting
Information). Indeed, the most potent compound 27 showed nearly the lowest RF
value (< 3) towards these mutants with the exception of RES056, and was comparable
to ETV in this regard.

Notably, derivatives with hydrophilic substituents in the phenyl ring, such as

4-SO,NH;, 3-SO,NH;, 4-NHSO,Me, 4-SO,NHMe, 4-SO,NHCOMe and 4-CONH,,
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were as potent as ETV or more potent towards nearly all the mutants, with the notable
exception of the 3-CONH,; substituent (35, 36), which resulted in substantially
reduced antiviral activity. Replacement of hydrophilic groups in the phenyl ring with
hydrophobic groups (such as 27 vs. 28, 36; 45 vs. 40, 41 and 42) markedly reduced
the activity towards the mutants, as well as towards WT HIV-1 strain.

In the case of the L1001 mutant HIV-1 strain, 27 and 33 exhibited potency of 3.4
nM and 4.5 nM, respectively, being far more potent than EFV, showing the same
potency as ETV, and comparable to AZT. As for K103N, which is the most common
mutation emerging in HIV patients treated with EFV, eleven compounds provided
single-digit-nanomolar activity. In particular, 33 (ECso = 1.5 nM) was notably more
active than ETV and AZT. Further, compounds 27 and 32-34 showed
single-digit-nanomolar inhibitory activity towards the single mutants Y181C, Y188L
and E138K, with ECsy values ranging from 2.9 nM to 8.2 nM (at least 2-7 fold more
potent than ETV). 31 and 37 were also highly potent inhibitors toward Y188L and
E138K, with greater potency than ETV; however, both derivatives exhibited reduced
inhibition of the Y181C strain. Intriguingly, seven compounds (27, 31-35 and 37) in
the 2,6-dimethyl-4-cyanophenyl series displayed greater potency than ETV against
E138K, a major mutation conferring resistance to the new-generation drug rilpivirine
(5, RPV). In particular, 27, 31 and 34 had high anti-resistance potency, with RF =
2.0-3.1 for E138K.”

Against the double-mutant strain F227L+V106A, derivatives with hydrophilic

substituents in the phenyl ring were all superior to ETV, except for 32, indicating that
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4-NHSO,Me is unfavorable for activity towards this mutant strain. Among all the
derivatives, 27 and 33 showed the greatest potency against the double mutation
RES056 (ECsp = 30.6 and 32.4 nM), being slightly inferior to ETV (ECsp = 17 nM),
but they were less potent towards K103N and Y181C.

However, the 2,4,6-trimethylphenyl series showed weaker activity than the
2,6-dimethyl-4-cyanophenyl series, with the exception of 38 bearing a SO,CHj;
substituent. 38 exhibited remarkable potency against several key mutant strains.
Indeed, it turned out to be a 23.9 nM inhibitor of F227L+V106A, being more potent
than ETV. 45 was also effective against E138K. In contrast, 47 with the SO,NH,
substituent showed greatly reduced activity compared to 27, which may represent
another example of the activity cliff concept. 44 with fluorine substitution at both C,
and C; of the phenyl ring also showed reduced potency compared with
mono-fluorine-substituted 40 and 41.

Among all the compounds examined, 27 showed outstanding antiretroviral
potency against most of the viral panel, being about 3-fold (WT, ECsy = 0.14 nM),
1.6-fold (L1001, ECso =3.4 nM), 5-fold (Y181C, ECso = 3.2 nM; E138K, ECsp = 2.9
nM) and 7-fold (Y188L, ECsy = 3.0 nM; F227L+V106A, ECsy = 4.2 nM) more potent
than the reference drug ETV in the same cellular assay, and remarkably superior to
that of the reference drugs NVP and EFV. Importantly, 27 showed no cytotoxicity at
concentrations up to 227uM, resulting in a huge SI value (CCso/ECsg) of >159,101
compared with that of ETV (CCsy> 4.59 uM; SI > 1128). Since this novel chemotype

has activity against a broad range of NNRTIs-resistant mutant viruses, we believe that
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compounds of this class have enormous potential as anti-HIV drug candidates.

To validate the binding target of these novel thienopyrimidine derivatives, some
representative compounds were also tested for ability to inhibit recombinant WT and
K103N/Y181C double-mutant HIV-1 RT enzymes; the results are shown in Table 4.
In this assay, all the tested compounds exhibited potent inhibitory activities toward
WT with ICs values ranging from 0.21 to 1.68 uM, being superior to the reference
drug NVP. These compounds were also comparable in potency to EFV against
double-mutant RT, with the 1Csy values ranging from 0.36 to 46.37 uM. Generally, the
SAR for inhibitory potency appeared to be consistent between HIV-1 replication and
RT activity. Hydrophilic substituents on the phenyl ring were beneficial for inhibitory
activities against both WT and double mutant RT (27, 29, 38 and 43).

Compound 43 with a pyridine-4-yl substituent in the phenyl ring displayed the
most potent activity towards WT RT with an ICsy value of 0.21 pM, while the
inhibitory activity against double-mutant RT was reduced to 1.26 pM (FR = 6.0).
Another potent inhibitor of WT RT (ICsp = 0.30 uM), the C4-SO,NH, derivative 27,
also showed more potent inhibitory activity against double-mutant RT than the
reference drug EFV, and it also showed a low FR value (1.20) with respect to WT RT.
It seems that the binding mode of 27 was not affected by the K103N/Y181C mutation
and was consistent with the interactions reported for the WT strain. These results
demonstrated that representative compounds displayed high affinity for WT and
double-mutant HIV-1 RT, and support the view that the target of the newly

synthesized compounds is HIV-1 RT.
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1

2

4 It is noteworthy that the antiviral activities of the best compounds in this study
5

? (the pyridine-4-yl 43 and the sulfonamide 27) were inconsistent with their
8 . . . . . .

9 enzyme-inhibitory potencies to some extent. These differences are considered to be
10

g due to template-specific variation in the relationship between HIV-RT-RNA binding
13 . . .

14 affinity and polymerase processivity, and have been observed in most NNRTI
15

i? series.’' Besides, since these molecules have multiple hydrogen bond donor and
18 . . . g .

19 acceptor sites, there is a high probability of formation of cocrystals or salts. Therefore,
20

g; the differences between the two assay systems can be attributed at least in part to
23 . . . . . . . . . oy

24 differences in the physiochemical properties (especially the intrinsic solubility).

25

26 Table 4. Inhibitory activity of compounds 26-29, 38-44 against HIV-1 RT (WT and
27

28 K103N/Y181C double mutant).

29 ICso(nM)? (fold resistance)®

30 Compd Ar B

31 P WT K103N/Y181C double

32 mutant

gi 2 4-SO,Me-Ph 1.51:0.09 (1) 2.830.39 (1.87)

35 27 4-SO,NH,-Ph 0.300.06(1) 0.3620.06 (1.20)

g? 28 4-F-Ph 0.810.06 (1) 2.57+0.16 (3.17)

38 29 pyridine-4-yl 1.30+0.22 (1) 3.74+0.06 (2.87)

zg 38 4-SO,Me-Ph 0.65+0.08 (1) 2.50+0.40 (3.84)

41 39 4-CO,Me-Ph 1.24+0.15 (1) 12.34£0.21 (9.92)

42 40 AF-Ph 1.2340.07 (1) 6.57+1.80 (5.34)

43

44 41 3F-Ph 0.790.02 (1) 40.4+25.3 (51.2)

45 £ 3.CN-Ph 1.06+0.01 (1) 5.57+0.67 (5.25)

46

47 43 pyridine-4-yl 0.21£0.01 (1) 1.26+0.27 (6.0)

48 44 2,4-diF-Ph 1.6+0.21 (1) 46.37+ 5.18(30.0)

49

50 NVP - 2.32(1) -

o1 EFV - 0.03 (1) 1.42 (47.3)

gg ETV - 0.011+0.000° 0.09

54 “ICsp: inhibitory concentration of test compound required to inhibit biotin deoxyuridine
55 triphosphate (biotin-dUTP) incorporation into HIV-1 (WT, K103N/Y181C double mutant) RT by
gs 50%.

58 beld resistance (FR) ICSO(KIOSN/Y]XIC mutant RT)/ICSO(WT RT) ratio.

59

60
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“The data were obtained from the same laboratory (Prof. Erik De Clercq, Rega Institute for

Medical Research, K.U. Leuven, Belgium).zse

MOLECULAR MODELING STUDIES

To obtain further insight into the allosteric binding of the thienopyrimidine
derivatives to the NNIBP of RT and to gain a deeper understanding of key structural
aspects of their interaction, we performed molecular docking studies for
representative compounds 27, 32, 33, 34 and 43 by using the software SurflexeDock
SYBYL-X 2.0. Docking results were visualized with PyYMOL. The starting point to
establish the most suitable settings for docking experiments was the crystallographic
structure of the co-crystal of WT RT with an analogue (PDB ID: 3M8Q). The docking

protocol is described in the computational section.

(a) (b)

Figure 3. Predicted binding modes of 27 with the HIV-1 WT RT crystal structure (PDB: 3M8Q).
(a) Overview; (b) View looking inward along the enzyme-solvent interface (tolerant region I, the
Pro236 hairpin loop), showing the solvent-exposed lower surface of the benzene sulfonamide
group in 27. The hydrogen bonds between the inhibitors and amino acid residues are indicated
with dashed lines (yellow). Ligand carbon atoms are shown in cyan, and protein carbon atoms in

green. Hydrogen atoms are not shown for clarity.
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39 Figure 4. Predicted binding modes of 32 (a), 33 (b), 34 (c) and 43 (d) with the HIV-1 WT RT
crystal structure (PDB: 3M8Q). The hydrogen bonds between the inhibitors and amino acid
residues are indicated with dashed lines (yellow). Ligand carbon atoms are shown in cyan, and

44 protein carbon atoms in green. Hydrogen atoms are not shown for clarity.

