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ABSTRACT
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A robust and efficient method for the synthesis of trisubstituted (2)-chloroalkenes is described. A one-pot reaction of y,y-dichloro-o,3-enoyl
sultams involving organocuprate-mediated reduction/asymmetric alkylation affords o-chiral (2)-chloroalkene derivatives in moderate to high
yields with excellent diastereoselectivity, and allylic alkylation of internal allylic gem-dichlorides is also demonstrated. This study provides the
first examples of the use of allylic gem-dichlorides adjacent to the chiral center for novel 1,4-asymmetric induction.

Stereoselective formation of functionalized alkenes is a
challenging task in organic synthesis, and construction of
halogenated alkenes while controlling the geometry of double
bonds is of particular interest.! Among various halogenated

alkenes, chloroalkenes have attracted considerable interest in
recent years,”® not only because of their potential as synthe-
tically valuable intermediates’ but also because of their
importance as structural components of natural products.®
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Despite the utility and importance of chloroalkenes,
however, reactions leading to the stereoselective formation
of trisubstituted (Z)-chloroalkenes are still limited.>*®
Falck and Mioskowski reported that the reaction of CrCl,
with 1,1,1-trichloroalkanes leads to the formation of (E)-
chlorovinylidene chromium carbenoids, which can react
with aldehydes to afford (Z)-chlorinated allylic alcohols
(Scheme 1a).>* An alternative method is the Pd-catalyzed
cross-coupling of 1,1-dichloro-1-alkenes with organome-
tallic reagents.® In particular, Pd-catalyzed couplings with
large bite angle bisphosphines such as Xantphos and
DPEphos allow the selective formation of (Z)-chloroalk-
enes while avoiding the formation of bis-substituted pro-
ducts as has been described independently by Negishi®®
and by Roulland®®~9 (Scheme 1b). While these protocols
have found widespread utility for the synthesis of these
important structures, the development of efficient systems
for stereoselective and divergent synthesis of trisubstituted
(Z)-chloroalkenes bearing various functionalities remains
challenging.

As part of a program aimed at development of novel
approaches to chloroalkenes, we envisioned that the
organocuprate-mediated reduction® of y,y-dichloro-a,3-
unsaturated carbonyl compounds would permit an effi-
cient access to (Z)-chlorinated dienolate intermediates,
which can be trapped with an appropriate electrophile,
providing trisubstituted (Z)-chloroalkenes (Scheme 1c).

Scheme 1. Synthesis of Trisubstituted (Z)-Chloroalkenes
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In this paper, we describe the stereoselective formation
of trisubstituted (Z)-chloroalkenes utilizing the organo-
cuprate-mediated reduction/asymmetric alkylation of v,
y-dichloro-a,B-enoyl sultam. This is a one-pot reaction
which provides in high yield the synthetically valuable
compounds containing a (Z)-chloroalkene flanking two
stereogenic centers, the a-chiral-3,y-unsaturated carbonyl
motif, and a chiral allylic alcohol. In addition, we report
the first allylic alkylation of internal allylic gem-dichlorides
that provides an alternative method for the diastereoselec-
tive synthesis via 1,4-asymmetric induction of these im-
portant structural motifs.

We prepared sultam 1 and enoate 2 from chiral
o, a-dichloro-g-hydroxyester,'® reported by Imashiro and
Kuroda, as suitable substrates for reaction development
{(Figure 1). At the onset of our studies, it was unclear if the
reaction of those substrates with organocuprates would entail
reduction, generating the dienolate intermediate. In order
to estimate the electron-accepting ability, our investigation
started with measurement of the reduction potentials (Egeq).
The reduction potentials of sultam 1 and enoate 2 were —1.50
and —1.65 V, respectively. Based on these results and House’s
observation that o,S-unsaturated carbonyl compounds with
reduction potentials between ca. —2.4 V and ca. —1.1 V can
react with organocuprates such as Me,Culi to give the
conjugate addition products,!! these substrates were expected
to promote both the single-electron transfer reduction and
the allylic alkylation.

cl, Ci c.,
Ph A ~ X Ph A =~ OEt
6TBS O otBs O
1a, X = Xg 2, (Egeg = -1.65V)
(Ereq = -1.50 V)
1b, X = Xg
Me._ _Me Me  Me
Xp = Ko = _
R 4’?‘1—3 S sN\gﬁ
o"s:o foke “O

Figure 1. Substrates for organocuprate-mediated reduction and
their reduction potentials (Egeg)-

In order to control the reaction products, the reactivity
of sultam 1a with organocuprates was examined (Table 1),
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J.Org. Chem. 1992, 57, 3814. (c) Fujii, N.; Habashita, H.; Shigemori, N.;
Otaka, A.; Ibuka, T.; Tanaka, M.; Yamamoto, Y. Tetrahedron lett.
1991, 32, 4969. (d) Takano, S.; Sekiguchi, Y.; Ogasawara, K. J. Chem.
Soc., Chem. Conumun. 1988, 449 and references cited therein.
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Information.
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Table 1. Reactivity of Sultam 1a with Organocuprates

cl., cl cl cl Me
Ph. Xg conditions® o S Xg + Ph - Xg
o188 O A o01BS O 0TBS O
1a 3 4
3+4,
ZIE yield
entry reagents additives® of 3° (%) 3/4°
1 Me,Culi - >97:3 81 77:23
2 Me,Culi® - >97:3 93 >97:3
3 n-BuyCuli® - >97:3 99 90:10
4 MeCu(CN)Li - >97:3 99  61:39
5 Me,Culi® TMSCI1 >97:3 83 83:17
6 Me,CulLi® BF3-OEt, >97:3 91 31:69
7 MeyCuli® HMPA >97:3 76 >97:3
8 MeCu(CN)Liz - >97:3 99 >97:3

“ All reactions were carried out on a 0.1 mmol scale with 4 equiv of
organocuprates in the presence of Li salts. *4 equiv. “ Determined by 'H
NMR. “Yields of isolated products. Higher order cuprates (ca. 0.4
equiv) were contained.” Diastereomeric ratio (dr) = 97:3.

