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Graphic abstract
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A series of new diarylpyrimidine analogues featuring a functional substituted amino group between the pyrimidine scaffold and the
aryl wing have been designed and synthesized, which were also evaluated as anti-drug-resistant HIV reverse transcriptase inhibitors.
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Highlights

18 new compounds were designed, synthesized as the anti-drug resistant HIV NNRTIs.

All the new molecules were evaluated for their biological activities against HIV.

Compound 1d displayed anti HIV-1 activities 47 fold than that of AZT.

Compound 1d also showed activities against double mutated HIV-1 and HIV-2 strain.

SAR study including the docking analysis was also investigated deeply.
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This article reports the design, synthesis andvisatievaluation of a new series of non-nucleosielerse
transcriptase inhibitors (NNRTIs). The basic skaietf these target 18 molecules is diarylpyrimidieatur-
ing a substituted amino group between the pyringidicaffold and the aryl wing. All of the new compds
have been characterized by spectra analysis. Tie eéarget molecules were evaluated for theiwitro
anti-HIV activity with controlling group of FDA appved drugs. Most of them showed good to poteritiact
ties against wild-type (WT) HIV-1 with
2-(4-Cyanophenylamino)-4-(2-cyanovinylphenylhydnaamethyl)pyrimidine 1d) displayed potent an-
ti-HIV-1 activity against WT HIV-1 with a selectityi index (SI) of 106367 and an d¢£value of 1.75 nM,
which was 47 fold lower than that of AZT. Compoutdialso showed a broad-spectrum inhibitory activity,
with an 1G; value of 5.33uM and 5.05uM against both HIV-1 double-mutated (K103N/Y181@pmm& and
HIV-2 strain, respectively. The preliminary struetactivity relationship (SAR) was also investight&@he
binding modes with HIV-1 RT for both the wild typed mutant type have also been discussed.

& values in the range of 0.0175-69.24M.

@ 2014Elsevier Masson SAS. All rights reserve

1. Introduction?

Human immunodeficiency virus type 1 reverse trapscr
tase (HIV-1 RT) is one of the key enzymes in th¥ Hie cy-
cle[1], which represents one of the main targetsdesigning
selective agents for the treatment of
Non-nucleoside reverse transcriptase inhibitors RNIN)
against HIV-1 are the main and important drugs dmigating
with the plague of AIDs[3]. Among the classes ofipmunds to
which the US FDA-approved RT inhibitors belong [die three
most important main types of NNRTIs are aromatitere
cylclic compounds, including HEPTSs[5, 6], DABOs[], dia-
rylpyrimidines (DAPYs) [9-11],etd12]. All these therapeutic
agents shared the pyrimidine ring as the main tstralcskeleton
(Fig. 1) [6], which could directly bind with thelasteric site,
located 10-15 A away from the catalytic site of RB-15].
While the emergence of RT mutations (such as Y1&UWO3N,
etc) rapidly confers resistance to the first-generatNNRTIs,
highly potent second-generation NNRTIs have alsm genti-
fied[1, 16, 17], such as the Y181C mutation-astediadia-

* Abbreviations: NNRTIs, non-nucleoside reverse transcriptabéitars; HEPTS,
1-[(2-hydroxyethoxy)-methyl]-6-(phenylthio) thymines; DABOS,4-dihydro-2-alkyl-
6-benzyl-pyrimidin-4(3)-ones; DAPYSs, diarylpyrimidine derivatives; NVP, nevirapine;
DLV, delavirdine; HIV-1 RT, Human immunodeficiency virus é/f reverse transcrip-
tase; US FDA, United States Food and Drug Administration; NERTon-nucleoside
RT inhibitors; EFV, efavirenz; TMC125, etravirine; TMC278, rilpivein NNIBP,
nonnucleoside inhibitor binding pocket; wt, wild-type; BPs, beneaphe derivatives;
Sl, selectivity index; AZT, zidovudine; ESI, electrospray iotig TMS, tetrame-
thylsilane; MTT, 3-(4, 5- dimethylthiazol-2-yl)-2,5-diphenyltetoium bromide;
CCIDso, 50% cell culture infectious dose; €50% cytotoxic concentration; E§50%
effective concentration; Kd, dissociation constant,160% inhibitory concentration.

*Corresponding author. Tel./fax: +86 29 82656327-801.

E-mail address: mengge@mail.xjtu.edu.cn (G. Meng),
rfchen@fudan.edu.cn (F.-E. Chen).

HIV/AIDS[2].

rylpyrimidine  (DAPY)  analogs[18], represented
TMC125[19-21] and TMC278[22-24], which have been co
roborated by many crystallographic data[25-27].

by

r_

The crystal structures of DAPY/HIV-1 RT complexesian

the relative molecular modeling results have reagasome
important features of enzyme-ligand interactionsiicw are
crucial for maintaining the antiviral activity agat a wide
range of resistance mutations[27, 28]. DAPYs sh#tedimilar
pharmacophore with the first-generation NNRTIs, udahg the
hydrophobic center, the hydrogen bond donor andmocs, the
active binding conformation of DAPYs resembled

horseshoe[29] or “U” shape when bound in the nocieuside
inhibitor binding pocket (NNIBP)[25, 27]. For exarepl
TMC125 could be taken as an example to delineaseiritérac-
tion mechanism in details as following: the ethad amino
linkages of the two cyanophenyl groups of the TMCt2&Id

provide sufficient flexibility to allow strong-n stacking inter-
actions with the aromatic ring of Y181, Y188, F22nd
W229[27, 30], respectively. It was also suggestet DAPY
NNRTIs could bind to RT through torsional flexibilifyWig-

gling”) and repositioning flexibility (“Jiggling™25]. Based on
the above concepts, a general strategy for desgjgfiéxible

drugs against a variety of drug-resistant mutaritg-Hstrains
has been proposed.

Considerable efforts made on the structural moditica
of the linker group ofCH,-DAPYs might end up with various
effects on the biological activityia the assistance of the differ-
ent substituted groups on both sides of the arematgs[31,
32]. It has already been shown that there aresstitie possibili-
ties to achieve the anti-drug resistance effectsbdifying the
linker group between the left benzene ring andciatral py-
rimidine ring[33]. In order to identify more pote®APYs as
possible NNRTIs, we have modified DAPY derivativegth
cyclopropylamino groups attached to the JChinker between
the left benzene ring and the central pyrimidinggj34]. The
results have shown that both the cyano and the osyayl
groups are beneficial for enhancement of the ai\i-&ttivity.

a



We therefore proposed that it might be a shortt@igtart from also been proven to be very beneficial for imprgvihe antivi-
fixing the cyano or cyanovinyl group while changitige at- ral activity, especially increasing the drug remiste activities,
tached group on the GHinker. On the other hand, either a hy- which have been also verified by many biologicalags[37].
drazine[35] &, Fig. 2) or hydroxyl[36, 37]3, Fig. 2) groups has
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Fig. 1. Structure of some important NNRTIs including HEPRBCO and DAPYs.

Guided by the mechanism of interaction between DAPY cyano and the cyanovinyl groups on both of the atanrings.
and HIV-1 RT as well as the related SAR analysihebé ana-  The chemical structures of all the new target mdesx have
logues, we wanted to find more drug candidatesnagahe been characterized by spectra analysis data. ThieHRAN
drug-resistant HIV-1 strains. In this paper, werdfere have screening tests show that almost all of the comgsushow
designed and synthesized another series of newmoderate to excellent activity against HIV, of whicompound
4-(substituted-amino)arylmethyl DAPYs derivativds Fig. 2) 1d is the best one. The relative SAR discussions \gasiaves-
accordingly. The target molecules shared the pyiimai skele- tigated together with the comparative docking asialy
ton and the hydrazine or the hydroxyl-Clihker, as well as the

Hydrophobic nature
Electrostatic interactions

ECso = 1.7nM ECso = 9nM
S| = 18461 SI=4115
2. CH(NNH,)-DAPY 3. CH(OH)-DAPY 1. Substituted-CH-DAPY's

Fig. 2. Molecular design of new substitut€H-DAPYs.
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without being isolated
10,1 R R 10,1 R R 10,1 R R
a 4-CN OH g 2-Cl Me m 2-Cl n-Pr
b 4-CH=CHCN OH h 4-CN Et n 4-CN i-Pr
c 4-CN NH-NH i 4-CH=CHCN Et o] 4-CH=CHCN i-Pr
d 4-CH=CHCN  NH-NH j 2-Cl Et p 2-Cl i-Pr
e 4-CN Me k 4-CN n-Pr q 4-CN 2-Hydroxylpropyl
f 4-CH=CHCN Me | 4-CH=CHCN n-Pr r 2-Cl 2-Hydroxylpropyl

Scheme 1Synthetic route of the new DAPYs derivatiy@a-1r). Reagents and conditions: (a) Mel, NaOHOQHr. t.; (b) 4-cyanoaniline, 18T; (c) POC%,
reflux; (d) R (R=2-Cl or 4-Br)-phenylacetonitriléQ % NaH, Ar, DMF, -2@C to r. t., 48-72 h; (e) NaH, air, DMF, r. t., 36-fi2(f) CuCN, DMF, 15@C, 10h; (g)
acrylonitrile, Pd(OAc), P(-Tol)s, NaOAc, DMA, 150C, overnight; (h) R’-NH, EtOH, NaSO, reflux, 4-8 h; (i) NaBHCN, EtOH, 60C, 4 h