The docking simulations of these molecules with HIV-1 WT RT indicated that
49 the binding mode resembles those of known and approved NNRTI drugs (Figure 3
and 4). In particular, the SYBYL-X 2.0-predicated binding mode of these compounds
54 resembles that of known and approved NNRTI drugs of the DAPY family. Detailed

57 computational analysis of the pharmacophoric interactions revealed the following
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features. Firstly, the left 4-cyano-2,6-dimethylphenyl or 2,4,6-trimethylphenyl group
of these compounds occupies the sub-pocket formed by hydrophobic aromatic amino
acid residues Tyr181, Tyrl88, Phe227 and Trp229, exhibiting n-n interaction with
these residues. Secondly, the thiophene[3,2-d]pyrimidine heterocycle effectively
occupies the NNIBP entrance channel, and the sulphur atom of the thiophene
heterocycle has an electrostatic interaction with Vall79. Thirdly, the NH linker
connecting the central pyridine ring and the right ring forms the “signature” hydrogen
bond with the main-chain backbone of Lys101, as seen with many NNRTIs. Fourthly,
the piperidine-linked aryl structure is directed to the protein-solvent interface, and can
develop extensive interactions with surrounding lipophilic amino acids, thereby
improving the stability of the RT-inhibitor complex. Notably, the hydrophilic sulfonyl
group of 27 or methanesulfonamide of 32 (Figure 4a) provides two hydrogen-bond
receptors, thus enabling double hydrogen-bonding (chelate type) interactions with the
main chain of Lysl04 and Vall06, which would increase the stability of the
RT/NNRTI complex; In addition, the NH of the N-methylbenzenesulfonamide group
in 33 (Figure 4b) participates in one hydrogen bond with the backbone C=0O group of
Lys104. Compared with 32, the disappeared hydrogen bond between 33 and Val106
may explain the very distinct inhibition profile against F227L+V106A mutant strain
(ECsp = 4.1 nM), which is much better than that of 32 (ECsy = 32.2 nM), probably
because the binding mode of 33 was slightly altered by the V106A mutation. In
contrast, the pyridine ring in 34 does not establish any hydrogen bond interactions

with residues in the enzyme-solvent interface, in accordance with the eclipsed
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anti-resistance profiles (Table 4). More importantly, only for 27, additional
hydrogen-bond(s) were formed with a bridging water molecule. This provides a
rational explanation of the improved inhibitory potency of 27 towards WT and
drug-resistant HIV-1 mutant strains, as compared with ETV (Figure 2) and the other
four counterparts (Figure 4a-d). The combination of the above four features is unique
to 27, and this may be the reason why 27 possessed the most potent activity against
WT and mutant HIV-1 strains.

In summary, the docking simulations indicated that 27 appears to have achieved
the binding mode and the key pharmacophoric interactions that we had targeted in our
original design. Further optimization of back-up derivatives is in progress, guided by
these docking simulation results.

IN VIVO PHARMACOKINETICS STUDY AND SAFETY ASSESSMENT

To examine the drug potential of 27, we evaluated the single-dose oral
pharmacokinetics of 27 in rats after at two dosage levels (8 and 16 mgkg'). As
shown in Table 5 and Figure 5, the pharmacokinetics of 27 is characterized by a large
volume of distribution (Vz/F of 38.2 and 50.1 L/kg), fast Tmax (1 h, 0.8 h), moderate
plasma clearance (CLz/F of 10.3 and 9.3 L/h/kg), favorable half-life (t;, of 2.51 h and
3.60 h) and mean residence time (MRT) of 7.7 h and 9.29 h at these two dose levels.
All these results indicate that 27 as an orally bioavailable candidate for clinical
treatment of human HIV-1 infection.

Single dose toxicity test of compound 27 was carried out in mice. After

intragastric administration of 27 with a dose of 2000 mg/kg, no death of the mice was
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observed and there was no abnormity of the body weight increase for the animals in

one weeks.

Table 5. Main pharmacokinetic parameters of 27°

Parameter Unit
AUC(0-t) ng/L*h
AUC(0-x) pg/L*h
AUMC(0-t)
AUMC(0-00)
MRT(0-t) h
MRT(0-c0) h
VRT(0-t) h"2
VRT(0-0) h2
tipz h
Tmax h
CLz/F L/h/kg
Vz/F L/kg
Conax ng/L

8 mg/kg
1675.8+517.0
1720.9+513.9

5690.8+1589.3

6474.1+1574.9
3.44+0.46
3.84+0.51
7.78+1.43
13.31£2.96
2.51+0.34

1+0.61
10.3+4.3
38.2+19.2
415.1+160.6

16 mg/kg

1668.8+348.1
1756.7+325.1

5458.8+1341.0
7215.795+1278.4

3.25+0.19
4.16+0.79
9.29+1.32

25.29+18.57

3.60£1.12
0.8+0.27
9.3+1.8
50.1+£24.7

471.9+114.8

PK parameters (Mean = SD, n =5).
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Figure 5. The plasma concentration—time profiles of 27 in rats following single oral

administration at doses of 8 mg.kg™" (blue) and 16 mg.kg™ (red).

CONCLUSION
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By exploiting the tolerated regions of the NNIBP, and employing a strategy of
structure-based scaffold hopping and molecular hybridization, we identified a series
of new piperidine-linked thiophene[3,2-d]pyrimidine derivatives having various
substituents at the secondary amine of the piperidine as highly potent HIV-1 inhibitors.
Most of the synthesized compounds exhibited significant inhibitory activity towards
WT HIV-1 strain in MT-4 cells (ECsp < 10 nM). Among them, 17, 20-23 and 27
exhibited high potency towards WT, with ECsy values of less than 5 nM and were as
potent as, or more potent than, the new NNRTI drug ETV. As for RT HIV-1 mutant
strains, 27-30, 38 and 43 showed comparable inhibitory activities to those of EFV
against L100I, K103N, Y188L and F227L+V106A. Notably, seven compounds (27,
31-35 and 37) in the 2,6-dimethyl-4-cyanophenyl series displayed greater potency
than ETV against E138K, a major viral mutation conferring resistance to the
new-generation drug rilpivirine. 38 and 43 exhibited similar inhibitory activities to
ETV against E138K. 27 proved to be exceptionally potent, with ECsy values of 1.4
nM (WT), 3.4 nM (L100I), 2.9 nM (K103N), 3.2 nM (Y181C), 3.0 nM (Y188L), 2.9
nM (E138K), 4.2 nM (F227L+V106A), and 30.6 nM (RES056) in MT-4 cells; it was
more potent than ETV against all these strains except RES056. 27 also has much
lower cytotoxicity (CCso> 227 pM) and a dramatically higher SI value of >159,101.
In addition, 27 displayed greater inhibitory activities than NVP and EFV against
recombinant WT and K103N/Y181C double-mutant RT enzymes in RT inhibition
assay. 27 was confirmed to show favorable, drug-like pharmacokinetic properties in

single-dose administration studies in rats. Overall, our results indicate that 27 holds
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great promise as a potential next-generation anti-HIV drug candidate with
significantly improved activity, high selectivity, an outstanding drug resistance
profiles and favorable pharmacokinetic and safety profile.

Molecular docking experiments suggested that the strong activity profile of 27
against WT and mutant HIV-1 strains can be attributed at least in part to H-bond
interactions between the hydrophilic sulfonyl group of 27 and the main chain of
Lys104 and Val106, together with the nonpolar interaction between the sulphur atom
of the thiophene heterocycle and Vall79. These results are in accordance with
established SAR data and the experimental findings with the panel of WT and mutant
HIV-1 strains. Generally, it seems likely that the extensive network of main-chain
hydrogen bonds is unlikely to be disrupted by side chain mutations and contributes
substantially to the free energy of binding for the inhibitor, and lastly, significantly
improves the resistance profiles of these inhibitors. Therefore, this important design
concept targeting the main chain of a protein and forming additional key interactions
indeed offers a reliable strategy for combating drug resistance. We consider that these
thiophene[3,2-d]pyrimidine compounds are exciting outcomes of the simultaneous
exploitation of tolerated regions I and II of NNIBP. Our findings also provide useful
clues to specific interactions that could be utilized in the design of future HIV-1
NNRTIs. We believe that the thiophene[3,2-d]pyrimidine scaffold can be further
optimized by adjusting the substitution at thiophene, and we are currently focusing
our further medicinal chemistry efforts on this area.

EXPERIMENTAL SECTION

ACS Paragon Plus Environment

Page 28 of 65



Page 29 of 65

©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

Chemistry

All melting points were determined on a micro melting point apparatus (RY-1G,
Tianjin TianGuang Optical Instruments) and are uncorrected. 'H-NMR and *C-NMR
spectra were recorded in CDCl; or DMSO-d6 on a Bruker AV-400 spectrometer with
tetramethylsilane (TMS) as the internal standard. Coupling constants are given in
hertz, and chemical shifts are reported in 0 values (ppm) from TMS; signals are
abbreviated as s (singlet), d (doublet), t (triplet), q (quarter), and m (multiplet). A
GI313A Standard LC Autosampler (Agilent) was used to collect samples for
measurement of mass spectra. The temperature of the reaction mixture was monitored
with a mercury thermometer. All reactions were routinely monitored by thin layer
chromatography (TLC) on Silica Gel GF254 for TLC (Merck), and spots were
visualized with iodine vapor or by irradiation with UV light (A = 254 nm). After
completion of each reaction, the mixture was brought to room temperature by means
of air-jet cooling. Flash column chromatography was performed on columns packed
with Silica Gel (200-300 mesh), purchased from Qingdao Haiyang Chemical
Company. Solvents were of reagent grade and were purified and dried by means of
standard methods when necessary. Organic solutions were dried over anhydrous
sodium sulfate and concentrated with a rotary evaporator under reduced pressure.
Other reagents were obtained commercially and were used without further
purification. Analysis of sample purity was performed on a Shimadzu SPD-20A/20AV
HPLC system with a Inertsil ODS-SP, 5 um C18 column (150 mm x 4.6 mm). HPLC

conditions: methanol/water with 0.1% formic acid 80:20; flow rate 1.0 mL/min; UV
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detection from 210 to 400 nm; temperature, ambient; injection volume, 10 pL.
4-((2-Chlorothieno[3,2-d]pyrimidin-4-yl)oxy)-3,5-dimethylbenzonitrile (13a). A
reaction mixture of 4-hydroxy-3,5-dimethylbenzonitrile (12a, 0.15 g, 1 mmol) and
potassium carbonate (0.17 g, 1.2 mmol) in 3 mL of DMF was stirred at 25°C for 15
min, and then 2,4-dichlorothiopheno[3,2-d]pyrimidine (11, 0.21 g, 1 mmol) was
added to it. Stirring was continued for an additional 2 h (monitored by TLC), then the
mixture was poured into ice water and left to stand for 1h. The precipitated white
solid was collected by filtration, washed with cold water, and recrystallized in
DMF-H,0 to provide the desired product 13a as a white solid in 93.8 % yield, mp:
258-260°C. ESI-MS: m/z 416.3 (M+1). C;5sH;oCIN3OS (315.02).
2-Chloro-4-(mesityloxy)thieno[3,2-d]pyrimidine (13b). The synthetic method was
similar to that described for of 13a, but starting from 2,4,6-trimethylphenol (12b, 0.14
g, 1 mmol). White solid, 96.1% yield, mp: 195-197°C. ESI-MS: m/z 416.3 (M+1).
Ci5H13CIN,OS (304.04).
3,5-Dimethyl-4-((2-(piperidin-4-ylamino)thieno[3,2-d|pyrimidin-4-yl)oxy)benzon
itrile (16a). A solution of 13a (0.32 g, 1.0mmol), N-Boc-4-aminopiperidine (14, 0.24
g, 1.2 mmol), and anhydrous K,CO; (0.28 g, 2 mmol) in 5 mL of DMF was heated at
120°C under magnetic stirring for 12 h. The solution was cooled to room temperature
and 10 mL of ice water was added to it. The resulting precipitate was collected by
filtration, and dried to give crude 15a, which was used directly in the next step
without further purification. To a solution of 15a (0.60 g, 1.21 mmol) in