and as expected, exposure of 1a to Me,CulLi followed by
protic workup afforded a mixture of the reduced com-
pound 3 and the a-alkylated product 4 in high yield
(81%, entry 1). Significantly, excellent Z-selectivity was
observed.!? The use of a 2.4:1 MeLi-LiBr/Cul mixture
enabled selective reduction, providing pure reduced com-
pound 3 in excellent yield (93%, entry 2). Changing the
methyl group of alkyl ligands to an n-butyl group resulted
in decreased selectivity (entry 3). Although the reaction
with lower order cyanocuprate or Me,CuLi with TMSCI
did not furnish better selectivity, addition of BF;-OEt; led
to the preferable formation of a-alkylated product 4
{entries 4—6). In contrast, the reaction with HMPA pro-
vided excellent selectivity to the reduction but a decreased
yield (76%, entry 7). The best result was obtained with
higher order cyanocuprate, derived from CuCN-2LiCl
and 2 equiv of MeLi- LiBr, which gave 3 in excellent yield
and selectivity (entry 8). Having identified higher order
cyanocuprate as the preferred reducing agent, we selected
the Gilman reagent (Me,CuLi) as an optimal reducing
agent because of the sufficient reactivity and selectivity to
reduction.

The optimized reduction condition in Table 1 (entry 2)
was applied to the one-pot reduction/asymmetric alkyla-
tion (Table 2). Previous studies have revealed that the
transmetalation from Cu and/or Li dienolate intermedi-
ates to the more reactive Sn dienolate intermediates is
critical for smooth alkylation.®® A variety of alkyl halides
were allowed to react with the (Z)-chlorinated dienolate
intermediate to provide chloroalkenes 4a—4e flanking two
stereogenic centers in moderate to high yield with >97%
Z-selectivity. HPLC analysis showed that all the reactions

(12) A NOESY cross-peak was observed between the olefinic proton
and the allylic stereogenic center, suggesting that the geometry of the
double bond was defined as shown; see the Supporting Information.
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Table 2. One-Pot Reduction/Asymmetric Alkylation of
(R)-Sultam 1a and (S)-Sultam 1b“

cl, Cl 1. Me,CuLi, -78 °C ¢
Ph_ = x 1. Me,Culi, -
< F e T 2t Ph NN X
oTBs O OtTBS OM
1a X =Xy
1bX=Xg
2. HMPA, PhySnCl ¢ R ¢l R
78°C Ph A Xr or P %
3.R-X, 40 °C 6TBS O btes o
4 5
4a,5a, R =Me 4d, 5d, R = allyl
4b, 5b, R=Bn 4e, 5e, R = propargyl

4c, 5¢, R = CH,CO,'Bu

4o0r5, dr
entry substrate R-X yield (%)° (%)
1 la Mel 4a, 58 97:3
24 1a BnBr 4b, 83 99:1
3 la BrCH,CO,'Bu 4c, 90 97:3
4 la allylBr 4d, 81 97:3
5¢ la propargylBr 4e, 82 >95:5°
6 1b Mel 5a, 60 99:1
7 1b BnBr 5b, 86 95:5
8 1b BrCH,CO,’Bu 5¢, 57 97:3
9 1b allylBr 5d, 70 97:3
10¢ 1b propargylBr 5e, 46 >95:5°

“All reactions were carried out with 4 equiv of organocuprates,
16 equiv of HMPA, 2 equiv of Ph3SnCl, and 8 equiv of alkyl halide. ° Yields
of isolated products. “ Determined by HPLC. ¢ At —30 °C. ¢ Determined by
'H NMR.

proceeded with excellent diastereoselectivity. The reac-
tions with methyl iodide and bezyl bromide provided the
corresponding a-alkylated products 4a and 4b in 58% and
83% yields, respectively (entries 1 and 2), and the absolute
configuration of 4a was confirmed by single-crystal X-ray
analysis (Figure 2). Importantly, this strategy is amenable
to the introduction of functional groups such as ester, allyl,
and propargyl groups suitable for further transformation.
Treatment of dienolate with rerz-butyl bromoacetate and
allyl bromide afforded the desired (Z)-chloroalkenes 4c¢
and 4d with ester and allyl functionality, in high yields
(entries 3 and 4). Propargyl bromide also gave the corre-
sponding (Z)-chloroalkene 4e in moderate yield (entry 5).
In addition, this one-pot strategy can be applied to (S)-
sultam 1b, providing the corresponding chloroalkenes
5a—5e in moderate to high yields (entries 6—10).

Finally, allylic alkylation of allylic gem-dichlorides was
examined. Recently, Feringa reported that terminal allylic
gem-dichlorides undergo Cu-catalyzed asymmetric allylic
alkylation with Grignard reagents affording (Z)-chloro-
alkenes bearing an allylic stereogenic center with excellent
regio- and enantioselectivity.** Guided by this work, we
attempted Cu-catalyzed Sn2'-type alkylation with v,
y-dichloro-a.,3-enoate 2, but these conditions did not work
for enoate 2, possibly due to the lower reactivity of the

Org. Lett, Vol. 14, No. 17, 2012
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Figure 2. ORTEP representation of 4a.

Table 3. Diastereoselective Allylic Alkylation of y,y-Dichloro-
a,f-enoate 2 by 1,4-Asymmetric Induction®

on a., o RCUCNIM cl R

A~ CE PhMOEt - opi6

H THF, -78 °C

OoTBS (o] 30 min oT18S (o]

2 6
entry RCu(CN)M Z/E® 6, yield (%)° dr?

1 MeCu(CN)Li >97:3 6a, 98 74:26
2 EtCu(CN)MgBr >97:3 6b, 96 66:34
3 BnCu(CN)MgCl >97:3 6¢, 70 77:23
4 ‘BuCu(CN)MgCl >97:3 6d, 95 69:31

“ All reactions were carried out on a 0.2 mmol scale with 4 equiv of
organocuprates in the presence of Li salts. % Determined by 'H NMR.
“Yields of isolated products. ? Determined by HPLC.

internal allylic system (see Supporting Information). At-
tention was therefore turned to the organocuprate-
mediated allylic alkylation. As presented in Table 1
(entry 4), the lower order cyanocuprate (MeCu(CN)Li)
promotes the allylic alkylation preferably to provide the
o-methylated product 4a with excellent diastereoselectivity
(dr = 97:3). Extensive experimentation with MeCu(CN)Li
revealed that the electron transfer from organocuprates

(13) See the Supporting Information for details.