2. Results and discussion

2.1. Chemistry

The synthesis of the target compouddslr was shown in
Scheme 1. Starting from commercially available make
2-thioxo-2,3-dihydropyrimidin-4(#)-one @) and iodomethane,
2-(methylthio)-2,3-dihydropyrimidin-4)-one 6) were ob-
tainedvia methylation. Methylthio ethes was transformed into
4-((4-oxo0-1, 2, 3, 4-tetrahydropyrimidin-2-yl)amindenzo-
nitrile  (6) through the reaction with excess amount of
4-cyanoniline at high temperature of 180The purification of
6 was achieved by washing with organic solvent. ifimgortant
intermediates 4-(4-chloropyrimidin-2-yl-amino) ben#riles (7)
was easily prepared from intermedidgevia refluxing with
POCZ%L. The key intermediates, oXoH,-DAPYs (9a-90) were
conveniently synthesized from benzonitril@sin two steps
through our previously reported modified methods[3d]. The
cyanation of9b with CuCN at 150°C for 10 h in anhydrous

DMF gave the corresponding 4-cyano intermed@xf84]. The
acrylonitrile derivative9d was preparedia the coupling reac-
tion, which was conducted @b with classical Heck conditions
using palladium (Il) diacetate as a catalyst in phesence of
sodium acetate in DMA[34]. Imino compound®a-10r were
synthesized by refluxina-9d with various substituted amines
in ethanol with the assistance of small amountcetia acid and
anhydrous sodium sulfate, respectively. Reductidn$0a-10r
with sodium cyanoborohydride in ethanol providee target
compoundda-1r (Scheme 1).

2.2. Biological activity

The activity and cytotoxicity of these newly syrgired
DAPY analogues were evaluated in MT-4 cells foiirtiability
to inhibit HIV-1 and HIV-2 induced cytopathogenie&. The
results, expressed as the cytotoxicity ¢gChalf maximal (50%)
inhibitory concentration 16 and selective index (SI
CGs/ICsp), which indicates the specificity of the antiviral
effect, are illustrated ifable 1 together with those of the five



FDA-approved drugs: Nevirapine, Zidovudine, Efanire mutant (K103N/ Y181C) strain derived from wild-typeAl,
Delavirdine and Etravirine as the reference statglafhe cells  and HIV-2 strain (ROD).
were infected with HIV-1 wild-type virus (LAI) oralble RT

Table 1
Anti-HIV activities and cytotoxicity of compounds-1r MT-4 cells.

ICs0(nM)
Compd R R CCso sl
ne RES056 ROD
la 4-CN :E:N 7.90+1.45 >218.73 >218.73 218.73+23.01 28
1b 4-CH,CN OH 0.0163+0.0012 >160.946 35.66+7.20 160.946+40.217 9891
1c 4-CN :%:N 0.234+0.019 5.95 2.92+1.45 40.175+4.907 172
1d 4-CH,CN N Ha 0.00175 5.33 5.0520.79 186.308+15.58 106367
le 4-CN 15.17+7.29 >189.13 >189.13 189.136.99 12
1f 4-CH,CN -E‘Nl\'| 0.108+0.049 >41.414 >41.414 41.414+11.741 385
1g 2-Cl 0.063+0.015 >36.09 >6.09 36.09+1.873 571
1h 4-CN 21.06+9.16 >157.52 >157.52 157.52+11.34 7
1i 4-CH,.CN "%‘Nl\‘|_ 0.192+0.041 >37.324 >37.324 37.324+1.955 194
1 2-Cl 0.35+0.01 >39.44 >39.44 39.44+0.91 113
1k 4-CN >9.45 >34.94 >34.94 34.94+3.19 <4
-3-NH
1 4-CH,CN \_\ 0.107+0.063 >37.324 >37.324 33.970+3.457 319
im 2-Cl 0.048+0.003 >68.476 >68.476 68.476+17.664 1422
in 4-CN >69.21 >69.21 >69.21 69.21+55.00 "na
1o 4-C,H,CN —§l\;-|- 0.080+0.003 >32.322 >32.322 32.322+2.589 405
1p 2-Cl 0.040+0.012 >35.462 >35.462 35.462+0.779 879
1q 4-CN 'E'NH OH 23.87+1.45 >65.03 >65.03 >65.03 >3
1r 2-Cl \_< 0.33+0.04 >34.66 >34.66 34.66+1.35 105
’ 4-CN >34.71 >34.71 >34.71 34.71+1.08 <1
: i
4-CH,CN j> 0.196+0.03 >56.108 >56.108 56.108+9.788 287
2-Cl 0.12+0.01 >37.89 >37.89 37.89+1.98 317
Nevirapine 0.101+0.015 0.90 >15.021 >148
Lamivudine 3.89+2.89 15.53+11.17 >87.24 >22
Zidovudine 0.0066:0.0006 0.0077 0.0017 >93.5489 1924
Efavirenz 0.0226 0.16 6.3356 >280
Delavirdine 0.81 43.84 >54

"na: The data are not available or calculated.

, , :The data for the preparation of the compounde h&en described in another manuscript.

In general, most of the tested compounds were ectiv activity to that of Efavirenz. From all the testedmpounds,
against the wild type of HIV-1 infected cell linegcept for the  2-(4-cyanophenylamino)-4-(2-cyanovinylphenylhydnaameth
compounds with 4-cyanophenyl as the left wing off%. The yl)pyrimidine (1d) was found to be the most promising one with
activities of these compounds are comparable to ah&levi- the lowest 1G, of 1.75 nM, 4 time as the reference compound
rapine. Some of the compounds show the similarobio&l AZT. The toxicity of compoundd is also very low with the SI



of 1d being 106367 = 7 times than that of AZT.

As shown in Table 1, the substitution pattern anghenyl
ring of DAPYs might play a determinant role in théllV-1
inhibitory potency. In the case of the 4-cyanovinyl2-chloro
substituted analoguedl, 1d, 1f, 1g, 1i, 1j, 1, 1m, 10, 1p and
1r), all of the compounds show very high activity. Bstfor the
4-cyano substitution, the majority of these compmitsuare inac-
tive against HIV-1 with an 16 above 10uM, except for the

tance of the 2-substituted groups on the aromatigsr The
introduction of the cyanovinyl group could enhatice biolog-
ical potency against wild-type virus strain, white same group
could also decrease the cytotoxicity, which agaénified the
cyanovinyl group at 4-position to be superior thestsubstitu-
ents.

In addition, all the title compounds were also aastd for
their capability to inhibit the HIV-2 (ROD) replidah in MT-4

compound 1c) with a hydrazine group on the methylene linker. cells. The result showed that compoutig 1c, 1g also have
The activity of1c was not as high as what has been expectedsome activity against HIV-2, with the potency I¢isan that of

from the SAR analysis. The reasons for the ordiaativity of
these compounds with similar substitutions canXmained as
follows.

It was well-known that the introduction of a cyagmup
into DAPYs could elevate both the biological adfivand the

anti-drug resistance abilityia an interaction with the conserved

amino acid W229 in NNIBP. This kind of interacti@an be
assisted by the 2-substituted group on the phémylaf DAPYs

with increasedr-n stacking between the ligand and Y181 or

Y188 in the hydrophobic pocket of NNIBP by the resiton on

the flexible rotation of the left phenyl ring of PA's[39]. It was
also observed that most of the active DAPY demestishared
both 4-cyano group and 2-substituted groups. Famgle,

TMC125 contains two methyl groups on the 2, 6-posgiof

the left phenyl ring (Fig. 1)[30].

The possibility for the insertion of 4-substitutgup into
the W229-containing narrow pocket of NNIBP is dephdn
both the physical properties (including the stefifectsetc) of
the 4-substituted group and the synergistic effettthe
C2-sustituted groups on the phenyl ring. In someutitustance,

the function of theC2-sustituted groups might exert much more

assisting effect than the 4-substituted greigpfixing the suita-
ble conformations of the 4-substituted group. Tkeydnovinyl
could adjust its conformation to adapt with the dmyahobic

channel bys-bond rotation, while the cyano group could exert a

similar effect only by the assistance of the 2-§tted groups.
The biological result of the former series of DAPWish cyclo-
propyl attached to the Ilinker also supported
suggestions[34].

Replacing cyclopropyl with a smaller or more flexitdl-
kyl amino group could inevitably result in the enbament of
the biological activities to 2-8 folds as the matlskeletons
including the less active cyano substituted mokesult is quite
interesting that even the sequence of the actiaitydifferent
substitution groups are quite similar in the moretiva
4-cyanovinyl and 2-chloro series, which could behia follow-
ing order:iso-propylamino >n-propylamino > methylamino >

ethylamino~ cyclopropylamino. The result also showed that the

flexibility of these substituted groups can playeay important
role in enhancing the activity together with therit effects.
These alkyl groups are less effective than the dgido group,
which is probably related to the fact that the tossituted NH
group could easily form an H-bond with the V179idas,
while the substituted NH structures are less beiaffor the
H-bond formation, although the alkyl group couldgy more
space in the V179 pocket.