dichloromethane (DCM) (4 mL) was added trifluoroacetic acid (TFA) (0.74 mL, 10
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mmol) at room temperature, and the solution was stirred for 3 h (monitored by TLC).
Then, the reaction solution was alkalized to pH 9 with saturated sodium bicarbonate
solution and washed with water (10 mL). The aqueous phase was extracted with DCM
(3%x5 mL). The combined organic phase was dried over anhydrous Na,SO,, filtered
and concentrated under reduced pressure to give 16a as a white solid in 84.2% yield,
mp: 114-116°C. '"H NMR (400 MHz, DMSO-d6, ppm) d: 8.20 (d, J = 5.4 Hz, 1H),
7.72 (s, 1H), 7.26 (s, 1H), 6.92 (s, 1H), 3.78 (s, 1H), 2.89 (s, 2H), 2.12 (s, 6H),
1.74-1.78 (m, 2H), 1.23-1.28 (m, 4H). ESI-MS: m/z 380.5 (M+1). CyH2:NsOS
(379.15).

4-(Mesityloxy)-N-(piperidin-4-yl)thieno[3,2-d|pyrimidin-2-amine ~ (16b).  The
synthetic method was similar to that of 16a and starting with material 13b (0.31g,
1.0mmol). White solid, 87.5% yield, mp: 178-180°C. 'H NMR (400 MHz, CDCl;,
ppm) ¢: 7.73 (d, J = 5.4 Hz, 1H, Cs-thienopyrimidine-H), 7.19 (d, J = 5.3 Hz, 1H,
C;-thienopyrimidine-H), 6.90 (s, 2H, C;,Cs-Ph’-H), 4.89 (d, J = 7.4 Hz, 1H, NH),
3.77 (s, 1H, NH), 3.20 (d, J = 12.6 Hz, 2H), 2.74-2.76 (m, 2H), 2.32 (s, 3H,
C4-Ph”-CH3), 2.04-2.09 (m, 9H), 1.46-1.54 (m, 2H). ESI-MS: m/z 369.5 (M+1).
C20H24N40S (368.17).

General procedure for the preparation of final compounds 17-37 and 38-48.
Compounds 16a or 16b were dissolved in anhydrous DMF (10 mL) in the presence of
anhydrous K,COj (1.2 equal), followed by addition of appropriate substituted benzyl
chloride (bromine) (1.1eq). The reaction mixture was stirred at room temperature

overnight. The solvent was removed under reduced pressure, and then water (30 mL)
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was added. Extracted with ethyl acetate (3x10 mL), and the organic phase was
washed with saturated sodium chloride (10 mL), then dried over anhydrous Na,SO, to
give the corresponding crude product, which was purified by flash column
chromatography and recrystallized from Ethyl acetate (EA)/petroleum ether (PE) to
afford the target compounds 17-37 and 38-48.
4-((2-((1-(4-Cyanobenzyl)piperidin-4-yl)amino)thieno[3,2-d|pyrimidin-4-yl)oxy)-
3,5-di-methylbenzonitrile (17). Recrystallized from EA/PE as a white solid, 73.5%
yield, mp: 97-100°C. "H NMR (400 MHz, DMSO-d6, ppm): J 8.20 (d, J = 4.0 Hz, 1H,
Ce-thienopyrimidine-H), 7.79 (d, J = 7.7 Hz, 2H, C;,Cs-Ph’-H), 7.72 (s, 2H,
C;,Cs-Ph’-H), 749 (d, J = 7.5 Hz, 2H, C,C¢Ph’-H), 7.26 (s, 1H,
C;-thienopyrimidine-H), 6.90 (s, 1H, NH), 3.74 (s, 1H), 3.52 (s, 2H, N-CH,), 2.73 (d,
J =10.5 Hz, 2H), 2.11 (s, 6H), 1.78 (s, 2H), 1.65-1.72 (m, 2H), 1.38-1.42 (m, 2H).
C NMR (100 MHz, DMSO-d6): § 167.4, 162.5, 160.5, 153.5, 145.2, 136.7, 133.2,
131.9, 129.9, 129.1, 123.6, 119.3, 119.0, 110.1, 109.0, 65.4, 61.9, 52.6, 31.7, 30.4,
19.1, 16.2. ESI-MS: m/z 495.5 (M+1), 517.6 (M+Na). C,3H26NsOS (494.19). HPLC
purity: 99.19%.
4-((2-((1-(2-Cyanobenzyl)piperidin-4-yl)amino)thieno[3,2-d|pyrimidin-4-yl)oxy)-
3,5-di-methylbenzonitrile (18). Recrystallized from EA/PE as a white solid, 76.2%
yield, mp: 85-87°C. '"H NMR (400 MHz, DMSO-d6, ppm): J 8.20 (d, J = 5.3 Hz, 1H,
Ce-thienopyrimidine-H), 7.80 (d, J = 7.9 Hz, 1H, C¢Ph’-H), 7.72 (s, 2H,
C;,Cs-Ph”-H), 7.68 (d, J = 7.6 Hz, 1H, C;-Ph’-H), 7.56 (dd, J = 14.8, 7.2 Hz, 1H,

C4+Ph’-H), 7.46 (dd, J = 148, 7.2 Hz, 1H, CsPh-H), 7.26 (s, 1H,
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C;-thienopyrimidine-H), 6.91 (s, 1H, NH), 3.76 (s, 1H), 3.60 (s, 2H, N-CH),
2.74-2.78 (m, 2H), 2.11 (s, 6H), 1.76-1.82 (m, 2H), 1.39-1.44 (m, 4H). °C NMR (100
MHz, DMSO-d6): 6 162.5, 153.4, 142.8, 140.1, 136.7, 135.6, 133.4, 132.9, 130.5,
128.3, 125.5, 119.0, 118.1, 112.5, 109.0, 60.3, 52.6, 31.6, 16.2. ESI-MS: m/z 495.5
(M+1), 517.6 (M+Na). C2sH26NsOS (494.19). HPLC purity: 99.80%.
4-((2-((1-(4-Bromobenzyl)piperidin-4-yl)amino)thieno|[3,2-d]|pyrimidin-4-yl)oxy)-
3,5-di-methylbenzonitrile (19). Recrystallized from EA/PE as a white solid, 72.1%
yield, mp: 126-128°C. 'H NMR (400 MHz, DMSO-d6, ppm): 6 8.20 (d, J = 5.3 Hz,
1H, Cg-thienopyrimidine-H), 7.72 (s, 2H, Cs,Cs-Ph”-H), 7.50 (d, J = 8.3 Hz, 2H,
Cs5,Cs-Ph’-H), 7.33 (d, J = 8.4 Hz, 1H, C;-thienopyrimidine-H), 7.24 (d, J = 6.6 Hz,
2H, C,,Cs-Ph’-H), 6.88 (s, 1H, NH), 3.71 (s, 1H), 3.39 (s, 2H, N-CH,), 2.71 (s, 2H),
2.11 (s, 6H), 2.07 (s, 1H), 1.75 (s, 2H), 1.39-1.44 (m, 4H). *C NMR (100 MHz,
DMSO0-db6): 6 166.0, 162.5, 160.5, 152.0, 143.5, 138.6, 136.7, 136.1, 133.2, 131.8,
131.4, 131.3, 130.6, 129.0, 121.6, 120.2, 119.0, 109.0, 65.1, 61.7, 52.6, 31.7, 29.0,
21.1, 16.2. ESI-MS: m/z 548.5 (M+1), 550.5 (M+3). C,7H,6BrNsOS (547.10). HPLC
purity: 98.98%.
3,5-Dimethyl-4-((2-((1-(2-methylbenzyl)piperidin-4-yl)amino)thieno|[3,2-d]
pyrimidin-4-yl)oxy)benzonitrile (20). Recrystallized from EA/PE as a white solid,
65.7% yield, mp: 171-173°C. '"H NMR (400 MHz, DMSO-d6, ppm): ¢ 8.20 (d, J =
5.3 Hz, 1H, C¢-thienopyrimidine-H), 7.72 (s, 2H, C5,Cs-Ph”’-H), 7.23 (m, 2H), 7.13
(m, 3H), 6.87 (s, 1H, NH), 3.73 (s, 1H), 3.60 (s, 2H, N-CH,), 2.72 (s, 2H), 2.30 (s,

3H), 2.11 (s, 6H), 1.99-2.02 (m, 1H), 1.76 (s, 2H), 1.39-1.44 (m, 3H). *C NMR (100
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MHz, DMSO-d6): 6 162.3, 160.5, 153.4, 137.4, 137.1, 133.2, 132.8, 130.4, 129.9,
129.3, 128.7, 127.2, 126.2, 125.8, 119.0, 109.0, 64.4, 60.6, 52.9, 31.8, 19.2, 16.2.
ESI-MS: m/z 484.6 (M+1). C,3H29N50S (483.21). HPLC purity: 96.26%.
4-((2-((1-(3-Cyanobenzyl)piperidin-4-yl)amino)thieno[3,2-d] pyrimidin-4-yl)oxy)-
3,5-di-methylbenzonitrile (21). Recrystallized from EA/PE as a white solid, 76.1%
yield, mp: 198-200°C. 'H NMR (400 MHz, DMSO-d6, ppm): 6 8.20 (d, J = 5.3 Hz,
1H, C¢-thienopyrimidine-H), 7.73 (m, 4H), 7.64 (d, /= 9.4 Hz, 1H, C4-Ph’-H), 7.54 (4,
J =17.7 Hz, 1H, C4-Ph’-H), 7.26 (s, 1H, Cs-thienopyrimidine-H), 6.90 (s, 1H, NH),
3.73 (s, 1H), 3.48 (s, 2H, N-CH,), 2.72 (s, 2H), 2.12 (s, 6H), 2.00 (s, 1H), 1.78 (s, 2H),
1.40-1.43 (m, 3H). >C NMR (100 MHz, DMSO-d6): § 162.5, 160.5, 153.4, 140.9,
136.6, 134.0, 133.2, 132.8, 132.4, 131.2, 129.8, 123.6, 119.3, 119.0, 111.6, 109.0, 61.5,
60.2, 52.6, 31.7, 21.2, 16.2. ESI-MS: m/z 495.5 (M+1), 517.6 (M+Na). CsH26NcOS
(494.19). HPLC purity: 98.26%.
Methyl4-((4-((4-(4-cyano-2,6-dimethylphenoxy)thieno[3,2-d]pyrimidin-2-yl)
amino)pipe-ridin-1-yl)methyl)benzoate (22). Recrystallized from EA/PE as a white
solid, 73.6% yield, mp: 188-191°C. '"H NMR (400 MHz, DMSO-d6, ppm): & 8.20 (d,
J = 5.2 Hz, 1H, C¢-thienopyrimidine-H), 7.92 (d, J = 8.0 Hz, 2H, C;,Cs-Ph’-H), 7.72
(s, 2H, C;,Cs-Ph”-H), 7.43 (d, J = 8.0 Hz, 2H, C,Ce-Ph’-H), 7.26 (s, 1H,
C;-thienopyrimidine-H), 6.90 (s, 1H, NH), 3.85 (s, 3H, COOCH3;), 3.73 (s, 1H), 3.50
(s, 2H, N-CHa), 2.73 (s, 2H), 2.11 (s, 6H), 2.00-2.04 (m, 2H), 1.77 (s, 2H), 1.40-1.44
(m, 2H). >C NMR (100 MHz, DMSO-d6): d 166.6, 162.5, 160.6, 153.5, 144.9, 133.2,