(14) At the present stage of our understanding, the steric repulsions
between the olefinic proton at C3 and the Ph group at CS may destabilize
the reactive conformer, which would lead to the (2R)-isomer. DFT
calculations also suggest that the reactive conformer to the (2S)-isomer
is favored by 4.42 kJ/mol over the conformer to the (2R)-isomer. See the
Supporting Information.
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competes significantly with allylic alkylation of the sultam
1a, and the exclusive formation of 4a was not realized.
During the course of our studies on the allylic alkylation,
we considered that the chiral center at C5 adjacent to the
allylic gem-dichloride might induce the diastereoselectivity
without chiral auxiliaries.

This hypothesis was tested with the enoate 2. As shown
in Table 3, treatment of 2 with MeCu(CN)Li afforded
the a-methylated §,y-enoate 6a in 98% vyield as a 74:26
mixture of diastereomers with excellent Z-selectivity. The
major isomer was the (25)-isomer, identified by the corre-
lation with the same compound 6a, prepared from the
corresponding (S)-sultam-derived compound 5a.'3 Similar
results were obtained using EtCu(CN)MgBr, BnCu(CN)-
MgCl, and BuCu(CN)MgCl affording the corresponding
a-alkylated chloroalkenes 6b—d in high yields with similar
selectivities (entries 2—4). Although the observed diaste-
reoselectivity has not been rationalized,'* these results
suggest that stereochemistry at C2 can be controlled by
the chiral center at C5 via 1,4-asymmetric induction.

In conclusion, we have described a one-pot organ-
ocuprate-mediated reduction/asymmetric alkylation of
y,y-dichloro-a,B-unsaturated carbonyl compounds. This
protocol allows not only the exclusive formation of tri-
substituted (Z)-chloroalkenes in high yields but also the
construction of an a-stereogenic center with excellent
diastereoselectivity. The resulting products are notable
for their high functionality and can perform as a poten-
tially useful intermediate for this important class of mole-
cules. In addition, we have identified a unique reactivity
of substrates containing an allylic gem-dichloride system
with organocuprates. These findings have proven to be
useful for the development of novel reactions based on
these classes of molecules. Efforts to elucidate the origin of
novel 1,4-asymmetric induction and to extend this work to
the diastereoselective synthesis of peptidomimetics with a
chloroalkene moiety are currently in progress.
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Recently, highly active anti-retroviral therapy (HAART), which involves a combinational use of reverse transcrip-
tase inhibitors and HIV protease inhibitors, has brought us a great success in the clinical treatment of AIDS patients.
However, HAART has several serious clinical problems. These drawbacks encouraged us to find novel drugs and in-
crease repertoires of anti-HIV agents with various action mechanisms. The recent disclosing of the dynamic
supramolecular mechanism in HIV-entry has provided potentials to find a new type of drugs. To date, we have synthe-
sized HIV-entry inhibitors, especially coreceptor CXCR4 antagonists. In addition, CD4 mimics in consideration of syn-
ergic effects with other entry inhibitors or neutralizing antibodies have been developed. The development of the above
anti-HIV agents is based on the concept of reverse chemical genomics, in which target molecules are fixed. On the other
hand, based on the concept of forward chemical genomics, in which active compounds are searched according to the
screening of random libraries, effective peptide leads such as integrase inhibitors derived from fragment peptides of
HIV-1 Vpr have been discovered. As such, from a point of view on chemical biology, anti-HIV leads have been found
utilizing reverse and forward chemical genomics. Furthermore, antibody-based therapy or AIDS vaccine is still thought
to be a promising treatment. Thus, peptidic antigen molecules based on artificial remodeling of the dynamic structures of
a surface protein gp41 in HIV fusion have been developed. The present chemical biology approaches would be essential
for discovery of anti-HIV agents in consideration of cocktail therapy of AIDS.

Key words——anti-human immunodeficiency virus (HIV) agent; AIDS vaccine; chemical biology; CXCR4 antagonist;

CD4 mimic; integrase inhibitor
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Fig. 1. (A) Structure of HIV Virion, (B) Replication Cycle
of HIV, (C) Mechanism of HIV-1 Entry and Fusion
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ERHETEREBEFZPICHFICERE B
+ (), EHRERFREEHARM
BiESE T, 2005 LD HEERSE
BlRZEEMTR T2 FEREIR. 1999-
2000 4 KEESTE SR/ EEE
NAMEFAEZ, HEFRXXTFR .
ERMEEREURIELE 734
NN FaT—,

T
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OYP—-WFEEERFL T, KEMEEFCDIII Yy
7, BEEMEHEER, 1>77 7—YHEEL, HIV
DEADE#MEHEEZY —7 v ME U NTRETE
VRS FEEIELTVWS., ARITE, TOHERAN
BIZTDOVWTHRET 3.

2. ALt 74— CXCR4HEH

HIV O EFHBE~OKE - RESITELT, %
§, HIVI>RO—7% 2 )N7H gpl20 Mffifak
HMEDE—-ZBRETHLHESY NI E CDAIZKHESR
L, gpl20 DT+ A—3 3 »EADEIZ, gpl20
IE_ZEEK (ALt TI—) THBCCRS H5
Wi CXCRAIZHEET .79 CCR5 & CXCR4 137
EEEE G & >N BHBRAZEMLK (TTM-GPCR)
WREBITDTEAA 2B ETHS. CCRS5 L HIV
BEOHHICERICRDTAINAKRIT IO T 77—
femtE HIV-1 (RS-HIV-1) HFEIZFEHTS L L
7H—TdhD, CXCR4 L HIV EFDEIICEHK
27235 A )L A T fifafg e HIV-1 (X4-HIV-1)
NELCHEATZ2aL 7Y —-THB. gpl20 D
CD4, CCRS5 %Wt CXCR4IZHTHHEELD,
gpl20 LEFREMIIAT O AT —Z2FRL T
W5 gpdl O N KGRINBE L SN, gpdl KHERET
DR AT F RAESHI ORI Y > Ay >
T$B. ThY T D%, ZBAEDgpdl D NXEK
S D helix #8185, Td% % HR1 (NHR, N-region) &
B (N36 BLFl &2 & O EE) & CERIHM helix fEE T
&% HR2 (CHR, C-region) fHI (C34 EL¥ % &
DEE) PHEETICEEL, NEREBRTSIL
THIV O EEMMIE OB D EERME 25| &
# 9 [Fig. 1(0)].2