Interesting results were also observed in considethe
hydrazino group substitution on the NH-linker. There two
compounds showed a micromolar activity on doubletamiu
strains (K103N/Y181C), comparable to Nevirapine egs
active than Efavirenz and Zidovudine. Anyway, thdi-drug
resistant activities of these two compounds watkesstilar to
that of the hydroxyl or hydrazino substituted DAB#&frivatives
even if the cyanovinyl group was introduced inte thAPY
skeletons. This result might be explained by trsajgbearance
of the preferred fixing conformation due to lackittee assis-

AZT (Table 1). It is also interesting to note thhe 4-cyano
group was the best one in keeping potency agains2HThis

similar sequence in enhancing ability of the défar groups
might imply some similar mechanism in the differ@mcum-

stances of both the HIV-1 and HIV-2. These findirsi®wed
that this new series of DAPY derivatives was actigainst both
HIV-1 and HIV-2, which might be lead to a new waytiroaden
the anti-virus spectrum.

3. Molecular docking analysis

The docking analysis about the possible binding enioas
been compared between the most potential compadnahd
TMC278 with HIV-1 R™ and double mutant HIV-1
RTKI03NYIBIC ragpectively. The results are shown in Fig. 3 Th
following features of the docking models are worthybe out-
lined in detail.

The torsion angles of different HIV-1 RTIs are vény-
portant parameters and correlated with the beréficieraction
between the ligand and the HIV-1 RT, which is suppo® be
further related with the anti-HIV-1 biological adgties[40].
Therefore, the torsion angles in the binding camftions of
TMC278 and the most potent compourdiwere calculated and
are further shown in Table 2 for comparison.

As shown in Fig. 3 (b), the binding mode betweem-co
poundld and wild type RT is illustrated as follow. The jpyi-
dine ring of compoundd is located in the space between L100

theseand V179. The torsional rotation initiated by thethylene

group could lead the pyrimidine ring &€l not to be paralleled
with the pyrimidine plane of TMC278. While moving ward
for 0.5A, the pyrimidine ring ofd might get close to E138 for
about 0.5A. Formed by both the K101 main chain @ayband
the NH group, the two hydrogen bonds in the crystraicture of
TMC278-R™ (PDB ID: 2ZD1[25], Fig.3 (a)) still exist be-
tween1d and K101 in the RTd docking model as a similar
fashion to that of TMC278, while the bond lengthsboth of
the two hydrogen bond are 0.1A longer than thatMC278.
The right cyanophenyl rings of both compouiand TMC278
are almost overlapping with each other by comparafa(a) and
(b) in Fig. 3. Although the methylene group betweka left
wing and pyrimidine ring moves over a distance fittie NH of
TMC278 on account of the variation i but the distance be-
tween the CHlinker and E138 did not change markedly.

It is quite interesting to note that another thhgelrogen
bonds are also formed between the,Mifithe hydrazino group
of 1d and the oxygen of Y188 (2.547 A, 2.734 A), thegexy of
V179 (2.477R), respectively. While the left pheming of 1d
might rotate to some extent comparing with thatTMfC278
with the variations inl and<3, it could still adopt the parallel
position to the phenyl ring of Y181 so as to keleps-n stack-
ing interactions. Because of the remarkable changeS, the
cyanovinyl group of compountid moved closer to W229 for
0.3 A more than that of TMC278, which could expldie en-
hanced biological activity.
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Fig. 3. Comparison of the binding modes between the reptathee potential compountt and TMC278 in NNRTBP of wild type of HIV-1 RT (PD&de:
2ZD1[25]) and K103N/Y181C double mutated HIV-1 RPDOB code: 3BGR[25]). (aXfMC278/RT'", (b) 1d/RT"", (c) TMC278/RTIO3NYIBIC ()
1d/RTKINYIBIC The figures are generated by the software of SYBXYP:0. (For interpretation of the references toocdh these figures legend, the
reader is referred to the web version of this rfidossible hydrogen bonds are indicated withelddines in red. The amino acid residues are shiown
liner frame and the docked conformations of thelksmalecules are shown in ball and stick both¥drand TMC278, respectively.

Table 2
Comparison of the torsion angles of the bindingf@onationsof TMC278 and compouniid.
CN Torsion angles ¢)
Compound and RT complex
~ 5 CN 7l 72 73 4 75
TMC278/RT 85.0 16.1 -11.5 -12.0 -49.6
1 2 1d/ RTY -35.1 28.0 -48.9 0.6 -150.4
H N H
| N TMC278/RTKI03N/Y181C -98.4 16.88 -6.0 9.6 -49.2
3 N 4
~
1d/RTHI0NVIBLC -79.6 37.0 -33.7 0.65 67.5
TMC278

The K103N mutant and Y181C mutant are two of thestmo shown in Fig. 3 (c). The interaction mode show ti& confor-
commonly known mutants relevant to clinical NNR€bkistance.  mation of TMC278 in mutant RT complex did not chasgmifi-
Generally speaking, the mutation of aromatic tytesio nonaro-  cantly compared with that in the wild type RT-compl The tor-
matic cysteine would cause a dramatic change fréwydeophobic sion angle3 in TMC278 might change by a slight outside andle o
environment to a hydrophilic environment of thedimy pocket, 5° away from C181. The mutation would lead to treagpearance
so to abolish most of the possible hydrophobic acisf41]. The of the aromatic interaction between the phenyl @mgl the aro-
IC5o of TMC278 against K103N, Y181C and K103N+Y181C matic ring of the primary Y181. At this point, th&gaMDD se-
double mutant strains are less than 1 nm. The stargtructure  quence at the active site of this polymerase woubde for a dis-
for the complex of TMC278 and K103N/Y181C double mtifaT tance of 1.5 A, so as to lead the amino residue3¥m8ving close
is therefore retrieved from PDB (PDB ID: 3BGR[25]) aix to the cyanovinyl group of TMC278, inducing anothew kind of



interaction to compensate the lose sfinteraction caused by
Y181C. Although this kind of compensation effecusad by
Y183 is serendipitous, it could still be relied ionthe further de-
signing new potent HIV-1 RT inhibitors since the VI is a
highly conserved sequence. This kind of new int@acwith
Y183 in mutant strain of HIV-1 RT is caused by Btighange in
the conformation of TMC278, which is contributed foyation of
the cyanovinyl group.

As for another mutant site N103, the interactiordedid not
change very much compared to that of K103 in wyjdet of RT.
N103 is situated below both the pyrimidine and phering,
forming a hydrogen bond (3.0 A) with the carbongbup of the
main chain of K101, without hampering the formatimithe hy-
drogen bond between K101 and TMC278.

As shown in Fig. 3 (d), generally speaking, thesiiattion
mode ofld with mutant type of HIV-1 RT is similar to that of
TMC278, but the whole skeleton of the moleculeldf moved
distinctively upward. The pyrimidine ring moved far5 A, the
distances between E138 and V179 increased for dbAuind 0.3
A, respectively. These changes would inevitablyl leathe result
that the original conserved hydrogen bond in theCRPVI8-mutant
RT complex could not be formed between the N1ad&nd K101.
The bond length of the hydrogen bond between tlerskiry
amine of 1d and K101 is 0.6 A longer than that on
TMC278-complex, the result of which is not benefidar en-
hancing the biological activity. The cyano grouptba right wing
of 1d moved upward for about 0.8 A, which might be b
for the biological activity. The bond lengths oéthydrogen bonds
between the hydrazino group bd and Y188 and V179 are 2.070
A and 2.571 A, respectively.

The effect of Y181C mutation on this skeletonldfshall be
discussed as follows. The losing oft stacking effect in the in-
teractions might be crucial for drug resistance.CGA8 show the
high anti-drug resistance effect for the newly fedrinteraction
with Y183 instead of the original-n stacking in wild type. The
changing in torsion anglé could lead the cyanovinyl group bd
to get deepen into the hydrophobic channel compo$atf229,
Y188 and L234 and get much closer to Y188. Fronoristical
speculation, compoundd should have excellent anti-drug re-
sistance, but the experimental result show ldkis only a moder-
ate drug-resistant inhibitor. The result could bplaned by the
different interaction with other positions of theolecule ofld,
especially by the disappearance of the conservedoggn bond
between the pyrimidine ring dfd and K101, which might influ-
ence the biological activity significantly. Quitérélar to that of
TMC278, the variation in the interaction betwelehwith N103 is
not very distinct, for most of the DAPYs derivativare active
against the K103N mutant strain.

4. Conclusions

In summary, a series of new 4-(substituted-amimgljraethyl
DAPYs were successfully synthesized as anti-HIV &Jents
against the drug resistant virus strains. Biolog@aadluation indi-
cated that most of these derivatives showed gogubtent activi-
ties against wild-type (WT) HIV-1 with I values in the range of
69.21-0.0175uM. Compound 1d displayed potent anti-HIV-1
activity against WT HIV-1 with an I3 value of 1.75 nM and a Sl
of 106367, 47 fold lower than that of AZT. The caoupdld also
showed a broad-spectrum inhibitory activity, with I&s, value of
533 pM and 5.05 uM against HIV-1 double -mutated
(K103N/Y181C) strain and HIV-2 strain, respectivelihese at-
tributes earmark compourid as a potential new lead for devel-
oping more therapeutically applicable inhibitorsaiagt both
HIV-1 and HIV-2 with better resistance profile. Aefiminary
SAR analysis of these target molecules highlightgatederence
for the smaller or more flexible groups substitatio the linker
between the left ring and the pyrimidine skeleton énhancing
the anti-HIV activity. It was also demonstratedtthacyano group
substitution was also the best one in keeping pyteagainst
HIV-2. The subsequent studies undertaken to evaliat different
interaction modes of the most potential compoddwith both
the wild type and mutant type of HIV-1 RT have itiéed the
similar interaction modes with the FDA-approved gitMC278.