132.8, 129.5, 129.3, 128.7, 128.2, 123.5, 119.0, 109.0, 62.1, 60.2, 52.76, 52.4, 31.7,
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16.2. ESI-MS: m/z 528.5 (M+1), 550.6 (M+Na). C29H29N503S (527.20). HPLC purity:
99.28%.
4-((2-((1-(3-Fluorobenzyl)piperidin-4-yl)amino)thieno[3,2-d|pyrimidin-4-yl)oxy)-
3,5-di-methylbenzonitrile (23). Recrystallized from EA/PE as a white solid, 76.4%
yield, mp: 132-135°C. '"H NMR (400 MHz, DMSO-d6, ppm): 6 8.20 (d, J = 5.1 Hz,
1H, Cs-thienopyrimidine-H), 7.72 (s, 2H, C;,Cs-Ph”-H), 7.36 (dd, J = 14.0, 7.2 Hz,
1H, Cs-Ph’-H), 7.27 (s, 1H, Cs-thienopyrimidine-H), 7.09-7.12 (m, 3H, Ph’-H), 6.90
(s, 1H, NH), 3.74 (s, 1H), 3.43 (s, 2H, N-CH>), 2.73 (s, 2H), 2.12 (s, 6H), 2.00-2.04
(m, 1H), 1.78 (s, 2H), 1.40-1.44 (m, 3H). >C NMR (100 MHz, DMSO-d6): J 165.8,
163.9, 162.5, 161.4, 160.5, 153.4, 142.2 (d, J = 7.0 HZ), 136.7, 133.2, 132.8, 130.4,
125.0, 119.0, 115.6 (d, J = 20.0 HZ), 114.1 (d, J = 20.0 HZ), 109.0, 61.9, 52.6, 31.7,
16.2. ESI-MS: m/z 488.5 (M+1), 510.6 (M+Na). Cy7H2sFNsOS (487.18). HPLC
purity: 95.78%.
4-((2-((1-(2-Fluorobenzyl)piperidin-4-yl)amino)thieno[3,2-d|pyrimidin-4-yl)oxy)-
3,5-di-methylbenzonitrile (24). Recrystallized from EA/PE as a white solid, 75.3%
yield, mp: 158-160°C. '"H NMR (400 MHz, DMSO-d6, ppm): 6 8.20 (d, J = 5.2 Hz,
1H, Ce-thienopyrimidine-H), 7.71 (s, 2H, C;,Cs-Ph’’-H), 7.30-7.32 (m, 3H), 7.17 (dd,
J=14.4,9.2 Hz, C4,Cs-Ph’-H), 6.88 (s, 1H, NH), 3.71 (s, 1H), 3.48 (s, 2H, N-CH,),
2.75 (s, 2H), 2.11 (s, 6H), 2.02 (s, 1H), 1.76 (s, 2H), 1.39-1.44 (m, 3H). °C NMR
(100 MHz, DMSO-d6): ¢ 166.0, 162.4, 160.0, 153.4, 136.6, 133.2, 132.9, 131.9,
129.4 (d, /=9.0 HZ), 125.3, 124.5 (d, /= 6.0 HZ), 123.6, 118.9, 115.6, 115.4, 109.0,

55.0, 52.5, 31.6, 16.2. ESI-MS: m/z 488.5 (M+1), 510.6 (M+Na). Cy7H26FNsOS

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

(487.18). HPLC purity: 98.44%.
3,5-Dimethyl-4-((2-((1-(4-nitrobenzyl)piperidin-4-yl)amino)thieno[3,2-d]
pyrimidin-4-yl)oxy)benzonitrile (25). Recrystallized from EA/PE as a yellow solid,
68.4% yield, mp: 157-159°C. '"H NMR (400 MHz, DMSO-d6, ppm): d 8.19 (m, 3H),
7.72 (s, 2H, C3,Cs-Ph”-H), 7.57 (d, J = 8.4 Hz, 2H, C,,C¢-Ph’-H), 7.25 (s, 1H,
C;-thienopyrimidine-H), 6.91 (s, 1H, NH), 3.74-3.76 (m, 1H), 3.57 (s, 2H, N-CH)),
2.73 (s, 2H), 2.11 (s, 6H), 1.78 (s, 2H), 1.40-1.44 (m, 4H). °C NMR (100 MHz,
DMSO-db6): 6 162.4, 160.5, 153.4, 147.5, 147.0, 140.6, 136.8, 133.2, 132.9, 130.0,
129.1, 123.8, 119.0, 109.0, 61.6, 52.7, 31.7, 16.2. ESI-MS: m/z 515.6 (M+1), 537.6
(M+Na). C27H26N6O3S (514.18). HPLC purity: 97.93%.
3,5-Dimethyl-4-((2-((1-(4-(methylsulfonyl)benzyl)piperidin-4-yl)amino)thieno[3,2
-d]pyrimidin-4-yl)oxy)benzonitrile (26). Recrystallized from EA/PE as a white solid,
52.4% yield, mp: >300°C. '"H NMR (400 MHz, DMSO-d6, ppm): J 8.18 (d, 1H, J =
5.3 Hz, C¢-thienopyrimidine-H), 7.86 (d, 2H, J = 8.2 Hz, C5,Cs-Ph’-H), 7.71 (s, 2H,
C3,Cs-Ph’-H), 7.54 (d, 2H, J = 8.2 Hz, C(C,CsPh’-H), 7.24 (s, 1H,
C;-thienopyrimidine-H), 6.88 (s, 1H, NH), 3.74-3.76 (m, 1H), 3.56 (s, 2H, N-CH)),
3.06 (s, 3H, SO,CHs), 2.72-2.75 (m, 2H), 2.10 (s, 6H), 2.05-2.09 (m, 2H), 1.92 (s,
2H), 1.42-1.44 (m, 2H). *C NMR (100 MHz, DMSO-d6): 6 165.4, 162.7, 160.1,
153.3, 145.4, 139.1, 134.9, 133.1, 132.2, 129.6, 127.4, 123.3, 118.7, 109.5, 62.3, 52.3,
44.5, 32.0, 16.4. ESI-MS: m/z 548.4 (M+1), 570.5 (M+Na). CysH9N503S, (547.69).

HPLC purity: 95.73%.

4-((4-((4-(4-Cyano-2,6-dimethylphenoxy)thieno[3,2-d]|pyrimidin-2-yl)amino)
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piperidin-1-yl)methyl)benzenesulfonamide (27). Recrystallized from EA/PE as a
white solid, 50.3% yield, mp: 223-225°C. 'H NMR (400 MHz, DMSO-d6, ppm): &
8.18 (d, J = 5.3 Hz, 1H, Ce-thienopyrimidine-H), 7.76 (d, J = 8.3 Hz, 2H,
Cs,Cs-Ph’-H), 7.72 (s, 2H, C5,Cs-Ph”-H), 7.45 (d, J = 8.2 Hz, 2H, C,,Cs-Ph’-H), 7.29
(s, 2H, SO;NH,), 7.25 (s, 1H, Cs-thienopyrimidine-H), 6.87 (s, 1H, NH), 3.74 (s, 1H),
3.48 (s, 2H, N-CH,), 2.72 (s, 2H), 2.10 (s, 6H), 1.95-2.04 (m, 2H), 1.77 (s, 2H),
1.40-1.45 (m, 2H). C NMR (100 MHz, DMSO-d6): ¢ 165.9, 162.5, 160.5, 153.4,
143.3, 143.1, 136.7, 133.2, 132.9, 129.4, 126.0, 123.8, 123.7, 119.0, 109.0, 61.9, 52.8,
31.7, 16.2. ESI-MS: m/z 549.5 (M+1). CyH2NeO3S, (548.50). HPLC purity:
99.83%.

