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ined for construction of carbosilane dendrimers uni-
formly functionalized with  N-acetyllactosamine
residues through thioglycoside linkages. The incorpora-
tion of N-acetyllactosamine residues into a carbosilane
7'' under conditions similar to those used for the
preparation of 6 proceeded smoothly and gave the
corresponding glycocluster 8 in 68.7% yield (Scheme 3),
[2]5 -39.9° (¢ 0.093, CHCl,), integral ratio of the H
atoms by 'H NMR: SiCH,:SCH,:Ph:H-1'=6:6:5:3,
FABMS caled for [M+H*]: 2183.69; Found m/z:
2183.62. An analogue of the thioglycoside-type glyco-
cluster was also prepared in a manner similar to that
used for the preparation of 4 using triol 9 as a
cluster-type alcohol to provide glycocluster 10 in 33.0%
yield, [«]& —14.2° (¢ 0.427, MeQOH), integral ratio of the
H atoms by 'H NMR: SiCH,:Ph:H-1'=6:5:3, FABMS
caled for [M+H"]: 2135.76; Found m/z: 2135.50, which
was an attractive compound in comparison with thio-
glycoside-type glycocluster for activity against glysosi-
dase and glycosyltransferase, respectively. Finally, the
protected glycoclusters 8 and 10 were quantitatively
deprotected by a combination of typical Zemplén’s
manner and saponification to afford corresponding
water soluble 11, IR 1652 (Amide I; v..o) and 1558

RO

(Amide II; dy ) cm™', FABMS caled for [M+H]:
1426.50; Found m/z: 1426.41, and 12, IR 1649 (v..o)
and 1556 (6y_y) cm™', FABMS caled for [M+H']:
1378.57; Found m/z: 1378.40, respectively.

In conclusion, we have successfully demonstrated the
preparation of a novel thioacetate 2 of N-acetyllac-
tosamine and the efficient activation of 2 for glycoside
synthesis yielding a couple of glycosides through an O-
or S-glycosidic linkage, respectively. Further transfor-
mations of 2, including synthetic assembly of 2 using
other carbosilane dendrimers as core scaffolds and
enzymatic elongation of sialic acid for the cluster-type
compounds, are now in progress, and the results will be
reported elsewhere.
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Me,;G2-Mesogen

Gradient G2-Mesogen

=— op(CH 0 OO N
0

Fig. 1.
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ALZHBYT 787 22 VB LER SETERER
B#E T 5 MeG 2-, Me:G2-8 & U MeyG 2-Mesogen ¥
&R L7 (Fig. 2).
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W)= —LREREASETIBOAFL VETT
MAL, FORBREIEFEETIRBICLVENUT
Ry —oaREFEAL ThbbE 2TV
fre FaoXb—iay, AYMELEBRIT LT
U AR ERASETRER—DOEIIsE L 7/ HAFE
B, E6IIVT /EONKFELAT AL, KEEY
FHLTAMIZTAILARRTERTEREIIL FOXY
VEFETAEMBEFY FUR—%EGH LA FRIIY

562

122

Carbosilane dendrimers carrying mesogens.

MeSi(CH,CH,CH,Si{CH,CH,CH,Si(CH,CH,CH, X)3)5)-

MeG2-Mesogen

Me,Si(CH,CH,CH,Si(CH,CH,CH, Si( CH,CH,CHX,);)3),

Me,G2-Mesogen

Me;Si(CH,CH,CH,Si(CH,CH,CH,Si(CH,CH,CH,X)s)3

Me;G2-Mesogen

o
x =-0C(cH); 0N

Fig. 2. Preparation of Me.G 2-Mesogen (n=1, 2, 3).

FIV T2 VNG EH S TRESFEETEE
SlEIE 2 Bt 7 ¥} 7— (GradientG 2-Mesogen) % 1%
A LpCEs (Scheme2). LLEAR LAY T/ET
I MEFE 2 HEF L FY =i, wTFhLBEROF
BERCIETH

nd, WEDSHHSEG CREHENY, 3, 2L
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= Si(CH,CH,SI(CH,CH=CH,)s),

e — SI(CHchzsl(CH2CH2CH28|C[3)3)4

H,PtC},
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38 CH,=CHCH,CH,MgBr

(not completed)

Scheme 1.

36 CH,=CHCH,MgBr
Inc.G2-SiCl

" (O);H

Si{CH,CH,Si(CH,CH,CH2SHCH,CHaCH=CHy)1)3)4
GradientG2

An attempt at the preparation of Gradient G 2.

= Si{CH,CH,Si(CH,CH,CH,SHCH,CH=CH,))a)s

—— 5i(CH,CH,Si{CH,CH,CH,Si(CH,CH,CH,0H)3 )4

2) Ho0,/0H"

1) MeSO,Cl / Pyridine

2) Nal / NaCN
1) H,S0,

re——————————ii
2) EtOH
3) LIAIM,

36 Clg(CHz)scN

Si{CH,CH,Si{CH,CH,CH,SICH,CHCH,CN)3)a),

Si{CH;CH,Si(CHCH,CH,SI(CHLCHCHLCH,OH)YS)A)

Gradient G2-OH

o}
SI(CH,CH,SHCH,CH,CH,SHCH,CHCHCH08(CH,)s 0 --CN sy

Gradient G2-Mesogen

Scheme 2. Preparation of Gradient G 2-Mesogen.
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Fig. 3. DSC chart of Me.G 2-Mesogen (n=1, 2, 3) (2) and Gradient G 2-Mesogen (b).
Table 1. Thermal behavior of Me.G 2-Mesogen (n=1, 2, 3) Table 2. Thermal behavior of Gradient G 2-Mesogen
Phase behavior/C Phase behavior/T
Cooling Second heating Cooling Second healing

128 S 6 GM G 8 Sa 131 1

a1, isotropic: ™ G, Glass transition temperature; *' S, smectic A.

97 S 9 G G 11 S« 101 1

I 8 8S. 8 G G 10 S. 8 1

I 75 S« 9 G G 9 S 78 1
A

0 1, isotropic; ™ G, Glass transition temperature; ' Sa, smectic
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Fig. 4. Texture of Me.G 2-Mesogen (n=1, 2, 3} and Gradient G 2-Mesogen
crossed polarizers.
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FHALELS > Fr P v—0EREFOENTESEIIS 25

BB LU AFL R U G2-Mesogen" & [t
gAss, I AEBAEETRBMCE LS 00EHR
HIRIBLALRUTH -7/, F7:, REEMERECE
STHEBFDO N AL Y OERB LU 1 XIHIZEIL L
A ENDoT.

I XBRFE

31 EIE

'HNMR # L UF "C NMR {2 Bruker Inc. 3 AM 400,
ARX 400 33 X U Varian Inc. & Gemini 200 £ B CHlllE
L7 IR BEUUV A2 b IVIEBARSE H) H FT/IR-
300E # L U JASCO V550 £ R TENERBEIEL /2.
V4420 GPCHRUIHEEFRIHEGR)RLC9I8R %
RWwWTiT-7, RAEEBBEREIIER) =3~ H Niken
Optiphot 2-Pol % Fi\v 7z, DSCIt(BR)~w v 7 - H 1 >
AEL DSC 3100 2fER L 7.

32 HE ,

I—-FABLIUFFTEFTT7F > (THF) 2+ hY
7L TEMREBFERALL. 20R>0ORFITRELEE
DIIFAL.

33 ¥

331 MeG2-MesogenNEHR 7TAITCBRLAT
F A 212 MeG2-0H 90 mg (0.036 mmol) LEZIRY N Y
¥ 125 mg {160 mmol), ¥R THF (4mL) T AR 7.
# Z ~~, 6-(4-cyanobiphenyl-4"-oxy)hexanoyl chloride 526
mg (1.60 mmol} MR THF (3mL) EW % KB T Tl
FLA. WT#THE, 50CT3IEMmMA»IEALL.
R TH, &K 3mL) 22 TERLIERIELE
ML, BREBESERLZ. ARE Lty e L
KEW (S5mL) CTHERiFLLHE, EREEFFIYLT
B, BEEFRESELLE, AL brS
T AP AN ik VRERD TR, BT Rs
fa, W41 2 VERIGPCTHEL, S54RI TLC (&
DR ) THELTEGEKEEL.