These results of this paper might provide the useflicators for
guiding further rational design of new DAPYs analeg as novel
HIV-1 NNRT inhibitors that are more active agaidstig resistant
HIV-strains.

5. Experimental section

5.1. Chemistry

Chemical reagents and solvents, purchased from cocrahe
sources, were of analytical grade and were useldoufitfurther
purification. Melting points were measured on a SGW micro-
scopic melting point apparatus. TLC analyses wergiech on
precoated silica gel G plates at 254 nm under aldgp using a
variety of solvent systems. Column chromatographassions
were performed with silica gel (300-400 mesi).NMR and**C
NMR spectra were recorded on a Bruker AV400 MHz spem-
ter in DMSO4ds. Chemical shifts are reported in(ppm) units
relative to the internal standard tetramethylsild#S). Mass
spectra were obtained on a Waters Quattro Microrimstsument
using electrospray ionization (ESI) techniques.

5.1.1. Preparation of 1-aminopropan-2-ol

Propylene epoxide (5.80 g, 100 mmol) was addedlgloto
a concentrated ammonium hydroxide (50.0 mL) withrisg in an
ice bath. The reaction mixture was kept undérfor 1 h, and the
evaporated undearacuoto get rid of the water to give the product
as the colorless oil (6.2 g), the GC-MS analysisvstd that the
content percentage of 1-amino-2-propanol is 35.@vbch could
be stoichiometrically used in the final step in gymthesis of the
target compoundd.§ and1r).

5.1.2. Synthesis of 2-(methylthio)-2,3-dihydropyrimidin-4(1H)
-one(5)

NaOH (12.6 g, 315 mmol) was dissolved in water (80,

to which 2-thiouracil 8, 38.4 g, 300 mmol) was added with stir-
ring to make the materials to dissolve complet®lgthyl iodide
(53.3 g, 375 mmol) was then added to the abovetisnluThe
reaction mixture was then kept stirring at r. . 28 h with TLC
monitoring. A large amount of white solid appeafienn the reac-
tion mixture while being adjusted the pH to 7 wattetic acid. The
product was obtained by filtration and washed wsithell amount
of water, driedn vacuoto afford the intermediatg with the yield
of 77.2%.

5.1.3. Synthesis of 2-(4-cyanophenylamino)pyrimidin-4(1H)
-one(6)

Intermediate5 (28.4 g, 200 mmol) was mixed well together
with 4-aminobenzonitrile (59.0 g, 500 mmol). Theaion tem-
perature was rise to 160 to melt the solids, and was then al-
lowed to be raised to 180-190 with stirring for 10 h. The reac-
tion mixture was cooled down a little bit beforedady acetonitrile
to smash the solid with ultrasonic conditions. Tgreduct was
obtained by filtration and washed with a small antoof acetoni-
trile and methylene chloride. It was then driedriacuoto give the
product6 as yellow solid with the yield of 65.8%.

5.1.4. Synthesis of 2-(4-cyanophenylamino)-4-chloropyrimidine
M

Compoundb (32.1 g, 150 mmol) was mixed with phosphorus
oxychloride (40.0 mL) and then heating to refluxing 0.5 h. The
reaction mixture was then slowly added to icy wg@50 mL)
with vigorously stirring. The yellow solid was pipitated and
filtrated to give a filtrate cake, which was thegam added into
water (50.0 mL) and was adjusted to pH = 7 withiwodhydrox-
ide. The solid was obtained by filtration and drigtervacuoto
provide the intermediaté as pale yellow solids with the yield of
78.4%.

5.1.5. General procedure for the synthesis of 2-(4-cyano phe-
nylamino)-4-(2-chlorobenzoyl)pyrimidine (9a) and 2-(4- cyano-
phenylamino)-4-(4-bromaobenzoyl) pyrimidine (9b)

To dried DMF (30.0 mL) was added the intermedi&a{@.00



mmol) and the halogenated phenylacetonitrde R = 2-Cl, 755
mg; b, 4-Br, 975 mg; 5.00 mmol). The reaction mixture was
cooled down to -20°C within an ethanol cooling bath. NaH
(60.0 %, 184 mg, 4.60 mmol) was added under nitrogfenos-
phere and was continued with stirring for 1 h. Thaction mix-
ture was raised to r. t. for 24-72 h with the moriitg by TLC.
The intermediateé8 (8a or 8b) was then obtained without further
purifications. The reaction mixture was then kept &nother
24-72 h without N protection until the TLC analysis showed the
disappearance of compour@l The reaction mixture was then
poured into water (300 mL) and acidified with HCIgHl = 7. The
obtained mixture was extracted with ethyl aceta@®0(mL x 3),
dried over anhydrous sodium sulfate, and the stlwas evapo-
rated to give the solid, which was recrystallizethvacetonitrile to
afford the important intermedia@a or 9b, with a yield of 24-65%,
respectively.

5.1.6. Synthesis of 2-(4-cyanophenylamino)-4-(4-cyanobenzoyl)
pyrimidine (9c)

A mixture of 9b (756 g, 2.00 mmol), CuCN (178 mg, 2.00
mmol) and DMF (2.00 mL) was heated at I5Gor 10 h with
stirring, then cooled. The suspension was a saiutidiron (I11)
chloride (1.00 g), concentrated HCI (0.20 mL), anatex (20.0
mL). The mixture was stirred at 70 for 20 min and extracted
with  CH,Cl, (20.0 mLx3). The combined organic layers were
dried over anhydrous MgSQfiltered and concentratdd vacuo
Purification by silica gel column chromatographyli¢a gel;
CH,Cl,) gave9c.

5.1.7. Synthesis of 2-(4-cyanophenylamino)-4-(2-cyanovinyl)
benzoyl)pyrimidine (9d)

A mixture of9b (756 mg, 2.00 mmol.), acrylonitrile (1.06 g,
20.0 mmol), Pd(OAg)89.8 mg, 400 mmol), tr®-tolylphosphine
(0.60 g, 2.00 mmol) and sodium acetate (656 md) &fol.) in
anhydrous DMA (30.0 mL) was stirred in a sealedetab 150C
overnight. The reaction mixture was hydrolyzed withter and
extracted with CHCI, (20.0 mLx3). The organic layer was dried

H NMR (400 MHz, DMSOdg) 6 10.12 (s, 1H, M), 8.55 (t,J =
4.5 Hz, 1H, pyrimidineHg), 7.88 (d,J = 8.5 Hz, 2H, AHj3),
7.80-7.33 (m, 7H, Ar+alkenylH+ ArH,¢), 7.18 (d,J = 5.1 Hz,
1H, pyrimidineHs), 6.53-6.26 (m, 2H, alkenH+OH), 5.63 (d,J
= 4.1 Hz, 1H, ®); C NMR (100 MHz, DMSOdg) ¢ 173.41,
159.41, 159.20, 150.75, 146.57, 145.34, 133.48,.36332C),
128.14 (2C), 127.78 (2C), 120.05, 119.28, 118.74 (4C).03,
102.77, 97.08, 74.95; MS (ESI+) m/z 354 (M*H)R-MS: m/z
Calcd for G{H1sNsO: 353.1277. Found: 353.1285.

2) General procedure for the synthesis of hydrazino substituted
CH,-DAPYstarget molecules (1c, 1d)

The intermediat® (9¢, 975 mg; or9d, 1.05 g; 3.00 mmol)
and the hydrazine hydrochloride (411 mg, 6.00 mmadje dis-
solved in ethanol (30.0 mL), to which pyridine @.8L, 1.90 g,
d= 0.98 g/mL, 24.0 mmol) was added. The reactioxtumé was
refluxed for 2 h before cooling down to r. t.. Thigtained mixture
was then poured into water (100 mL) and extractétth wthyl
acetate. The extraction was dried over anhydrodfuso sulfate
and was then concentrated undecuoto get rid of the excess
solvent. The residue was purified with column chatmgraphy to
give the pure productc and 1d, respectively. The yields, the
physical properties and the related spectra datheske two com-
pounds were as follows:

2-(4-Cyanophenylamino)-4-(4-cyanophenylhydrazonomhyl)p
yrimidine (1c) Yield: 49.0%; yellow solid*H NMR (400 MHz,
DMSO-dg) 6 9.89 (s, 1H, M), 8.40 (d,J = 5.4, 1H, pyrimidine
He), 8.04 (dJ=8.0, 2H, AH3 ), 7.59 (s, 2H, M), 7.54-7.44 (d.d,
4H, ArH, gt Ar'H,g), 7.43-7.32 (m, 3H, AH+ pyrimidine Hs);
13C NMR (100 MHz, DMSOds) § 164.54, 159.24, 157.75, 145.42,
138.96, 138.38, 133.34 (2C), 132.85 (2C), 131.44 (22).04,
119.37, 118.41 (2C), 111.48, 107.74, 102.27; MS {E8i/z 340
(M+H)*; HR-MS: m/z Calcd for @H.sN;: 339.1232. Found:
339.1245.

2-(4-Cyanophenylamino)-4-(2-cyanovinylphenylhydrazoomet
hyl)pyrimidine (1d) Yield: 38.2%; yellow solid;'H NMR (400

over anhydrous MgSQand concentrated under reduced pressure.MHz, DMSOg) 6 9.87 (s, 1H, M), 8.39 (d,J = 5.3 Hz, 1H, py-

The crude produc®d was recrystallized from acetonitrile to pro-
vide the pure product, which could be used direttl{the next
step.