4-((2-((1-(4-Fluorobenzyl)piperidin-4-yl)amino)thieno[3,2-d|pyrimidin-4-yl)oxy)-
3,5-dimethylbenzonitrile (28). Recrystallized from EA/PE as a white solid, 61.8%
yield, mp: >300°C. '"H NMR (400 MHz, DMSO-d6, ppm): 6 7.79 (d, J = 5.3 Hz, 1H,
Cs-thienopyrimidine-H), 7.43 (s, 2H, C;,Cs-Ph’-H), 7.26-7.29 (m, 3H), 7.21 (s, 1H,
C;-thienopyrimidine-H), 7.03 (t, J = 8.4 Hz, 2H), 3.69 (s, 1H), 3.47 (s, 2H, N-CH)),
2.72 (s, 2H), 2.12 (s, 6H), 1.78-1.89 (m, 4H), 1.39-1.43 (m, 2H). °C NMR (100 MHz,
DMSO-db6): 6 165.4, 163.2, 160.1, 153.3, 135.0, 133.1, 132.2, 130.6, 123.3, 115.1,
114.9, 109.5, 62.1, 52.0, 31.9, 29.7, 16.4. ESI-MS: m/z 488.5 (M+1). Cy7H,cFNsOS

(487.59). HPLC purity: 95.81%.
3,5-Dimethyl-4-((2-((1-(pyridin-4-ylmethyl)piperidin-4-yl)amino)thieno|3,2-d]

pyrimidin-4-yl)oxy)benzonitrile (29). Recrystallized from EA/PE as a white solid,

51.3% yield, mp: 154-156°C. 'H NMR (400 MHz, DMSO-d6, ppm) J: 8.48 (d, J =
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53 Hz, 1H), 820 (d, J = 83 Hz, 2H, C;Cs-Ph’-H), 7.72 (s, 1H,
Cs-thienopyrimidine-H), 7.57 (d, J = 8.2 Hz, 2H, C;,Cs-Ph’-H), 7.28 (s, 2H,
C;,Cs-Ph”’-H), 6.93 (s, 1H, NH), 3.74 (s, 1H), 3.48 (s, 2H, N-CH>), 2.73 (s, 2H), 2.12
(s, 6H), 1.70-1.76 (m, 2H), 1.37-1.43 (m, 2H), 1.17-1.18 (m, 2H). *C NMR (100
MHz, DMSO): 6 166.9, 162.5, 160.5, 150.1, 148.2, 144.7, 136.6, 133.2, 127.2, 124.1,
119.0, 109.0, 61.2, 52.7, 31.6, 16.2. ESI-MS: m/z 471.5 (M+1). C2sH26NsOS (470.59).
HPLC purity: 99.47%.
4-((2-((1-(2,4-Difluorobenzyl)piperidin-4-yl)amino)thieno[3,2-d]| pyrimidin-4-yl)-
oxy)-3,5-dimethylbenzonitrile (30). Recrystallized from EA/PE as a white solid,
55.7% yield, mp: >300°C. '"H NMR (400 MHz, DMSO-d6, ppm): 6 7.79 (d, J = 5.6
Hz, 1H, Cs-thienopyrimidine-H), 7.43 (s, 2H, C;,Cs-Ph’’-H), 7.37 (dd, J = 15.2, 8.4
Hz, 1H), 7.27 (s, 1H, Cs-thienopyrimidine-H), 7.21 (d, J = 5.2 Hz, 1H, Cs-Ph’-H),
6.77-6.88 (m, 2H), 3.71 (s, 1H), 3.54 (s, 2H, N-CH»), 2.74 (s, 2H), 2.11 (s, 6H),
1.33-1.84 (m, 2H), 1.35-1.42 (m, 4H). °C NMR (100 MHz, DMSO-d6): 6 165.4,
162.7, 160.1, 153.3, 134.9, 133.1, 132.2, 123.3, 118.7, 111.1 (dd, J = 21.0, 4.0 HZ),
109.5, 103.8 (t, J = 25.0 HZ), 54.7, 51.7, 31.9, 16.4. ESI-MS: m/z 506.3 (M+1).
C27H,5F2N5sOS (505.17). HPLC purity: 95.46%.
3-((4-((4-(4-Cyano-2,6-dimethylphenoxy)thieno[3,2-d]pyrimidin-2-yl)amino)pipe
ridin-1-yl)methyl)benzenesulfonamide (31). Recrystallized from EA/PE as a white
solid, 52.1% yield, mp: 212-214°C. '"H NMR (400 MHz, DMSO-d6, ppm): & 8.20 (d,
J = 4.0 Hz, 1H, Ce-thienopyrimidine-H), 7.76 (s, 1H, C,-Ph’-H), 7.71-7.73 (m, 3H,

C4,Cs,Ce-Ph’-H), 7.50 (s, 2H, C3,Cs-Ph”-H), 7.37 (s, 2H, SO,NH,), 7.27 (s, 1H,
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C;-thienopyrimidine-H), 6.92 (s, 1H, NH), 3.74 (s, 1H), 3.50 (s, 2H, N-CH,), 2.75 (s,
2H), 2.11 (s, 6H), 1.78-1.99 (m, 4H), 1.37-1.46 (m, 2H). °C NMR (100 MHz,
DMSO-db6): 6 164.9, 160.6, 150.1, 144.5, 140.2, 133.2, 129.2, 125.9, 124.7, 119.0,
107.9, 62.0, 52.6, 31.6, 16.2. ESI-MS: m/z 549.5 (M+1). Cy;H2sN¢OsS, (548.50).
HPLC purity: 95.01%.
N-(4-((4-((4-(4-Cyano-2,6-dimethylphenoxy)thieno[3,2-d]pyrimidin-2-yl)amino)p
iperidin-1-yl)methyl)phenyl)methanesulfonamide (32). Recrystallized from EA/PE
as a white solid, 43.2% yield, mp: 241-245°C. 'H NMR (400 MHz, DMSO-d6, ppm):
0 9.92 (s, 1H, NHSO,), 8.21 (d, J = 4.0 Hz, 1H, Ce-thienopyrimidine-H), 7.72 (s, 2H,
C;,Cs-Ph”’-H), 7.03-7.40 (m, 6H), 3.82 (s, 1H), 3.38 (s, 2H, N-CH,), 3.01 (s, 3H,
SO,CH3), 2.82 (s, 2H), 2.10 (s, 6H), 1.53-1.91 (m, 6H). >C NMR (100 MHz,
DMSO-db6): 6 172.5, 165.6, 162.5, 160.4, 153.3, 136.8, 133.2, 123.7, 119.8, 119.0,
109.0, 105.7, 60.8, 60.2, 45.7, 21.5, 16.2, 14.5, 8.9. ESI-MS: m/z 563.5 (M+1).
CagH30N6O3S; (562.18). HPLC purity: 96.12%.
4-((4-((4-(4-Cyano-2,6-dimethylphenoxy)thieno[3,2-d]|pyrimidin-2-yl)amino)pipe
ridin-1-yl)methyl)-N-methylbenzenesulfonamide (33). Recrystallized from EA/PE
as a white solid, 41.6% yield, mp: 181-184°C. 'H NMR (400 MHz, DMSO-d6, ppm):
0 8.21 (d, J = 4.0 Hz, 1H, C¢-thienopyrimidine-H), 7.73-7.75 (m, 4H), 7.45-7.53 (m,
3H), 7.27 (s, 1H, Cs-thienopyrimidine-H), 6.94 (s, 1H, NH), 3.76 (s, 1H), 3.37 (s, 2H,
N-CH,), 2.68-2.79 (m, 2H), 2.41(s, 6H, CH3), 2.11(s, 6H), 1.38-1.87 (m, 6H). C
NMR (100 MHz, DMSO-d6): 6 162.5, 160.5, 153.4, 144.2, 140.8, 136.7, 133.2, 129.7,

127.1, 123.7, 123.6, 119.0, 110.8, 109.0, 62.0, 60.2, 56.6, 52.3, 36.4, 31.5, 29.1, 16.2.
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ESI-MS: m/z 563.4 (M+1). C2sH30N¢O3S, (562.18). HPLC purity: 95.78%.
4-((4-((4-(4-Cyano-2,6-dimethylphenoxy)thieno[3,2-d]|pyrimidin-2-yl)amino)pipe
ridin-1-yl)methyl)benzamide (34). Recrystallized from EA/PE as a white solid,
41.8% yield, mp: 218-220°C. '"H NMR (400 MHz, DMSO-d6, ppm): § 8.20 (d, J =
5.2 Hz, 1H, C¢-thienopyrimidine-H), 7.93 (d, J = 8.0 Hz, 2H, C;5,Cs-Ph’-H), 7.76 (s,
2H, C;,Cs-Ph”’-H), 7.40 (d, J = 8.0 Hz, 2H, C,,C¢-Ph’-H), 7.35 (s, 2H, CONH,), 7.30
(s, 1H, C;-thienopyrimidine-H), 6.94 (s, 1H, NH), 3.73 (s, 1H), 3.46 (s, 2H, N-CH)),
2.74 (s, 2H), 2.10 (s, 6H), 1.74-1.95 (m, 4H), 1.42-1.44 (m, 2H). *C NMR (100 MHz,
DMSO-d6): 6 168.5, 162.4, 160.5, 150.2, 139.3, 136.2, 134.2, 133.5, 132.3, 128.9,
126.1, 119.4, 109.6, 62.4, 52.5, 31.5, 16.2. ESI-MS: m/z 513.3 (M+1). C3H23NsO,S
(512.20). HPLC purity: 98.69%.
3-((4-((4-(4-Cyano-2,6-dimethylphenoxy)thieno[3,2-d]pyrimidin-2-yl)amino)pipe
ridin-1-yl)methyl)benzamide (35). Recrystallized from EA/PE as a white solid,
57.3% yield, mp: 223-225°C. 'H NMR (400 MHz, DMSO-d6, ppm): ¢ 8.19 (d, J =
4.0 Hz, 1H, C6-thienopyrimidine-H), 7.96 (s, 2H, C3,C5-Ph”’-H), 7.72-7.79 (m, 4H),
7.34-7.42 (m, 3H), 7.26 (s, 1H, C7-thienopyrimidine-H), 6.88 (s, 1H, NH), 3.73 (s,
1H), 3.46 (s, 2H, N-CH2), 2.74 (s, 2H), 2.11 (s, 6H), 1.71-1.95 (m, 4H), 1.40-1.44 (m,
2H). *C NMR (100 MHz, DMSO-d6): § 168.4, 162.5, 160.5, 160.5, 150.1, 139.2,
136.6, 134.6, 133.2, 132.0, 128.4, 126.4, 119.0, 109.0, 62.4, 52.7, 31.7, 16.2. ESI-MS:
m/z 513.4 (M+1). CasHasN6O,S (512.20). HPLC purity: 98.43%.