UL & 1 82mg, ULEE:22%, REfHE :0.34~046 (B[
B rookad A¥ /S —l=100:1)

'H NMR(CDCL) : § —0.059(s, 3H, SiCH:(G0)), 0.4
~0.7(m, 102 H, SiCH:{(G0), SiCH:(G 2), SiCH:(G 1)),
1.2~1.4(m, 24H, SiCCH:(G 1), SiCCH:(G0)), 1.4~
1.5{m, 54 H, C{Q)CCCH:), 15~1.7{m, 102H, C(0O)
CCH:, SiCCH:(G2)), 1.7~1.8{(m, 54H, CH:COPh),
2.30(t, 54H, J=748, C(O)CH)), 3.9~4.0{m, 54H,
CH:OPh), 3.99(t, 54H, J=6.96, CH:0C{0)), 6.8~7.0
{(d, 54H, phenyl{OCCH}), 7.4~7.5(d, 54 H, phenyl
{OCCHCH)), 7.5~7.6(d, 54H, phenyl(CHCHCCN)),
7.6~7.7(d, 54 H, phenyl(CHCCN)).

“C NMR(CDCI) @ § 8.02(SiCH:(G 2)), 17.4(SiCH.(G
1}), 17.5(SiCH:(G 1)), 18.5(SiCCH:{G 1)), 23.2(SiCCH:

BT Fi5 IR, Vol. 60, No. 10 (2003)

125

(G2)), 24.7(C{O)CCH:), 25.7(C(O)}CCCH:), 28.9(CH:
COPh), 34.0(C(0O)CH:), 66.8(CH.0C(0)), 67.8(CH.
OPh), 110.1 (phenyl{CCN)), 115.0{phenyl (OCCH)), 119.0
(CN), 127.0 (phenyl (CHCHCCN ) ), 128.3 ( phenyl
(OCCHCH)), 131.4(phenyl(OCCHCHC)), 132.5(phenyl
{CHCCN)), 145.1(phenyl(CCHCHCCN)), 159.6{phenyl
{OCCH}), 173.5(0C{0)).

FAB-MASS ! Caled. for CopHeOuNiSis [M+H]Y ©
3508.81. Found : 3508.95.

332 MeG 2-Mesogen DS F Me,G 2-Mesogen & (3
XE#OFETCOBREGEF.

URE ;181 mg, U 1 44%, Rf{H ; 037~049 (BF
B rUnhRnd LAY/ —=100;1)

*H NMR(CDCL) : § —0.048(s, 6 H, SiCH:(G0)}), 0.4
~0.7{m, 68H, SiCH:(G0), SiCH:(G 2}, SiCH:(G 1)),
1.2~14(m, 16H, SiCCH:(G 1), SiCCH:(G0)), 14~
1.5(m, 36 H, C{O)CCCH:), 1.5~17{(m, 72H, C(0)
CCH., SiCCH:(G2)), L7~18(m, 36 H, CH:COPh),
2.30(t, 36 H, J=7.48, C{(O)CH:), 3.9~4.0(m, 36H,
CH.OPh), 3.99(t, 36 H, 1=6.96, CH.0C(0)), 6.8~7.0
(d, 36 H, phenyl(OCCH)), 74~7.5(d, 36 H, phenyl
(OCCHCH)), 7.5~7.6{(d, 36H, phenyl(CHCHCCN)),
7.6~7.7(d, 36 H, phenyl{CHCCN)).

"C NMR(CDCly) : & ~3.51(SiCH:(G0)), 7.95(SiCH:
(G2)), 174{(SiICH:{G 1)}, 17.6(SiCH.(G 1)), 184
(SICCH:{G 1)), 23.1{SiCCH:(G2)), 24.7(C(O)CCH:),
25.7(C(O)CCCH:), 28.9{CH.COPh), 34.0{C{O)CH.),
66.8(CH.0C{(0)), 67.7(CH:OPh), 110.1{phenyl(CCN)),
115.0 { phenyl (OCCH) ), 119.0(CN), 127.0 ( phenyl
(CHCHCCN)), 128.3(phenyl(OCCHCH)), 131.3(pheny!
{OCCHCHC)), 132.5{phenyl (CHCCN)), 145.0(pheny!
(CCHCHCCN)), 159.5(phenyl (OCCH)), 173.4(0C(0)).

FAB-MASS : Caled. for Ci:HuwOwuNisSis [M+Nal* :
6950.38. Found : 6350.10.

3.3 MeG 2-Mesogen DE MeG 2-Mesogen & |2
RO FETCOBERE R,

ULE& ;152 mg, YR [ 38%, Rf{E :0.47~0.60 (BH
B sOO0RLML LAY/ —L=100.1)

'H NMR(CDCL:) : § —0.034(s, 9H, SiCH:(G0)), 04
~0.7(m, 34H, SiCH:(G0), SiCH.(G2), SiCH:(G 1)),
12~14(m, 8H, SiCCH:(G 1), SiCCH:(G0))}, 1.4~15
{m, 18H, C(O)CCCH:), 1.5~1.7(m, 36 H, C{O)CCH;,
SiCCH:{G 2)}, 1.7~1.8(m, 18H, CH.COPh), 2.30{t,
18 H, =748, C(O)CH:), 3.9~4.0(m, 18 H, CH.OPh),
3.99(t, 18H, J=6.96, CH.0C(0}), 6.8~7.0(d, 18H,
phenyl{OCCH)), 7.4~7.5(d, 18 H, phenyl(OCCHCH)),
7.5~7.6(d, 18 H, phenyl(CHCHCCN)), 7.6~7.7(d, 18
H, phenyl(CHCCN}).
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C NMR(CDCL) © § —1.46(SiCH:(G0)), 8.02(SiCH:
(G2)), 17.3{SiCH:(G 1)), 17.8(SiCH.(G 1)), 184
(SiCCH:(G 1)}, 23.2(SiCCH:(G2)), 24.7(C(O)CCH:},
25.7(C(O)CCCH.), 28.9(CH:COPh), 34.0(C{O)CH.),
66.8 (CH.0C{(0)), 67.8(CH.OPh}, 110.1 (phenyi(CCN}),
1150 { phenyl (OCCH) }, 1190 (CN), 127.0 { phenyl
(CHCHCCN)), 128.3 (phenyl{(OCCHCH}), 131.3{phenyl
{OCCHCHC)), 132.5 {phenyl(CHCCN)), 145.1 (phenyl
(CCHCHCECN)), 159.6 (phenyl(OCCH)), 173.5(0C(0)).

MALDI/TOF-MASS : Calcd. for ConHimOuN=Sin [M+
Nal*57% + [M+K]*43% : 10376.89. Found . 10377.61.

33.4 Gradient G 2-Mesogen D&

33.4.1 Tetrakis(triallylsilylethyl)silane (1) D&
VI BRLAET7IAICTIFIEZALLT 2 200g
(147 mmol), ¥4 THF (3.4mL), speier Bt > 1 V7
o — LB 4HEANRS, FIANM)IOOYT L
119g {88.1 mmol) %1% THF (34 mL) HEEKET
THET LA #BTHRTH, ZERET—-B2UIAL, &6
W2 BERNSGR s g RIGARE M) rouL Ty
YEEBEL, BohTHFEAREZETLIZLILED
Hrood s LEMETEL.

&7y AL ABEK L5 (473 mmol) & BILT )
V553g (440mmol) BLUERI -7V (200mL) %*
B, TUAY ) -V RELRRL.

SlIERLA-Eronus 5 EEE IR THF 32
mLaA, FIWTIULS) 2y —LRELHT L.
HTEATH 2BMMMBREY, SHET-FLEFRE
BELI%, —GnfeRisEh. KIoETH, INK
Bk (84mL) ZI0Z, AHEFEFML, K (10mL)
T2, fafnE{k+ ~ )y AKE® (10mL) TI1EBRE
B L7, EAEEFFUTARMAERL. FEE
B%ik, AFLIOTLTTT7 (P)AFN) THET
AIlkizxh1 %5/

L& :639g, YL :58%, RffE:028~043 (BFA
B ~AFTC BRI FL=9911)

'H NMR(CDCl:) © & 0.40~0.45(m, 16 H, SiCH: (G 0)),
1.60(d, 24 H, J=8.08 Hz, SiCH:(G 1)), 4.8~49(m, 24
H, SiCCCH:(G1)), 5.7~59(m, 12H, SiCCH(G 1}).