5.1.8. Synthesis of target compounds l1a-1r

1) General procedure for the synthesis of hydroxyl substituted
CH,-DAPYstarget molecules (1a, 1b)

The intermediat® (9¢, 975 mg; 019d, 1.05 mg; 3.00 mmol)
was dissolved in methanol (30.0 mL). KB08 mg, 2.00 mmol)
was then added into the above solution while cgotiown in an
ice bath. The reaction mixture was kept stirringhé temperature
for 2 h before pouring into water (100 mL) underrstg. The
mixture was extracted with ethyl acetate (50.0 n)xdried over

rimidine Hg), 8.16-7.22 (m, 12H, At +Ar'H +pyrimidine
Hs+NH,+alkenyl H), 6.60 (d,J = 16.8 Hz, 1H, alkenyH); *C
NMR (100 MHz, DMSOdg) 6 164.83, 159.26, 157.70, 150.84,
145.44, 140.16, 135.71, 134.19, 132.86 (2C), 13(28D, 128.75
(2C), 120.04, 119.31, 118.46 (2C), 107.91, 102.196A7MS
(ESI+) m/z 366 (M+H), HR-MS: m/z Calcd for GHisNs:
365.1389. Found: 365.1401.

3) General procedure for the synthesis of rest target molecules
(1e-1r)

To a mixture 0@ (1.00 mmol), NaSO, (213 mg, 1.50 mmol)
and ethanol (20.0 mL) was added various substitatethe (5.00
mmol) and 5 drops of acetic acid. The mixture waatéd to re-
flux for 4-8 h monitored by TLC, then cooled. Sodigyanobo-

anhydrous N850, and was then concentrated to evaporate therohydride was added at r. t. and subsequently theéure was

excess solvent. The residue was purified with colwmromatog-
raphy (EtOAc/petroleum ether = 1 : 4) to give theepproductla
and 1b, respectively. The yields, the physical properties the
related spectra data of these two compounds wefmdlaws:

2-(4-Cyanophenylamino)-4-(4-cyanophenylhydroxymethy
pyrimidine (1a) VYield: 67.6%; gray white solid; mp
177.9-179.7C; 'H NMR (400 MHz, DMSOdg) 5 10.14 (s, 1H,
NH), 8.56 (d,J = 4.9 Hz, 1H, pyrimidineds), 7.85 (d, dJ = 8.6
Hz, 4H, 2-AHzst 4-Ar'Hz ), 7.66 (d, d,J = 8.3 Hz, 4H,
2-ArH, 6t 4-Ar'Hy ), 7.18 (d,J = 4.9 Hz, 1H, pyrimidineHs),
6.53 (d,J = 4.1 Hz, 1H, ®), 5.69 (d,J = 3.9 Hz, 1H, &); **C
NMR (100 MHz, DMSOdg) 6 172.85, 159.59, 159.22, 148.98,
145.27, 133.38 (2C), 132.71 (2C), 128.18 (2C), 120113.28,
118.75 (2C), 110.69, 110.11, 102.84, 74.64; MS (ESitz 328
(M+H)*; HR-MS: m/z Calcd for @H;sNsO: 327.1120. Found:
327.1129.

2-(4-Cyanophenylamino)-4-(2-cyanovinylphenylhydroxynethy
l)pyrimidine (1b) Yield: 58.7%; yellow solid; mp 193.5-195:@;
8

heated at 60C for 4 h, then poured into saturated sodium bicar-
bonate and extracted with GE1,(20.0 mL x 3). The organic lay-
ers were combined together, dried over anhydrouS®gand
concentrated undefacua The residue was then purified by silica
gel column chromatography (silica gel; EtOAc/pedtoh ether,
1:5 to 1:3). The yields, the physical propertiesl dhe related
spectra data of these compounds were as follows:

2-(4-Cyanophenylamino)-4-(4-cyanophenylmethylaminoethy
)pyrimidine (1e) Yield: 24.6%; gray yellow solid; mp
71.0-72.4°C; *H NMR (400 MHz, DMSO#de) 6 10.11 (s, 1H, M),
8.50 (d,J = 5.0, 1H, pyrimidineHg), 7.85 (d,J = 8.6, 2H, AH3;5),
7.80 (d,J = 8.1, 2H, ArH), 7.71-7.56 (d, d, 4H, AH, ¢ +,
ArH,¢), 7.10 (d,J = 5.0, 1H, pyrimidineHs), 4.75 (s, 1H, @),
2.25 (s, 3H, Ely); *C NMR (100 MHz, DMSOdg) 6 171.61,
159.53, 159.36, 147.77, 145.21, 133.42 (2C), 13283, 129.14
(2C), 120.05, 119.26, 118.79 (2C), 111.42, 110.52,.83, 68.98,
34.57; MS (ESI+) m/z 341 (M+H) HR-MS: m/z Calcd for
CyoH16Ns: 340.1436. Found: 340.1449.



2-(4-Cyanophenylamino)-4-(2-cyanovinylphenylmethylaino
methyl)pyrimidine (1f) Yield: 26.7%; yellow solid;'H NMR
(400 MHz, DMSO+dg) 6 10.12 (s, 1H, M), 8.50 (t,J = 6.0 Hz, 1H,
pyrimidineHg), 7.89 (d,J = 9.0 Hz, 2H, AH3 ), 7.83-7.45 (m, 7H,
ArH, ¢+ Ar' H+alkenyl H), 7.11 (dd,J = 9.8, 4.6 Hz, 1H, pyrimi-
dineHs), 6.10 (ddJ = 14.5 Hz, 1H, alkenle), 4.79-4.52 (m, 1H,
CH), 2.26 (d,J = 5.2 Hz, 3H, El3); *C NMR (100 MHz,
DMSO-dg) 0 172.58, 159.56, 159.48, 150.72, 145.66, 145.
133.37 (2C), 133.34, 128.61 (2C), 128.28 (2C), 120105,32,
118.77 (2C), 111.36, 102.75, 96.95, 67.25, 32.8; (MSI+) m/z
367 (M+H)"; HR-MS: m/z Calcd for gH;gNg: 366.1593. Found:
366.1607.

2-(4-Cyanophenylamino)-4-(2-chlorophenylmethylaminmeth
ylpyrimidine (1g) Yield: 78.5%; earth yellow solid; mp
130.5-131.6°C; *H NMR (400 MHz, DMSOsdg) 6 10.11 (s, 1H,
NH), 8.52 (d,J = 4.8 Hz, 1H, pyrimidinédg), 7.84 (d,J = 8.3 Hz,
2H, ArHz ), 7.61 (d,J = 8.3 Hz, 2H, AH,¢), 7.56 (d,J = 7.6 Hz,
1H, Ar'H), 7.44 (dJ = 7.9 Hz, 1H, ArH), 7.37 (t,J = 7.4 Hz, 1H,
Ar'H), 7.29 (t,J = 7.5 Hz, 1H, ArH), 7.08 (d,J = 4.9 Hz, 1H,
pyrimidine Hs), 5.08 (s, 1H, @), 2.28 (s, 3H, E5); **C NMR
(100 MHz, DMSO€g) 6 171.42, 159.55, 159.14, 145.33, 139.46,
133.66, 133.26 (2C), 129.81, 129.76, 129.35, 127180.04,
118.70 (2C), 111.85, 102.70, 65.59, 34.86; MS (EShZ 350
(M+H)"; HR-MS: m/z Calcd for GH;¢CINs: 349.1094. Found:
349.1109.

2-(4-Cyanophenylamino)-4-(4-cyanophenylethylaminomhyl
pyrimidine (1h) Yield: 49.6%; yellow solid; mp 51.0-52.8; “H
NMR (400 MHz, DMSOsdg) ¢ 10.14 (s, 1H, W), 8.50 (d,J=5.1
Hz, 1H, pyrimidineHg), 7.88 (dJ = 8.8 Hz, 2H, AH3 ), 7.80 (d.J
= 8.2 Hz, 2H, ArH), 7.73-7.59 (d, d, 4H, AH,¢+ArH, ¢, 7.12
(d,J=5.1 Hz, 1H, pyrimidinéis), 4.87 (s, 1H, €), 2.49-2.40 (m,
2H, CH,), 1.05 (t,J = 7.1 Hz, 3H, El3); °C NMR (100 MHz,

DMSO-dg) 0 172.06, 159.54, 159.25, 148.29, 145.28, 133.39,(2C)

132.80 (2C), 129.09 (2C), 120.04, 119.27, 118.76 (4C),43,
110.51, 102.82, 67.15, 42.02, 15.52; MS (ESI+) 853 (M+H)'";
HR-MS: m/z Calcd for gH»3NsO: 354.1593. Found: 354.1605.