Ethyl 4-((4-((4-(4-cyano-2,6-dimethylphenoxy)thieno[3,2-d]pyrimidin-2-yl)

amino)piperidin-1-yl)methyl)benzoate (36). Recrystallized from EA/PE as a white

ACS Paragon Plus Environment



Page 41 of 65

©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

solid, 73.6% yield, mp: 188-191°C. '"H NMR (400 MHz, DMSO-d6, ppm): 6 8.21 (d,
J =5.2 Hz, 1H, C¢-thienopyrimidine-H), 7.94 (d, J = 8.0 Hz, 2H, C;,Cs-Ph’-H), 7.75
(s, 2H, C;,Cs-Ph”-H), 7.41 (d, J = 8.0 Hz, 2H, C,,Cs-Ph’-H), 7.28 (s, 1H,
C;-thienopyrimidine-H), 6.93 (s, 1H, NH), 4.28 (q, /= 4.0 Hz, 2H, COOCH,), 3.73 (s,
1H), 3.50 (s, 2H, N-CH,), 2.73 (s, 2H), 2.11 (s, 6H), 1.78-2.04 (m, 4H), 1.40-1.44 (m,
2H), 1.30 (t, J = 4.0 Hz, 3H, CH3). >C NMR (100 MHz, DMSO-d6): 6 166.6, 162.5,
160.6, 153.5, 144.9, 133.2, 132.8, 129.5, 129.3, 128.7, 128.2, 123.5, 119.0, 109.0,
62.1, 60.2, 52.7, 52.4, 31.7, 16.2, 14.1. ESI-MS: m/z 542.3 (M+1). C;30H31N503S
(541.21). HPLC purity: 97.14%.
N-((4-((4-((4-(4-Cyano-2,6-dimethylphenoxy)thieno[3,2-d]pyrimidin-2-yl)amino)
piperidin-1-yl)methyl)phenyl)sulfonyl)acetamide (37). Recrystallized from EA/PE
as a white solid, 50.3% yield, mp: 223-225°C. 'H NMR (400 MHz, DMSO-d6, ppm):
0 8.19 (d, J = 4.0 Hz, 1H, C¢-thienopyrimidine-H), 7.85 (d, J = 4.0 Hz, 1H,
C;-thienopyrimidine-H), 7.76 (d, J = 8.3 Hz, 2H, C;,Cs-Ph’-H), 7.71 (s, 2H,
C;,Cs-Ph”’-H), 7.50 (d, J = 8.2 Hz, 2H, C,,Cs-Ph’-H), 7.25 (s, 1H, SO,NH), 6.90 (s,
1H, NH), 3.75 (s, 1H), 3.52 (s, 2H, N-CH,), 2.74 (s, 2H), 2.11 (s, 6H), 2.07 (s, 3H),
1.39-1.91 (m, 6H). °C NMR (100 MHz, DMSO-d6): ¢ 162.5, 160.5, 144.1, 139.2,
133.2, 132.9, 129.6, 127.2, 119.0, 110.1, 109.0, 61.9, 60.8, 52.7, 31.7, 24.5, 16.2.
ESI-MS: m/z 591.5 (M+1). CyoH30NsO4S; (590.18). HPLC purity: 99.08%.
4-(Mesityloxy)-N-(1-(4-(methylsulfonyl)benzyl)piperidin-4-yl)thieno[3,2-d]
pyrimidin-2-amine (38). Recrystallized from EA/PE as a white solid, 57.4% yield,

mp: 92-95°C. 'H NMR (400 MHz, CDCls, ppm): ¢ 7.87 (d, J = 8.3 Hz, 2H,
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C;,Cs-Ph’-H), 7.70 (d, J = 5.4 Hz, 1H, Ce-thienopyrimidine-H), 7.53 (d, J = 8.1 Hz,
2H, C,,C¢-Ph’-H), 7.16 (d, J = 5.4 Hz, 1H, C;-thienopyrimidine-H), 6.90 (s, 2H,
C;,Cs-Ph”’-H), 5.02 (s, 1H, NH), 3.58 (s, 2H, N-CH3), 3.06 (s, 3H, SO,-CHj),
2.74-2.76 (m, 2H), 2.32 (s, 3H, C4-Ph’-CHj3), 1.93-2.09 (m, 11H), 1.42-1.51 (m, 2H).
C NMR (100 MHz, CDCls): 0 164.8, 163.6, 160.4, 147.2, 145.3, 139.1, 135.3, 134.7,
130.7, 129.7, 129.0, 127.3, 123.0, 62.3, 52.3, 44.5, 32.0, 20.9, 16.4. ESI-MS: m/z
537.6 (M+1), 559.5 (M+Na). C2sH3:N403S, (536.19). HPLC purity: 99.16%.
4-((4-((4-(Mesityloxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)
benzoate (39). Recrystallized from EA/PE as a white solid, 52.7% yield, mp:
97-100°C. 'H NMR (400 MHz, CDCls, ppm): 6 7.97 (d, J = 8.2 Hz, 2H, C3,Cs-Ph’-H),
7.70 (d, J = 5.4 Hz, 1H, Ce-thienopyrimidine-H), 7.39 (d, J = 8.1 Hz, 2H,
C,,C-Ph’-H), 7.17 (d, J = 5.6 Hz, 1H, Cs-thienopyrimidine-H), 6.90 (s, 2H,
C;,Cs-Ph”’-H), 5.10 (s, 1H, NH), 3.53 (s, 2H, N-CH,), 2.73-2.76 (m, 2H), 2.31 (s, 3H,
COOCHj3), 1.91-2.09 (m, 14H), 1.41-1.49 (m, 2H). >C NMR (100 MHz, CDCls): 0
176.2, 167.0, 166.3, 164.6, 160.4, 160.0, 147.3, 143.6, 135.2, 134.6, 133.6, 132.8,
131.5, 130.7, 129.7, 129.5, 129.0, 122.9, 62.5, 52.0, 31.8, 20.8, 16.3. ESI-MS: m/z
517.6 (M+1), 533.5 (M+Na). C29H3,N403S (516.22). HPLC purity: 98.49%.
N-(1-(4-Fluorobenzyl)piperidin-4-yl)-4-(mesityloxy)thieno[3,2-d]pyrimidin-2-ami
ne (40). Recrystallized from EA/PE as a white solid, 65.3% yield, mp: 131-136°C. 'H
NMR (400 MHz, CDCl;, ppm): ¢ 7.71 (d, J = 5.4 Hz, 1H, C¢-thienopyrimidine-H),
7.28-7.29 (m, 2H), 7.17 (d, J = 5.4 Hz, 1H, C;-thienopyrimidine-H), 7.02 (t, J = 8.6

Hz, 2H), 6.90 (s, 2H, Cs,Cs-Ph”-H), 4.86 (s, 1H, NH), 3.50 (s, 2H, N-CH,), 2.73-2.78
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(m, 2H), 2.32 (s, 3H, C4-Ph”-CHj3), 1.94-2.09 (m, 11H), 1.40-1.51 (m, 2H). *C NMR
(100 MHz, CDCl;): 6 164.9, 163.2, 160.8, 160.4, 147.3, 135.2, 134.5, 133.8, 130.7 (t,
J = 8.0 HZ), 129.0, 123.0, 115.1 (d, J = 21.0 HZ), 62.2, 52.0, 31.9, 20.9, 16.4.
ESI-MS: m/z 477.5 (M+1). C7H29FN4OS (476.20). HPLC purity: 99.42%.
N-(1-(3-Fluorobenzyl)piperidin-4-yl)-4-(mesityloxy)thieno[3,2-d]pyrimidin-2-ami
ne (41). Recrystallized from EA/PE as a white solid, 63.1% yield, mp: 140-142°C. 'H
NMR (400 MHz, CDCl;, ppm): 6 7.68 (d, J = 5.4 Hz, 1H, C¢-thienopyrimidine-H),
7.37 (t,J=6.1 Hz, 1H, Cs-Ph’-H), 7.22 (t, J= 6.0 Hz, 1H, C4-Ph’-H), 7.17 (d, J=5.3
Hz, 1H, Cs-thienopyrimidine-H), 7.10 (t, J = 7.4 Hz, 1H, C¢-Ph’-H), 7.03 (t, J = 9.5
Hz, 1H, C,-Ph’-H), 6.88 (s, 2H, C;,Cs-Ph”’-H), 5.05 (s, 1H, NH), 3.57 (s, 2H, N-CH,),
2.78-2.80 (m, 2H), 2.31 (s, 3H, C4-Ph”’-CH3), 1.92-2.08 (m, 11H), 1.41-1.48 (m, 2H).
C NMR (100 MHz, CDCls): 6 165.0, 162.6, 160.5, 160.1, 147.3, 135.2, 134.4, 131.6
(d, J=4.0 HZ), 130.7, 129.0, 128.7, 123.8 (d, J = 4.0 HZ), 123.1, 115.3 (d, J = 22.0
HZ), 55.2, 51.9, 32.0, 20.8, 16.4. ESI-MS: m/z 477.5 (M+1). C27H29FN4OS (476.20).
HPLC purity: 97.54%.
3-((4-((4-(Mesityloxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)
benzonitrile (42). Recrystallized from EA/PE as a white solid, 63.5% yield, mp:
99-102°C. 'H NMR (400 MHz, CDCls, ppm): 6 7.72 (d, J = 5.4 Hz, 1H,
Cs-thienopyrimidine-H), 7.64 (s, 1H, C,-Ph’-H), 7.58 (t, J = 9.0 Hz, 2H, C4-Ph’-H),
7.44 (t, J=17.7 Hz, 1H, Cs-Ph’-H), 7.17 (d, J = 5.3 Hz, 1H, C;-thienopyrimidine-H),
6.90 (s, 2H, C;3,Cs-Ph”’-H), 5.14 (s, 1H, NH), 3.51 (s, 2H, N-CHy), 2.72-2.75 (m, 2H),

2.32 (s, 3H, C4-Ph”-CHs), 2.09 (s, 9H), 2.93 (s, 2H), 1.42-1.50 (m, 2H). '*C NMR
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(100 MHz, CDCl): 0 164.8, 163.6, 160.4, 147.2, 140.2, 135.3, 134.6, 133.3, 132.4,
130.7, 129.0, 122.9, 119.0, 112.3, 62.1, 52.2, 32.0, 20.9, 16.4. ESI-MS: m/z 484.6
(M+1), 506.5 (M+Na). C23H29NsOS (483.21). HPLC purity: 96.77%.
4-(Mesityloxy)-N-(1-(pyridin-4-ylmethyl)piperidin-4-yl)thieno[3,2-d]pyrimidin-2-
amine (43). Recrystallized from EA/PE as a white solid, 50.7% yield, mp: 135-137°C.
'H NMR (400 MHz, CDCls, ppm): d 8.54 (d, J = 5.9 Hz, 2H, C,,Cs-pyridine-H), 7.71
(d, J = 5.4 Hz, 1H, Cg-thienopyrimidine-H), 7.28 (d, J = 6.6 Hz, 2H, C;,Cs-
pyridine-H), 7.18 (d, J = 5.4 Hz, 1H, Cj;-thienopyrimidine-H), 6.90 (s, 2H,
C3,Cs-Ph”’-H), 4.86 (s, 1H, NH), 3.50 (s, 2H, N-CH>»), 2.74-2.77 (m, 2H), 2.32 (s, 3H,
C4-Ph”-CH3), 1.95-2.09 (m, 11H), 1.44-1.52 (m, 2H). °C NMR (100 MHz, CDCl;): 6
164.9, 163.5, 160.4, 149.7, 147.9, 147.2, 135.2, 134.5, 130.7, 129.0, 123.8, 123.1,
106.6, 61.8, 52.3, 48.1, 32.0, 20.9, 16.4. ESI-MS: m/z 460.6 (M+1), 482.6 (M+Na).
C26H29N50S (459.21). HPLC purity: 98.73%.
N-(1-(2,4-Difluorobenzyl)piperidin-4-yl)-4-(mesityloxy)thieno[3,2-d]pyrimidin-2-
amine (44). Recrystallized from EA/PE as a white solid, 59.6% yield, mp: 110-112°C.
'"H NMR (400 MHz, CDCls, ppm): 6 7.70 (d, J = 5.4 Hz, 1H, C¢- thienopyrimidine-H),
736 (dd, J = 15.1, 83 Hz, 1H, Cs-Ph’-H), 7.17 (d, J = 53 Hz, 1H,
Cs-thienopyrimidine-H), 6.90 (s, 2H, C3,Cs-Ph”’-H), 6.75-6.85 (m, 2H), 4.89 (d, J =
7.3 Hz, 1H, NH), 3.52 (s, 2H, N-CH,), 2.75-2.78 (m, 2H), 2.32 (s, 3H, C4-Ph”’-CH3),
2.09-2.17 (m, 9H), 1.93-1.95 (m, 2H), 1.39-1.47 (m, 2H). "C NMR (100 MHz,
CDCl): 6 165.0, 163.5, 160.4, 147.2, 135.3, 134.5, 132.4, 132.3, 132.3, 132.2, 130.7,