“C NMR(CDCl) © 8 2.42(SiCH.(G0)), 3.55(SiCH:{(G
0)), 19.2(SiCH:(G 1)), 114{SiCCCH(G 1)), 134(SiCCH
(G1).

33.4.2 Tetrakis ( tris ( triallylsilylpropyl ) silylethyl)
silane (2) OER 7TALITCEBERLA7FA3I{LEY
1210g (282 mmol), ¥£8& THF (3.8 mL), speier FAfF
D4y TSOR - VERABEAR:, £
O3 »687g (50.7mmol) O THF (3.8ml) &
WERSTCHET LA, @THRTHE SETHIU
AL, S5 2EMMEGRR IS, KIBRZ Y 2

566
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and S EEEEEREL, FOHEB-o THF 2 REY
ETrobitkofBrood s o ERELBL.

BliE= 37 LBk 678g (278 mmol) L R{LT Y
W307g (254mmol) B L UFEHBRL—~F L 100mL & 1
TOARTZ) v — VRELWE L, ThERIcglL
ooy T EMAEOEE THE (64mL) W
S WA ETHRTE, 2EENARTIE, =—
FLEEERE LB —BMARRE T, RS
BTH, BECEIVRELL, #5477 7 7(
AN THRETLZILILLD 2EEL

W& 374g, WL :52%, RFIE:022~033 (B
B ~F L EEEELFA=99 1)

'H NMR(CDCI:) . 8§ 0.3~04{m, 16H, SiCH:(G0)),
0.5~0.7(m, 48 H, SiCH:(G 1)}, 1.3~ 1.4{(m, 24 H, SiCCH,
(G1}), 1.58(d, 72H, J=8.05Hz, SiCH:(G2)}), 48~
49(m, 72 H, SiCCCH:{G 2)), 5.7~5.9(m, 36 H, SiCCH
(G2)).

"C NMR{CDCI) © & 3.12(SiCH:(G0)), 5.08(SiCH:(G
0)), 16.7(SiCH.(G 1)), 17.1(SiCH(G 1)), 18.4(SiCCH:
(G 1)), 19.7(SiCH:{G 2)), 114{SiCCCH:(G2)), 134
(SICCH(G 2)).

3.3.4.3  Tetrakis (tris (tris (3-hydroxypropy!) silylpro-
pyl silylethyl)silane {(3) DEK K J » THF §51K® THF
B 21.0mL (21.0mmol) & ¥ 7 OAFt 1 344 (42,0
mmol) 6T FrO0AF LN RFT o 2HELA. F2
2, 1E&421.00g (0.389 mmol) @Ez#E THF (10 mL)
BEMAKETTRTL, WTRTH, ZRT3IEE,
AL 25642, F3 > THF$#EEO THREE (2.0
mL, 2.0mmol) % T L, ZIRT 1 EMA (IFA L.
RICH T, FELLIREBLTETREICEKIE
F R LAEMAGRL. BT ERE, BiLE (£
Yo —NBREIIENL, ~EF Y BRI FL=1]
T 2k h 3%,

W& : 1.19g, HE ;95%

'H NMR (DMSO-d.} : § 0.2~0.3{(m, 16 H, SiCH:(G
0)}, 04~0.5{(m, 72H, SiCH:(G2)), 0.5~0.6(m, 48
H, SiCH:{G 1)), 1.2~1.3{m, 24 H, SiCCH:(G 1)), 1.3
~14{(m, 72H, SiCCH:(G2)), 3.30{q, 72H, J=576
Hz, CH:0), 4.48(t, 36H, J=5.00Hz, OH).

“C NMR (DMSO-ds) . & 2.53(SiCH:(G 0}), 4.91(SiCH:
(G0)), 8.22(SiCH.(G 2))}, 16.9(SiCH:{(G 1)}, 17.4(SiCH:
(G1)), 185(SiCCH:(G 1)), 27.3(SiCCH:(G 2)), 644
(CH:OH).

3.3.4.4 Tetrakis ( tris (tris { 3-methanesulfonylpropyl)
silylpropyl}silylethyl)silane (4) DE&K 7L T B
Lc 79 A 212{be3r 3 1.15g (0375 mmol), EiEE Y
Py (80mL) TANS, HIEAF AL 7+ 442
g (38.5mmol) EKHFTTi#HTL, #HTHRTHE, 0CT
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HRALEL T -7 FUT—0&REFOREINRBICE LR

2 B, A SHE RICETHR, ook a (10
mL), K (10mL) OMEIZKGETCHETLL. FRE:
SELL, 5% BEEEKIERTHREL, 5% KEKEF LY
B LKETE (SmL) T2, SRS FY 7 LKE
T2 Mkl Lotk ERBIEES MU AEMAREL
o EEGELLE, ALrav b TIT (R
) THETAIEIZED 4515

LR :141g, YLE:66%, RF{E . 0.10~028 (B
BiE rOORAL I AF/—L=2011)

'H NMR(CDCL,) : § 0.3~04(m, 16H, SiCH:{(GO0)),
0.6~0.7(m, 120H, SiCH:(G 1}, SiCH:(G2))}, 1.2~14
(m, 24 H, SiCCH:(G 1}), 1.7~1.8(m, 72H, SiCCH:.(G
2)), 3.02(s, 108 H, SO:CHy), 4.17(t, 72H, J=6.50 Hz,
CH:0).

BC NMR (CDCLy) : 6 2.90(S8iCH:{G0)), 5.29(SiCH:(G
0)), 7.50(SiCH.(G 2)), 17.1(SiCH:.(G 1)), 18.5(SiCCH:
(G 1)), 23.7(SiCCH:(G 2)), 37.1(SO.CH,), 72.7(CH:0).

3.3.4.5 Tetrakis (tris (tris (3-cyanopropyl) silylpropyl)
silylethyDsilane (5} O&K 7V ITCBBLA77 R
T fbE 4 1.96 (0325 mmot), I 2{EF L1 2478
mg(0.525 mmol), > 7 »{t+ b 1) 7 L 229 g(46.8 mol),
gEHa—-74% />y (50mL) AN, 2 BEAMNMBERS
&7, FHIE#ETI#E, K (1oml), EeEfxF 4 (10mL)
¥A . HHEBESIRL, K5mL T2E, ffEL
F+FU Y LKER (5mL) T3IE®RGELE, BKE
Bt FUDLEMAGZRS S, FREEELLE, &
LU TSI T AFN)THELTS 2587

& :1.00g, ULEE:87%, REfl:028~041 (B
i roOO&LA LAY —=20"1)

'H NMR(CDCly) : 6 03~0.5(m, 16H, SiCH.(G0)),
0.6~0.8(m, 120H, SiCH:(G 1), SiCH:{G2))}, 1.3~15
(m, 24 H, SiICCH:(G 1)), 1.6~1.8(m, 72 H, SiCCH:(G
2)), 242(t, 72H, 1=696Hz, CH:CN),

PC NMR{CDCL) : 6 2.87(SiCH:(G 0)), 5.02(SiCH:(G
0)), 11.5(SiCH:(G2}), 169(SiCH:(G 1)), 17.0(SiCH:
(G 1)), 18.4(SiICCH:{G 1)}, 20.3(SiCCH:(G2)), 20.8
(CH.CN{(G 2)), 120{CN).