7, ENOLRTOFNBEHKEITH 2 KM KFERZE
FEREEZMAROBHEEBZOTT, a7y —
CXCR4 HEFOAIBICIVEAZ. T T —
CXCR4 #PiTA REDY —47 v hET B &3,
B 1DDOFEERIL T —TH% CCRS DEE
&l Maraviroc (Pfizer Inc.) 'O BSEERFEH I NI &
KVFYUTHBEEZSHN, CXCR4HEFIHER
BERER2EOEZEVSHFINS. HIVOOL
Sy —fEMEEEZ D &, HIV RREEZ O
MEIAXERIETHHMICBITT SIS T,
CCRS M DA 5 CXCR4 5B OB EFIC
Bo T, ZOIZ&Mnb, CCRSHER T TR
<, WEEBIZESRBRNEDIT CXCRY [HEH & 44

BLEbha, 1989 FEMNS, AT A ZOmER
13k D5 X 7 F R polyphemusin @ #& 8 i% A7 RS
FERBEHRICITN, T2 20 I8BEMNSRKS
BAEHEXRTFREZRWHLUZ IWCXCR4 8 L
7y L LU THESNAE%, T2213 CXCR4T >
FOAZRANTH5HZENFAHIN, P BiEEELIC
KD 4ERENSTREEN/ECXCRET > F TR
FEHZRT TI0 ZHRNWHLZ D Z04ERNE
EM R X8 TI40 FEEIIRE, BRRR
(phase II) FTHB. 1419 £/ TIHODT 7)<
747073/ BEREEZREICUZRBIRR IR
FRIATSU—RBEL, ZOHNS TI40 &[F
EQ7 IR MEWMERA T 2FEMAK FCI31 ©
BTN L 7= [Fig. 2(A)]. 10

50U — MMeEWEEIZISITESFEOAN
TFRIZVIVHBENWHLTED, M 251z, X
TFRED CXCR4TY > TZAMNTH 5 _KHHh
AR DT DFEEDE B L T3 [Fig. 2(B)].
CXCR4NHIVOIAL Sy —THd I ENHE
INTHSEERIT, CXCR4 EFDREMEY N>
R CXCL12 DHEMERD, BLx OBEESADESE
PMENBADET, BEH) U FOREZFICKEL
FboTWa ZENEAESMTINE, 20 ZHITHEN,
T140 FEAENPAEBEEEYE, BiUEOET
DOEEYE, FREGUITFEREETEZE%2H
SMIT L7202 Fi- MMOFEENS S AMD3100
(Genzyme Corp.) % KRH-1636 (Kureha Chemical
& Daiichi Sankyo Co., Ltd.) ZEf4 D CXCR4 7 >
FIAZZAMHHRESIN TN, FEOBRLE &
HESBINEZW. Y EHEMITIZ, CXCR4 I
CXCL12 L OHEEHICX D, BEFOMERRL
RO R, i, R IC BT progenitor cell
DFEECTEECEOCEBERERE RTINS,
CXCR4 7 > I A NDEWER Z T d 246
EZNHB. LLEXD CXCLI2/CXCRY [EHMIZESR
OFIEE, HIVERRE, HAEKR, Biw, BEE
UIRFEDE L DERICHT HHEEIEE L TH
ETHD, BnHaE i, CXCR4 I3 multiple
RIS —4y NELTHNINTH S, BIE, SHE
BEET>T L —bEERL, XDEFRRAIE
—RANEBILOED TS,

3. BEMAERFICDE I3y

HIV iZMfEBARIE, T>RXO0—7¥ > )N7E
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(A)

— |

polyphemusin |l H-Arg-Arg-Trp-Cys-Phe-Arg-Val-Cys-Tyr-Lys-Gly-Phe-Cys-Tyr-Arg-Lys-Cys-Arg-NH,

ﬂ amino acid substitutions

T22 H-Arg-Arg-Trp-Cys-Tyr-Arg-Lys-Cys-Tyr-Lys-Gly-Tyr-Cys-Tyr-Arg-Lys-Cys-Arg-NH,

% 0 (e
H-ArgCyl,/s@}Arg-Lygtys cyclic pentapeptide library %/lﬁltw
o}
|

S I N
T140 ! P v © 0 un
HO@-CyS—Cit-Arg-Tyr/ @ N A o
H (T
() pharmacophore \ modifications FC131

residues

4F-benzoyl-TN14003
4F-benzoyl-TE14011

(B)

NH

HN

—

z_7
N\

—

4-fluorobenzoyltArg
4-fluorobenzoyltArg

HZNINH
I/‘VJL (]
o Shs

N =~
O\/N\/Q/\N 2 QJ 7 = 3 ™
N
= / 2 NH HN N
=

amino acid substitutions

I |
(ArgNa) Cys(TygCit-Lys-DLys-Pro-Tyr-Arg-Cit-CysrgNH,
(Arg{Na}-Cys| it-Lys-DGlu-Pro-Tyr-Arg-Cit-Cys{ArgyNH,

novel pharmacophore

Fig. 2. (A) Development of CXCR4 Antagonists Based on Horseshoe Crab Peptides, Nal=L-3- (2-naphthyl) alanine, Cit=L-citrul-
line, (B) Structures of a Peptide Mimic CXCR4 Antagonist with Low Molecular Weight (upper), a Dipicolylamine (Dpa)-Zinc (II)