129.0, 123.1, 111.1 (dd, J = 21.0, 4.0 HZ), 103.8 (t, J = 25.0 HZ), 54.7, 51.8, 32.0,
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20.8, 16.4. ESI-MS: m/z 495.5 (M+1), 517.6 (M+Na). C,7H23F2N4OS (494.20). HPLC
purity: 97.20%.
4-((4-((4-(Mesityloxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)b
enzamide (45). Recrystallized from EA/PE as a white solid, 52.4% yield, mp:
192-195°C. 'H NMR (400 MHz, DMSO-d6, ppm): ¢ 8.12 (d, J = 5.4 Hz, 1H,
Ce-thienopyrimidine-H), 7.93 (s, 1H), 7.82 (d, J = 8.3 Hz, 2H, C3,C5-Ph’-H), 7.33 (d,
J=8.1 Hz, 2H, C2,C6-Ph’-H), 7.22 (d, J = 5.4 Hz, 1H, C;-thienopyrimidine-H), 6.94
(s, 2H, C5,Cs-Ph’-H), 6.84 (s, 1H, NH), 5.76 (s, 1H, NH), 3.72 (s, 1H), 3.46 (s, 2H,
N-CH,), 2.74-2.76 (m, 2H), 2.26 (s, 3H, C4-Ph”’-CHj3), 2.02 (s, 6H, C,5-Ph”’-CHj3),
1.95-1.84 (m, 4H), 1.44-1.52 (m, 2H). °C NMR (100 MHz, DMSO-d6): 6 168.2,
163.2, 160.8, 147.3, 142.5, 136.1, 135.1, 133.4, 130.4, 129.5, 128.8, 127.8, 62.2, 56.5,
55.3, 52.7, 31.8, 31.1, 20.8, 19.0, 16.4. ESI-MS: m/z 502.3 (M+1). CysH31N50,S
(501.22). HPLC purity: 97.64%.
3-((4-((4-(Mesityloxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)b
enzamide (46). Recrystallized from EA/PE as a white solid, 42.7% yield, mp:
175-477°C. '"H NMR (400 MHz, DMSO-d6, ppm): 0 7.91 (d, J = 8.3 Hz, 2H,
C3,C5-Ph’-H), 7.59 (d, J = 16.0 Hz, 1H, Ce-thienopyrimidine-H), 7.48 (s, 2H,
CONH,), 7.40 (d, J= 8.1 Hz, 2H, Ph’-H), 7.34 (d, /= 4.0 Hz, 1H, Ph’-H), 7.24 (d, J =
5.4 Hz, 1H, C;-thienopyrimidine-H), 7.08 (s, 1H), 6.41 (s, 1H, NH), 3.72 (s, 1H), 3.47
(s, 2H, N-CH,), 2.74-2.76 (m, 2H), 2.29 (s, 3H, C4-Ph”-CHj3), 2.08 (s, 6H,
C,,Cs-Ph”-CH3), 1.42-1.76 (m, 6H). °C NMR (100 MHz, DMSO-d6): 6 166.1, 162.6,

159.3, 150.5, 144.8, 131.7, 129.5, 129.2, 129.0, 119.3, 118.9, 96.6, 62.2, 61.0, 52.7,
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31.6, 16.5, 14.6. ESI-MS: m/z 502.4 (M+1). CysH31N5O,S (501.22). HPLC purity:
96.75%.
4-((4-((4-(Mesityloxy)thieno[3,2-d]pyrimidin-2-yl)amino)piperidin-1-yl)methyl)b
enzenesulfonamide (47). Recrystallized from EA/PE as a white solid, 52.3% yield,
mp: 210-212°C. '"H NMR (400 MHz, DMSO-d6, ppm): 6 8.19 (d, J = 5.3 Hz, 1H,
Ce-thienopyrimidine-H), 7.77 (d, J = 8.3 Hz, 2H, C;,Cs-Ph’-H), 7.72 (s, 2H,
C;,Cs-Ph”’-H), 7.46 (d, J = 8.2 Hz, 2H, C,,Cs-Ph’-H), 7.30 (s, 2H, SO,NH,), 7.25 (s,
1H, C;-thienopyrimidine-H), 6.81 (s, 1H, NH), 3.94 (s, 1H), 3.52 (s, 2H, N-CH,),
2.65 (s, 2H), 2.29 (s, 3H, C4-Ph”-CH3), 2.10 (s, 6H), 1.59-1.83 (m, 6H). °C NMR
(100 MHz, DMSO-d6): 6 165.9, 162.5, 160.5, 153.4, 143.3, 143.1, 136.7, 133.2,
132.9, 129.4, 126.0, 123.8, 123.7, 119.0, 109.0, 61.9, 52.8, 31.7, 16.2. ESI-MS: m/z
549.5 (M+1). Cy7H23N6O3S, (548.50). HPLC purity: 96.16%.
4-(Mesityloxy)-N-(1-(4-nitrobenzyl)piperidin-4-yl)thieno|[3,2-d]|pyrimidin-2-amin
e (48). Recrystallized from EA/PE as a white solid, 55.6% yield, mp: 225-227°C. 'H
NMR (400 MHz, DMSO-d6, ppm): 0 8.18 (d, /= 8.3 Hz, 2H, C;,Cs-Ph’-H), 8.11 (d, J
= 8.0 Hz, 1H, Ce-thienopyrimidine-H), 7.55 (d, J = 8.2 Hz, 2H, C,,Cs-Ph’-H), 7.21 (d,
J=4.0 Hz, 1H, Cs-thienopyrimidine-H), 6.93 (s, 2H, C;,Cs-Ph”’-H), 6.85 (s, 1H, NH),
3.72 (s, 1H), 3.56 (s, 2H, N-CH,), 2.73 (s, 2H), 2.26 (s, 3H, C4-Ph’-CH3), 2.02 (s,
6H), 1.76-1.91 (m, 4H), 1.46 (s, 2H). °C NMR (100 MHz, DMSO-d6): J 163.2,
160.7, 147.5, 147.3, 146.9, 136.2, 135.1, 130.4, 130.0, 129.5, 123.8, 61.6, 52.7, 31.7,
20.8, 16.4. ESI-MS: m/z 504.5 (M+1). C27H29Ns0;S (503.20). HPLC purity: 95.31%.

In vitro anti-HIV activities assays
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The anti-HIV activity and cytotoxicity of the newly synthesized compounds were
evaluated with WT HIV-1 (strain HIV-11IB), double RT mutant strains of HIV-1 IIIB
(RES056 and F227L/V106A), five single RT mutant strains of HIV-1 IIIB (L1001,
KI103N, E138K, Y181C, Y188L), and HIV-2 (strain ROD) in MT-4 cell cultures using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method as
described previously.>** At the beginning of each experiment, stock solutions
(10xfinal concentration) of test compounds were added in 25 pL volumes to two
series of triplicate wells in order to allow simultaneous evaluation of their effects on
mock- and HIV-infected cells. Using a Biomek 3000 robot (Beckman Instruments,
Fullerton, CA), serial five-fold dilutions of the test compounds (final 200 puL volume
per well) were made directly in flat-bottomed 96-well microtiter trays, including
untreated control HIV-1 and mock-infected cell samples for each sample. HIV-1 (I1IB)
and mutant HIV-1 strains (RES056, F227L/V106A, L100I, K103N, E138K, Y181C
and Y188L) or HIV-2 (ROD) stock (50 pL 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 uninfected cells in order to assess the cytotoxicity of the
compounds. 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 6x10°
cells/mL, and 50 pL aliquots were transferred to the microtiter tray wells. At five days
after infection, the viability of mock- and HIV-infected cells was determined

spectrophotometrically by means of the MTT assay.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

The MTT assay is based on the reduction of yellow-colored MTT (Acros
Organics, Geel, Belgium) by mitochondrial dehydrogenase of metabolically active
cells to form a blue-purple formazan that can be measured spectrophotometrically.
The absorbances were read in an eight-channel computer-controlled photometer
(Multiscan Ascent Reader, Labsystems, Helsinki, Finland), at the wavelengths of 540
and 690 nm. All data were calculated using the median optical density (OD) value of
three wells. The 50% effective antiviral concentration (ECsy) was defined as the
concentration of the test compound affording 50% protection from viral
cytopathogenicity. The 50% cytotoxic concentration (CCsp) was defined as the
compound concentration that reduced the absorbance (ODs49) of mock-infected cells
by 50%.

Recombinant HIV-1 reverse transcriptase (RT) inhibitory assays

The HIV-1 RT inhibition assay was conducted by using an RT assay kit produced
by Roche. All the reagents for performing the RT reaction are contained in the kit and
the procedure for assaying HIV-1 RT inhibition (recombinant WT and K103N/Y181C
double-mutant RT enzymes) was performed as described in the kit protocol.*

Briefly, the reaction mixture containing HIV-1 RT enzyme, reconstituted
template and viral nucleotides [digoxigenin (DIG)-dUTP, biotin-dUTP and dTTP] in
the incubation buffer with or without inhibitors was incubated for 1 h at 37°C. Then,
the reaction mixture was transferred to a streptavidin-coated microtitre plate (MTP)
and incubated for another 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.
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The unbound dNTPs were washed with washing buffer, and anti-DIG-POD was added
to the MTPs.