3.3.4.6 Tetrakis ( tris ( tris { 3-ethoxycarbonylpropyl )
silylpropyl)silylethyl)silane (6) M&M 7 5 X 34k
A4 5041 g (0.112mmol) , 66 wt9%IREEAEHE (3.9 mL)
A4, LSBERhZAER S, RIZ9% =¥ /-1
(10mL) %A —h {iTAS ¢, RKIBERTH, &
(10mL), =—F 1 (25mL) i/, FHEB T 5W
L, 5% REAREF Y Y LAKIEHE (5mL) T30, fi
FIEILF b ) v 4kiEFHE (SmL) T @EFEHE LAE,
MEATEEEF ) Y L EMAER L BREBE LR,
HILIO2 b FTT (LU HFN) THEBELT6 %G
FA
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ULE ©445mg, IUFE [ 74%, RfE :0.74~0.88 (EH
B EEERT L)

'H NMR{CDCL) : § 0.2~04(m, 16H, SiCH:(GO0)),
0.5~0.7(m, 120H, SiCH:{(G1), SiCH:.{G2)), 1.24(s,
108 H, J=7.08 Hz, COOCH:CH:), 13~1.4(m, 24H,
SiICCH:(G 1)), 1.5~1.7(m, 72H, SiCCH:(G2)), 2.30
{(t, 72H, J=7.04 Hz, CH:CO0), 4.11(g, 72H, J=7.00
Hz, OCH.).

“C NMR(CDCly) © & 2.93(SiCH.(G0)), 5.46(SiCH:(G
0)), 11.7{COOCH:CH,), 14.2(SiCH.(G2)), 17.4(SiCH;
(G 1)), 17.5(SiCH:(G 1)}, 18.7(SiCCH:(G 1)), 209
(SiCCH:(G 2)), 38.0{CH.CO0), 60.1(COOCH:), 173
(COOCH).

3.34.7 Tetrakis (tris (tris ( 4-hydroxybuthyl) silylpro-
pyl)silylethyl)silane (7 Gradient G 2-OH) MEK 7NV
TUBBLATIAIIKELIFILT LI A
316 mg (833 mmol), ¥ THF (18mL) % Ah/:. ¥
Z~ k&4 6 485 mg (0.0925 mmol) M ¥£1E THF (12 mL)
BHERETCHET LA, WTHTHE, 90C T8
PuRBm A, R TR, SMEY M) Y AKEHE
(1omL) M7=, ELTEEIIHT, LERETELD
WL, fRFE{e B Y AKBHR (SmL) T30k
L723%, Ehbigs+ ) v a2 mAsfHL . HRY
*k, BiLER (25 /7 —NVPRBICEILAFH - | BEEE
IFL=31IZET) 12X D 721574,

ITE : 291 mg, INEE : 85%

'H NMR (DMSO-ds} : 6 0.2~0.4(m, 16 H, SiCH:(G
0)), 04~05(m, 72H, SiCH:(G2)), 0.5~0.6(m, 48
H, SiCH:(G 1)}, 1.2~ 1.3(m, 96 H, SiCCH:(G 1), SiCCH.
(G2)), 1.3~1.5(m, 72 H, SiCCCH:(G2)), 3.3~3.4(m,
72H, CH:0), 4.34(t, 36H, J=4.56Hz, OH).

BC NMR{DMSO~d.) . § 2.53(SiCH:(G 0}), 4.75(SiCH.
(G0)), 12.2(SiCH:(G 2)), 16.7(SiCH:(G 1)}, 17.3(SiCH.:
(G 1)), 184(SiCCH:(G 1)), 20.1(SiCCH.{G2)), 36.9
(SiCCCH:(G 2)), 60.7(CH:OH).

3348 Tetrakis (tris (tris (4- {6- (4-cyanohipheny}-4'-
oxy) hexanoyloxy) butyl} silylpropyl) silylethylsilane (Gra-
dient G 2-Mesogen) S TLVITVBRLA-T75 2
42 Gradient G 2-OH 93 mg (0.025 mmol) & &Y &
¥ 106 mg (1.35mmol), ¥4 THF (4mL) % A h /-,
# I ~~, 6-(4-cyanobiphenyl-4"-oxy)hexanoy! chloride 442
mg (1.35 mmot} DI THF (3mL) HFEFEKG T TH
TL, BTH&TH, 50C T3 3MMH%EL AL
RIG#TH, K GmL) £z CERLAEEEYE
ML, HRBEFRUL. FIE EaMEtr o s
KiEHW SmlL) THRELAE EKFEFFITL%
AR L, FRFPRERELLGR, #74207h
7 (LA FL)CHERED G, V1 F LB GPe

567
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THRL, SHIIEHBTLC (VA N) THRLT {OCCH)), 118.8(CN), 126.8 (phenyl (CHCHCCN)), 128.2
BHERFLE. (phenyl (OCCHCH) ), 131.3(pheny!{OCCHCHC)), 132.5

ULE : 90mg, UNEE . 25%, REFH : 0.24~037(RRAE (phenyl(CHCCN)), 144.8 (phenyl (CCHCHCCN)), 159.4
# ookl A¥/—V=100:1) (phenyl (OCCH)), 173.3(0C(0)).

'H NMR{CDCL} : § 0.2~0.4(m, 16H, SiCH:(G0))}, * MALDI/TOF-MASS : Calcd. for Ca:HiniOuoeNieSiis [M
0.5~0.7(m, 120H, SiCH:(G2), SiCH:{G 1)}, 1.2~14 +Nal*44% + [M+K]*56% . 14247.43, Found ; 14252.72.
{m, 96H, SiCCH:(G 1), SiCCH:(G2)), 1.4~15(m,
72H, C(O)CCCHy), 1.6~1.7(m, 144H, CH; COC(0), X Lo

C{(O)CCH:), 1.7~1.8(m, 72H, CH.COPh), 230(t, 72

Iya)F. Ze d S, C. Zi . Chem. Rev., 97, H
H, 1=7.40, C(O)Cm), 3.9““4.0(!!1, 72H, C&OPh), } a) ng an immerman. Chem. Rev., 97, 1681 {1997); b)

A. W. Bosman, H. M. Janssen, and E. W. Meijer. Chem. Rev.. 99,

405(t, 72H, 1=6.68, CH.0C(0)), 6.8~7.0(d, 72H, 1663 (1999}; ¢) D. Astruc and F. Chardac, Chem. Rev., 101, 2991
phenyl (OCCH)), 7.4~7.5(d, 72 H, phenyl(OCCHCH))}, . (ioﬁ"w Made and P. W, N. L 1 Chem. Soc.. €1
2) a) A. W. Made and P. W, N. Leeuwen, J. Chen. Soc.. Chem. Com-
7.5~7.6(d, 72H, phenyl(CﬂCHCCN)) , 7.54(d, 72H, mun.. 1400 (1992); b) H. Frey, C. Lach, and K. Lorenz, Adv. Mu-
J=3.54 Hz, phenyl(CHCCN)). ter., 10 {4), 279 (1998); ¢) J. P. Majoral and A. M. Caminade.
13C NMR(CDCL) & & 2.99(SiCH:(G 0)), 5.62{SiCH:(G Chem. Rev., 99, 845 (1999).

3 L. L. ZouhL and ). Roovers, Macromolecules, 26, 963 (1993},

0)) ’ 12'0(SigH3(G 2) ) » 173 (SigHZ(G 1)) ' lS.O(SiQH: 4) K. Lorenz, D. Holter, B. Stuhn, R. Mulhhaupt, and H. Frey. Adv.

(G 1)), 18.8(SiCCH:(G 1)}, 20.3(SiCCH:(G2}), 247 Mater., 8 (5). 414 (1996).

{SiCCCH: (G 2) ) , 25.7 (C(O)CCCH:) , 289 (CH:COPh) , $) a) D Terunuma, T. Kato, R. Nishio. K. Matsuoka, H. Kuzuhara, Y.
- = — Aoki, and H. Nohira, Chem. Lerr,, 1998, 59; b) D. Terunuma, T.

32.6 (C(O)CQH;), 34.0(C (O)QHl) v 63.7(QH:0C(0)), Kato. R. Nishio, Y. Aoki, H. Nohira, K. Matsucka. and H. Kuzu-

67.6 (CH:OPh}, 110.1 (phenyl (CCN)), (149 {phenyl hara, Bull. Chem. Soc. Jpn., 72, 2129 (1999).