Complex (lower left) and Its Derivatives (lower right)

gpl20 BSHIfIRE LOE—SEMAKR CDAICHEL,
gpl20 DA > T 4 A—3 3 VEANEL, gpl20-
CD4-alLt7¥y— GEEXBEHEESR) DK,
gpdl EBFEMBEECHEEAZR TEMET S
(Fig. 1). NBD-556 % HIV-1 O A& EFRHEEX
Y- I E D RWHE N HIVZAHZER
TH 5.2 £/=, NBD-556 (Fig. 3) X r[iEH CD4
ERARIZ gpl20 EHEIERT S Z &ITL D gpl20
DEEELZRTIENS, KO TR CD4II Y
JELTHEHEBINTVWS, INETIZAAEME CD4
& gpl20 DR BENHS NI, CD4D
Phe® OHI$EAT gp120 DFFHAI/RZEIR (Phe-43 cav-

ity) WAVRADETHEERT S Z ENHSMNC
INTW3. % bhbhid, rlEH CD4 & gpl20
OHERBEZREICILAESTETY V78
(Flex-SIS module of SYBYL 7.1) #fT\y, Phe® /7
T Arg® b gpl20 SHHEERTZZ L RF
L,20 NBD-556 @7 =V > ¥ A2 AHS Phe® DOHIEE &,

TR I AFIERY D BELLN Arg® O fI8H & xf
Y BEDIC gpl20 EMERAT D I EMRBE
N7 (Fig.3). 57, NBD-Ss6 ooy
S ERAIIE CD4 1T HX, Phe-43 cavity i 6.5 A 12JE
HTLSAD, gpl20 OFEET 2 ) B (Trp*, Phe’®?,
Trp'?) &, U2H—TH54FH3I REEIIKSE
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NBD-556 (X = Cl)
YYA-021 (X = Me)

Fig. 3. (A) Structures of CD4 Mimics NBD-556 and YYA-021, (B) Docking Model of gp120 and NBD-556

WEBEARE LU Tepl20 EHAEEALTVWEZ &
HREBINTVNDS, D Fabs, ZOCDEIIy
ZRBEYRY -2 HVWSZEIZLY, CDAD
RTF RZAEED 2 DO 2 & 0[5 B R
ZIIvILTWSE, bhbhiid Phe-43 cavity &
LOBEN R UVHENERZHSNTTSEHNT,
NBD-556 Q5 ER/N T ALICEE 9 2 # 6 1E v AH Ao
KETOE.2 ZHIZLD, FERNSMNICHIE
EERBS POTNZEETFHEHEOBMI BVERE
EETHHEME (YYA-021 %) A§EE 5Pl HIV IE
R gpl20 DB ELELEEEZE T B EE2HLMN
2L (Fig.3). £z, ZOWEEICED CCRS
/CXCR4 72 EDa LVt TH —#EHEED CD4in-
duced site 2RI H2HHMHAOESEN LR TS
ZEBHETHENILTNE. D a5, Zhb
CD4 Iy VRMEBETIRANAZ CXCR4 7> ¥ T2
ANTI4O BT &, HERHEDRZR
L, CD4 XX v 7-TI40 FEEDNA TV v Rik
EYMORBITHRINLTNS. 2 ZDESIICD 2
2y ZRBHFERaLE T Y —HEF EOBRIC
KD, ES5RFRENLENZ EEDNS.

— R NV E-F NV EROHMEERT
i, MEEREESERELZ—KEE (7 BE
Fl) THEETZOTIRERL, ERESEOF TRES
WHEET B I ENPaRNn. ZOHE, HEER
FERICROLIEREZELR) I —TEBLEE
FFEEMICED, S FESBERLIVWITOES
CINVBEOMEEEERT AL LAEETHB. IO
HIVEZAHZEAR CD4 22 v 732 0—FITHA .

4. A >T55—¥EHER

INETHKTHERINERTA XEL LRDb
NbHAEB L =5 HIVZENT T X TENS FRE

BOUN—RTIANI 22T 17 ANFEIZLD
BHENZdDTHS. HlAE, VEERBREHEA
7077 —EHEFZEFETHHER, ThTh
DEER BEHZTF) THEETILIIHaTREISh
T3, CXCRA7>HIT-ArRCD4IIvY
ZAIBIL 7-B2Z, CXCR4 % gpl20 (EMHF) 1T
BAETHEICTHAL U RIT, AIERRBLS
BRI —-RtEmzEfIHT2 5 I A0 N1 40
PMFREELELT, TOKIBUN—RTIHNY
T RT 4 7 ANFEEIH AN ERITES 7 +
T—RIIANDzFT 1 7 ANFEICEBH LA
Fiabb, FIUFLTAT U -6 HIVIEE
EBEEICAI)—Z2T9T5E0nWS 74 T— R 3
ANT zxT 147 AMFEEZRAW, AHHH HIV
oy —ReghmeR0WiHES & LK.

9, HIVEESY >N EOHRIZHIVEHEODOHE
BMEHETI2HOONHFEETZEADLVNIRFEOTF
2, ER0oSFLTATSU—-DY —R %
HIV-1 OBEETENTHSY )N E (Gag * Pol -
Env - Vpu * Vpr « Rev « Tat) HikD 7 I /BB %
ERECLULEF—-N—F9yEIRTFRIATZ
U= (TIBI10-1TERE) &Lk 051475
U—Z2HWT, BECFHEMTES1>775—8
(IN) FHEENE MBEANCHEREEZFMT SR T
i2n) ORA2 V- T RiToRER, Ty
U= NIBETHD Vpr HRD 3HORH RS
F RIZHL INFEESEVWHI N, 2o OFsNR
TF RICIZHE L T LQQLLF BEFINS TN T Wi
(Fig. 4).% LQQLLF BFVHEEH ORE ICEE
BEF—-TTHDEEZILN, Tz, MBEANTENS
EREEXE57-%, LQQLLF F— 7 2 H.0\T%
BEORTFREGKRL, MlEEZEEEF—TT
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the overlapping peptide library of HIV-1 gene products