2-(4-Cyanophenylamino)-4-(2-cyanovinylphenylethylaimome
thyl)pyrimidine (1i) Yield: 50.7%; yellow solid; mp 68.2-69:9;
'H NMR (400 MHz, DMSOds) 6 10.12 (s, 1H, M), 8.48 (d,J =
5.1 Hz, 1H, pyrimidineHg), 7.90 (d,J = 8.7 Hz, 2H, AH35), 7.66
(d,J=8.7 Hz, 2H, AH,¢), 7.63-7.54 (m, 3H, AH + alkenylH),
7.49 (dJ=8.1Hz, 2H, ArH), 7.10 (dJ = 5.1 Hz, 1H, pyrimidine
Hg), 6.38 (d,J = 16.7 Hz, 1H, alkenyH), 4.80 (s, 1H, @),
2.49-2.42 (mJ = 7.3 Hz, 2H, €l,), 1.04 (tJ = 7.0 Hz, 3H, Ely);
13C NMR (100 MHz, DMSOdg) § 172.48, 159.50, 159.08, 150.71,
145.63, 145.32, 133.39 (2C), 133.33, 128.62 (2C),22§2C),
120.06, 119.30, 118.76 (2C), 111.35, 102.76, 969624, 42.03,
15.45; MS (ESI+) m/z 381 (M+H) HR-MS: m/z Calcd for
Cu3H,0Ng: 380.1749. Found: 380.1755.

2-(4-Cyanophenylamino)-4-(2-chlorophenylethylaminorathyl)
pyrimidine (1j) Yield: 64.4%; gray white solid; mp
117.8-119.3C; *H NMR (400 MHz, DMSOdg) 6 10.09 (s, 1H,
NH), 8.50 (d,J = 5.0 Hz, 1H, pyrimidindde), 7.83 (d,J = 8.6 Hz,
2H, ArH3 ), 7.58 (d, dJ = 8.1 Hz, 3H, AH, ¢+tAr'Hy ¢), 7.42 (d,
J=7.8 Hz, 1H, ArH), 7.36 (t,J = 7.3 Hz, 1H, ArH), 7.29 (dJ =
7.3 Hz, 1H, ArH), 7.07 (d,J = 5.0 Hz, 1H, pyrimidinéis), 5.20 (s,
1H, CH), 2.54-2.46 (m, 2H, B,), 1.04 (t,J = 7.0 Hz, 3H, El3);
13C NMR (100 MHz, DMSOdg) 6 171.61, 159.51, 159.11, 145.31,
139.73, 133.53, 133.25 (2C), 129.85, 129.74, 129137.85,
120.04, 118.70 (2C), 111.83, 102.70, 63.47, 42.B48 MS
(ESI+) m/z 364 (M+H), HR-MS: m/z Calcd for gH;gCINs:
363.1251. Found: 363.1259.

2-(4-Cyanophenylamino)-4-(4-cyanophenylpropylaminorthyl
Ypyrimidine (1k) Yield: 35.5%; yellow solid; mp 39.2-41:Q; 'H
NMR (400 MHz, DMSOsdg) ¢ 10.15 (s, 1H, M), 8.51 (dJ = 4.4
Hz, 1H, pyrimidineHg), 7.89 (dJ = 8.3 Hz, 2H, AH3 ), 7.81 (d.J
= 7.6 Hz, 2H, ArH), 7.75-7.56 (d, d, 4H, AH, g+ArH,¢), 7.12
(d, J=4.5 Hz, 1H, pyrimidinéis), 4.85 (s, 1H, €), 2.46-2.34 (m,
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, ethyl)pyrimidine

2H, CH,), 1.55-1.37 (m, 2H, B,), 0.84 (t,J = 7.1 Hz, 3H, Ely);
3¢ NMR (100 MHz, DMSOdg) § 172.08, 159.55, 159.24, 148.33,
145.29, 133.38 (2C), 132.79 (2C), 129.09 (2C), 120113,26,
118.76 (2C), 111.46, 110.52, 102.83, 67.26, 49.331& 12.21;
MS (ESI+) m/z 369 (M+H) HR-MS: m/z Calcd for GH,Ng:
368.1749. Found: 368.1761.

2-(4-Cyanophenylamino)-4-(2-cyanovinylphenylpropylaninom
(1)  Yield: 34.0%; vyellow solid; mp
60.7-61.5C; *H NMR (400 MHz, DMSO#dg) 6 10.10 (s, 1H, M),
8.46 (d,J = 4.7 Hz, 1H, pyrimidineHg), 7.89 (d,J = 8.5 Hz, 2H,
ArHzg), 7.79-7.40 (m, 7H, A3 s+ Ar'H+ alkenylH), 7.08 (dJ =
7.0 Hz, 1H, pyrimidinéHs), 6.07 (ddJ = 14.5 Hz, 1H, alkenyH),
4.78 (s,J = 8.6 Hz, 1H, El), 2.45-2.34 (mJ = 7.0 Hz, 2H, E,),
1.44 (ddJ = 14.3, 7.2 Hz, 2H, B,), 0.81 (t,J = 7.3 Hz, 3H, El3);
13C NMR (100 MHz, DMSOdg) § 172.46, 159.49, 159.05, 150.69,
145.67, 145.30, 133.36 (2C), 133.30, 128.62 (2C),2R§2C),
120.05, 119.29, 118.76 (2C), 111.39, 102.77, 969133, 49.71,
23.09, 12.18; MS (ESI+) m/z 395 (M+H)HR-MS: m/z Calcd for
Cyo4H22Ng: 3394.1906. Found: 394.1918.

2-(4-Cyanophenylamino)-4-(2-chlorophenylpropylaminmnethy
)pyrimidine (1m) Yield: 72.3%; light yellow solid; mp
125.5-126.8C; *H NMR (400 MHz, DMSOdg) ¢ 10.12 (s, 1H,
NH), 8.52 (d,J = 5.0 Hz, 1H, pyrimidinédg), 7.84 (d,J = 8.8 Hz,
2H, ArHzg), 7.61 (d,J = 8.7 Hz, 2H, AH, ), 7.59-7.55 (m, 1H,
Ar'H), 7.44 (d,J = 7.7 Hz, 1H, ArH), 7.36 (d,J = 7.4 Hz, 1H,
Ar'H), 7.33-7.26 (m, 1H, AH), 7.09 (d,J = 5.0 Hz, 1H, pyrimi-
dine Hs), 5.20 (s, 1H, @), 2.45 (t,J = 7.0 Hz, 2H, &),
1.55-1.37 (mJ = 7.2 Hz, 2H, €l,), 0.85 (t,J = 7.4 Hz, 3H, Ei);
13C NMR (100 MHz, DMSOdg) 6 171.68, 159.53, 159.12, 145.35,
139.81, 133.57, 133.27 (2C), 129.90, 129.76, 129127.86,
120.03, 118.69 (2C), 111.84, 102.70, 63.68, 49.871% 12.23;
MS (ESI+) m/z 378 (M+H), HR-MS: m/z Calcd for GH,,CINs:
377.1407. Found: 377.1419.

2-(4-Cyanophenylamino)-4-(4-cyanophenydopropylaminomet
hyl)pyrimidine (1n) Yield: 46.8%; yellow solid; mp 60.9-62:6;
'H NMR (400 MHz, DMSOdg) 6 10.15 (s, 1H, M), 8.50 (d,J =
4.8 Hz, 1H, pyrimidineHg), 7.88 (d,J = 8.2 Hz, 2H, AH; ), 7.80
(d,J =8.0 Hz, 2H, ArH), 7.72-7.62 (d, d, 4H, AH, g +ArH, ),
7.14 (d,J = 4.8 Hz, 1H, pyrimidineHs), 5.00 (s, 1H, @),
2.66-2.56 (m, 1H, B), 1.01 (d,J = 5.7 Hz, 6H, 2E); *C NMR
(100 MHz, DMSO€g)  172.22, 159.54, 159.15, 148.58, 145.29,
133.38 (2C), 132.77 (2C), 129.12 (2C), 120.02, 11912B.76
(2C), 111.74, 110.45, 102.84, 64.31, 46.25, 23.31® MS
(ESI+) m/z 369 (M+H);, HR-MS: m/z Calcd for GHogNg:
368.1749. Found: 368.1763.

2-(4-Cyanophenylamino)-4-(2-cyanovinylphenysopropyl
aminomethyl)pyrimidine (10) Yield: 39.8%; yellow solid; mp
58.7-59.0C; *H NMR (400 MHz, DMSOdg) ¢ 10.09 (d,J = 8.0
Hz, 1H, NH), 8.60-8.32 (m, 1H, pyrimidinélg), 7.87 (t,J = 8.7
Hz, 2H, AH3g), 7.78-7.39 (m, 7H, Azt Ar'H+ alkenyl H),
7.10 (dd,J = 8.8, 5.1 Hz, 1H, pyrimidinkls), 6.16 (dt,J = 9.0 Hz,
1H, alkenylH), 4.93 (d,J = 8.8 Hz, 1H, @®), 2.59 (dt,J = 12.2,
6.0 Hz, 1H, ®), 0.99 (d,J = 6.0 Hz, 6H, 2E5); *C NMR (100
MHz, DMSOdg) ¢ 172.55, 159.49, 158.96, 150.67, 145.85,
145.29, 133.35 (2C), 133.23, 128.63 (2C), 128.27 (22).04,
119.28, 118.77 (2C), 111.68, 102.80, 96.89, 64.8919} 23.29,
22.97; MS (ESI+) m/z 395 (M+H) HR-MS: m/z Calcd for
Co4H2oNg: 394.1906. Found: 394.1921.

