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form of C34 as an antigen peptide producing structure-specific anti-
bodies. We have performed comparative studies of antisera isolated
from mice immunized with the C34 trimer in binding affinity for
the C34 trimer and for the C34 monomer.

2. Materials and methods
2.1. Immunization and sample collection

Six-week-old male BALB/c mice, purchased from Sankyo Labora-
tory Service Corp. (Tokyo, Japan), were maintained in an animal
facility under specific pathogen-free conditions. The experimental
protocol used was approved by the ethical review committee of
Tokyo Medical and Dental University. Freund incomplete adjuvant
and PBS were purchased from Wako Pure Chemical Industries
(Osaka, Japan). DMSO (endotoxin free) was purchased from
Sigma-Aldrich (St. Louis, MO).

All mice were bled one week before immunization. One hun-
dred micrograms of antigen (C34 monomer C34REG) was dissolved
in PBS (50 pL) and DMSO (1 pL). The antigen C34 trimer triC34e
(100 pg) was dissolved in PBS (50 pL). This solution was mixed
with Freund incomplete adjuvant (50 pL) and the mixture was in-
jected subcutaneously under anesthesia on days 0, 7, 14, 21 and 28.
Mice were bled on days 5, 12, 19, 26 and 33. Serum was separated
by centrifugation (1500 rpm) at 4 °C for 10 min, and inactivated at
56 °C for 30 min. Sera were stored at —80 °C before use.

2.2. Serum titer ELISA

Tween-20 (polyoxyethylene (20) sorbitan monolaurate) and
hydrogen peroxide (30%) were purchased from Wako Pure Chemi-
cal Industries (Osaka, Japan). 2,2’-Azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid diammonium salt (ABTS) was purchased
from Sigma-Aldrich. Anti-mouse IgG (H+L)(goat)-HRP was pur-
chased from EMD Chemicals (San Diego, CA). Ninety-six well
microplates were coated with 25 pL of a synthetic peptide in a
10 pg/mlL solution in PBS at 4 °C overnight. The coated plates were
washed 10 times with deionized water and blocked with 150 pL of
blocking buffer (0.02% PBST, PBS with 0.02% Tween 20, containing
5% skim milk) at 37 °C for 1 h. The plates were washed with deion-
ized water 10 times. Mice sera were diluted in 0.02% PBST with 1%
skim milk, and 50 pL of twofold serial dilutions of sera from 1/200
to 1/409600 were added to the wells and allowed to incubate at
37 °C for 2 h. The plates were again washed 10 times with deion-
ized water. HRP-conjugated anti-mouse IgG, diluted 1:2000 in
0.02% PBST (25 plL), was added to each well. After incubation for
45 min, the plates were washed 10 times and 25 pL of HRP sub-
strate, prepared by dissolving ABTS (10 mg) in 200 pL of HRP stain-
ing buffer—a mixture of 0.5 M citrate buffer (pH 4.0, 1 mL), H,0,
(3 pL), and H;O (8.8 mL)—was added. After 30 min incubation,
the reaction was stopped by addition of 25 uL/well 0.5 M H,SO,,
and optical densities at 405 nm were recorded.

2.3. Virus preparation

For virus preparation, 293FT cells in a 60 mm dish were transfec-
ted with 10 pg of the pNL4-3 construct by the calcium phosphate
method. The supernatant was collected 48 h after transfection,
passed through a 0.45 pm filter, and stored at —80 °C as the virus
stock.

2.4. Neutralizing assay (P24 assay)

For viral neutralizing assay, the NL4-3 virus (5 ng of p24) was
bound to MT-4 cells (5 x 10 cells/200 uL) by spinoculation at

2100 g for 20 min at 4 °C. After removal by washing out of unbound
virus, cells were resuspended with 200 pL of medium containing
10 pL sera from immunized or pre-immunized mice and were cul-
tured. Half of the culture medium was changed every 2 or 3 days. At
7 days after infection, the level of p24 in the culture supernatant
was determined by the p24 ELISA kit (PerkinElmer, MA).!”

3. Results and discussion

In the C34 trimer, triC34e, which was previously synthesized,'®
the triplet repeat of arginine and glutamic acid (RERERE) was
added to the C-terminal end of the C34 sequence to increase solu-
bility in buffer solution, and glycine was fused to the C-terminus
(Fig. 1A and B). The C3-symmetric template with three hydrophilic
branches of equal length was adopted to assemble three peptide
strands. As a control peptide, which corresponds to the monomeric
form of C34, C34REG having RERERE and Gly in the C-terminus was
used (Fig. 1C).18

To investigate whether antibodies are efficiently produced,
mice were immunized with C34REG and triC34e and the increase
in the titer in 5 weeks’ immunization was observed (Fig. 2). Titers
and specificity of antisera isolated from mice immunized with
C34REG or triC34e were evaluated by serum titer ELISA against
coated synthetic antigens. In each case, the increase in antibody
production was observed as time passed. The most active antise-
rum for each antigen was utilized for the evaluation of binding
activity by ELISA (Fig. 3). The C34REG-induced antibody showed
approximately 1.2 times higher antibody titer against the coated
C34REG than against the coated triC34e; the serum dilutions at
50% bound are 1.06 x 10~ and 1.30 x 1073, respectively (Fig. 3A
and B). The triC34e-induced antibody showed approximately 23
times higher titer against the coated triC34e than against the
coated C34REG; the 50% bound serum dilutions are 3.15 x 1074
and 7.30 x 1073, respectively (Fig. 3A and B). C34REG-induced or
triC34e-induced antibody did not show any significant binding ti-
ter against an unrelated control peptide (Fig. 3C and D). Although
purified monoclonal antibodies were not used for this evaluation,
the antibodies produced exploited specific affinity for each antigen
of the monomer or the trimer. These results suggest the synthesis
of structure-involving antigens leads to the production of antibod-
ies with structural specificity.

It is important to know if the antisera produced have inhibitory
activity against HIV-1 infection. Accordingly, the inhibitory activity
of the antisera was assessed by p24 assays utilizing the antisera
bled from three mice that showed antibody production for each
antigen (Fig. 4). The experiments using HIV-1 was performed in
the biosafety level 3 laboratory #5 in the National Institute of
Infectious Diseases. Sera from mice immunized with the monomer
C34REG and the trimer triC34e antigens contained antiviral
activities compared to control sera. Any significant difference of
inhibitory effects was not observed between the sera isolated from
C34REG-immunized mice and those from triC34e-immunized
mice. The synthetic C34 trimeric antigen induces antibodies with
a structural preference, but the levels of neutralization activity of
sera from mice immunized with the C34 trimer were similar with
those of sera from the C34 monomer-immunized mice. This sug-
gests that antibodies with structural specificity against the gp41-
C34-derived region do not always have more potent neutralization
activity. The difference of recognition mechanism of two types of
antibodies might cause different neutralizing mechanism although
their levels of neutralization activity are almost the same. This re-
sult is not consistent with the data of the synthetic antigen mole-
cules derived from N36, in which the N36 trimer-specific
antibodies showed higher neutralization activity against HIV-1
infection than the N36 monomer-specific antibodies.® In any case,
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Figure 1. The sequence of C34 in gp41 (NL4-3) (A). FP and TM represent hydrophobic fusion peptide and transmembrane domain, respectively. Structures of C34-derived
peptides, the C34 trimer with a C3-symmetric linker, triC34e (B), and the C34 monomer, C34REG (C).
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Figure 2. Results of serum titer ELISA of antisera collected during immunization (from one week before start to five weeks after immunization start) to determine the
immunogenicity of designed antigens. The titers were evaluated as followings; antiserum against C34REG binding to C34REG (A); antiserum against C34REG binding to
triC34e (B); antiserum against triC34e binding to C34REG (C); antiserum against triC34e binding to triC34e (D).