AGVEAIIRILQQLLF
IIRILQQLLFIHFRI
LQQLLFIHFRIGCQH

3 Vpr-derived 15-mer peptides found as IN inibitory agents

1

WT12-R8: Ac-LQQLLFIHFRIG-RRRRRRRR-NH;
WT18-R8: Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH;
two peptidic leads: 12- and 18-mer original Vpr sequences
with an octa-arginyl group

Fig. 4. Development of Vpr-derived IN Inhibitors

$ % octa-Arg (RRRRRRRR) % C K@ &5
L., ZTORE, §lINEEZT TR MEL L
TOH HIV-1 {5 &SI TF R WT18-R8
(Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH,)
B X WT12-R8 (Ac-LQQLLFIHFRIG-RRRRRRRR-
NH,) Z@#E L7 (Fig. 4). LQQLLF £F— 71
ZOVpr FD a7 AEERFPICHEEL TV
B5TEMNS, an vy ABENHEEE DRI
BEETHAHEEZALSND. ORBEOFMHBREIIBN
T, Vpr ® IN bEEROHE RNA KUk 4 12412
NEXRFEZ2EDT LA >FT L —a EEK
(Pre-Integration Complex, PIC) ELIEINZ2EEHE
OHICHEREL, Vprid IN CHEMEHRATHIET
HIVEHOF -1 >F 7L —2a 2HELT
W3 (BAF O X5 72fEH) hbLlhizn, Wih
IZLTH, HIVHEREY >N EOFIZHIVEEOD
BRAEAET2ODONGFET SHREENS 2. £,
PICH T Vpr BIFEF LR B T+ A=
a>%&&D, LQQLLF ®EF—7%28H a U v
AKEEER A MAMANCIER I N, IN SHHEERLT,
INDERZIZAZ L TWBDMhdLAKRN, Ih
13, KERY NI EORIZHD S N HRE2IE
HEPRRRTF RICEET S, Thbb, YN
DEOER SRR AERNTEIRTF RITEET
5, EWHWnbWB7 U TSI AR (=cryptic pep-
tide) OERICHEFRTHLEDNS.3 2D IN
HEXRTF RIToicEzRBEtTs I &k,
Raltegravir (Merck Sharp & Dohme Corp.) 3 &13;&E
STORTY w7 EEERFEDH 2P IN ZO8IH
ELTHIHFTE S,

BERKKIZ, S0 LT7147 5 —0n56H HIV
FEHREEIAVY -T2 0n5 747 —R
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FIANTRT 47 ANFEEEZ AW, HIV-I
matrix protein (MA) HE OS5 R T F R H
HIVIERZRT L2 RAWHLTHD, FEEH
WBHZEIZKD, FREFHIVAIOU — R{EEY
ERHWHT I ENTESH0[EENND 5.

5. BERARBEY Sy N LIEDIF L EE
AAEES

INETHERTHEHATESL < OH HIV E)6H
RN, ZHIFFHAEE HAART) B3I KRERDRE
RFTER 5, LREEOTA I ZARIIH LT
FIEREZR DU FUERRETH I LICLD T,
BB RERENEML TWa 77Uk, 7o7%
DFEEE EET AIDS R HIV BREETE L DR
#HD QOL DHERXHEII BT 2RO KICE
MTEsLEZONS. HIVUIF O OREILS
WTIEHINETOREDORIEICH L THERTH S
BWELUVIF, BUVF T ENo EHFER HIV
DHERBEOZIBRBINZZIEDHVFES>Z &
NTERY, 5T, BEAKRFEEZT D BT,
TA VAR TFEREDOY NI BIZHBT 5B 5%
AR UEORFIFENRIAEZZEL THDH, &
BINEAARZZOT7 I ) BEIERMICHES
5500, HHEAOIAEEEICH L TORRED
HAEEEIZEL TEY, ZROEL W HIV 22/
ETBEE, T3 BO-KRESEFTIREL, I
BEEZREL TRAT I TR EZFET S &
MWEFLWEEZEZON, ZNETEREEETIF
CERMLEEROTWS, FIT, MEKEER
BLEREOFRESFERAVWDZ &I T, MK
BEIH L TORRENRTAREFETLILENTE
T, HIVIZH L Th I EWhiIEEE2E T2
FUANGFETE 2D TIRRWHEE R,

HIV i3z~ & 51z, gpl20-CD4-a Lt
¥ — GEEHERAESER OBRE FEZEAO
gpdl N MY > AU > L, HRLERHE
HR2EEEHOESBIZELD 6 NU v T AN RIL S
BE) 2BRLUTEFMEBESERET S (Fig.
D. TNETRZIOE/MEBEEZENE URISER
2 MNJL < T, Enfurvirtide (fuzeon/T20)
(Roche/Trimeris) AVE@H&FHERI & L T FDA /»
5ERE[ I N T 5, 33 Enfurvirtide 12 HR2 (CHR,
C-region) B O, RXTF RTHD, HR2 I X
T4 v EUTHRI BEIHABEERATSZET
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6 ~\Uy AN RIVEEEHRETS. ¥/, HRI
RV HR2 NU w7 ZEBIT HIV KB TE S RE
TNTNWBZEND, gpdl D7 I/ BEF % 3855
I Bk QF5 R 4E10) ARWHEhTW
3.3 X 57, EETIE gpdl 1T 2R MR L
BEMELT, ZOMAHIEREHL - gpal I 2
T4 v 7 ORIEELNTHI, HR1I X3 HR2AY
v I AEESE IME T L — NTHRAE gpdl 2
AT 4w I BERSRIN, HEFDPALHAES T
ELTRHEENTNWS M Lil, Ihb gpdl
ATy VIRIESEMET T L —NO#EE, ~
Uy 7 AEBOMBITTNNEL, KRO=BFHE
EEEBEL TV EIREVNEZN. bhbhidk
RO gpdl NETHEME=ZBEEEEZEMT S
E®IT, ~NU v o AEEESMICE B C3 X
BT TV —hEHLECTFTI L, 3F0
HR1 (NHR, N-region) fEBHKXTF R (N36)
ZNmRENSEFEI T gpdl I AT v (N36
=ZR&) 2AB LU (Fig. 5).% &) L7 N36 =
BERD CD ZARY MVEIEIZL D, ZEBEITEEKE
WHERBEWaNY v 7 ZHEEZBELTNS I LA
ST, CIRFET > —F ETON36 =
BAEBEOHRNREEIN/A. £/z, HR2 (CHR,