Preparation of New Carbosilane Dendrimers Having Terminal Mesogens and Investigation of Their Liquid Crystal Characteristics

Takaki Tsuchma,*' Chiemi Smazaki,*' Ken HaTano,*' Koji Matsuoka,*' Yoshio Aoki,*' Hiroyuki Nowra,*' Yasuaki Esumr,*? and

Daiyo TeruNUMA™'

*Department of Functional Materials Science, Faculty of Engineering, Saitama University {Shimo-Ohkubo, Sakura-ku, Saitama-shi, Sai-
tama 338—8570, Japan) : ’

*The Institute of Physical and Chemical Research (RIKEN) (Wako-shi, Suitama 351-0198, Japan)

Both of a series of new second generation carbosilane dendrimers having a different number of branches (MexG 2-Mesogen, n=1, 2,3)
and a novel carbosilane dendrimer having an increased length of methylene chain from the core to the second generation {Gradient G 2-
Mesogen) with terminal cyanobiphenyl mesogens were prepared. The characterization of the dendrimers was camied out by using differen-
tial scanning calorimetry (DSC) and optical polarizing microscopy. All the dendrimers showed smectic A phase. The ranges of the smectic
A phase and the texture size of Me.G 2-Mesogen were increased with increasing the number of branches, The behavior of phase transition
temperature and the texture size of Gradient G 2-Mesogen were similar to those of Me,G-2 Mesogen.

KEY WORDS Carbosilane Dendrimer / Synthesis / Liquid Crystal / Cyanobiphenyl /

{Received May 16, 2003: Accepted July 17, 2003) [Kobunshi Ronbunshu, 60{10), 561—568 (2003)]
568 BT TE, Vol. 60, No. 10 (2003)

128



A therapeutic agent with oriented carbohydrates for
treatment of infections by Shiga toxin-producing

Escherichia coli 0157:H7

Kiyotaka Nishikawa*!, Koji Matsuoka?, Eiji Kita®%, Noriko Okabe*, Masashi Mizuguchi®, Kumiko Hino*,
Shinobu Miyazawa*, Chisato Yamasaki*, Junken Ackil, Sachio Takashima**, Yoshio Yamakawa'?,
Masahiro Nishijima®, Daiyo Terunuma®, Hiroyoshi Kuzuhara®, and Yasuhiro Natori*

*Department of Clinical Pharmacology, Research Institute, International Medical Center of fapan, 1-21-1 Toyama, Shinjuku-ku, Tokyo 162-8655, Japan;
tDepartment of Functional Materials Science, Saitama University, 255 Shimookubo, Urawa-shi, Saitama 338-8570, Japan; ¥Department of Bacteriology,
Nara Medical University, Kashihara, Nara 634-8521, Japan; YDepartment of Pediatrics, Jichi Medical School, 3311-1 Yakushiji, Minamikawachi-machi,
Kawachi-gun, Tochigi 329-0498, Japan; IDepartment of Health Chemistry, Faculty of Pharmaceutical Sciences, University of Tokyo, 7-3-1 Hongo,
Sunkyo-ku, Tokyo 113-0032, Japan; **National Institute of Neuroscience, 4-1-1 Okawahigashi-machi, Kodaira-shi, Tokyo 187-8502, Japan; and
tDivision of Biochemistry and Cell 8iology, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, Japan

Edited by john J. Mekalanos, Harvard Medical School, Boston, MA, and approved April 4, 2002 (received for review February 1, 2002)

Infection with Shiga toxin (Stx)}-producing Escherichia coli 0157:H2,
which causes diarrhea and hemorrhagic colitis in humans, often
results in fatal systemic complications, such as neurological damage
and hemolytic-uremic syndrome. Because Stx circulating in the blood
is a major causative factor of these complications, the development of
a Stx neutralizer that functions in the circulation holds promise as a
viable therapy. Here we developed a series of carbosilane dendrimers,
in which trisaccharides of globotriacsyl ceramide, a receptor for Stx,
were variously oriented at their termini (referred to as SUPER TWIG),
and identified a SUPER TWIG with six trisaccharides as a Stx neutral-
izer functioning in the drculation. This SUPER TWIG specifically bound
to Stx with high affinity (K4 = 1.1 x 10-5 M) and inhibited the
incorporation of the toxin into target cells. Intravenous administra-
tion of the SUPER TWIG along with Stx to mice substantially reduced
the fatal brain damage and completely suppressed the lethal effect of
Stx. Moreover, the SUPER TWIG protected mice from challenge with
a fatal dose of £. coli 0157:H7, even when administered after the
establishment of the infection. The SUPER TWIG neutralized Stx in
vivo by a mechanism in which the accumulation and immediate
degradation of Stx by phagocytic macrophages present in the reticu-
loendothelial system were induced. Taken together, our findings
indicate that this SUPER TWIG is therapeutic agent against infections
by Stx-producing E. coli.

higa toxin (Stx)-producing Escherichia coli (STEC), includ-

ing O157:H7, causes diarrhea and hemorrhagic colitis in
humans. These gastrointestinal diseases are often complicated
by potentially fatal systemic sequelae such as neurological dam-
age and hemolytic-uremic syndrome, the leading cause of acute
renal failure in children (1-4). Stx produced by STEC in the gut
traverses the epithelium and passes into the circulation, where it
causes vascular damage in specific target tissues such as brain
and kidrey, resulting in systemic complications. Therefore,
research leading to the development of an effective Stx neutral-
izer that specifically binds to and inhibits Stx in the circulation
would thus be a promising approach as a viable therapy.

Stx, which is classified into two closely related subgroups, Stxl
and Stx2, consists of a catalytic A subunit, which has RNA
N-glycosidase activity and inhibits eukaryotic protein synthesis, and
a pentameric B subunit, which is responsible for binding to the
functional cell-surface receptor, globotriaosyl ceramide [Gbs;
Gala(1-4)-GalB(1-4)-GlcBl-ceramide] (4-6). Highly selective
and potent binding of Sx to Gb; is mainly attributed to the multiple
interaction of the B subunit pentamer with the trisaccharide moiety
of Gbs. On the basis of these facts, several Stx neutralizers, in which
the trisaccharide moiety of Gb; is combined with various core
structures in multiple ways, have been reported (7-10). However,

www.pnas.org/cgi/doi/10.1073/pnas. 112058999

no Stx neutralizer has been developed that is capable of detoxifying
the toxin present in the circulation.

In this study, we used a series of carbosilane dendrimers
carrying various numbers of the trisaccharide [referred to as
SUPER TWIG (11)] to develop a Stx neutralizer that functions
in the circulation, because SUPER TWIGs are unique in that the
number of the terminal trisaccharides can be easily changed by
regulating the number of silicon atoms present in the core
structure and the silicon—carbon bond is generally biologically
inert. We found that SUPER TWIG with six trisaccharides
effectively neutralized Stx in the circulation. Furthermore, the
SUPER TWIG protected mice from challenge with a fatal dose
of STEC Q157:H7, suggesting that the SUPER TWIG canbe a
practical therapeutic agent against infections by STEC.

Materials and Methods

Materials. SUPER TWIGs were synthesized as described (11), and
were characterized by NMR and fast-atom bombardment mass
spectrometry to confirm their structures. Recombinant Stx1 and -2
were prepared according to published methods (12). Recombinant
glutathione S-transferase (GST)-fused Stxl1, in which the catalytic
Al subunit of the holotoxin was replaced with GST (referred to as
Stx1-A2Bs-GST), was prepared as follows. From the pUCI118
vector containing the complete coding sequence of Stx1 (construct
kindly provided by S. Yamasaki, International Medical Center of
Japan, Tokyo) (13), a BamHI-EcoRI fragment was prepared by
PCR with the following primers: 5'-AGAGGGATCCTCGC-
GAGTTGCCAGAATG-3" and 5'-AGAGGAATTCTCAAC-
GAAAAATAACTTCGC-3'. The fragment obtained was ligated
into the BamHI-EcoR1 site of the pGEX-2T vector {(Amersham
Pharmacia). Competent MC1061 E. colf cells {kindly provided by
S. Yamasaki} were then transformed with this vector, and the
resulting isolated plasmid was designated pStx1-A2Bs-GST. pStx1-
A2Bs-GST-transformed MC1061 E. coli cells were cultured in 1
liter of Luria-Bertani broth (Difco) supplemented with 100 pg/ml
ampicillin (Meiji Seika, Tokyo) at 30°C to midexponential phase.
The culture was subsequently treated with 0.5 mM isopropyl
B-b(—)-thiogalactopyranoside (Wako Pure Industries, Osaka) for
4 h at 30°C. Collected cell pellets were lysed in 10 ml of PBS
containing 6,000 units/m] polymyxin B (Sigma). After centrifuga-
tion, the resulting superatants were incubated with 50 ul of
glutathione-Sepharose beads (Amersham Pharmacia) for 2 h at
4°C. After extensive washing of the beads, soluble Stx1-A2Bs-GST

This paper was submitted directly (Track |1} to the PNAS office.