the synthetic C34 trimeric antigen induces antibodies with a struc-
tural preference and potent neutralization activity. In case antibod-
ies bind to the gp41 C-terminal HR2 region and suppress
membrane fusion, they may recognize the primary amino acid se-
quence of the C34 region or its structural conformation, because
the C34 region is located outside in the formation of a six-helical
bundle. It is suggested that suppressant potencies of these types
of antibodies are almost similar. In addition, the action of these
antibodies might be orthogonal and supplementally effective.
Recently, broadly active and potent neutralization antibodies,
PG-9 and PG-16, were isolated from sera of HIV-1 infected individ-
uals.? The antibodies can neutralize ~80% of HIV-1 isolates across
all clades with approximately one order of magnitude higher po-

tency than those of broad neutralizing mAbs reported previously.
It is interesting that the epitopes for these mAbs are quaternary,
and preferentially displayed on Env trimers, as expressed on the
surface of virions and transfected cells. These results suggest that
there may be production mechanisms for antibodies recognizing
epitope structures.’®2° The sera obtained from immunization of
the (34 trimer antigen have structural specificity and neutraliza-
tion activity. Thus, our trimer antigens, including the N36 trimer,?
could work efficiently as a new class of HIV-1 vaccines.
Concerning inhibitory activity of these C-region peptides
against HIV-1 entry, the potency of triC34e is one hundred times
higher than that of C34REG.® It indicates that a trimeric form is
critical as the active structure of the inhibitor, although as vaccines
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Figure 3. Serum titers of the antibodies produced by the fifth immunization of the C34REG antigen and the fourth immunization of the triC34e antigen. These titers were
evaluated against ELISA templates of C34REG (monomer) (A) and triC34e (trimer) (B), using sera obtained from a C34REG-immunized mouse (M) and a triC34e-immunized
mouse (@) as each representative. Titers of C34REG-induced antibodies were evaluated against ELISA templates of C34REG (+) and an unrelated control peptide (®) (C), and
titers of triC34e-induced antibodies were evaluated against ELISA templates of triC34e (+) and an unrelated control peptide (®) (D). Unrelated control peptide: CH3;CO-
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Figure 4. Determination of neutralization activity of the antibodies produced by
immunization of C34REG and triC34e antigens. Inhibition of HIV-1 (NL4-3 strain)
infection by produced antibodies was evaluated by the p24 assay in MT-4 cells. Y-
axis shows the amount of p24 production. Uninf means uninfected cells. Pre-
immunization sera (—1 week) were used as controls (cr1-3). C34REG- and triC34e-
immunization sera (5 weeks) were used (m1-3 and t1-3, respectively). Experiments
were conducted in triplicate. Error bars show standard error of mean.

there is no significant difference in neutralization activity of in-
duced antibodies between the monomer and the trimer.

The exposed timing of epitopes of the helical region trimers is
limited in the fusion step,! and carbohydrates are not included
in the amino acid residues of the regions. The effectiveness of the
vaccine design based on the gp41 helical regions is supported by
the critical advantages cited above. Our developed N36 and C34 tri-
mer-form specific antibodies might have the above properties. The
designs of antigens and inhibitors targeting the dynamic supramo-
lecular mechanism of HIV-1 fusion will be useful for future studies
on AIDS vaccines and inhibitors.
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Low molecular weight CXCR4 ligands

Low molecular weight CXCR4 ligands were developed based on the peptide T140, which has previously
been identified as a potent CXCR4 antagonist. Some compounds with naphthyl, fluorobenzyl and pyridyl
moieties as pharmacophore groups in the molecule showed significant CXCR4-binding activity and
anti-HIV activity. Structure-activity relationships were studied and characteristics of each of these three
moieties necessary for CXCR4 binding were defined. In this way, CXCR4 ligands with two types of
recognition modes for CXCR4 have been found.

© 2012 Elsevier Ltd. All rights reserved.

The chemokine receptor CXCR4 is classified into a family of G
protein-coupled receptors (GPCRs), and transduces signals of its
endogenous ligand, CXCL12/stromal cell-derived factor-1 (SDF-
1).! The CXCR4-CXCL12 axis plays a physiological role in chemo-
taxis,? angiogenesis® and neurogenesis* in embryonic stages. The
CXCR4 receptor is linked to many disorders including HIV infec-
tion/AIDS,> metastasis of cancer cells,® leukemia cell progression,’
rheumatoid arthritis.® Since CXCR4 is an important drug target in
these diseases, it is thought that effective agents directed to this
receptor may be useful leads for therapeutic agents. To date, we
and others have developed several potent CXCR4 antagonists. A
highly potent antagonist, T140, a 14-mer peptide with a disulfide
bridge, and its downsized analogue, FC131, with a cyclic pentapep-
tide scaffold, and several other related compounds have been re-
ported.® Based on T140 and FC131, small-sized linear anti-HIV
agents such as ST34 (1) have been developed (Fig. 1).!°
AMD3100,"" KRH-1636,'> Dpa-Zn complex (2)'3 and other azamac-
rocyclic compounds such as 3,'* which like 1, contain benzylamine
and electron-deficient aromatic groups, have also been reported as
nonpeptidic antagonists. Compound 1 possesses significant anti-
HIV activity but does not have high CXCR4 binding affinity. In the
present study, more effective linear CXCR4 antagonists derived
from compound 1 have been examined, and structure-activity rela-
tionship studies of these compounds have been performed.

* Corresponding author.
E-mail address: tamamura.mr@tmd.ac.jp (H. Tamamura).

0960-894X/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmcl.2012.04.032

Initially, three segments of compound 1 were selected for
structural modification to support the design of new synthetic
compounds: replacement of the 4-trifluoromethylbenzoyl group
(Fig. 2, RY), modification of the stereochemistry of the 1-naphthyl-
ethylamine moiety (R?) and introduction of pyridine moieties on
the nitrogen atom (R3). In a previous study of T140 analogues, 4-flu-
orobenzoyl was found to be superior to 4-trifluoromethylbenzoyl as
an N-terminal moiety. Thus, 4-fluorobenzyl, 4-fluorobenzoyl and
4-fluorophenylethyl groups were used as substitutes for the 4-tri-
fluoromethylbenzoy! group (R!) in 1. The (R)-1-naphthylethylamine
moiety in 1 is also present in KRH-1636 where it has the (S)-stereo-
chemistry and thus both the (R) and (S)-stereoisomers were investi-
gated in the present study. Several CXCR4 antagonists such as KRH-
1636," Dpa-Zn complex (2)'* and Dpa-cyclam compound (3),'4
contain pyridyl rings. Thus, 2, 3, or 4-pyridylmethyl and 2, 3, or
4-pyridylethyl groups were introduced on the nitrogen atom of the
4-aminomethylbenzoyl group (R?). With these modifications, a total
of 3 x 2 x 6 =36 compounds (12~-47) were designed (Fig. 2).

The synthesis of the structural fragment, Unit 1 is shown in
Scheme 1. N-nosylation of 4-amino-methylbenzoic acid (4) with
2-nitrobenzenesulfonyl chloride and subsequent esterification
gave the t-butyl ester 5. Introduction of an R® moiety by means
of a Mitsunobu reaction followed by removal of the Ns group
yielded amines 6A-F. Introduction of either 4-fluorobenzyl or
4-fluorophenylethyl groups by reductive amination of 6A~F
produced amines 7Ai-Fi or 7Aiii-Fiii, respectively. Conversion of
6A-F to the appropriate amide (7Aii-Fii), and subsequent depro-
tection of the tert-butyl group yielded Unit 1, 8Ai-Fiii.



4170 T. Narumi et al./Bioorg. Med. Chem. Lett. 22 (2012) 4169-4172

Figure 1. The structures of 1 (ST34), Dpa-Zn complex (2) and Dpa-cyclam
compound (3).
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Figure 2. The structures of substituents for three parts of compound 1 in the design
of new compounds.
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Scheme 1. The synthetic scheme of Unit 1, compounds 8Ai-Fiii. Reagents and
conditions and yields: (a) NsCl, EtsN, THF/H,0 (1/1); (b) isobutene, THF/H,SO4 (10/
1), 39% (2 steps); (c) PPhs, DEAD, R%0H, THF; (d) PhSH, K»COs, DMF, 42-92% (2
steps); (e) NaBH(OAc)s, 4-fluorobenzaldehyde, CH,Cly; (f) NaBH(OAc);, (4-fluoro-
phenyl)acetaldehyde, CH,Cl,; g) 4-fluorobenzoyl chloride, EtsN, CH,Cl,, 51-94%; (h)
TFA then 4 M HCl/EtOAc, quantitative; The structures of R! and R® are shown in
Fig. 2 as i-iii and A-F, respectively. Ns = 2-nitrobenzenesulfonyl, ‘Bu = tert-butyl,
DEAD = diethyl azodicarboxylate.

The synthesis of Unit 2 is shown in Scheme 2. Condensation of
Boc-Arg(Mts)-OH (9) and (R)-1-naphthylethylamine or its (S} iso-
mer produced amides (R)-10 or (S)-10. Removal of the Boc group
gave Unit 2, (R)-11 and (S)-11.

Compounds 12-47 were synthesized by amide condensation of
Unit 1, 8Ai-Fiii, with Unit 2, (R)-11 and (S)-11, and subsequent
deprotection of the Mts group, as shown in Scheme 3.'° All the syn-
thetic compounds were purified by preparative reverse phase
HPLC. In cases where peaks derived from side products appeared
around the target peaks on the HPLC profile, the precise analysis
was accomplished, giving rise to lower yields (Scheme 3, 1).

PNy M HNA M NHA M
H H H
9 (RM0; (5110 (R)11; (S}11

Scheme 2. Synthetic schemes of Unit 2, compounds (R/S)-11. Reagents and condi-
tions: (i) EDCL-HCI, HOBt-H,0, Et3N, (R/S)-(+/-)-1-(1-naphthyl)ethylamine, CH,Cl,,
83-97%; (j) TFA then 4 M HCI/EtOAc, quantitative; EDCI-HCI = 1-ethyl-3-(3-dimeth-
ylaminopropyl)carbodiimide hydrochloride, HOBt-H,0 = 1-hydroxybenzotriazol
monohydrate, Mts = 2,4,6-trimethylphenylsulfonyl, Boc = tert-butoxycarbonyl.
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Scheme 3. Synthetic schemes of compounds 12-47. Reagents and conditions: (k)
EDCI-HCI, HOBt-H,0, EtsN, DMF, 36-95%; (1) TMSBr, m-cresol, 1,2-ethanedithiol,
thioanisole, TFA, 4-54%. The structures of R! and R® are shown in Figure 2 as i-iii
and A-F, respectively.