After incubation for 1 h at 37°C, the DIG-labeled dNTPs incorporated in cDNA
were bound to the anti-DIG-POD antibody. The unbound anti-DIG-PODs were
washed out and the peroxide substrate (ABST) solution was added to the MTPs. The
reaction mixture was incubated at 25°C until the green color was sufficiently
developed for detection. The absorbance of the sample was determined at OD4os nm
using a microtiter plate ELISA reader. The percentage inhibitory activity of RT
inhibitors was calculated according to the following formula:

% Inhibition = [O.D. value with RT but without inhibitors - O.D. value with RT
and inhibitors]/[O.D. value with RT and inhibitors - O.D. value without RT and
inhibitors].

The ICs¢ values correspond to the concentrations of the inhibitors required to
inhibit biotin-dUTP incorporation by 50%.

Molecular simulations

Molecular modelling was performed with the Tripos molecular modelling
packages Sybyl-X 2.0. All the molecules for docking were built using standard bond
lengths and angles from Sybyl-X 2.0/Base Builder and were optimized using the
Tripos force field for 1000 generations two times or more, until the minimized
conformers of the ligand were the same. The flexible docking method (Surflex-Dock)
docks the ligand automatically into the ligand-binding site of the receptor by using a

protocol-based approach and an empirically derived scoring function. The protocol is
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a computational representation of a putative ligand that binds to the intended binding
site and is a unique and essential element of the docking algorithm. The scoring
function in Surflex-Dock, containing hydrophobic, polar, repulsive, entropic, and
solvation terms, was trained to estimate the dissociation constant (Kd) expressed as
-log (Kd)*. The protein was prepared by removing the ligand, water molecules and
other unnecessary small molecules from the crystal structure of the ligand HIV-1 RT
complex (PDB code: 3M8Q) before docking; polar hydrogen atoms and charges were
added to the protein. Surflex-Dock default settings were used for other parameters,
such as the maximum number of rotatable bonds per molecule (set to 100), and the
maximum number of poses per ligand (set to 20). During the docking procedure, all of
the single bonds in residue side-chains inside the defined RT binding pocket were
regarded as rotatable or flexible, and the ligand was allowed to rotate at all single
bonds and to move flexibly within the tentative binding pocket. The atomic charges
were recalculated using the Kollman all-atom approach for the protein and the
Gasteiger-Hiickel approach for the ligand. The binding interaction energy was
calculated, including van der Waals, electrostatic, and torsional energy terms defined
in the Tripos force field. The structure optimization was performed for 10,000
generations using a genetic algorithm, and the 20-best-scoring ligand-protein
complexes were kept for further analysis. The -log (Kd)* values of the 20-best-scoring
complexes, representing the binding affinities of ligand with RT, encompassed a wide
range of functional classes (102-10™). Therefore, only the highest-scoring 3D

structural model of ligand-bound RT was chosen to define the binding interaction.
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Pharmacokinetics study assays

Ten male Sprague-Dawley rats were randomly divided into two groups to receive
the low dosage level (8 mg.kg™) or the medium dosage level (16 mg.kg™). 27 solution
was prepared by dissolving 27 in a mixture of polyethylene glycol (peg) 400/normal
saline (70/30, V/V) before the experiment. Both dosages were administered to rats by
gavage. Blood samples were collected from the sinus jugularis into heparinized
centrifugation tubes at 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8h, 12 h, 14 h, and 24
h after dosing. The samples were then centrifuged at 2200g for 8 min to separate
plasma, which was stored at -20°C until analysis. LC-MS analysis was used to
determine the concentration of 27 in plasma. Briefly, 50 pL of plasma was added to
50 pL of internal standard and 300 pL of methanol in a 5 mL centrifugation tube,
which was centrifuged at 3000g for 10 min. The supernatant layer was collected and a
20 uL aliquot was injected for LC-MS analysis. Standard curves for 27 in blood were
generated by the addition of various concentrations of 27 together with internal
standard to blank plasma. All samples were quantified with an Agilent 1200 LC/MSD
(Agilent, USA). The mobile phase was methanol/1.5% glacial acetic acid (50:50, V/V)
at a flow rate of 1.0 mL/min and the test wavelength was 225 nm. All blood samples
were centrifuged in an Eppendorf 5415D centrifuge and quantified by Agilent 1200
LC/MSD (Agilent, USA).
Acute toxicity experiment

The Kunming mice (18-22 g) were purchased from the animal experimental

center of Shandong University. The sample 27 was suspended in PEG-400 in
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concentrations of 100 mg * mL™ and 200 mg * mL" respectively, and the mice were
fasting for 12 hours before administered intragastrically. Then the 2 groups of mice
were tested in the dose of 1000 mg * kg” and 2000 mg-kg”, and 6 mice in half
respectively male and female were used per group in the same dose.
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ABBREVIATIONS USED

AIDS, acquired immunodeficiency syndrome; CCsp, 50% cytotoxicity concentration;
DAPY, diarylpyrimidine; ECs, the concentration causing 50% inhibition of antiviral
activity; HAART, highly active antiretroviral therapy; HIV, human immunodeficiency
virus; NRTIs, nucleoside reverse transcriptase inhibitors; NNRTI, non-nucleoside
reverse transcriptase inhibitors; RT, reverse transcriptase; SAR, structure-activity
relationship; SI, selection index; WT, wild-type; NVP, nevirapine; DLV, delavirdine;
EFV, efavirenz; ETV, etravirine; RPV, rilpivirine; AZT, azidothymidine.

Supporting Information Available: HPLC conditions, Tables for HPLC data of
target compounds, fold-resistance of compounds 26-48 (except 30) against HIV-1
mutant strains respect to wild type HIV-1 strain. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Table 3. Anti-HIV-1 activity of compounds 26-48 against HIV-1 mutant strains.

ECs’ s
compd L1001 K103N Y181C Y188L E138k F227L+ RES056 | L100I K103N YI181C YI88L E138k F227L+ RES056
V106A V106A
2 7339 1245.8 362.9 4177 39+2.8 4459 442149 306 1804 622 543 566 507 50
27 3.420.6 2.9 3.2+0.4 3.0£0.1 2.9 42412 306212 | 159101 >67385  >78125  >70028  >75758  >78125 >53533
28 90.9+42 8.742.5 378449  44.8+39 344421 7124664 1073£201 1549 16227 3735 3145 4103 198 131
29 81.6+31.2 9.9+0.2 427439 553159 420+ 13043.4 651=11 253 2091 483 373 489 159 32
30 - - - - - - >4100 - - - - - - <1
31 28.4+21 <7.6 20.9+8.5 12.8+4.3 6.5+1.0 8.5+0.7 1900 >8033  >30120  >10870  >17781  >35211  >26652 >120
32 13.6+4.7 1.9+0.5 6.9+0.2 8.2+0.5 6.9+0.3 322475 262453 5018 35700 9887 8869 9900 2122 261
33 45424 1.5+0.2 48+2.4 6.81.2 6.6+0.8 4.1%0.7 32459 972 2880 911 647 665 1091 136
34 10.8+1.6 1.8+0.2 53+4.6 8.6=1.1 45437 10.7+0.6 85.8+54 8759 53773 18103 11147 21340 8855 1110
35 50.0+19 103+2.0  49.5+0.5 58.3=11 13.8+0.7 130.3+24 >48768 >975 >4713 >984 >836 >3511 >374 X1
36 1128049164 5114457  3710£574  4670+1802  1019+120  12821+11631  >230770 >20 >446 >62 >49 >227 >20 X1
37 20.8+10 8.2+1.7 28.8+10 13.6+3.2 8.842.6 8.8+1.6 144.2436 145 369 104 222 340 340 20
38 23.9+3.0 6.2+0.9 28.9+0.7 32.245.6 18.2+2.4 23.942.1 282499 143 548 118 106 187 81 12
39 6504273 94.6+76 161.448.5  243.1+64 39.5+0.5 1851+724 4687+259 38 263 154 102 629 13 5
40 12144416 91.8+26 181.5455 71578 166.1+12 5313564  6262+1381 10 130 66 17 72 2 2
41 15274255 149+1.0 252429 59992 172428 3118+104 7790+564 16 165 98 41 143 8 3
42 476204 38.7+8 193443 143+18 50.9+5 39216 5318 36 445 89 120 339 44 <3
43 56.1+4 7.3+0.7 24.6+1 37.147 209+14  133.276+75.8 20614 101 777 230 152 270 42 27
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44

45

46

47

48
NvP
EFV
ETV
AZT

1239+579

96.1+46

399496

4519+158

>6394

2107+196

115.5+8.3
5.4+2.1
3.8+£2.1

16315

8.7+0.5

93.8+£30

4937407

53.4£19

5392+3738
80.1£2.6
2.4+0.6
5.240.2

660+66

42.7+4.3

183.1£51

4845+118

200.1+73

>15021
8.2+1.0
15.8+2.1
6.7£1.3

787+54

42.6+3.5

234.2432

8471£197

262.1£50

>15021
514.8+51
20.5+2.9

6.3+0.7

174+9

21.9+5.3

51.0£2.2

5505+315

125.9+4.2

271+4.8
5.240.6

14422
7.3+2.1

6607+3162

107.2+12

852.2421

4547+13

>6393

>15021
348.5+58
29.4+7.7

4.8+0.7

13960

310.1+158

7705+1643

>16462

>6394

>15000
308+164
17+1.8

11.1£5.2

<1

>7
>55
>853
>1994

86

671

81

3

120

>3
>79
>1952
>1429

21

135

41

3

32

X1
>772
>291

>1120

136

32

2

24

X1
>12
>224
>1180

80

265

149

3

51

>55
>1220
>318
>1026

54

9

4

<1

X1

>18

156
>1563

<l

<l

<1

X1

>21

>270

>675

“ ECs: concentration of compound required to achieve 50% protection of MT-4 cell cultures against HIV-1-induced cytotoxicity, as determined by the MTT method.

b CCsy: concentration required to reduce the viability of mock-infected cell cultures by 50%, as determined by the MTT method.
“SI: selectivity index, the ratio of CCs¢/ECs;.
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10 ECso (M) = CN CN ECso (NM) =
11 4.1 (WT): 1.4 (WT);

12 . .

5.4 (L1001); 0 Seaffold 0 3.4 (L100I);

5[ ey ey e ey ey e
15 : : | \ | o |3 :
16 20.5 (Y188L): H,N \N/kN \N)\” ’/S:/\NH 3.0 (Y188L):
17 14.4 (E138K); A o NM2|5 9 (E138K);
18 29.4 (F227L+V106A);| Etravirine (4, ETV) 27 4.2 (F227L+V106A):

19 17 (K103N+Y181C); 30.6 (K103N+Y181C);
20 SI> 1128 (WT) Sl > 159101 (WT)
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