Abbreviations: $tx, Shiga toxin; STEC, Shiga toxin-producing Escherichia coli: Gba, globotri-
aocsyl ceramide; GST, glutathione S-transferase; TCA, trichloroacetic acid.
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was eluted from the beads by incubating them with elution buffer
[?5 mM Hepes (pH 7.5)/150 mM NaCl/5 mM DTT/100 mM
glutathione; Sigma] for 30 min at 25°C. Hybridoma-13C4, which
produces a monoclonal antibody against the Stx1 B subunit, was
obtained from the American Type Culture Collection. !¥I-labeled
Stxl ("*1-Stx1) and Sx2 (‘51-Stx2) were prepared by the iodine
monochloride method as described (14).

Cells. Vero cells were maintained in DMEM supplemented with
10% FCS in a 24-well (for binding assay) or 96-well (for
cytotoxicity assay) plastic microplate. Mouse peritoneal macro-
phages were prepared as described (15).

TLC Immunostaining Assay. The assay for Stx binding to Gb; was
performed as described (16). Porcine erythrocyte Gbs (500 ng;
Wako Pure Industries) was applied to an HPTLC plate (Whatman)
and developed in chloroform/methanol/water (60:35:8, vol/vol).
After having been blocked with 1% BSA, the plate was incubated
with Stx1 (100 ng/ml) in the presence of the desired amount of a
given SUPER TWIG. After extensive washing, monoclonal anti-
body 13C4 was used for the detection of bound Stx1.

Kinetic Analysis of SUPER TWIG Binding to Immobilized Stx1-A2B5-GST.
SUPER TWIG binding to immobilized Stx1-A2Bs-GST was
quantified by using a BIAcore system instrument (Pharmacia
Biosensor, Uppsala, Sweden) (17). Goat anti-GST antibody was
immobilized on a CM5 sensor chip. Recombinant GST or
Stx1-A2Bs-GST (10 pg/ml) was injected into the system to
become immobilized on the chip. Various concentrations of
SUPER TWIGs were injected (time 0) over the immobilized
GST or Stx1-A2Bs-GST at a flow rate of 20 ul/ml for at least 8
min to reach plateau at 25°C. The resonance unit is an arbitrary
unit used by the BlAcore system. The resonance unit value
obtained from immobilized GST was subtracted from the data
obtained from immobilized Stx1-A2B;-GST to correct for the
background. The binding kinetics were analyzed by Scatchard
plot by using the software BIAEVALUATION 3.0.

125).S1x-Binding Assay. Vero cells were treated with 125[-Stx1 or
H1-8tx2 (7 X 10 cpm/ug or 2 X 10° cpm/ug of protein,
respectively; 1 pug/mi) in the absence or presence of the desired
amount of a given SUPER TWIG or with unlabeled Stx1 or Stx2
(50 pg/ml) for 30 min at 4°C. After extensive washing, the cells

were dissolved in lysis solution (0.1 M NaOH/0.5% SDS).
Recovered radioactivity was measured by a y-counter (Packard).
Specific binding of these radiolabeled Stxs was confirmed by the
complete inhibition by unlabeled Stxs (data not shown).

Cytotoxicity Assay. Subconfluent Vero cells in a 96-well plate
were treated with Stx1 or Stx2 (10 pg/ml) in the absence or
presence of the desired amount of a given SUPER TWIG for
72 h. Relative cell number was determined by using a WST-1 Cell
Counting Kit (Wako Pure Industries).

Intravenous Administration of Stx2 to Mice. A lethal dose of Stx2
(0.25 ng/g of body weight) was administered to 14-30 female
ICR mice (18-20 g, Japan SLC, Shizuoka, Japan) through a tail
vein with or without the desired amount of a given SUPER
TWIG, and the survival periods of the mice were monitored. The
data were analyzed by Kaplan-Meier survival analysis or, when
no mice had died by the end of the observation, by Fisher’s exact
test. For determining the tissue distribution of Stx2, 25[-Stx2
(5 x 10° cpm/ng of protein, (.25 ng/g of body weight) was
administered as described above, After 1 h all mice were killed,
and the radioactivity present in individual tissues was measured
with a y-counter. Pieces of the liver were fixed in 10% formalin
and used for immunohistochemical examination (see below).

Histology and Immunchistochemistry. For histologic and immuno-
histochemical examination of the brain, five mice were injected
intravenously with Stx2 (0.25 ng/g of body weight) alone or $tx2
plus SUPER TWIG (1)6 (15 pg/g of body weight). After 48 h
the mice were killed, and their brains were immediately fixed in
10% formalin. For histologic examination, some of the paraffin-
embedded sections were stained with hematoxylin and eosin;
and others, with luxol fast blue and cresy} violet. Immunohisto-
logic localization of §tx2 was detected by a rabbit polyclonal
antibody against Stx2, as described (18).

Mouse Infection Protocol. Specific pathogen-free, 3-week-old female
CS57BL/6 mice that had been weaned were purchased from Charles
River Breeding Laboratories. Animals were fed a low-protein diet
(5% protein, wt/wt) for 2 weeks to achieve protein calorie malnu-
trition (19). Mice at 5 weeks of age were infected intragastrically
with 2 X 108 colony-forming units of E. coli O157:H7 strain N-9 as
described (19). Mice were fed the low-protein diet even after the
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Structures of SUPER TWIGs and their direct binding to Stx. (a} Structures of SUPER TWIG ()3 (M, = 2,006; trisaccharide = 1.50 X 10-? mol/g), (1)6 (M, =

4,001; trisaccharide = 1.50 X 1073 mol/g}, and (1}12 (M, = 7,913; trisaccharide = 1.52 x 10-3mol/g), carrying 3, 6, and 12 trisaccharides of Gbs, respectively. The
numbers in parentheses indicate the generation numbers of the SUPER TWIGs, The zero and the first generation of the SUPER TWIGs have one and three linear
silicon atomns, respectively, in their core structures. (b) TLCimmunostaining assay. Double bands weare detected, and both were confirmed to be Gbj by anti-Gb,
staining {data not shown). The data are representative of three experiments. {¢) Kinetic analysis of SUPER TWIG binding to immobilized Stx1-A2B5-GST by using
the BlAcore system, The binding kinetics were analyzed by Scatchard plot to determine Ky and maximum binding values {means + SE, n = 5). The maximum
binding values of SUPER TWIG (0)3, (1)6, and (1}12 were 43 + 2.9, 63 = 2.6, and 57 = 2.0 resonance units (RU), respectively.
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Fig. 2. Inhibitory effect of SUPER TWIGs on
the biological activities of Stx1 ({/pper) and 5tx2
{Lower) in Vero cells. (a) 1251-$tx-binding assays.
A, ®, and B indicate SUPER TWIG {0)3, (1)6, and
(1)12, respectively. The data are presented as
the percentage of the activity in the absence of
SUPER TWIGs (means * SE, n = 3). {b} Cytotox-
icity assay with Vero cells. Open symbols indi-
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start of the infection. Seven infected mice were given intravencusly
SUPER TWIG (1)6 (30 ng/g of body weight) dissolved in 0.1 ml
of saline twice a day; this treatment was initiated on day 3 of
infection and continued until day 6. Ten infected mice were treated
with 0.1 ml of saline as a vehicle control by using the same protocol
as used for the treatment with SUPER TWIG (1)6. Statistical
analysis was performed as described above.