The CXCR4-binding activity of synthetic compounds was as-
sessed in terms of the inhibition of [1?°I]-CXCL12 binding to Jurkat
cells, which express CXCR4.'® The percent inhibition of all the com-
pounds at 10 pM is shown in Table 1. Several of the compounds
showed significant binding affinity. In general, compounds in which
the 1-naphthylethylamine moiety (R?) has the (S)-stereochemistry,
as in KRH-1636, are more potent than the (R)-stereoisomers. Ten
compounds (26-28,30, 33, 36,39, 44,45 and 47, Table 1) were found
to induce at least 30% inhibition and compounds 26, 27 and 33,
which have a pyridyl group with a nitrogen atom at the p-position,
showed more than 60% inhibition. It is noteworthy that compounds
26 and 27 in which R? is a (R)-1-naphthylethylamine moiety, are
both more potent than the corresponding (S)-stereoisomers 44
and 45. Compounds 26, 27 and 33, have a 4-fluorobenzyl or 4-fluor-
ophenylethyl group, which rather than an amide, is a reductive alkyl
type (R'). As can be seen from Table 1, there is a tendency for com-
pounds with a pyridyl group with a nitrogen atom at the p-position
(R3: C or D), to be more potent in terms of CXCR4-binding activity
than the corresponding compounds, which have a pyridyl group
with a nitrogen atom at the a- or - position (R*: A, B, E or F), and
those with a reductive alkyl 4-fluorobenzyl or 4-fluorophenylethyl
group (R': i oriii), to be more potent in CXCR4-binding activity than
the corresponding compounds, with a 4-fluorobenzoyl group (R: ii).

Compounds were next evaluated for anti-HIV activity and
cytotoxicity. CXCR4 is the major co-receptor for the entry of T-cell
line-tropic (X4-) HIV-1.° Accordingly, inhibitory activity against
X4-HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4 cells
(anti-HIV activity), and reduction of the viability in MT-4 cells
(cytotoxicity) were assessed'® and are shown in Table 1. Com-
pounds 26 and 33-35 showed significant anti-HIV activity with
ECsp values in the micromolar range. Compounds 26 and 33
showed both potent CXCR4-binding activity (79% and 60% inhibi-
tion at 10 uM, respectively) and anti-HIV activity (ECsp=11 and
13 uM, respectively), the two activities being highly correlated.
Compounds 34 and 35 have significant anti-HIV activity with
ECso values of 8 and 10 pM, respectively, which is higher than
CXCR4-binding activities, which are 16% and 20% inhibition at
10 pM, respectively. Compound 27, which showed relatively high
CXCR4-binding activity (69% inhibition at 10 pM), failed to show
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Table 1

CXCR4-binding activity, anti-HIV activity and cytotoxicity of compounds 12-47
Compdno. R'® R?*P R®° Inhibitiond (%) ECse®(uM) CCso' (uM) Compdno. R'® R®® R3¢ Inhibition? (%) ECse® (uM)  CCso' (UM)
12 i (R) A 0 >20 35 30 i (S) A 3011 >4 11
13 i (R) B 4+1.7 >4 23 31 i (S) B 25+33 >20 24
14 i (R) C 6+07 >20 37 32 i (S) C 27+1.7 >20 41
15 i (R) D 2417 nd. nd. 33 i () D  60%15 13 65
16 i (R)Y E 12£3.0 >20 39 34 i s) E 16+1.2 8 44
17 i Ry F 16422 nd. nd. 35 i ) F 2013 10 44
18 ii R A 3:09 >20 38 36 ii ) A 36+1.8 >20 37
19 ii (R) B 6+3.9 >20 41 37 ii (S) B 0 >20 43
20 ii Ry C 11£0.8 >20 45 38 ii (S) C 14+14 >20 57
21 ii (R) D 2241 n.d. n.d. 39 ii s) D 32+84 nd. nd.
22 ii Ry E 627 >20 45 40 ii s) E 13%15 >20 51
23 ii Ry F 12+1.9 nd. nd. 41 ii (s) F 25+13 >20 47
24 il R) A 1521 nd. nd. 42 iii (S) A 16+5.1 >4 9.9
25 jii (Ry B 13£06 >20 27 43 iii (s) B 23+14 >4 13
26 iii (R) C 79+14 11 47 44 iii (s) o 36+13 nd. nd.
27 iii (RY D 69+5.0 >11 11 45 iii (S) D 35+52 nd. nd.
28 iii (Ry E 44+54 nd. nd. 46 iii (S) E 26+23 nd. nd.
29 i Ry F 0 nd. nd. 47 iii (s) F 51+6.6 nd. nd.
KRH-1636 100 033 80 FC131 100 0.16 >10
AMD3100 nd. 0.062 55 1(ST34) nd. 7.4 66
AZT nd. 0.058 100

3¢ The structures of R! and R® are shown in Fig. 2 as i-iii and A-F, respectively.

® The absolute configuration in stereochemistry of R* shown in Fig. 2 is described.

4 CXCR4-binding activity was assessed based on the inhibition of the [*?5I]-CXCL12 binding to Jurkat cells. Inhibition percentages of all the compounds at 10 uM were

calculated relative to the inhibition percentage by T140 (100%).

¢ ECsq values are the concentrations for 50% protection from X4-HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4 cells.
f CCsq values are the concentrations for 50% reduction of the viability of MT-4 cells. All data are the mean values from at least three independent experiments.

significant anti-HIV activity at concentrations below 11 pM be-
cause of high cytotoxicity (CCso =11 uM). With the exception of
27, 30, 42 and 43, the tested compounds showed no significant
cytotoxicity (CCso >20 uM, Table 1). On the other hand, compounds
26, 27, 33, 34 and 35 at concentrations below 100 uM failed to
show significant protective activity against macrophage-tropic
(R5-) HIV-1 (NL(AD8) strain)-induced cytopathogenicity in
PM-1/CCR5, whereas the ECso of the CCR5 antagonist SCH-D'7 in
this assay was 0.055 uM (data not shown). Since instead of CXCR4,
R5-HIV-1 strains use the chemokine receptor CCR5, a member of
the GPCR family, as the major co-receptor for their entry, this sug-
gests that these compounds do not bind to CCR5. Thus, compounds
26, 27, 33, 34 or 35 have highly selective affinity for CXCR4.
Compounds 34 and 35, which have significant anti-HIV activity,
have a pyridyl group with a nitrogen atom at the y-position, in
contrast to compounds 26, 27 and 33 which also show CXCR4-
binding activity, but have a pyridyl group with a nitrogen atom
at the B-position. Furthermore, compounds 34 and 35 have
R! = 4-fluorobenzyl and R? = (S)-1-naphthylethylamine. A possible
explanation of these observations is that compounds 34 and 35
compete with HIV-1 in binding to CXCR4 while compounds 26
and 33 compete with HIV-1 and CXCL12. Compound 27 does not
compete with HIV-1 because of its high cytotoxicity. This suggests
that the CXCR4 binding site used by compounds 34 and 35 differs
slightly from that used by compounds 26, 27 and 33.

Low molecular weight CXCR4 ligands with two types of recog-
nition modes for CXCR4 have been obtained in this study: one
causes competition with HIV-1 on CXCR4 whereas the other causes
competition with HIV-1 and CXCL12. These compounds have selec-
tive affinity for CXCR4 because they do not significantly bind to
CCR5. Further structural modification studies of these CXCR4
ligands are the subject of an ongoing project.
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Several CD4 mimics have been reported as HIV-1 entry inhibitors that can intervene in the interaction
between a viral envelope glycoprotein gp120 and a cell surface protein CD4. Our previous SAR studies
led to a finding of a highly potent analogue 3 with bulky hydrophobic groups on a piperidine moiety.
In the present study, the aromatic ring of 3 was modified systematically in an attempt to improve its anti-
viral activity and CD4 mimicry which induces the conformational changes in gp120 that can render the
envelope more sensitive to neutralizing antibodies. Biological assays of the synthetic compounds
revealed that the introduction of a fluorine group as a meta-substituent of the aromatic ring caused an
increase of anti-HIV activity and an enhancement of a CD4 mimicry, and led to a novel compound 13a
that showed twice as potent anti-HIV activity compared to 3 and a substantial increase in a CD4 mimicry
even at lower concentrations.

© 2013 Published by Elsevier Ltd.

