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DHBBEARED HIV S EL I BLEEME 7 BLOMEEAERICEL T A3
FIEZLBBTEITV, TOMRAEZESWFH HIV R AR EA ORI EE2 ERL 72, k22
FREIE, BEERNS HIV RIZ ST E~OMREMITEL T, REE LR R LIRS F CD4 I3y
7 HEMT AL TREMLEFERHL AL, gpl20 52 2EEE L, MiEEB IO
PLHIV G ML 72, SRk 23 1T, CD4 v/ E Ao ERELEEILL 2D, avk T
4 —CCRS5/CXCR4 O EAERICEE 2% EIZ5 V3 loop FEBREMM LT V3 loop X7 F K%Y
—NEEHEL T, MO RTFRIAT TV —EEEL, a7 F—EEEES IO HIV &%
FHEL7, ZNHOBRICID) —R b &M RS OB ELRLFREEL AL, KEMNSBEE 2N
HIV {E#ZF 92 HAR-171 Z RHL, SO ERKBELIZED HAR-171 @ 2 (5RRER 7240
HIV {EH%8 35 HAR-431 2 RH LTz, Rk 24 FEX, BE _FEBOMFEIZL> THELNZE
ReFiC JEE 1 7HE (gpl20) OBERERIEZ B B9 L T, HAR-431 2V —NbLEHLL THRIGHE
b EFEMLZ BIEL. CD4 07 FE R OIO2 58 EF MBI 7217\, 3R HIV £ AR
EHIOAIB IR ER LT, FOREER, 7ua7 =V BRORDIIC—RETHREBMZEEL
HTa— VEREETHHEMRAEE LRI HIV {EHE2RL, SOICKIEICHaEtS ST ESND
TeERMUZ, ZNODORRIT, 4% 0 HIV fARBREZIENEL-AIEMROERICETIH0
THD, 2B, RIEUTFFRARE EICE 28GR A B RN EITH TH B,
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BIZRBWTHEZRBERRRB I TS, =
DL REEDOGH L. HIV BBEX 7B

HIV BYAE D b5 T LRI RRIEN
BERRREIEL LTHIEN TSR, EH
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BA»L, FHBEEROBAENRRD S TH
5, o, BRETHOBANIBEEZBE LK
TARXT7FUOBRRBEITES L RBE L VRE
2725, ZH S RBEOHRIZIE HIV OB AD
ODHFILELIAMBREZINETLIIE RS
AEPLHO THEIT L, BFOE®RE FEE
TEHOLERDDL, —FH., LFELSBTIHMLFEE
HERICEMBRAREHBITT 27 I A1 F
0 U—RBBEANATEN, el Z Ny

HLTHIINANRAL FuP—EREIT,

HIV O 5 A MBI % BRI L.
BF -3 FLNVOMEFERE L TEETD
TLIIMHTEELEZOND, £ TAMN
FERRRECIX, HIV B X OEEMZ v 2 E
DHEREEZEM LA FERAIRL, 200
ERWCHIVAME S v X7 B LRERS v
Ry EOMEERARRXE SR RN L.,

ZOMRICE SN2 GBS FRENZ IV H
RHIVEABREROAIREZ BT,
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R 22~23 R FE DR TH/OILT HIV 4
HUoRIBEMRERm A 7 O EEREE
RIZHETEMAEZEIC, HIV S a0 08
gp120 DEREZ T $ 5 CD4 Iy 7 DIEETE
FBERF R EHED T, T E O ETE MR BT
FICBWTR L HAR-431 2V —F{LAHL
LT, BiEH b B I OMEESEA RS ERR T
T4— VO xS EE B EAT
o7z, BRRIZIX, HAR-431 Z#=DDT T A
b (FHEREAL, X PINEAL, ©_RUT U
fir) 2o EIL, ENEALFEEMLT CD4 Iy
JHFEREERL, ENOLEYOEWIENE
(Bt HIV {5, REERS IO gpl20 OEEZE
b EE) ZFHAEL 7=,

O NH

g F HAR-431
B |C50 =0.23 MM

( cf. ICgg of 3TC = 1.79 uM )
ICso of MVC = 0.16 uM

X1 HAR-431 of&ERB LU HIV iE#H

CD4 Iy EAR D A BIE R

FRA EE M 36 LUV HIV Y& M2 DV Tl WST-8
4l e 368 58 B TEAE IS LD REAM 24T - 72, 96 well
round-bottom micro culture plate (Z T, 4 CD4 I3
YO BERGFETERIIIFET . Mz