2-(4-Cyanophenylamino)-4-(2-chlorophenybkopropylaminomet
hyl)pyrimidine (1p) VYield: 64.3%; light yellow solid; mp
143.6-144.9C: 'H NMR (400 MHz, DMSO¢dg) ¢ 10.11 (s, 1H,
NH), 8.51 (dJ = 5.1 Hz, 1H, pyrimidinédg), 7.84 (d,J = 8.7 Hz,
2H, ArH3 ), 7.61 (d, dJ = 8.2 Hz, 3H, ArHs+ArH, ), 7.45 (d,J
=7.8 Hz, 1H, ArH,), 7.36 (t,J = 7.2 Hz, 1H, ArHg), 7.30 (t, 1H,
Ar'Hy), 7.10 (d,J = 5.1 Hz, 1H, pyrimidinéds), 5.34 (s, 1H, €),
2.68-2.60 (m, 1H, 8), 1.02 (d,J = 5.8 Hz, 6H, 2@); 1*C NMR
(100 MHz, DMSO€dg) 6 171.90, 159.49, 159.07, 145.33, 140.00,
133.48, 133.26 (2C), 130.01, 129.78, 129.30, 127188).02,
118.69 (2C), 111.87, 102.72, 60.91, 46.36, 23.582MS (ESI+)



m/z 378 (M+H); HR-MS: m/z Calcd for §H,CINs: 377.1407.
Found: 377.1419.

2-(4-Cyanophenylamino)-4-(4-cyanophenyl-2-hydroxympyla
minomethyl)pyrimidine (1q) Yield: 38.5%; brown solid; mp
48.6-50.0°C; *H NMR (400 MHz, DMSO#dg) ¢ 10.15 (d,J = 2.6
Hz, 1H, NH), 8.50 (d,J = 5.0 Hz, 1H, pyrimidinéde), 7.89 (d,J =
8.7, 2H, AH3), 7.81 (dJ=8.2, 2H, ArHy 5), 7.63 (d, dJ = 8.4
Hz, 4H, ArH, ¢ +ArH,¢), 7.09 (dd,J = 5.0 Hz, 1H, pyrimidine
Hs), 4.89 (d,J = 5.3 Hz, 1H, ®©), 4.62 (d,J = 7.6 Hz, 1H, ®),
3.74 (s, 1H, €l), 2.44-2.33 (m, 2H, B,), 1.04 (d,J = 6.0 Hz, 3H,
CHs); °C NMR (100 MHz, DMSQdg) 6 171.80, 159.59 (dJ =
5.5 Hz), 159.33, 148.16, 145.25, 133.39 (2C), 13282 d,J =
2.9 Hz), 129.12 (2C), 120.03, 119.26, 118.82 (2CJ €,3.9 Hz),
111.60 (d,J = 16.9 Hz), 110.56, 102.84, 67.04, 65.99)d; 18.6
Hz), 55.55 (dJ = 28.4 Hz), 21.95 (d] = 4.7 Hz); MS (ESI+) m/z
385 (M+H)"; HR-MS: m/z Calcd for gH,gNgO: 384.1699. Found:
384.1707.

2-(4-Cyanophenylamino)-4-(2-chlorophenyl-2-hydroxypmpyla
minomethyl)pyrimidine (1r) Yield: 41.8%; brown solid; mp
54.6-56.0C; 'H NMR (400 MHz, DMSOdg) ¢ 10.14 (d,J = 6.2
Hz, 1H, NH), 8.51 (t,J = 4.0 Hz, 1H, pyrimidindde), 7.85 (t,J =
8.4 Hz, 2H, AHzg), 7.68-7.51 (d, d, 3H, AHs+ArH,g),
7.49-7.34 (m, 2H, AH), 7.30 (t,J = 7.4 Hz, 1H, ArH), 7.05 (dd,
J = 4.9 Hz, 1H, pyrimidineHs), 5.21 (d,J = 13.7 Hz, 1H, El),
4.61 (s, 1H, ®), 3.74 (d,J = 5.2 Hz, 1H, @), 2.47-2.35 (m)) =
8.1 Hz, 2H, ®l,), 1.04 (d,J = 4.7 Hz, 3H, El3); *C NMR (100
MHz, DMSO-dg) 6 171.39 (dJ = 17.0 Hz), 159.58 (d] = 6.6 Hz),
159.20, 145.31, 139.59, 133.52 @@,= 9.1 Hz), 133.27 (2C),
129.82 (dJ = 4.8 Hz), 129.79, 129.41, 127.92, 120.04, 11820t
d,J=4.7 Hz), 111.90 (d] = 11.1 Hz), 102.75, 65.99 (d,= 20.3
Hz), 63.78 (dJ = 16.8 Hz), 55.80 (dJ = 26.7 Hz), 21.97; MS
(ESI+) m/z 394 (M+H); HR-MS: m/z Calcd for GH,CINsO:
393.1356. Found: 393.1368.

7.61 (d, dJ=8.2 Hz, 3H, ArHs+ArH, ),

5.2. Anti-HIV activity assay

The anti-HIV activity and cytotoxicity of the compods
la-1r, were evaluated against wild-type HIV-1 strairBllla dou-
ble RT mutant (K103N + Y181C) HIV-1 strain and HIVsg&ain
ROD in MT-4 cell cultures using the 3-(4,5
-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium brnide (MTT)
method[42, 43]. Briefly, stock solutions (10 x fir@ncentration)
of test compounds were added in 25 mL volumes toderies of
triplicate wells so as to allow simultaneous evadra of their
effects on mock-and HIV-infected cells at the begig of each
experiment. Serial 5-fold dilutions of test compdsrwere made
directly in flat-bottomed 96-well microtiter trayssing a Biomek
3000 robot (Beckman instruments). Untreated conittbl-and
mock-infected cell samples were included for eaase. Virus
stock (50.0 mL) at 100-300 CCip(50.0 % cell culture infectious
dose) or culture medium was added to either thesyiimfected or
mock-infected wells of the microtiter tray. Mockiécted cells
were used to evaluate the effect of test compowndsninfected
cells in order to assess the cytotoxicity of thst teompounds.
Exponentially growing MT-4 cells were centrifugear 6 min at
220 g and the supernatant was discarded. The MaHd were

resuspended at 6x3@ells/mL and 50.0 mL volumes were trans-

ferred to the microtiter tray wells. Five days aftefection, the
viability of mock-and HIV-infected cells was exaraih spectro-
photometrically by the MTT assay.

The MTT assay is based on the reduction of yellolred
MTT by mitochondrial dehydrogenase activity of niethcally
active cells to a blue-purple formazan that cammeasured spec-
trophotometrically. The absorbances were read iaigimt-channel
computer-controlled photometer (Infinite M1000, &ey at two
wavelengths (540 and 690 nm). All data were catedlaising the
median OD (optical density) values of tree wellaeT50% cyto-

toxic concentration (Cfg) was defined as the concentration of the

test compound that reduced the absorbance (OD5#0heo
mock-infected control sample by 50%. The conceiotnaachiev-
ing 50% protection from the cytopathic effect oé thirus in in-
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fected cells was defined as the 50% effective catnagon (EGo).

Reverse transcriptase assay: Recombinant wild typéppb
HIV-1 RT was expressed and purified as the previjodsbkcribed
procedure[44]. The RT assay was performed with theCBeck
Reverse Transcriptase Assay kit (Molecular Probmedtrbgen), as
described by the manufacturer. The assay was lasdlde dsD-
NA quantitation reagent PicoGreen. This reagentvsidoa pro-
nounced increase in fluorescence signal upon binidsDNA or
RNA-DNA heteroduplexes. Single-stranded nucleic sigenerate
only minor fluorescence signal enhancement wheafficiently
high dye: base pair ratio was applied[45].

A poly(rA) template of approximately 350 bases loagd an
oligo(dT),¢ primer, were annealed in a molar ratio of 1:1 @2 rf@n,
at r. t.). 52 ng of the RNA/DNA was brought into kagell of a
96-well plate in a volume of 20 mL polymerizationfter (60 mM
Tris-HCI, 60 mM KCI, 8 mM MgC}, 13 mM DTT, 100 mM dTTP,
pH 8.1). 5.0 mL of RT enzyme solution, diluted tsuitable con-
centration in enzyme dilution buffer (50 mM Tris-HQ@0% glyc-
erol, 2m MDTT, pH = 7.6), was added. The reactioxtune were
incubated at 25C for 40 min and then stopped by the addition of
EDTA (15 mM). Heteroduplexes were then detectedadigtition
of PicoGreen. Signals were read using an excitatiavelength of
490 nm and emission detection at 523 nm using etrgleiorom-
eter (Safire2, Tecan). To test the activity of comnpds against RT,
1.0 mL of compound in DMSO was added to each wefiole the
addition of RT enzyme solution. Control wells with@mstmpound
contained the same amount of DMSO. Results wereesgpd as
relative fluorescence, i. e. the fluorescence sighdhe reaction
mixed with compound divided by the signal of thensareaction
mixed without compound.