1. Introduction

The first step of HIV entry into host cells is the interaction of a
viral envelope glycoprotein gp120 with the cell surface protein
CD4.! Such a viral attachment process is an attractive target for
the development of the drugs to prevent the HIV-1 infection of
its target cells.? Several small molecules including BMS-806,% IC-
9564* and NBDs® have been identified that inhibit the viral attach-
ment process by binding to gp120. Recently, we and others have
been exploring the potentials of NBDs-derived CD4 mimics as a no-
vel class of HIV entry inhibitors (Fig. 1).578

Small molecular CD4 mimics identified by an HIV syncytium
formation assay showed potent cell fusion and virus cell fusion
inhibitory activity against several HIV-1 laboratory and primary
isolates.> Furthermore, the interaction of CD4 mimics with a highly
conserved and functionally important pocket on gp120, known as
the ‘Phe43 cavity’, induces conformational changes in gp120,° a
process which occurs with unfavorable binding entropy, leading
to a favorable enthalpy change similar to those caused by binding
of the soluble CD4 binding to gp120. These unique properties ren-
der CD4 mimics valuable not only for the development of entry
inhibitors, but which also, when combined with neutralizing anti-

* Corresponding author. Tel.: +81 3 5280 8036; fax: +81 3 5280 8039.
E-mail address: tamamura.mr@tmd.ac.jp (H. Tamamura).

0968-0896/$ - see front matter © 2013 Published by Elsevier Ltd.
http://dx.doi.org/10.1016/.bmc.2013.02.041

bodies function as envelope protein openers-putatively,
stimulants.°

The structure of the complex formed by NBD-556 (1) bound to
the gp120 core from an HIV-1 clade C strain (C1086) was recently
determined by X-ray analysis (PDB: 3TGS).!! As expected with
molecular modeling by us®® and others,®® NBD-556 binds with
Phe43 cavity with its p-chlorophenyl ring inserted into the cavity,
and in addition multiple contacts were observed, with Trp112,
Val255, Phe382, Ile424, Asnd25, Trp427, Gly473, and Val430 of
gp120 were observed (Fig. 2). However, no obvious interaction
with Arg59 of CD4 was observed, although the salt bridge forma-
tion between Arg59 of CD4 and Asp368 of gp120 is a critical inter-
action of the viral attachment.? Based on this binding model,
several potent compounds were recently identified.5”

Prior to those studies, we performed structure-activity relation-
ship (SAR) studies based on the modification of the piperidine moi-
ety of CD4 mimics to interact with Val430 and/or Asp368. These
resulted in the discovery of a potent compound 3 which has bulky
hydrophobic groups on its piperidine ring, and shows significant
anti-HIV activity and lower cytotoxicity than other known CD4
mimics.®¢ Our study of the docking of 3 into the Phe43 cavity of
gp120 suggests that the cyclohexyl group of 3 can interact
hydrophobically with the isopropyl group of Val430.

We hypothesized that the optimization of the aromatic ring of 3
would lead to an increase of antiviral activity and CD4 mimicry, the
latter inducing the conformational changes in gp120. Here, we de-
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scribe the systematic modification of the aromatic ring of 3 for fur-
ther optimization to evaluate substituent effects on anti-HIV activ-
ity, cytotoxicity and CD4 mimicry.

2. Results and discussion

The co-crystal structure of 1 with the gp120 core revealed that
the aromatic group of 1 binds to gp120 by several aromatic-aro-
matic and hydrophobic interactions (Fig. 2). In particular, hydro-
phobic space surrounded by the hydrophobic amino acid
residues Trp112, Val255, Phe382, and 1le424 is likely to be affected
by substituents at the meta- and para-positions of the aromatic
ring, and consequently we decided to investigate substituents at
these positions (Fig. 3).

Initially, we selected a chlorine or a methyl group to serve as the
para-substituent of the aromatic group because CD4 mimic com-
pounds such as 1 (NBD-556) with a p-chloro substituent, and be-
cause 3 showed significant anti-HIV activity compared to other
substituents. Further, CD4 mimic structures such as 2 with a p-

KII (0] NH n 0] NH
or T r T
X © Cl 0

NBD-556 (1, X = Cl) HAR-171 (3)

YYA-021 (2, X = Me)

Figure 1. Structures of NBD-556 (1), YYA-021 (2) and HAR-171 (3).

£ Hydrophobic interaction
~ Aromatic-aromatic interaction
-+ H-bonding interaction

Figure 2. Major interactions betweén NBD-556 and Phe43 cavity of gp120.

methyl substituent also showed potent anti-HIV activity and
exhibits lower cytotoxicity than those with the p-chlorophenyl
derivatives.®* Next, we chose several halogens including F, Cl and
Br, to be the meta-substituent on the aromatic group since previous
SAR studies revealed that the introduction of an appropriate group
with an electron-withdrawing ability at the meta-position leads to
an increase of binding affinity and antiviral activity.®® Furthermore,
to investigate whether electron withdrawal and hydrophobicity of
the meta-position are appropriate, the CD4 mimics with a meta-
methyl substituent, which has electron-donating properties and
is similar in size to bromine, were also synthesized. Finally, two
piperidine scaffolds (the 2,2,6,6-tetramethylpiperidine A and the
dicyclohexylpiperidine B) were combined with these aromatics
via the oxalamide linker.

2.1. Chemistry

The syntheses of novel compounds are depicted in Schemes 1
and 2. Starting from the appropriate aniline with m- and p-substit-
uents, coupling with ethyl chloroglyoxylate in the presence of EtzN
gave the corresponding amidoesters 6a-c and 7a-c. Subsequently,
microwave-assisted aminolysis'® of 6a—¢ and 7a-c with commer-
cially available 4-amino-2,2,6,6-tetramethylpiperidines afforded
the desired compounds 8a-c and 9a-c (Scheme 1). A series of
CD4 mimics with two cyclohexyl groups 13a-c and 14a-c were
prepared from 2,2,6,6-tetramethylpiperidin-4-one 10 by the meth-
od previously reported,® with slight modification (Scheme 2).
Briefly, treatment of 10 with cyclohexanone in the presence of
ammonium chloride gave a 2,6-substituted piperidin-4-one 11
via Grob fragmentation followed by intramolecular cyclization.'
Reductive amination with p-methoxybenzyl amine, acidic treat-
ment with TMSBr/TFA, and oxidative cleavage of p-methoxybenzyl
group with cerium(lV) ammonium nitrates (CAN) furnished the
corresponding 4-aminopiperidines (12) with higher yields and less
burdensome purifications than the previous method. Finally, cou-
pling of 12 with the corresponding esters 6a—-c and 7a-c under
microwave irradiation provided the desired compounds 13a-c
and 14a-c.

2.2. Biological evaluation

The anti-HIV activity of the synthetic compounds was evaluated
against an R5 primary isolate YTA strain. ICsp values were deter-
mined by the WST-8 method as the concentrations of the com-
pounds that conferred 50% protection against HIV-1-induced
cytopathogenicity in PM1/CCR5 cells. Cytotoxicity of the com-
pounds based on the viability of mock-infected PM1/CCR5 cells
was also evaluated using the WST-8 method. The assay results
for compounds 8a-c and 13a—c with a p-chlorophenyl group are
shown in Table 1. The parent compound 1 and compound 8a,5
known as JRC-II-191, showed significant anti-HIV activities (ICso

Aromatic group Oxalamide linker Piperidine moiety
=~ s ™
% % % 5
o :
cl cl Cl Cl
F cl Me % A

% 3 % 5
3 e Me' e
M . F Cl Br ’,1

B
e,

Figure 3. The structures of scaffolds in the design of novel CD4 mimics.
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Table 1
Anti-HIV activity and cytotoxicity of compounds 8a-c and 13a-c containing a p-

H @]
/@/NHZ a /Q N\n/u\ OEt chloropheny! group?
0]
X X qy O
: ' jon e
[e]
4a(X=ClL,Y=F) 6a(X=Cl,Y=F) ¢

4b (X =Cl, Y =Cl) 6b (X=Cl, Y =Cl) Y
4c (X =CI, Y = Me) 6¢c (X =Cl, Y =Me)
5a(X=Me, Y=F) 7a(X=Me, Y =F)
5b (X=Me, Y=CI) 7b (X =Me, Y =Cl) — - " =y oo
5¢ (X=Me, Y =Br) 7¢c (X=Me, Y =Br) vTAdsp 50
H 0] NH 1 i H 061 110
b N é\h!
— N 8a A F 032 94
o H 8b A a 41 36
X 8¢ A Me 33 38
Y
8a(X=Cl,Y=F) i9a(X=Me,Y=F)
8b (X=Cl,Y=Cl) | 9b (X =Me, Y =Cl) 3 ; W s 120
8c (X=CIl,Y=Me): 9¢c (X =Me, Y =Br) \ﬁ
Scheme 1. Reagents and conditions: (a) ethyl ch]oroglyoxylate, Et3N, THF; (b) 4- 13a B F 023 1
amino-2,2,6 6-tetramethylpiperidine, Et;N, EtOH, 150 °C, microwave. 3: g ae g.gz ;;