Metabolism of 125I-Stx2 in Cells. Mouse peritoneal macrophages
and Vero cells were incubated with 12].Stx2 (2 X 105 cpm/pug of
protein, 1 ug/ml) in the absence or presence of SUPER TWIG
{1)6 (10 ug/ml) or a 100-fold excess of nonradioactive Sx2 for
the desired periods at 37°C. After extensive washing, cell lysates
were separated by electrophoresis on an SDS/15% polyacryl-
amide gel and visualized by autoradiography. For the degrada-
tion experiment of Stx2, macrophages were incubated with
1251.5tx2 (2 x 10® cpm/pg of protein, 1 pg/ml) in the presence
of SUPER TWIG (1)6 (10 pg/ml) for 4h at 37°C. After extensive
washing, the culture medium was changed to DMEM without
FCS. After the desired periods, the celis were dissolved in lysis
solution for SDS/PAGE. The culture medium was recovered,
and 100% ice-cold trichloroacetic acid (TCA) was added to a
final concentration of 10%. After centrifugation, the precipi-
tated proteins were dissolved in lysis solution for SDS/PAGE.
Radioactivity present in each band was quantified by using a
bio-imaging analyzer BAS-1000 (Fuji). Radioactivity present in
the TCA-soluble supernatants was measured with a y-counter.

Uptake of 1351-5tx2 by Macrophages. Mouse peritoneal macro-
phages were incubated with '31-Stx2 (2 X 10%cpm/pug of protein,
1 pg/ml) in the absence or presence of the desired amount of a
given SUPER TWIG for 30 min at 37°C. After extensive washing,
the cells were dissolved in lysis solution. Recovered radioactivity
was measured by a y-counter.

Results and Discussion

SUPER TWIGs (1)6 and (1)12 Directly Bind to the Stx B Subunit with High
Affinity. Earlier we had developed three SUPER TWIGs, ie.,
SUPER TWIG (0)3, (1)6, and (1)12, carrying 3, 6, and 12 trisac-
charides, respectively (11) (Fig. 1a). These SUPER TWIGs have
different numbers of the trisaccharides, but the molar content of
trisaccharide per weight is almost the same (see the legend for Fig.
1a). Therefore, the concentration of each SUPER TWIG was given
as micrograms per milliliter, which enables direct comparison of
their activities on a per-trisaccharide basis. Among the SUPER

Nishikawa et al,
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! cate SUPER TWIGs only. The data are presented
asthe percentage of the value in the absence of
Stxs (means = SE, n = 3).

TWIGs, SUPER TWIGs (1)6 and (1)12 at the concentration of 0.5
and 0.1 pg/ml, respectively, completely inhibited the Stx1 binding
to Gb; developed on a TLC plate, both of which concentrations
were much lower than the effective concentration observed for
SUPER TWIG (0)3 (Fig. 15). With Stx1-A2Bs-GST immobilized
on a BlAcore sensor chip, the dissociation constant (Ky) of each
SUPER TWIG to the B subunit pentamer was determined by
Scatchard plot analysis. SUPER TWIGs (1)6 and (1)12 showed very
low Ky values of 4.2 and 1.4 pg/ml, respectively; whereas the Ky
value of SUPER TWIG (0)3 was 30 times higher (44 pg/ml) than
that of SUPER TWIG (1)12 (Fig. 1c). These results indicate that
SUPER TWIGs (1)6 and (1)12 directly bind to the Stx B subunit
with high affinity and that six trisaccharides in one molecule are
sufficient for the high-affinity binding. Because the terminal tri-
saccharides of SUPER TWIGs (1)6 and (1)12 were designed to
span ~30 A from the central silicon atom, which fully embraces the
predicted Gbs-binding sites on the B subunit pentamer [both sites
1 and 2 (20)], it is possible that these SUPER TWIGs, but not
SUPER TWIG (0)3, effectively occupied the multiple binding sites,
resulting in a marked increase in their affinity for the B subunit
pentamer. We have already synthesized SUPER TWIGs (1)9,
(2)18, and (2)36, carrying 9, 18, and 36 trisaccharides in which all
of the —R residues present in SUPER TWIGs (0)3, (1)6, and (1)12,
respectively, were replaced with —(CH;);—SiR;. These SUPER
TWIGs had K values similar to the B subunit pentamer (1.7, 1.5,
and 1.8 pg/m|, respectively, KN, KM, K.H,D.T, HK,and Y.N,,
unpublished data), further confirming that at least six trisaccharides
with appropriate distance in the molecule are sufficient for the
high-affinity binding to the B subunit pentamer.

Marked Inhibition of the Biological Activities of Stx by SUPER TWiGs
(1)6 and {112. SUPER TWIGs (1)6 and (1)12 markedly inhibited
the binding of '*I-labeled Stx1 (*¥I-Stx1) and Stx2 (*FI-8tx2) to
Vero cells, one of the cell types most sensitive to Stx. The half-
maximal inhibitory concentrations (ICsp) of SUPER TWIGs (1)6
and (1)12 for '=[-Stx] binding were 0.22 and (.16 pg/ml, respec-
tively; and those for 'I-Stx2 were 2.3 and 1.3 pg/ml, respectively
(Fig. 2a). The ICsy value of SUPER TWIG (0)3 for '#]-Stx]1 was
270 times higher than that of SUPER TWIG (1)12, and the ICs
value for '%[-St2 was more than 100 ug/ml (Fig. 2a). SUPER
TWIGs (1)6 and (1)12 markedly inhibited the cytotoxic activity of
both Stx1 (ICsp = 0.12 and 0.20 pg/ml, respectively) and St2
{ICsn = 0.17 and 0.23 ug/ml, respectively) toward Vero cells (Fig.
2b). In contrast, no inhibitory effect was observed with SUPER
TWIG (0)3. Each SUPER TWIG itseif did not affect the cell
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Fig.3.

Inhibitory effect of SUPER TWIG (1)6 on the lethality of 5tx2 or infection with E. coli 0157:H7 in mice. (a) A lethal dose of 5tx2(0.25 ng/g of body weight)

was administered to mice without any SUPER TWIG (O; number of mice = 30) or with SUPER TWIG (0)3 (A; number of mice = 15}, {1)6 (®; number of mice = 20,
or (1112 {a; number of mice = 14) (50 ug/g of body weight). Data represent the survival rate of each group. Data of the first 10 days are shown. (b) Histologic
examination and immunostaining of Stx2 in the brain. Sections of cerebellar cortex were used for staining, For histologic examination, the sections were stained
with hematoxylin and eosin (Upper). Black and yellow arrowheads indicate perivascular hemorrhage and congestion, respectively. Stx2 present in the sections
was detected by using specific antibody against Stx2 {Lower). {x80.) {¢) Mice with protein calorie malnutrition were infected intragastrically with £. coli Q157:H7
strain N-8 (2 X 105 colony-forming units} on day 0. SUPER TWIG {16 (50 ng/g of body weight) or saline alone was administered intravenously to the mice (control,
n = 10; SUPER TWIG-treated, n = 1) twice a day from day 3 to day 6. Data represent the survival time of each mouse.

viability. These results indicate that SUPER TWIGs (1)6 and (1)12
markedly inhibited the binding of Stx to the functional cell-surface
receptor Gbs on the target cells, consistent with the direct and
high-affinity binding of these SUPER TWIGs to the Stx B subunit
as described above.

Effect of SUPER TWIGs in Vive. Next, we investigated the inhibitory
effects of SUPER TWIGs on the lethality of intravenously
administered Stx2 in mice. Stx2 was used in this study because
Stx2 is more toxic than Stx1 bothin vitro and in vivo, and clinically
more significant (6, 21). SUPER TWIG (1)6 completely sup-
pressed the lethal effect of Stx2 when administered along with
the toxin; otherwise 100% of the mice died within 5 days
{average survival period of mice not given SUPER TWIG (1)6
was 3,2 = (.1 days, P < 0.0001; Fig. 3a). The SUPER TWIG
(1)6-treated mice survived more than 2 months without any
pathological symptoms (data not shown). The dose of SUPER
TWIG (1)6 required for the complete suppression could be
reduced to 5.0 pg/g of body weight (data not shown). SUPER
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TWIG (1)12 lengthened the survival period (average survival
period was 4.2 £ 0.2 days, P < 0.0001), but none of the SUPER
TWIG (1)12-treated mice survived more than 7 days (Fig. 3a).
No inhibitory effect was observed with SUPER TWIG (0)3.
Each SUPER TWIG itself did not affect the viability (data
not shown). Considering the observation that SUPER TWIG
(1)12 inhibited Stx more effectively than SUPER TWIG (1)6in
vitro (Fig. 2), these results suggest that some other factor(s), in
addition to the high-affinity binding to Stx, might be involved
in the potent Stx-neutralizing activity of SUPER TWIG (1)6
in vivo.