SRERCIT MY PM1/CCRS FAZ 3x10° cells %,

BL HIV-1 {EHRBRTIX HIV-1 (7 %A B-R5
FEPR 7 BERR YTA48P) R X+¥-7= PM1/CCRS #f
Rz 37 °C TT5 HFEELZ, ThEho well
2B 100 mL O RIEEZ R R E, WST-8
(2-(2-methoxy-4-nitrophenyl)-3-(4-nitro-phenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium mo- nosodium
salt) ¥ 10 mL #1237 °C T3 BEfAF=

R—RLTz, w707V —R ) —F — T THRLE
(450 nm) ZREL T, MROEFEREZEH L,
TANKIZEDHITEE SO%FAETHRES ICs
BIOUANVAIEFET TOEFEEITLD 50%
DHIBEMEESNDIREE CCo kLT [WF5EH 7]
FENPAE -EEER, A BEEL (Hsz
RRGSEMFFERT = A AT E B 5 )],

gp120 #EZ (VL B D FFlh

gp120 OBEELFHREEILFIEME CD4 F1E
T T gpl20 2% AR A RS NS CD4i Hit
K (4C11) ZF\\ T, HIV-1 JR-FL i8R
#iAE (PM1/JR-FL) OfifaR EZx9 % CD4i i
KO AEEE 70— AP A—F—ITTRElL
7= [EA, AL BRI, HIV-1 (TG
YuX¥-7- PM1 #F2 1x10° cells %, FACS buffer
(PBS; 2% BSA, 0.2% azide, pH 7.2) HIZH T
CD4 3375538k 100 uM 757E F %7213 rsCD4
0.5 ug/mL fFAE T T, 4 °C T, 15 ofE#HL:
Db, CD4i Fifk 4C11 (BRIBEE 3.4 - 6.7 pg/mL)
AT 4 °C FT 30 MBEHELE, ELE
(4 °C, 1200 rpm, 3 47f)). EIFEZEBREL. FACS
buffer CHfEZ —EI¥EH L=, #ZIZ fluorescein
isothiocyanate (FITC) % #f5& X 72v ¥ i ¥h
eh IgG HifkZ iz, 4 °C T T30 Mg eEL.,
FACS buffer THfa% — Bl Lz, £, BE
LR ZMNZ., 4°C T T30 MBEELLZDL,
FACS buffer THilaZ _EI¥#E LIz, £0H%, 7
=Y A AN —IZTREE 2 B BT o7z,

FITC-labeled
antibody

CD4i Abs
(ac11)
I

FACS
analysis

2 gpl20EEZE LT RED FACS IZ LA AT



RIS 3

CD4 v/ FE R OMMEFEER
BELEMERELZTRLEFTERICOWVTIZ
HIV-1 YTA48P #% PM1 fRIC RS, il
EOREZHR 22 LT RPLHEREEEE (in vitro
MHETEE) 21TV IHEREF B LR A AL o
BEtE 7o [H4. JRE]L

(fREEA~DOERE)

ABFFEIL HIV BEYYE GO MR Vv 7V % iR
M2 0ERD D0, BARKRFERZEREMR
FHIRI SRR - ERBINHEEZERSICL
D, BRIRAFSE - EREMAREZZ T TS, %
7o, BAFHROmE, WRELSZO, BAAL
TETHEEL., BIKRT—% ., BRIV i
EEMLET S,

C. IRB®ER

[CD4 v 7 DB ETE AR 5E]
INETOMRBIOGTFET IV VI 0D
CD4 X X v 7 OFFBREALIL Val255 R° Ser3 75,
Trp427 2 EXRTy NERMICMNET ST I /8
CAREMER L, Z OMEERNER 2 EWIESE
BEIWCEELRBINLTWS (K 3), LaL,
ERBWMICZ7un T =) VEREEOSE
FIIIEE L CHRBESE <. ML R
MTholz, TZT, BRETCT7 vERTFO
EMFERNEMETHIBERTIOEZERERETIC
BRLE-FEEHELEK L, £/, Z7va 7
=Y VEBUNOFHRAEERORELFEITLT
Tol. DFETY VIO LIzkER. CD4
SIVIDOEFREMETFY I FBAALO—
HRBWEmAZRED gpl20 CMEERAL TV
HIEVRBRENTZ, £ T, BEERIWME A
I FEMLICEFE#EEL 5 Lo iEER
EIZE Az baE—0ORADERZ DI
AV R—VEREATOI>HEREHRIL. Th
S{bAaWEEE AR L7 (K4), £7z, Chrion £t
MHWEINTEA v F—AFBEKT, #EED
® CD4 2 2 v 7 LRKRIT gpl20 OEEELE
FRITLZ L THEEEZEESEL R
HOINLTWNWBEZ &N, Zh 4,6-AFNA