A

(B) N,
o [ &\_/(o
o]
HN

Cregion) fEBBEERTF K (C34) LEGIES
EaNUw I ZARBERLEZZENS, TO gpdl
ATy VRRROBEEZEHEKBLTNWS L&
Z6N5. BRLENGZBEETTRICHREL
FRR, Boh/-mEII NI EEALD S N36 =
BARICHT 2HEMSR0EEL, ZEAEER
BFRNICEER T 2IAENFEINTNSE I EAVRE
TN TIHIT, N6 ZRADHEBIIEL>TES
N7-miER, BEEAORRZICHN, BORFIEEDS
AoNFIENS, ZBGEBELREMICERT 2
FAROBERENRB I N, DhvbhREdKkL =
N6 =ZRBEIIVZIECIMBmET> T L —b2H
WHZEIZKD, RARDZBAEELBERETSZ
ENTE, ThEHESTFELTERTSZEIREK
DRARDEREECFRENICEET S9N FHE S
hi&EEZILNS, 2B, ZONBZEEKIZY
7k, FZERELTH N36 ORFLLLICHY T 54
HIVE#EEEL Tz, £, HRIBEXT7F R
DT> TS HR2 R TF K (C34) 0=
BAIIVZIZELTS, BlO C3uHET> 7
L—hZ2ERL, 340D C34 2 CHANSEMS
B gpdl S AT 1 v (C4 =8 ZAIBL /-,
F#kiz, CHUZEBARII v VIHEERLD B =ZEK

— C3 symmetric template

— hydrophilic amino acid sequence + linker

« native sequence of N36

Fig. 5. (A) Development of an N36 Trimer Mimic Using a C3-Symmetric Template, (B) Structure of the C3-Symmetric Template
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BEEZREMNICEZRTL2040FE, kKU, FHH
KOFEIZBNTEN TS Z EARBINE, It
B, TOCH=ZEARIIvIIZ, HERELLTIZ
HEAIDS 100 fZHWH HIVEEZHEL TS
v, BE, ZOHAZFHTTHS.

BIEDCDA I wIE, FONNTE-FI)NY
B (gpl20-CD4 M) OMEIEROEBIZHD S
BHEEBEURY > —TRELZES FLEWT
B0, TOBY NI EOBEZBERLZBDTH
5. REOgpdl S AT v 7, FINIE-¥
SN BREOMEERHRD A RTF REe@EY
BT 7FTL—hNECEBTSHIET, F2NIED
BRBEETOLDEHEBELEDBDTHS. 07
AN A 0D —HFRIHRE 2 ZREE O
AEDLETHREINDY NV EEERT BEAI
BEHTHS.

INS D gpdl ZBAERI AT 1 v I35 HBERE
MLV EEF TN ZEICKD, EEE 2R
LETIRSFOBEIMEERRTIENTESLLEZDS
N3, T7F LTI, gpdl DSMZHEEM
fafio % > /N7 8 CXCR4 ORI ER #ER & L
EAIHEDT2EIBL, REBCXIORKSELHE
BLTW3, BEMOY ORI EZHRESTETS
Z R, BEOTIERARWS, LHED YA IV AR
HUTEDESIFTE, MEEROERME DD
NWENWIFIHDDHS.

6. BHYIC

BEFLZ O HIV EZENRE SN, EZEAkT
T AIDS BERBWFEOLD IR >TERE. L
ML, ~AREERZRIDILENDD, WTHOH
HIVEHBBRICEZ O TRV, Z07kD, K
KTCHEHTELEFOL/S— M) —2HR2T &N
ROHENTWS, bbb LIETH & HIV BREO
dLt 74 —Th 5 CXCR4 DIHER AT, Z
MR FREBMOIUN—ATINNI 2 F:T 1 7 AK
FHREIZLVFHIVAZRHLTER, BRESIHI
PLHIVEIOY —45 v b&EPL, HIVEADEH
By TiEEE2Y -y hELZCDE Iy 7 2E
B/, ZDOCD4 33w 7id CXCR4 [HEFDH
MRS EOHRAICBNT, HESREZRLE
512, I ATAT I —hSH HIV{EE 2
BIZAIY =20 T5E0WD T4 T—RIPI AL
I RxT 4 VAMFEERN, U—RLEEHERN

- 370 —

Wl Thbb, 125775 -FHEREEEZET
5 Vpr DWHRTFRERWHLE., Z0LDK
TFIANNAFOD—HHEEDBRD AN, WA 5
BRERMNSY - RMEEWMERRL, B4 OH HIV
ORI EfT> TS, £, BRIBEFHINT
EIAZXTFICELTS, HIVEAOHH
BoTHEEEy - ELTT T L—RET
FAWNAF O —OFaZERY, ALRFEFURES
FERBELTWS., HEFKRTT V7 F > OMAICH
EANTEO, W7 TFNVEEEZHEHBIZANEZH
AIDS EDfI8ZEZ T35,

HEE DL THARZEMEIL, CXCR4ICELT
BEBREREREZHER, BHEFHZOTT
BOREHbDTHD, £k, HRAMEELLTIOH
R—IVENMKZEZR, LAEHHRE KEBE_f#
+, BENBREMRFEHRTA XA Y —, ML
L+, BF EEL, RBAKZEIA XEWREL S
7 —, WFEZHE, HHMAERE FOEERE
+, RUEROHFEZED A N—IIBHFEIIZD X
Uiz, 7, ERICEREZHEY L TEHWEENHO
A WBIE, WEERENE, MHIIFEXPHE, HE
BEEL, BANEEL LEBTFEL HZ5TH
&L, HE #ELt, RRELELICEHRNEZLE
7.
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ARTICLE INFO ABSTRACT

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.
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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-806,3 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).5-%

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/j.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-chloropheny! ring inserted into the cavity,
and in addition multiple contacts were observed, with Trp112,
Val255, Phe382, Ile424, Asn425, 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 >’