2 All data are the mean values from three of more independent experiments.

b |Cso values of the multi-round assay are based on the inhibition of HIV-1-
induced cytopathogenicity in PM1/CCR5 cells.
¢ CCsp values are based on the reduction of the viability of mock-infected PM1/
NH a NH CCR5 cells.
‘e
0 0%
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Table 2
Anti-HIV activity and cytotoxicity of compounds 9a-c and 14a-c containing a p-tolyl
group?
b,c 0
—_— NH o h)LH
H,N Me/© °
Y
12
Compd R Y 1Cs0° (UM) CCso® (UM)
H 0] NH YTA48P
d N
— N NH
0 H 2 : H 9.0 260
X N
Y 9a A F 2.8 110
9b A Cl 32 62
13a (X=Cl,Y=F) i 14a(X=Me, Y=F) % A B 10 32
13b (X=Cl,Y=Cl) i 14b (X =Me, Y = Cl)
13¢ (X=Cl, Y =Me) | 14c (X = Me, Y = Br)
14a NH F 0.54 91
Scheme 2. Reagents and conditions: (a) cyclohexanone, NH,4Cl, DMSO, 60 °C; (b) p- %\
methoxybenzylamine, NaBH;CN, MeOH, then 1 M TMSBr in TFA; (c) CAN, CHsCN/ ﬂ
H,0 (viv=2:1); (d) 6 or 7, EtsN, EtOH, 150 °C, microwave. 14b B a 6.2 1
14c B Br 3.2 11

a : -
_ _ 6a . All data are the mean values from three of more independent experiments.
of 1=0.61 uM and ICs of 8a = 0.32 uM). Compound 8b>* having a  ICso values of the multi-round assay are based on the inhibition of HIV-1-

m,p-dichlorophenyl group and compound 8¢5 (JRC-11-193) having induced cytopathogenicity in PM1/CCR5 cells.
a p-chloro-m-tolyl group showed moderate anti-HIV activity (ICsq € CCsp values are based on the reduction of the viability of mock-infected PM1/
of 8b=4.1pM and ICso of 8c=3.3 uM) but their potency was  CCRS cells.
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Figure 4. FACS analysis of synthetic compounds 8, 9, 13 and 14.

2521

approximately 10-fold lower than that of compound 8a. The cyto-
toxicity of 8b and 8c is relatively stronger than that of 8a (CCsp of
8b=36uM and CCsp of 8c=38 uM). Compounds 13a-c with
hydrophobic cyclohexyl groups in the piperidine moiety showed
more potent anti-HIV activity than the corresponding compounds
8a-c, confirming the contribution of the bulky hydrophobic

group(s) to an increase of antiviral activity. Our lead compound 3
showed significant anti-HIV activity comparable to that of com-
pound 8a (ICsp = 0.43 uM) but, consistent with previous results,
exhibited lower cytotoxicity. In particular, compound 13a with a
m-fluoro-p-chlorophenyl group exhibited the highest anti-HIV
activity. The ICso value of 13a was 0.23 pM, whose potency was
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Figure 5. FACS analysis of 3 and 13a in different concentrations.

approximately twice as high as that of compound 3. Notably, com-
pound 13b with a m,p-dichloropheny! group showed 7-fold more
potent anti-HIV activity than the corresponding compound 8b.
Compound 13c, which has a p-chloro-m-tolyl group, showed po-
tent anti-HIV activity comparable to that of the corresponding
compound 8c and an increase of cytotoxicity (CCsp = 15 uM). We
observed a tendency for compounds 13a-c with both hydrophobic
cyclohexyl groups and a m,p-disubstituted phenyl group to exhibit
higher cytotoxicity than the corresponding tetramethyl-type com-
pounds 8a-c. No clear reason for an increase of cytotoxicity in the
m,p-disubstituted phenyl group-containing compounds is
apparent.

Assay results for the compounds 9a~c and 14a-c with a p-tolyl
group are shown in Table 2. As expected, replacement of the p-chloro
substituent with a p-methyl group resulted in somewhat reduction
of anti-HIV activity. Compound 2, YYA-021 has significant anti-HIV
activity (ICsp = 9.0 pM) and exhibits the lowest cytotoxicity among
all of the compounds tested (CCso = 260 pM). These results are con-
sistent with our previous SAR studies involving the aromatic ring.
Introduction of a fluorine at the meta-position of the p-tolyl group,
e.g. in compound 9a and 14a, improved the antiviral activity, as ob-
served with 8a and 13a and a similar tendency was observed for
compound 9b with a m-chloro-p-tolyl group. In particular, com-
pound 14a with cyclohexy! groups and a m-fluoro-p-tolyl group
showed slightly higher anti-HIV activity than the parent compound
1. Among the compounds with m-bromo-p-tolyl groups, it was
found that compound 9c, with a 2,2,6,6-tetramethylpiperidine
group, showed no anti-HIV activity at a concentration below
10 uM, whereas compound 14c¢ with hydrophobic cyclohexyl
groups attached to the piperidine moiety, showed moderate activity
(ICs0 = 3.2 uM), indicating that the hydrophobic modification of
piperidine ring can contribute to an increase in anti-HIV activity.

All the synthetic compounds were evaluated for their CD4 mim-
icry on the conformational changes in gp120 by fluorescence acti-
vated cell sorting (FACS) analysis, and the results are shown in
Figure 4. The profile of binding of a CD4-~induced (CD4i) monoclo-
nal antibody (4C11) to the Env-expressing cell surface pretreated
with the synthetic compounds was assessed in terms of the mean
fluorescence intensity (MFI). The increase in binding affinity for

4C11 (by the pretreatment with synthetic compounds) suggests
that those compounds can reflect the CD4 mimicry as a conse-
quence of the conformational changes in gp120. Our previous stud-
ies disclosed that the profiles of the binding to the cell surface
pretreated with 1, 2, or 3 were similar to those observed in pre-
treatment with soluble CD4, indicating that these compounds offer
a significant enhancement of binding affinity for 4C11.% As shown
in Figure 4, similar results were obtained with those compounds in
this FACS analysis (MFI of 1, 2, and 3 =34.94, 25.97, and 24.17,
respectively). A notable increase in binding affinity for 4C11 was
observed in essentially all the synthetic compounds. The com-
pounds 8a, 9a, 13a and 14a with a meta-fluorine in the aromatic
ring, showed significant anti-HIV activity, and produced a substan-
tial increase in binding affinity for 4C11. These results suggested
that the introduction of a fluorine group at the meta position of
the aromatic ring is significant not only for the increase of anti-
HIV activity, but also for the enhancement of a CD4 mimicry. In
particular, a remarkable improvement in binding affinity for
4C11 was observed with 13a (MFI=51.39) which has twofold
more potent anti-HIV activity than the lead compound 3 (HAR-
171), and is the most active compound in terms of both anti-HIV
activity and the CD4 mimicry resulting from the conformational
change in gp120. The profiles of pretreatment of the cell surface
with compounds 8b and 13b having a m,p-dichlorophenyl group,
compounds 8c and 13c¢ having a p-chloro-m-tolyl group, and com-
pounds 9b and 14b with a m-chloro-p-tolyl group were similar to
results obtained for 3, suggesting that these compounds produced
slightly lower enhancement compared to those of compounds 8a,
9a, 13a and 14a but significant levels of binding affinity for 4C11.
On the other hand, pretreatment with compounds 9c, which failed
to show significant anti-HIV activity and 14c, which had moderate
anti-HIV activity resulted in a slight decrease of binding affinity for
4C11, suggesting that the introduction of a Br group at the meta-
position of p-tolyl group is not advantageous to a CD4 mimicry,
possibly due to the steric hindrance caused by the two bulky sub-
stituents. These results are consistent with previous observations
that a limited size and electron-withdrawing ability of the aro-
matic substituents are required for potent anti-HIV activity and
CD4 mimicry.®?



T. Narumi et al./Bioorg. Med. Chem. 21 (2013) 2518-2526 2523

Figure 6. The modeled structure of 13a (yellow carbon atoms) in the complex with
the Phe43 cavity in gp120 (3TGS) overlaid with the modeled structure of 3 (green
carbon atoms).

Since 13a showed higher CD4 mimicry than the other com-
pounds tested, the effect of the solution concentration of 13a on
the binding affinity for 4C11 was investigated. As shown in Fig-
ure 5, pretreatment of the cell surface with a 100 uM solution of
13a produced a higher increase in the binding affinity for 4C11
than pretreatment with the same concentration of compound 3.
Interestingly, the profile pretreated with a 50 uM solution of 13a
was similar to that with a 100 uM of compound 3, and even with
a 25 puM solution of 13a a potent enhancement of the binding affin-
ity for 4C11 was observed: MFI of 13a at concentrations of 50 pM
and 25 pM = 19.07 and 16.06, respectively. This observation sug-
gests that 13a could serve as a novel lead compound for the devel-
opment of envelope protein openers for the use combined with
neutralizing antibodies because of its effectiveness at low
concentrations.

The substantial increase in the CD4 mimicry of 13a even at a
low concentration is not easily explained because HAR-171 (3)
and 13a would be expected to form the similar binding modes with
gp120. A probable contribution of 13a is suggested by modeling
studies docked into the Phe43 cavity in gp120 (3TGS) in which
the depth and direction of the aromatic ring of 13a is slightly dif-
ferent from those in compound 3 (Fig. 6), leading to the possible
formation of appropriate interactions with the hydrophobic amino
acid residues such as Val255 and Phe382, and therefore explaining
the increased potency observed in the anti-HIV activity and CD4
mimicry of 13a.