YRR TER LT (E5),

Val430

Val255

X 3. V—F{k&#HD—> NBD-556 AR EVER
B4 Phed3 cavity ® X #3thE f4%iE (PDB ID:
3TGS)

Design of 5-Indole-Type CD4 Mimics
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(PCT Int. Appl. W0O2005121175, 2005)
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Ak LA BB 0 EWIEEIZ 2V CTREAM
LizkZA 7aur7=) UERoRDYIZ—
RECBEMERBLEITa—VERESR
TAHHERNEE 2 HIV B2 RL, &5
WCRIBICHBEEESEEIND Z L BAHL M
1272572 (ICs0 = 4.1 uM, CCso0 = >300 pM),
—FH T, BT a—/VERIIMZ, Frk 22 FE
CRHLEZ SO 7 ua~d o VER2 S0
RYPUFK (v randF ey vr
B ZRIBICETH FEEFTIIBE LR
HIVEH®ER A s zho 7= (ICs = >100 pM,
CCs0 =>300 puM),

o) NH

MTA-103
T 1Cg =4.1pM
CCso =>300 !.LM

6. FT-ICRBLI- T a— LV EREYETS
CD4 v /%8 (K MTA-103

Elo, AV F—AVEBEEDLHFEEFETITS
MIZERRT2AETH2FERERT 2N L
HHHIV EHEZRL, BRIV 7ma~Fin
ERYCUERERICET S5V R—LH
ERCTIXEEE 2B HIV HHE2R L7z (ICs =
3.6 uM, CCso=11.4 uM), F7=. flaEt ok
EXRBEL. AV F—LDOERRFITAFLVE
BEEANLT N-AF)VA v F—)LTIRBEERAE
WIEER R b2 ho Tz,

Anti-HIV Activity and Cytotoxicity:
S-Indole-Type and 4,6-Dimethylindole-type CD4 Mimics

[ NN I
o e I Y s o8l g
. . “UHH
gt W o L
T ] \ o byt
1€ 042388 i
B oo Toviaisber CYTABPexD CYTA4BPexp
ey £CaZM e CCaglat® Gl M (e

>200

A
(D8 _\/\1 >100 60.3 >100 >200 >100 X3

“IC,, values were determined using the WST8-assay using intibition of PM1; CCRS celis.
¢ Using P11/ CCRS celis.

7.5-4 ¥ R=NBBIU46-TAF VA VK

— B CD4 2 3 v 7 OFL HIV {EME & filas=

Anti-HIV Activity and Cytotoxicity:
5-Indole-Type and 4,6-Dimethylindole-type CD4 Mimics
NBO-556 ¢ \ ES - Q
ry N g\ﬁgr \/)\EOE‘ M%

H

1Cap04470
5’ CopToan _CYTAdBPexs ©YTA49Pexp CYTASEPExp
? CCriztalt ey (IMF CCaalmh)” G TR el

s 9

P
i i

>100 139 >100 >20 2100 12.3

>100 >20 =100 »>20 *100 13.5

4G, values were determined using the WST8-assay using inhibition of P41/ CTRS celis,
“Using Ph1/ CCRS celis.

8. N-RAFV-5-14 2 F— /LA L OYN- X F /)1
A46-TAFNA v R—LH CD4 22 w7 DOH
HIV {&EME L a1

B L2 TOLAEYD gpl20 DEEETHE
ERRICOWTEME Lz = A, BEEZRPT HIV
EHER LT a—VEREZAET HHER
BLUSMIZERRETEZHT 54 F—1FHH
KiL gp120 DEERE Y — NMEEW & BRI
FERTHZEVBHALNZ RS T,

CD4 Mimicry of Indole-Type CD4 Mimics
FACS g&glysi% .