5.3. Molecular simulation

Molecular modeling was carried out with the Triposlecu-
lar modeling packages Sybyl-X2.0. All the moleculesdocking
were built using standard bond lengths and anghesn f
Sybyl-X2.0/base Builder and were then optimized gigire Tripos
force field for 2000 generations two times or mametil the min-
imized conformers of the ligand were the same. Tlbgible
docking method, called Surflex-Dock[46], docks tlgand auto-
matically into the ligand binding site of the retmpby using a
protocol-based approach and an empirically deraeating func-
tion[47]. The protocol is a computational repreaéionh of a puta-
tive ligand that binds to the intended binding sitel is a unique
and essential element of the docking algorithm[48je scoring
function in Surflex-Dock, which contains hydrophabipolar,
repulsive, entropic, and salvation terms, was &@ito estimate
the dissociation constant (Kd) expressed in -tod)3

Prior to docking, the protein was prepared by rengpwater
molecules, the ligands (TMC278), and other unnecgssaall
molecules from the crystal structure of the ligahilg-1 RT
complex (PDB code: 2ZD1[25] and 3BGR[25]); and thlea hy-
drogen atoms were added to the protein also. Sefeek default
settings were used for other parameters, such esiimber of
starting conformations per molecule (set to 0), gfze to expand
search grid (set to 8A), the maximum number oftattie bonds
per molecule (set to 100), and the maximum numbg@oses per
ligand (set to 20).

During the docking procedure, all of the single é®in resi-
due side chains inside the defined RT bhinding poekete re-
garded as rotatable or flexible, and the ligand alisved to ro-
tate on all single bonds and move flexibly withime ttentative
binding pocket. The atomic charges were recalcdlatging the
Kollman all-atom approach for the protein and thasiger
Huckel approach for the ligand. The binding intécat energy
was calculated to includeander Waals, electrostatic, and torsion-
al energy terms defined in the Tripos force fielthe structure
optimization was performed for 20,000 generatiosiagia genetic
algorithm, and the 20-best-scoring ligand-protemplexes were
kept for further analyses. The -logkd)? values of the
20-best-scoring complexes, which represented thdiry affini-
ties of ligand with RT, ranged over a wide scopefusfctional
classes (18~10%. Therefore, only the highest-scoring 3D struc-
tural model of the ligand-bound RT was chosen tdndethe



binding interaction[49].
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A list of captions should be provided as the follomg:
Fig. 1. Structure of some important NNRTIs including HEPBRBCO and DAPYs.
Fig. 2. Molecular design of new substitut€-DAPYSs.

Fig. 3. Comparison of the binding modes between the reptaee potential compountld and TMC278 in NNRTBP of wild type of
HIV-1 RT (PDB code: 2ZD1[25]) and K103N/Y181C doubteitated HIV-1 RT (PDB code: 3BGR[25]). BMC278/RT, (b) 1d/RT"T,

(c) TMC278/RTKI0NYIBIC () 1 yRTHIOSNYIBIC The figures are generated by the software of SYBYR-B. (For interpretation of the
references to color in these figures legend, thdaris referred to the web version of this artjdRossible hydrogen bonds are indicated
with dashed lines in red. The amino acid residueshown in liner frame and the docked conformatiofithe small molecules are shown
in ball and stick both fotd and TMC278, respectively.

Scheme 1Synthetic route of the new DAPYs derivati@s-1r). Reagents and conditions: (a) Mel, NaOHOHr. t.; (b) 4-cyanoaniline,
180 °C; (c) POCH] reflux; (d) R (R=2-Cl or 4-Br)-phenylacetonitrile, 80 NaH, Ar, DMF, -2CC to r. t., 48-72 h; (e) NaH, air, DMF, . t.,
36-72 h; (f) CuCN, DMF, 15@, 10h; (g) acrylonitrile, Pd(OAg) P(0-Tol)s;, NaOAc, DMA, 150C, overnight; (h) R-NH, EtOH, NaSQ,,
reflux, 4-8 h; (i) NaBHCN, EtOH, 60°C, 4 h

Table 1 Anti-HIV activities and cytotoxicity of compoundsa-1r MT-4 cells.

Table 2 Comparison of the torsion angles of the binding ecométionsof TMC278 and compountid.
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The representative *H and *C NMR spectra and M S of the new compounds reported in this

article are shown as follow.

2-(4-Cyanophenylamino)-4-(4-cyanophenylhydroxymethyl) pyrimidine (1a)
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Fig. 1. '"H NMR spectrum of 1a
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Fig. 2.°C NMR spectrum of 1la
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Fig. 3. MS spectrum of 1la
2-(4-Cyanophenylamino)-4-(2-cyanovinylphenylhydroxymethyl)pyrimidine (1b)
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Fig. 4. *H NMR spectrum of 1b
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Fig. 5. °C NMR spectrum of 1b
2-(4-Cyanophenylamino)-4-(4-cyanophenylhydrazonomethyl)pyrimidine (1c)
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Fig. 6. "H NMR spectrum of 1c
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Fig. 7. 3C NMR spectrum of 1c
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Fig. 8. MS spectrum of 1c

2-(4-Cyanophenylamino)-4-(2-cyanovinylphenylhydrazonomethyl)pyrimidine (1d)
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Fig. 9. *H NMR spectrum of 1d
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Fig. 10. **C NMR spectrum of 1d
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Fig. 11. MS spectrum of 1d

2-(4-Cyanophenylamino)-4-(4-cyanophenylmethylaminomethyl)pyrimidine (1)
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Fig. 13. *C NMR spectrum of 1e



2-(4-Cyanophenylamino)-4-(2-cyanovinylphenylmethylaminomethyl)pyrimidine (1f)
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Fig. 14. "H NMR spectrum of 1f
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Fig. 15. M S spectrum of 1f

2-(4-Cyanophenylamino)-4-(2-chlor ophenylmethylaminomethyl)pyrimidine (1g)

= cNer Oy I @ — G P 0o w© w©
= ap ooy ;oo oo S ]
= ML e el [res o

ke

() —

e = s Lin,
O OOV O O - =<
S cdroor-oco = o
12.5 11.5 105 95 9.0 85 8. 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 1.0



Fig. 16. "H NMR spectrum of 1g

TR O NN T T F 3
2{)!} 1 SI)E) 12‘3!) 1%!) 1 i‘iﬂ 1 rSO 1 ;‘) 1;0 ‘|£ﬂ 1 ‘|‘l} 1 ;H) 9'() 8’0 7‘!} 6‘() 5'[) 4‘0 3r€) 2'4} 1‘[) o -‘|‘€} -2‘(}
Fig. 17. *C NMR spectrum of 1g
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Fig. 18. MS spectrum of 1g
2-(4-Cyanophenylamino)-4-(4-cyanophenylethylaminomethyl)pyrimidine (1h)
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Fig. 19. 'H NMR spectrum of 1h
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Fig. 21. MS spectrum of 1h

2-(4-Cyanophenylamino)-4-(2-cyanovinylphenylethylaminomethyl)pyrimidine (1i)
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Fig. 22. *H NMR spectrum of 1i
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Fig. 23. ~C NMR spectrum of 1i
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Fig. 24. MS spectrum of 1i

2-(4-Cyanophenylamino)-4-(2-chlor ophenylethylaminomethyl)pyrimidine (1j)
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Fig. 25. "H NMR spectrum of 1j
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Fig. 26. ~°C NMR spectrum of 1j
1: Scan EsS+
100 364.81 9.00e6
=
366.82
367.80
222 73 368.80
< 263.73 319.73 l/ "~ a04a. 85 45794504 oz S7S.15 679.47 741.83_763.92
o T ? T t T T T T T t t T T ? T T f T T T t T T T T T m/z
160 200 250 300 350 400 450 500 650 60O 650 70O 750 800

Fig. 27. MS spectrum of 1j

2-(4-Cyanophenylamino)-4-(4-cyanophenylpropylaminomethyl)pyrimidine (1k)
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Fig.28. *H NMR spectrum of 1k
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Fig. 29. “C NMR spectrum of 1k
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Fig. 30. MS spectrum of 1k
2-(4-Cyanophenylamino)-4-(2-cyanovinylphenylpropylaminomethyl)pyrimidine (11)
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Fig. 31. *H NMR spectrum of 1l
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Fig. 32. **C NMR spectrum of 1I
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Fig. 33. MS spectrum of 1l

2-(4-Cyanophenylamino)-4-(2-chlor ophenylpropylaminomethyl)pyrimidine (1m)
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Fig. 34. 'H NMR spectrum of 1m
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Fig. 35. **C NMR spectrum of 1m
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Fig. 36. MS spectrum of 1m

2-(4-Cyanophenylamino)-4-(4-cyanophenylisopr opylaminomethyl)pyrimidine (1n)
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Fig. 37. "H NMR spectrum of 1n
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Fig. 38. °C NMR spectrum of 1n
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Fig. 39. MSspectrum of 1n

2-(4-Cyanophenylamino)-4-(2-cyanovinylphenylisopropyl aminomethyl)pyrimidine (10)
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Fig. 40. *H NMR spectrum of 10
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Fig. 41. ~C NMR spectrum of 10
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Fig. 42. MS spectrum of 10
2-(4-Cyanophenylamino)-4-(2-chlor ophenylisopropylaminomethyl)pyrimidine (1p)
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Fig. 43 'H NMR spectrum of 1p
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Fig. 44. °C NMR spectrum of 1p
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Fig. 45. M S spectrum of 1p

2-(4-Cyanophenylamino)-4-(4-cyanophenyl-2-hydroxypropylaminomethyl)pyrimidine (1q)
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Fig. 46. "H NMR spectrum of 1q
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Fig. 47. 3C NMR spectrum of 1q
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Fig. 48. MS spectrum of 1q

2-(4-Cyanophenylamino)-4-(2-chlor ophenyl-2-hydr oxypropylaminomethyl)pyrimidine (1r)
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Fig. 49. *H NMR spectrum of 1r
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Fig. 50. **C NMR spectrum of 1r
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Fig.51. MS spectrum of 1r