3. Conclusion

CD4 mimics are attractive agents not only for the development
of a novel class of HIV entry inhibitors but also as possible cooper-
ating agents for the neutralizing antibodies—that is, envelope pro-
tein openers. In the present study, a structure-activity relationship
study of a series of CD4 mimic compounds was performed with a
view to improving the biological activity of HAR-171 (3), which
was identified in our previous studies as a promising lead com-
pound with anti-HIV activity, cytotoxicity and CD4 mimicry result-

ing from the conformational change in gp120. Systematic
modification of the meta- and para-substituents of the aromatic
ring of 3 led to some potent compounds. In particular, 13a, which
has a bulky hydrophobic group on its piperidine ring and a m-flu-
oro-p-chloropheny! group, demonstrated twofold more potent
anti-HIV activity and much higher CD4 mimicry than 2 following
the conformational changes in gp120, although the cytotoxicity
of 13a is relatively high. Further structural modification studies
of the aromatic ring and the oxalamide linker to improve pharma-
ceutical profiles will be the subject of future reports.

4. Experimentals

TH NMR and '3C NMR spectra were recorded using a Bruker
Avance Il spectrometer. Chemical shifts are reported in  (ppm)
relative to Me4Si (in CDCl;) as internal standard. Low- and high-
resolution mass spectra were recorded on a Bruker Daltonics
microTOF focus in the positive and negative detection mode. For
flash chromatography, silica gel 60 N (Kanto Chemical Co., Inc.)
was employed. Microwave reactions were performed in Biotage
Microwave Reaction Kit (sealed vials) in an Initiator™ (Biotage).
The wattage was automatically adjusted to maintain the desired
temperature for the desired period of time.

4.1. Chemistry

4.1.1. Ethyl 2-((4-chloro-3-fluorophenyl)amino)-2-oxoacetate
(6a)

To a stirred solution of 3-fluoroaniline (1.11 g, 10.0 mmol) in
CHCl; (30.0 mL) was added dropwise N-chlorosuccinimide (NCS)
in CHCl; (20.0 mL) at 0°C. The mixture was stirred at 0 °C for
42 h. After the reaction mixture was concentrated under reduced
pressure, the residue was dissolved in Et,O0. The mixture was
washed with water, and dried over MgSO4. Concentration under
reduced pressure followed by flash chromatography over silica
gel with EtOAc/n-hexane gave 4-chloro-3-fluoroaniline (259.4 g,
18% yield) as crystalline solids. To a stirred solution of the above
aniline (259.4 mg, 1.78 mmol) in THF (8.9 mL) were added at 0 °C
ethyl chloroglyoxylate (237.3 uL, 2.14 mmol) and EtsN (296.6 pL,
2.14 mmol). The mixture was stirred at room temperature for
12 h. After the precipitate was filtrated off, the filtrate solution
was concentrated under reduced pressure. The residue was dis-
solved in EtOAc, and washed with 1.0 M HC], saturated NaHCO
and brine, then dried over MgS0,. Concentration under reduced
pressure to provide the title compound 6a (435.2 mg, 99% yield)
as brown crystals, which was used without further purification.

TH NMR (500 MHz, CDCl3) é 1.44 (t, J=7.50 Hz, 3H), 443 (q,
J=7.50Hz, 2H), 7.24-7.25 (m, 1H), 7.35-7.40 (m, 1H), 7.70-7.75
(m, 1H), 8.93 (br, 1H); '3C NMR (125 MHz, CDCl5) § 13.0, 64.1,
108.5 (d, J=26.3 Hz), 115.9 (d, J=3.75Hz), 117.3 (d, = 18.8 Hz),
130.9 (d, J=10.0 Hz), 135.9, 153.9, 158.1 (d, ] =246.3 Hz), 160.5;
HRMS (ESI), m/z calcd for CyoH;0CIFNOs (MH™) 244.0182, found
244.0183.

4.1.2. Ethyl 2-((3,4-dichlorophenyl)amino)-2-oxoacetate (6b)

To a stirred solution of 3,4-dichloroaniline 4b (1.94g,
12.0 mmol) in THF (20.0 mL) were added ethyl chloroglyoxylate
(1.11 mL, 10.0 mmol} and Et;N (15.2 mL, 11.0 mmol) at 0 °C. The
mixture was stirred at room temperature for 6 h. After the precip-
itate was filtrated off, the filtrate solution was concentrated under
reduced pressure. The residue was dissolved in EtOAc, and washed
with 1.0 M HCI, saturated NaHCOsz; and brine, then dried over
MgS0,. Concentration under reduced pressure to provide the title
compound 6b (1.58 g, 95% yield) as white powder, which was used
without further purification.
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1§ NMR (500 MHz, CDCls) & 1.4 (t, J=7.00 Hz, 3H), 443 (q,
J=7.00Hz, 2H), 7.44 (d, ] = 8.50 Hz, 1H), 7.49-7.51 (m, 1H), 7.87,
2.35 (d, J=2.50 Hz, 1H); *C NMR (125 MHz, CDCl3) 6 14.0, 64.0,
119.0, 121.5, 129.0, 130.8, 133.2, 135.7, 153.9, 160.5; HRMS (ESI),
m/z caled for C1oH;0ClLNOs (MH*) 262.0038, found 262.0031.

4.1.3. Ethyl 2-((4-chloro-3-methylphenyl)amino)-2-oxoacetate
(6¢c)

By use of a procedure similar to that described for the prepara-
tion of compound 6b, the aniline 4c¢ (3.34 g, 24.0 mmol) was con-
verted into the title compound 6c (4.63 g, 96% yield) as white
powder.

TH NMR (500 MHz, CDCls) 6 1.43 (t, ] = 7.00 Hz, 3H), 2.38 (s, 3H),
442 (q,] =7.00 Hz, 2H), 7.33 (d, ] = 8.50 Hz, 1H), 7.43-7.46 (m, 1H),
7.51-7.54 (m, 1H), 8.82 (s, 1H); 3C NMR (125 MHz, CDCl3) § 14.0,
20.2, 63.8, 118.5, 122.0, 129.7, 130.9, 134.8, 137.1, 153.8, 160.9;
HRMS (ESI), m/z caled for Cq1Hi3CINOs (MH*) 242.0578, found
242.0568.

4.1.4. Ethyl 2-((3-fluoro-4-methylphenyl)amino)-2-oxoacetate
(7a)

By use of a procedure similar to that described for the prepara-
tion of compound 6b, the aniline 5a (3.00 g, 24.0 mmol) was con-
verted into the title compound 7a (4.24 g, 94% yield) as white
powder.

TH NMR (500 MHz, CDCl3) 6 1.43 (t,] = 7.20 Hz, 3H), 2.25 (s, 3H),
4.42 (q,] = 6.80 Hz, 2H), 7.12-7.21 (m, 2H), 7.48-7.56 (m, 1H), 8.83
(s, 1TH); 3C NMR (125 MHz, CDCls) é 14.2 (2C), 63.8, 107.1 (d,
J=275Hz), 115.0 (d, J=10.0Hz), 122.3 (d, J=17.5Hz), 131.6 (d,
J=6.25Hz), 1353 (d, J=13.8Hz), 153.8, 160.8, 161.1 (d,
J=243.8Hz); HRMS (ESI), mfz caled for Cq1H{3FNO3; (MH")
226.0879, found 226.0878.

4.1.5. Ethyl 2-((3-chloro-4-methylphenyl)amino)-2-oxoacetate
(7b)

By use of a procedure similar to that described for the prepara-
tion of compound 6b, the aniline 5b (3.40 g, 24.0 mmol) was con-
verted into the title compound 7b (5.19 g, 94% yield) as white
powder.

H NMR (500 MHz, CDCl5) § 1.43 (t, ] = 7.00 Hz, 3H), 2.35 (s, 3H),
4.42 (q,] = 7.00 Hz, 2H), 7.22 (d, ] = 8.50 Hz, 1H), 7.41-7.43 (m, 1H),
7.71 (d, ] = 2.00 Hz, 1H), 8.83 (s, 1H); '3C NMR (125 MHz, CDCL3) &
14.0, 20.0, 63.8, 118.0, 120.3, 131.2, 133.3, 134.7, 135.0, 153.8,
160.8; HRMS (ESI), m/z calcd for Cq;Hy3CINO; (MH') 242.0584,
found 242.0573.

4.1.6. Ethyl 2-((3-bromo-4-methylphenyl)amino)-2-oxoacetate
(7¢)

By use of a procedure similar to that described for the prepara-
tion of compound 6b, the aniline 5c¢ (4.47 g, 27.0 mmol) was con-
verted into the title compound 7c (6.24 g, 96% yield) as white
powder.

1H NMR (500 MHz, CDCls) 6 1.43 (t, ] = 7.00 Hz, 3H), 2.38 (s, 3H),
4.42 (q,J =7.00 Hz, 2H), 7.23 (t, ] = 8.50 Hz, 1H), 7.48-7.53 (m, 1H),
7.83-7.90 (m, 1H), 8.80 (s, 1H); 13C NMR (125 MHz, CDCls) § 14.0,
22.4, 63.9, 118.7, 123.4, 125.0, 131.0, 135.0, 135.2, 153.7, 160.8;
HRMS (ESI), m/z caled for CqiHqsBrNO; (MH*) 286.0079, found
286.0068.