. (| MF! of CD4 mimic | MFI of 4C11])

= T{[MFl of NBD-556 1] MFI of 4C11])

rel. FACS

el FAGS B89 H
ICoy »1007 1

o

L ost |

OB

O

¢ :

8l FACS: 0.28 ret FACS: 042 :

{Ca. >1002M ICyyy >1063M
““““““““““ (\ :

H @ o . . >JN ;
Do, N % o N o o
: m\(&. N‘EHL”'\\ e \%i}\ 1»\: H H { . !
[ i g P N :
R e O -0
L o o D !
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iCzy »1003M iCey >100EM_ | G 3870 |

9. BEEZ gpl20 BERLFBEREEZ TS LIZA
v R—ViBE R

5-4 > F—ARCD4 2 2 v 7 OEYIEEFEE
DOFER., KiBZ2H HIV FEHEOKTOMEEE
DB R ONT=DT, iy FRINIETF
Lze 54 F—ABICD4 2 I v 7 OBEHE
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BIC L 2 ERELEIT o o R, HERIAL
WRERTNBRONZ720, WERRFOME
DT DD LIERRFEETS6-1
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ECHERAEMEEEZRLEZERY D UEE
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CD4IIvr7%FRLRZ (K10),

e T 1 ]
He 9 ) Me 0 x

SN N i L
8
LT

10. E7-IC8®EH LT 6-1 » F— 5 CD4 3
v IHERE

AEYTEMERHELIZ L2 A IEEA L OILE T 5-
A ¥ F—VEIFEREK L R KIBICH HIV &
PEIIR T L7228, SOl 7 o BB TFB LW 6 L
WWHEERTFEETHEBH]A  R—FHER
X100 M RETIEH AR HIVIEE 279 2
ERRALMNE ST, T, 2k LTHiRE
XTI bHALN LR,

[HAR-171 BX T HAR-431 O FEFT V]
LD AMEME DR LICIIEE2HL HIV
EMEZ R L2 HAR-171 ® HAR-431 2 8D LY
MR EERASERSLETHE LEZ FA
Enhiz gpl20 ® X X&%’Eﬁﬁ'ﬂ%i‘& (PDB ID: 3TGS)
EHLEICERHBECLDINTFET Y VIETT
- 7z (MOE program), %@ﬁ%\ UJ— Fbew
?—-> NBD-556 |2t~ HAR-171 iZR %7 v b
AV OfHED Vald30 & OBR/KMEARE fE 4358
< FBEBREARA 7y hOBRETHAEERL

TWRWZ LRI (B 11), $7FE
REALE ERY) UM EORSAFYF IR
ERALIZ. NBD-556 IR W CIHIFISER LICE -
TWB DK L HAR-171 TR E <R UATY
LT EDNTRBEINT,

Revised Molecular Modeling: NBD-556 and HAR-171

H [« NH
AN /k/o
% J\; fj\ﬁ /@ ‘(m NBD-556

HARAT1 HAR-171

Molecular Modeling was performed with MOE Program by Dr. Ohashi.
Structures were redrawn with Molegro Molecular viewer Program.

K 11. NBD-556 3 L TV HAR-171 OSFEF Y
7" : NBD-556 (#R). HAR-171 (&)

e T B8R A2 BT HIV {4 % 7R L 7= HAR-431
WOWTHLRBFIEDTFET ) VI 2To
5 (K 12), Vald30 & OB/KMEAREER I
Z. BFERIAMIZY — MMeEH L RRICR 7 v
MESIZNET S Z X EINT, £z, &
X4 I FERALIZ HAR-171 ERABEICKE <AL
NWTWBENRREB I NI,

Molecular Modeling: NBD-556 and HAR-431

R‘H\N”ij\/ ’ /\/ ‘rﬁk ):Q/O NBD-556

HAR-431

NBD-556 ; HAR-431

Molecular Modeling was performed with MOE Program by Dr. Ohashi.
Structures were redrawn with Molegro Molecular viewer Program.