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 Ile424 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-

n (o] NH H o NH
joge johe
X o o] °

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 between 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-c and 7a-c with commer-
cially available 4-amino-2,2,6,6-tetramethylpiperidines afforded
the desired compounds 8a-¢ 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(IV) 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. Biolegical evaluation

The anti-HIV activity of the synthetic compounds was evaluated
against an R5 primary isolate YTA strain. ICsq 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-1I-191, showed significant anti-HIV activities (ICsq

Aromatic group Oxalamide linker Piperidine moiety
" A ' A
% % % %
o .
cl Cl Cl Cl
E cl Me k A

\\

Y LY Y Y
AT ST ;
o e Me €
M ) F Cl Br K‘

Figure 3. The structures of scaffolds in the design of novel CD4 mimics.
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e
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0
X X
Y Y

6a(X=Cl,Y=F)

6b (X=Cl, Y=Cl)
6c (X=Cl, Y =Me)
7a(X=Me,Y=F)
7b (X=Me, Y =ClI)
7c (X=Me, Y =Br)

4a(X=Cl,Y=F)
ab (X=Cl, Y =Cl)
4c (X =Cl, Y = Me)
5a (X =Me, Y =F)
5b (X = Me, Y = Cl)
5¢ (X = Me, Y = Br)

X
Y

8a(X=Cl,Y=F) i9a(X=Me,Y=F)
8b (X=Cl, Y=Cl) i 9b(X=Me,Y=Cl
8¢ (X=Cl, Y =Me) | 9¢ (X = Me, Y = Br)

Scheme 1. Reagents and conditions: (a) ethyl chloroglyoxylate, EtsN, THF; (b) 4-
amino-2,2,6,6-tetramethylpiperidine, EtsN, EtOH, 150 °C, microwave.

NH a
ﬁ — M
O/
10

O/
i

b,c
P NH

H,N
12

0
d H\n/u\
’ 1] N
y 0
Y

13a(X=Cl,Y=F) | 14a(X=Me, Y=F)
13b (X=Cl Y=Cl) i 14b (X =Me, Y = C))
13¢ (X =Cl, Y = Me) } 14¢ (X =Me, Y = Br)

Scheme 2. Reagents and conditions: (a) cyclohexanone, NH4Cl, DMSO, 60 °C; (b) p-
methoxybenzylamine, NaBHsCN, MeOH, then T M TMSBr in TFA; (c) CAN, CH3CN/
H,0 (viv=2:1); (d) 6 or 7, EtsN, EtOH, 150 °C, microwave.

NH

of 1=0.61 uM and ICso of 8a = 0.32 pM). Compound 8b®* having a
m,p-dichlorophenyl group and compound 8¢® (JRC-11-193) having
a p-chloro-m-tolyl group showed moderate anti-HIV activity (ICsp
of 8b=4.1 uM and ICsy of 8c=3.3 uM) but their potency was

Table 1
Anti-HIV activity and cytotoxicity of compounds 8a-¢ and 13a-c¢ containing a p-
chlorophenyl group®

n (o]
G
(o]
Cl
Y
Compd R Y ICso” (uM) CCso" (UM)
YTA48P
NH

1 % H 0.61 110

N

H

8a A F 0.32 94
8b A Cl 4.1 36
8c A Me 33 38
3 NH H 043 120

E\ N

H

13a B F 0.23 11
13b B Cl 0.62 11
13c¢ B Me 2.6 15

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

b ICse values of the multi-round assay are based on the inhibition of HIV-1-
induced cytopathogenicity in PM1/CCR5 cells.

¢ CCso values are based on the reduction of the viability of mock-infected PM1/
CCR5 cells.

Table 2
Anti-HIV activity and cytotoxicity of compounds 9a-c and 14a-¢ containing a p-tolyl
group?

H 0
T
0
Me
Y
Compd R Y 1Cse® (uM) CCse (uM)
YTA48P
NH
2 : H 9.0 260
N
H :
9% A F 2.8 110
9b A a 32 62
9c A Br >10 32
14a NH F 0.54 91
E\N
H
14b B a 6.2 1
14c B Br 32 11

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

b ICsq 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/
CCRS5 cells.
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Figure 4. FACS analysis of synthetic compounds 8, 9, 13 and 14.

approximately 10-fold lower than that of compound 8a. The cyto-
toxicity of 8b and 8c is relatively stronger than that of 8a (CCsg of
8b=36 uM and CCso 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. Qur lead compound 3
showed significant anti-HIV activity comparable to that of com-
pound 8a (ICso = 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 ICs5o value of 13a was 0.23 uM, 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-dichlorophenyl 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 pM). 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 (ICso = 9.0 pM) and exhibits the lowest cytotoxicity among
all of the compounds tested (CCsp = 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 cyclohexyl 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 9¢, 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
(ICsp = 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 13¢ 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 9¢, 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 %
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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 uM 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-chlorophenyl 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 '>C NMR spectra were recorded using a Bruker
Avance Il spectrometer. Chemical shifts are reported in § (ppm)
relative to Me,Si (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-fluerophenyl)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 CHCl3 (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;0. 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 pL, 2.14 mmol) and EtsN (296.6 uL,
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 HCl, saturated NaHCO5;
and brine, then dried over MgS0O,4. Concentration under reduced
pressure to provide the title compound 6a (435.2 mg, 99% yield)
as brown crystals, which was used without further purification.

'H NMR (500 MHz, CDCl5) 6 1.44 (t, J=7.50 Hz, 3H), 4.43 (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); *C NMR (125 MHz, CDCl3) § 13.0, 64.1,
108.5 (d, J=26.3 Hz), 115.9 (d, J=3.75Hz), 117.3 (d, J=18.8 Hz),
130.9 (d, J=10.0 Hz), 135.9, 153.9, 158.1 (d, J = 246.3 Hz), 160.5;
HRMS (ESI), m/z caled for C;oH;oCIFNO; (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 (1.94¢g,
12.0 mmol) in THF (20.0 mL) were added ethyl chloroglyoxylate
(1.11 mL, 10.0 mmol) and Et5N (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 HC], saturated NaHCO; and brine, then dried over
MgSO4. 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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