4.1.7. N'-(4-Chloro-3-fluorophenyl)-N*-(2,2,6,6-
tetramethylpiperidin-4-yl)oxalamide (8a)

To a solution of compound 6a (70.0 mg, 0.286) in EtOH (2.9 mL)
were added Et3N (0.200 mL, 1.45 mmol) and 2,2,6,6-tetramethylpi-
peridin-4-amine (0.150 mL, 0.870 mmol). The reaction mixture
was stirred for 3 h at 150 °C under microwave irradiation. After
being concentrated in vacuo, the residue was extracted with CHCls,

and washed with saturated NaHCO; and brine, then dried over
MgS0,. Concentration under reduced pressure to provide the title
compound 8a (34.6 mg, 34% yield) as white powder.

TH NMR (500 MHz, CDCl3) 6§ 0.99-1.50 (m, 15H), 1.92 (dd,
J=3.50, 9.00 Hz, 2H), 4.20-4.32 (m, 1H), 7.21-7.25 (m, 1H), 7.34-
741 (m, 1H), 7.69-7.73 (m 1H), 9.31 (br, 1H); 3C NMR
(125 MHz, CDCl;) & 28.4, 34.8, 43.8, 445, 51.0, 1083 (d,
J=26.3Hz), 115.8 (d, J=3.75Hz), 117.1 (d, J=17.5Hz), 13038,
136.2 (d, J = 8.75 Hz), 157.6, 158.1 (d, J = 247.5 Hz), 158.4; HRMS
(ESI), mjz caled for Cy7Hz4CIFN3O, (MH') 356.1536, found
356.1548.

4.1.8. N'-(3,4-Dichlorophenyl)-N>-(2,2,6,6-
tetramethylpiperidin-4-yl)oxalamide (8b)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 6b (261.0 mg, 1.00 mmol) was
converted into the title compound 8b (520.0 mg, 70% yield) as
white powder.

'H NMR (500 MHz, CDCl3) 6 1.07 (t,] = 12.0 Hz, 2H), 1.16 (s, 6H),
1.28 (s, 6H), 1.90-1.93 (m, 2H), 4.20-4.32 (m, 1H), 7.26 (m, 1H),
7.40-7.48 (m, 2H), 7.88 (s, 1H), 9.33 (s, 1H); 3C NMR (125 MHz,
CDCl;) § 28.5 (2C), 34.9 (2C), 43.8, 44.6 (2C), 50.9 (2C), 119.0,
1214, 128.7, 130.8, 133.1, 135.8, 157.7, 158.5; HRMS (ESI), m/z
calcd for Cy7H,5CI;N30, (MH™) 370.1095, found 370.1105.

4.1.9. N'-(4-Chloro-3-methylphenyl)-N°-(2,2,6,6-
tetramethylpiperidin-4-yl)oxalamide (8c)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 6¢ (482.0 mg, 2.00 mmol) was
converted into the title compound 8c (364.0 mg, 49% yield) as
white powder.

H NMR (500 MHz, CDCl3) 6 1.07 (t, ] = 12.0 Hz, 2H), 1.15 (s, 6H),
1.28 (s, 6H), 1.86-1.94 (m, 2H), 4.15-4.31 (m, 1H), 7.21-7.24 (m,
1H), 7.32-7.38 (m, 2H), 7.74 (s, 1H), 9.24 (s, 1H); 3C NMR
(125 MHz, CDCl3) 6 19.6, 28.5 (2C), 34.9 (2C), 43.7, 44.7 (2C), 50.9
(2C), 117.9, 120.2, 131.2, 133.1, 134.7, 135.1, 157.5, 158.8; HRMS
(ESI), m/z caled for C13H,5CIN30, (MH™) 350.1641, found 350.1656.

4.1.10. N'-(3-Fluoro-4-methylphenyl)-N>-(2,2,6,6~
tetramethylpiperidin-4-yl)oxalamide (9a)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 7a (225.0 mg, 1.00 mmol) was
converted into the title compound 9a (161.0 mg, 48% yield) as
white powder.

H NMR (500 MHz, CDCls) 6 1.07 (t, ] = 12.5 Hz, 2H), 1.15 (s, 6H),
1.28 (s, 6H), 1.92 (dd, J = 12.5, 3.50 Hz, 2H), 2.26 (s, 3H), 4.12-4.32
(m, 1H), 7.12-7.20 (m, 2H), 7.30-7.37 (m, 1H), 7.48-7.54 (m, 1H),
9.27 (s, 1H); 13C NMR (125 MHz, CDCl3) § 14.2, 28.5 (2C), 34.9 (2C),
43.7, 44.7 (2C), 50.9 (2C), 107.1 (d, J=26.3 Hz), 115.0, 121.8 (d,
J=17.5Hz) 131.6, 135.4, (d, J=15.0 Hz), 157.5, 158.8, 161.1 (d,
J=242.5Hz); HRMS (ESI), m/z calcd for C;gH,sFN30, (MH™)
334.1936, found 334.1942.

4.1.11. N'-(3-Chloro-4-methylphenyl)-N>-(2,2,6,6-
tetramethylpiperidin-4-yl)oxalamide (9b)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 7b (482.0 mg, 1.00 mmol) was
converted into the title compound 9b (448.0 mg, 48% yield) as
white powder.

IH NMR (500 MHz, CDCls) 6 1.09 (t, ] = 12.5 Hz, 3H), 1.18 (s, 6H),
1.30 (s, 6H), 1.93-1.95 (m, 2H), 2.41 (s, 3H), 4.20-4.34 (m, 1H),
7.30-7.37 (m, 2H), 7.44-7.46 (m, 1H), 7.53 (d, J=2.50 Hz, 1H),
9.25 (s, 1H); '3C NMR (125 MHz, CDCl3) 4 20.3, 28.5 (2C), 34.9
(2C), 43.7, 44.7 (2C), 50.9 (2C), 118.5, 122.0, 130.0, 130.7, 134.8,
137.1, 157.5, 158.8; HRMS (ESI), m/z calcd for C;3H,5CIN5O;
(MH™) 350.1641, found 350.1636.
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4.1.12. N'-(3-Bromo-4-methylphenyl)-N>-(2,2,6,6-
tetramethylpiperidin-4-yl)oxalamide (9c)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 7¢ (285.0 mg, 1.00 mmol) was
converted into the title compound 9¢ (157.0 mg, 40% yield) as
white powder.

TH NMR (500 MHz, CDCls) § 1.07 (t,] = 12.5 Hz, 3H), 1.15 (s, 6H),
1.28 (s, 6H), 1.91 (dd, J = 8.00, 4.00 Hz, 2H), 2.38 (s, 3H), 3.70-3.75
(m, 1H), 7.22 (d, ] = 8.50 Hz, 1H), 7.30-7.37 (m, 1H), 7.43-7.45 (m,
1H), 7.90 (d, J=2.50Hz, 1H), 9.25 (s, 1H); 3C NMR (125 MHz,
CDCl3) § 22.4, 28.5 (2C), 34.9 (2C), 43.7, 44.7 (2C), 50.9 (2C),
118.6, 123.4, 125.0, 131.0, 134.9 (2C), 157.5, 158.8; HRMS (ESI),
m/z calcd for C;5H,5BrN30, (MH™) 394.1136, found 394.1158.

4.1.13. Amine (12)

The compound 11 was prepared according to the reported pro-
cedure." To a stirred solution of piridone 11 (247.8 mg,
1.05 mmol) in MeOH (2.10 mL) was added p-methoxybenzylamine
(0.41 mL, 3.15 mmol). After being stirred at room temperature for
23 h, sodium cyanoborohydride was added and stirred at room
temperature for 48 h. The reaction mixture was poured into satu-
rated NaHCO5 and extracted with EtOAc, then dried over MgSO,.
After concentration under reduced pressure, the residue was trea-
ted with 1 M TMS in THF (4.8 mL). The mixture was stirred at 0 °C
for 14 h. Concentration under reduced pressure followed by short
chromatography with CHCl;/MeOH gave the PMB-protected
amine. To a solution of the above amine (584.0 mg, 1.64 mmol)
in CH3CN/H,O (13.1mlL, viv=2:1) was added CAN (2.74g,
8.2 mmol). The mixture was stirred at room temperature for
14 h. The reaction mixture was diluted with 0.5 M HCl and washed
with CH,Cl,. The water layer was alkalized and extracted with
EtOAc, then dried over Na,SO4. Concentration under reduced pres-
sure followed by flash chromatography over silica gel with EtOAc-
EtOH (4:1) to gave the title compound 12 (175.5 mg, 71% yield) as a
yellow oil.