X 12. NBD-556 3 X OV HAR-431 O FEF Y
> 7 . NBD-556 (7R). HAR-431 (%)
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[CD4 Iy rFE R OMmMEER])

CD4 I/ OFREEICEET5 gpl20 TI/B
BEOREZBIEL. RS BESEKEZ AT,
£ CD4 Iy 7K ERIZRT 5 in vitro T FHE
EiTo7, Bb&H TdH 5 NBD-556 0% DFH
B JRC-II-191, BFEEOARHELEZZ0D
k& E v @BAZH HIV EHEZRL
HAR-431 IZOWTIHMHEFE ERE 1T - 125
R, egpl20 0BEEOT I B (V255M, T3751
RE) ICRBWCTHEBLEERNR LN, T
LOERIIBERNBEIZILEZNTFET I VIO
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i HIV {EEER LizALE B T =2 0f
PERRIR D 5 B V255M DZER % £ 5 THIERR I
EHRLETHIERALNICRo T,
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CD4zZv/DERICESE T 5gp120 7 3 / BEREOREZ A L. REEE
SEEBHRERNT, FCD4SIVIHBEAFITH ¢ Hin vitroTHEFEEET o -,

| V255M, T375/N, Ma26103 D DEESENE DA, ChETOMEEHEMOET
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X 13.CD4 2 2 v 7 Ot £

D. ¥
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HREZRTHEREZRE LI L2 b, KERK
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HER LT CD4 IIv I OGFET I TL
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E. #H

HIV DHIfa @R AR ZEH & L7z HIVEA
FEAOAIRZENE LT, #EFOLRRH
L72CD4 X 2 v 7 FEKEDE 2 D ERE
ATV, BELRAEVEEEZET58EOFHY
FERHLEZ, 20 b0FRIISHO HIV 2
AMEFI ORI DOERICETHHDOTH
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reduction/alkylation |
1) Me,CulLi cl R
2)PhsSnClL RYY o X 58-90%
(X = (R)-sultam, Y = Br, I) éTBS 3 up to 99:1 dr
Cl_ cCI
Ph AN X — ZIE: >97:3
otBS O P
X = sultam, OEt R¥CN)CuM PhMCEt 70-98%
(X = OEt, M= MgX or Li) C::)TBS 3 e to 77:23 dr

I allylic alkylation [

A robust and efficient method for the synthesis of trisubstituted (2)-chloroalkenes is described. A one-pot reaction of v,y-dichloro-a,3-enoyl
sultams involving organocuprate-mediated reduction/asymmetric alkylation affords a-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.®

(1) (2) Guinchard, X.; Roulland, E. Synlet 2011, 19, 2779. (b) Shen,
Y. ACC. Chem. Res. 1998, 31, 584.

(2) For selected reviews of chloroalkene syntheses, see: (a) Compre-
hensive Organic Functional Group Transformations; Katritzky, A. R.,
Meth-Cohn, O., Rees, C. W., Eds.; Pergamon Press: Oxford, 1995; Vol. 2,
pp 606—619. (b) Comprehensive Organic Synthesis; Trost, B. M., Fleming,
I, Semmelheck, M. F., Eds.; Pergamon Press: Oxford, 1991; Vol. 4,
pp 272-278. (c) Comprehensive Organic Synthesis; Trost, B. M., Fleming,
1, Schreiber, S. L., Eds.; Pergamon Press: Oxford, 1991; Vol. 1, pp 807—809.

(3) For some examples of trisubstituted (E)-chloroalkene syntheses,
see: (a) Kigoshi, H.; Kita, M.; Ogawa, S.; Itoh, M.; Uemura, D. Org.
Lett. 2003, 5, 957. (b) Trost, B. M.; Pinkerton, A. B. J. Am. Chem. Soc.
1999, 121, 1988.
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(4) For examples of terminal (Z)-chloroalkene syntheses, see:
(a) Giannerini, M.; Fafiands-Mastral, M.; Feringa, B. L. J. 4m. Chem.
Soc. 2012, 134, 4108. (b) Sashuk, V.; Samojtowicz, C.; Szadkowska, A.;
Grela, K. Chem. Commun. 2008, 2468. (c) Barluenga, J.; Moriel, P.;
Aznar, F.; Valdés, C. Adv. Synth. Catal. 2006, 348, 347. (d) Baati, R.;
Barma, D. K.; Krishna, U. M.; Mioskowski, C.; Falck, J. R. Tetrahe-
dron Lett. 2002, 43, 959 and references cited therein.