TH NMR (500 MHz, CDCls) 4 1.15-1.85 (m, 24H), 2.95-3.05 (m,
1H); "3C NMR (125 MHz, CDCl;) § 22.2 (2C), 22.8 (2C), 26.2 (2C),
37.3 (2C), 42.3 (2C), 43.6 (2C), 47.0, 53.2 (2C); HRMS (ESI), m/z
calcd for CysHyoN, (MH') 237.2325, found 237.2321.

4.1.14. N'-((4-Chloro-3-fluerophenyl)-N?-(2,6-
dicyclohexylpiperidin-4-yl)oxalamide (13a)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 6a (36.8 mg, 0.150 mmol) was
converted into the title compound 13a (7.6 mg, 12% yield) as yel-
low powder.

TH NMR (400 MHz, CDCl3) 6 0.71-2.28 (m, 24H), 2.03-2.20 (m,
2H), 4.02-4.16 (m, 1H), 7.13-7.18 (m, 1H), 7.27-7.33 (m, 1H),
7.62-7.66 (m, 1H), 9.25 (br, 1H); 3C NMR (125 MHz, CDCls) &
14.1, 22.0 (2C), 22.6 (2C), 25.8 (2C), 29.3, 29.7 (2C), 31.9, 70.5,
108.3 (d, J=26.3 Hz), 115.8, 117.1 (d, J = 18.8 Hz), 130.8, 136.2 (d,
J=10.0Hz), 157.6, 158.1 (d, J = 247.5 Hz), 158.6; HRMS (ESI), m/z
caled for Cy3H3,CIFN;0, (MH") 436.2162, found 436.2156.

4.1.15. N'-(4-Chlorophenyl)-N?-(2,6-dicyclohexylpiperidin-4-
yl)oxalamide (13b)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 6b (31.3 mg, 0.120 mmol) was
converted into the title compound 13b (28.0 mg, 52% yield) as
white powder.

'H NMR (400 MHz, CDCl5) 5 0.96 (t, [ = 12.5 Hz, 2H), 1.10-1.84
(br, 20H), 2.05-2.19 (m, 2H), 4.08-4.21 (m, 1H), 7.23-7.33 (br,
1H), 7.39-7.46 (m, 2H), 7.88 (t, J =1.00 Hz, 1H), 9.34 (s, 1H); 3C
NMR (125 MHz, CDCl3) & 14.1, 22.1 (2C), 22.7 (2C), 26.1 (2C),
31.6, 37.2 (2C), 42.6, 43.0, 43.6, 52.6 (2C), 119.0, 121.4, 128.7,

130.8, 133.1, 135.8, 157.7, 158.5; HRMS (ESI), m/z calcd for
C23H32ClLN30, (MH*Y) 452.1872, found 452.1865.

4.1.16. N*-((4-Chloro-3-methylphenyl)-N?-(2,6-
dicyclohexylpiperidin-4-yl)oxalamide (13c)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 6¢ (121.0 mg, 0.500 mmol)
was converted into the title compound 13c (15.1 mg, 7% yield) as
white powder.

H NMR (500 MHz, CDCls) & 0.87-1.88 (br, 22H), 2.09-2.20 (m,
2H), 2.38 (s, 3H), 4.09-4.22 (m, 1H), 7.32-7.33 (m, 1H), 7.41-7.43
(m, 1H), 7.51 (d, J=2.00 Hz, 1H), 7.73 (m, 1H), 9.24 (s, 1H); 3C
NMR (125 MHz, CDCl;) § 20.2, 22.1 (2C), 22.7 (2C), 26.0 (2C),
29.7, 37.0, 42.3 (2C), 42.8 (2C), 43.4, 52.9 (2C), 118.4, 122.0,
130.0, 130.6, 134.8, 137.1, 157.5, 158.9; HRMS (ESI), m/z calcd for
C,4H35CIN30, (MH") 430.2267, found 430.2264.

4.1.17. N*-(3-Fluoro-4-methylphenyl)-N?-(2,6-
dicyclohexylpiperidin-4-yl)oxalamide (14a)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 7a (225.0 mg, 1.00 mmol) was
converted into the title compound 14a (27.5 mg, 7% yield) as white
powder.

TH NMR (500 MHz, CDCl5) § 0.971 (t,] = 12.5 Hz, 2H), 1.18-1.86
(m, 20H), 2.13-2.16 (m, 2H), 2.26 (s, 3H), 4.09-4.21 (m, 1H), 7.13-
7.18 (m, 2H), 7.33 (d, ] = 8.00 Hz, 1H), 7.50-7.53 (m, 1H), 9.27 (s,
1H); 3C NMR (125 MHz, CDCl3) § 14.2, 22.2 (2C), 22.8 (2C), 26.1
(2C), 37.2 (2C), 42.2 (2C), 43.3 (2C), 43.5, 52.6 (m, 2C), 107.0 (d,
J=27.5Hz), 115.0 (d, J=3.75 Hz), 121.8 (d, /= 17.5 Hz), 131.6 (d,
J=625Hz), 1354 (d, j=10.0Hz), 157.5, 158.9, 1613 (d,
J=242.5Hz); HRMS (ESI), m/z calcd for C4H33FN30, (MH™)
414.2554, found 414.2562.

4.1.18. N'-(3-Chloro-4-methylphenyl)-N?-(2,6-
dicyclohexylpiperidin-4-yl)oxalamide (14b)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 7b (120.5 mg, 0.500 mmol)
was converted into the title compound 14b (12.9 mg, 6% yield) as
white powder.

TH NMR (500 MHz, CDCl;) 6 0.973 (t, J=12.5 Hz, 2H), 1.18-
1.86 (br, 20H), 2.11-2.19 (m, 2H), 2.35 (s, 3H), 4.09-4.21 (m,
1H), 7.20-7.22 (m, 1H), 7.30-7.32 (m, 1H), 7.35-7.37 (d,
J=2.50Hz, 1H), 7.73 (m, 1H), 9.22 (s, 1H); 13C NMR (125 MHz,
CDCls) § 19.6, 22.1 (2C), 22.7 (2C), 26.0 (2C), 29.7, 37.0, 42.1
(2C), 42.7 (2C), 432, 53.3 (2C), 118.0, 1203, 131.2, 133.0,
1347, 135.1, 157.5, 158.8; HRMS (ESI), m/z caled for
C4H33CIN30, (MH*) 430.2267, found 430.2257.

4.1.19. N'-(3-Bromo-4-methylphenyl)-N*-(2,6-
dicyclohexylpiperidin-4-yl)oxalamide (14c)

By use of a procedure similar to that described for the prepara-
tion of compound 8a, the compound 7¢ (142.0 mg, 0.500 mmol)
was converted into the title compound 14¢ (11.5 mg, 5% yield) as
white powder.

'H NMR (500 MHz, CDCls) 6 0.67-2.07 (br, 22H), 2.28 (br, 2H),
2.38 (s, 3H), 4.09-4.21 (m, 1H), 7.22 (d, J=8.00 Hz, 1H), 7.28-
7.38 (br, 1H), 7.43 (dd, J=4.50, 2.50 Hz, 1H), 7.90 (d, J=2.50 Hz,
1H), 9.21 (s, 1H); '3C NMR (125 MHz, CDCl) § 14.1, 22.1 (2C),
22.4 (20C), 22.7 (2C), 25.9, 30.0, 31.6, 36.9 (2C), 42.7 (3C), 52.7,
529, 118.6, 123.4, 125.0, 131.0, 134.9, 135.1, 157.4, 158.8; HRMS
(ESI), m/z calcd for Co4H33BrN3O, (MH') 474.1762, found 474.1746.

4.2. Antiviral assay and cytotoxicity assay

Anti-HIV activity and cytotoxicity measurements in PM1/CCR5
cells (Yoshimura et al., 2010) were based on viability of cells that
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had been infected or not infected with 100 TCID50 of an R5 pri-
mary isolate YTA48P exposed to various concentrations of the test
compound. After the PM1/CCR5 cells were incubated at 37 °C for
7 days. The 50% inhibitory concentration (ICsq) values and the
50% cytotoxic concentration (CCsp) were then determined using
the Cell Counting Kit-8 assay (Dojindo Laboratories). All assays
were performed in duplicate or triplicate.

4.3. FACS analysis

JR-FL (R5, Sub B) chronically infected PM1 cells were pre-incu-
bated with 0.5 pg/mL of sCD4 or 100 pM of a CD4 mimic for
15 min, and then incubated with an anti-HIV-1 mAb, 4C11, at
4 °C for 15 min. The cells were washed with PBS, and fluorescein
isothiocyanate (FITC)-conjugated mouse anti-human IgG antibody
was used for antibody-staining. Flow cytometry data for the bind-
ing of 4C11 (green lines) to the Env-expressing cell surface in the
presence of a CD4 mimic are shown among gated PM1 cells along
with a control antibody (anti-human CD19: black lines). Data are
representative of the results from a minimum of two indepen-
dent experiments. The number at the bottom of each graph
shows the mean fluorescence intensity (MFI) of the antibody
4C11.

4.4. Molecular modeling

Dockings of compounds 3 and 13a were performed using
Molecular Operating Environment modeling package (MOE
2008. 10, Canada), into the crystal structure of gp120 (PDB, entry
3TGS).
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