(5) (a) Baati, R.; Barma, D. K.; Falck, J. R.; Mioskowski, C. J. 4m.
Chem. Soc. 2001, 123, 9196. (b) Falck, J. R.; Bandyopadhyay, A.;
Barma, D. K.; Shin, D.-S.; Kundu, A.; Kishore, R. V. K. Tetrahedron
Lert. 2004, 45, 3039. (c) Baati, R.; Barma, D. K.; Falck, J. R;
Mioskowski, C. Tetrahedron Lett. 2002, 43, 2183. (d) Su, W.; Jin, C.
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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®®¢ (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).

In this paper, we describe the stereoselective formation
of trisubstituted (Z)-chloroalkenes utilizing the organo-
cuprate-mediated reduction/asymmetric alkylation of y,
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
a,0-dichloro-B-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 (Freq).
The reduction potentials of sultam 1 and enoate 2 were —1.50
and —1.65V, respectively. Based on these results and House’s
observation that o,-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.

Scheme 1. Synthesis of Trisubstituted (Z)-Chloroalkenes

Falck and Mioskowski
"er" ¢ ] R2CHO ¢
o _R' =L . PN Rt LZTO0 RS R' (a)
OH
Negishi and Roulland (independently)
[ R:_M
Cl "pg" cl o Cl
— —— Rr3 1 (D)
X R'  XantPhos pd)\/r‘n R\)\/R
or L
DpePhos M = Zn, B, efc.
This work

cl_ ¢l r Cl

-
RMX RCuL, R\)\/\(x RMX ©
otBS O ires  ocu otBs  ©

(X = OEt, Sultam)

one-pot reaction

E* = electrophile; H*, alkyl halides

(6) For selected examples of Pd-catalyzed cross-coupling, see: Cross-
coupling with organozincs: (a) Tan, Z.; Negishi, E. Angew. Chem., Int.
Ed. 2006, 45, 762. Cross-coupling with organoborans: (b) Guinchard,
X.; Bugaut, X.; Cook, C.; Roulland, E. Chem.—Eur. J. 2009, 15, 5793.
(c) Roulland, E. Angew Chem. Int. Ed. 2008, 47, 3762. (d) Liron, F.;
Fosse, C.; Pernolet, A.; Roulland, E. J. Org. Chem. 2007, 72, 2220.
Cross-coupling with other organometallics, see ref 1a.

(7) (a) Geary, L. M.; Hultin, P. G. J. Org. Chem. 2010, 75, 6354,
(b) Bell, M.; Poulsen, T. B.; Jorgensen, K. A. J. Org. Chem. 2007, 72,
3053. (c) Jones, G. B.; Wright, J. M.; Plourde, G. W, II; Hynd, G.;
Huber, R. S.; Mathews, J. E. J. Am. Chem. Soc. 2000, 122, 1937.
(d) Alami, M.; Gueugnot, S.; Domingues, E.; Linstrumelle, G. Tetra-
hedron 1995, 51, 1209.
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Figure 1. Substrates for organocuprate-mediated reduction and
their reduction potentials (Egeq).

In order to control the reaction products, the reactivity
of sultam 1a with organocuprates was examined (Table 1),

(8) For a recent example of the natural product bearing chloroalkene
motif: Ando, H.; Ueoka, R.; Okada, S.; Fujita, T.; Iwashita, T.; Imai, T.;
Yokoyama, T.; Matsumoto, Y.; van Soest, R. W. M.; Matsunaga, S.
J. Nat. Prod. 2010, 73, 1947 and also ref 1a.

(9) For selected examples of organocuprate-mediated reduction, see:
(a) Narumi, T.; Niida, A.; Tomita, K.; Oishi, S.; Otaka, A.; Ohno, H.;
Fujii, N. Chem. Commun. 2006, 4720. (b) Meyers, A. 1.; Snyder, L.
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. Commun. 1988, 449 and references cited therein.

(10) Imashiro, R.; Kuroda, T. J. Org. Chem. 2003, 68, 974. For
details of the preparation of sultam 1 and enoate 2, see the Supporting
Information.

(11) House, H. O.; Umen, M. J. J. Org. Chem. 1973, 38, 2417.

4491



Table 1. Reactivity of Sultam 1a with Organocuprates

cl. ¢l Cl Ci Me
Ph\}(/\n,xR conditione? Ph\)\/\n/XR . Ph\)\)\n/XR
otBS O '328,,,2, 6TBS O o6TBS O
1a 3 4
344,
ZIE  yield
entry reagents additives®  of3°  (%)? 3/4°
1 Me,CulLi - >97:3 81 77:23
2 MeyCuli® — >97:3 93 >97:3
3 n-BuyCuli® - >97:3 99 90:10
4 MeCu(CN)Li - >97:3 99 61:39
5 MeyCuli® TMSC! >97:3 83 83:17
6 Me,Culi® BF3-OEt, >97:3 91 31:69
7 MeoCuli® HMPA >97:3 76 >97:3
8 Mep,Cu(CN)Li;  — >97:3 929 >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 oa-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 BF3- 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—d4e 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, o al

1. Me,Culi, -78 °C
PhMX - Me;Culi, -78°C_ PhMX
otBS O 6TBS  OM
1a X=Xz
1b X =Xg
2. HMPA, PhgSnCl ¢ R ¢ R
-78°C Ph Xr or PP A Xs
3.R-X, 40 °C o8BS O dms &
4 5
4a, 5a, R =Me 4d, 5d, R = allyl
4b, 5b, R=Bn 4e, 5e, R = propargy!

4c, 5¢, R = CH,CO,/Bu

4or5, dr
entry  substrate R-X yield (%) (%)
1 la Mel 4a, 58 97:3
24 la BnBr 4b, 83 99:1
3 1a BrCH;CO,'Bu 4c, 90 97:3
4 la allylBr 4d, 81 97:3
59 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 ib allylBr 5d, 70 97:3
107 1b propargylBr 5e, 46 >95:5°

% All reactions were carried out with 4 equiv of organocubprates,

16 equiv of HMPA, 2 equiv of Ph3SnCl, and 8 equiv of alkyl halide. ° Yields

?f 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% vyields, 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 ferz-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)-chioroalkene 4e in moderate yield (entry 5).
In addition, this one-pot strategy can be applied to (S)-
sultam 1b, providing the corresponding chloroalkenes
5a—S5e 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.,5-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



Figure 2. ORTEP representation of 4a.

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

c, ¢ c R
Ph A o~ OEt _ RCUCNM Ph\)v\IrOEt +epi6

THF, -78 °C

OTBS [e] 30 min OTBS (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)MgCl1 >97:3 6¢c, 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 C5 may destabilize
the reactive conformer, which would lead to the (2R)-isomer. DFT
calculations also suggest that the reactive conformer to the (25)-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 f5,y-enoate 6a in 98% yield 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.'® Similar
results were obtained using EtCu(CN)MgBr, BnCu(CN)-
MgCl, and ;BuCu(CN)MgCl affording the corresponding
o-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 ome-pot organ-
ocuprate-mediated reduction/asymmetric alkylation of
y,y-dichloro-a.,f-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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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,'2 Dpa-Zn complex (2)'* 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.
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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, R"), 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-flucrobenzyl, 4-fluorobenzoyl and
4-fluorophenylethyl groups were used as substitutes for the 4-tri-
fluoromethylbenzoyl 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,'2 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.
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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, Et;N, THF/H,0 (1/1); (b) isobutene, THF/H,S04 (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,Cl,; (f) NaBH(OAc)s, (4-fluoro-
phenyl)acetaldehyde, CH,Cl,; g) 4-fluorobenzoyl chloride, Et3N, CH,Cl,, 51-94%; (h)
TFA then 4 M HCI/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 (5)-10. Removal of the Boc group
gave Unit 2, (R)-11 and (5)-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).

H o]
Boc’N\E)LOH i

\

el AT 2D
SRS a o

NH NH NH

HnAN M HNAp M NP M
H H H

) (R)0; (S)}10 (RI11; (S)11

Scheme 2. Synthetic schemes of Unit 2, compounds (R/S)-11. Reagents and condi-
tions: (i) EDCI-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
monochydrate, 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'HCl, HOBt-H,0, Et3N, 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 [*2°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 B-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 o~ or y- position (R3: A, B, E or F), and
those with a reductive alky! 4-fluorobenzy! 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-1.5 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 (ECso=11 and
13 puM, respectively), the two activities being highly correlated.
Compounds 34 and 35 have significant anti-HIV activity with
ECso values of 8 and 10 uM, respectively, which is higher than
CXCR4-binding activities, which are 16% and 20% inhibition at
10 uM, respectively. Compound 27, which showed relatively high
CXCR4-binding activity (69% inhibition at 10 pM), failed to show