Stx2 causes multifocal vascular damage in the central nervous
systern, which is closely related to its morbidity and mortality in
animal models (3, 18, 19, 22-24). Therefore, pathological changes
in cerebral blood vessels, such as congestion and hemorrhage, were
investigated after the i.v. administration of mice with Stx2 with or
without SUPER TWIG (1)6. Forty-eight hours after the injection
of Stx2 alone, congestion was noted in all these brains, most
commonly in the cerebellum (Fig. 3b) and hippocampus (data not

Nishikawa et al.
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Fig.4. SUPER TWIG {1)6-dependent degradation of 5tx2 in macrophages. {a) Tissue distribution of 1251.5tx2, The data are presented as the percentage of the
total radioactivity presentin all of the tissues examined (means % 5E, n = 3). Total radioactivities for control and SUPER TWIG {1)6-coinjected mice were 8,900 =
400 and 12,200 + 2,200 cpm {means = SE, n = 3), respectively. (b) Immunostaining of $tx2 in the liver. 5tx2 present in the sections was detected by using specific
antibody against 5tx2. {c) Metabolism of 2%I-5tx2 in cells. Mouse peritoneal macrophages (M) or Vero cells were incu bated with 1251-Stm2 (1 pg/ml) inthe absence
or presence of SUPER TWIG (16 (10 ug/ml} or a 100-fold excess of nonradicactive 5tx2 for the indicated periods at 37°C. These lysates were separated by
electrophoresis on 5D5/15% polyacrylamide gel and bands visualized by autoradiography. (<) Degradation of Stx2 in macrophages. Open triangle and open circle
indicate A subunit and A1 fragment, respectively, present in the macrophage cell lysate. Filled square and filled triangle indicate A subunit and A1 fragment,
respectively, present in the TCA precipitate (ppt) of the culture mediurn. Because of the low protein content in the TCA ppt fraction, an 8 times larger atiquot
of it was used for SDS/PAGE than the amount of the macrophage cell lysate used. Filled circles indicate TCA-soluble supernatants. The data are presented as the
percentage of the total radioactivity present in the cell lysate and the culture medium. {e) Effect of SUPER TWI1Gs on the uptake of 1251-5tx2 by macrophages.
Mouse peritoneal macrophages were incubated with '231-5tx2 (1 ug/mil) in the absence or presence of SUPER TWIG {03, (1), or (1)12 {1 or 10 ng/ml) for 30 min
at 37°C. The data are presented as the total radicactivity (com) present in the cell lysate {(means + SE, n = 3.

shown) compared with the brains of normal mice. Multiple paren-  producing E. coli O157:H7. We used mice with protein calorie

chymal microhemorrhage was most frequently observed in the
cerebellum, whereas neurons and glial cells seemed to be normal.
Stx2 was detected by immunohistochemical examination in red
bloed cells and vascular endothelium in the cerebellum (Fig. 3b),
midbrain, and thalamus (data not shown). Neurons, glial cells, and
other parenchymal components were negative for Stx2. On the
contrary, in SUPER TWIG (1)6-coinjected mice, vascular damage
was minimal, where congestion was slight and parenchymal hem-
orrhage was absent. Concomitantly, Stx2 deposition in the blood
vessels was significantly reduced (Fig. 3b). Considering the close
relationship between Stx-caused vascular damage in the central
nervous system and its mortality in mice (3, 19, 23, 24), these results
suggest that SUPER TWIG (1)6 suppressed the lethality of S§tx2 by
diminishing the deposition of Stx2 in the brain and the subsequent
fatal damage.

Next we tested whether SUPER TWIG (1)6 would be effective
in protecting mice from death after oral infection with Stx-

Nishikawa et al.

malnutrition, which are very susceptible to infection with E. coli
O157:H7 {19). In this model the establishment of infection can be
diagnosed by the detection of Stx both in stool on day 2 and in serum
on day 3 after an intragastric infection with E. coli O157:H7 (19).
Using this model, we administered SUPER TWIG (1)6 intrave-
nously twice a day for four consecutive days from day 3 to 6. All of
the control animals developed neurologic symptoms after day 5 of
infection and succumbed to the infection by day 14 (Fig. 3c). In

contrast, six of seven mice treated with SUPER TWIG (1)6 -

survived (P < 0.01) more than 40 days without any neurologic
symptoms. These results clearly indicate that SUPER TWIG (1)6
can protect mice from a challenge with a fatal dose of E. coli
0157:H7, even when it is administered after the establishment of
an infection.

Mechanism of Stx-Neutralizing Action of SUPER TWIG (1)6. Finally, the
possible mechanism of Stx2-neutralizing action of SUPER
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TWIG (1)6 in vivo was investigated. First, to examine the effect
of SUPER TWIG (1)6 on the tissue distribution of Stx2, we
injected '2I-Stx2 intravenously into mice with or without SU-
PER TWIG (1)6. One hour after the injection of '%51-Stx2 alone,
43% of the total radioactivity was recovered from the stomach,
and the rest was mostly recovered from the blood, liver, and
small intestines (Fig. 4a). Coadministration of SUPER TWIG
(1)6 with the toxin dramatically changed the distribution of
1251-§tx2 in that the liver and spleen accumulated the toxin to an
extent 3.5 and 5.3 times higher than that observed in the control
mice (Fig. 4a). On the contrary, the accumulation of radioac-
tivity in the kidney and brain, well known Stx target organs, was
reduced by 1.7 and 3.8 times, respectively.

To confirm the SUPER TWIG (1)6-induced accumulation of
St«? in the liver, we performed an immunohistochemical analysis.
In Stx2-injected mice, Stx2 was found to have been deposited in the
wall of sinusoids and in red blood cells (Fig. 4b). Unexpectedly, in
SUPER TWIG (1)6-coinjected mice, the amount of Stx2 protein
itself detected by the antibody was substantially reduced in the liver
(Fig. 4b), although marked accumulation of %3] radiocactivity was
observed in the same liver (Fig. 4a). Because the liver and spleen
are a part of the reticuloendothelial system, it is conceivable that
phagocytic macrophages present in these organs had promptly
taken up and metabolized Stx2 into smal! degradation products that
could not react with the antibody, when SUPER TWIG (1)6 was
administered with the toxin. To test this possibility, we examined
SUPER TWIG (1)6-dependent metabolism of St by using an in
vitro culture system. In Vero cells, '5I-Stx2 was effectively incor-
porated into the cells and further processed to produce its enzy-
matically active Al fragment, which causes cell damage, by the
action of the membrane-associated protease furin (25) (Fig. 4¢).
This Al fragment formation was markedly inhibited by an excess of
nonlabeled toxin or by SUPER TWIG (1)6. On the contrary, when
macrophages prepared from a mouse peritoneal washing were
incubated with '2I-S6e2, 51-Stx2 was not incorporated at all in the
absence of SUPER TWIG (1)6, but the incorporation of %I-Stx2
and the production of the Al fragment were dramatically accelet-
ated on incubation with SUPER TWIG (1)6 (Fig. 4c).

Next, degradation of Stx2 incorporated by macrophages was
investigated after the incubation with 'I-Stx2 in the presence of
SUPER TWIG (1)6 for 4 h. The amount of both Stx2 A subunit and
Al fragment produced in cells decreased quickly, and acid-soluble
small degradation products were concomitantly released into the
culture medium (Fig. 4d). These results indicate that macrophages
actively incorporated and degraded So2 in a SUPER TWIG
(1)6-dependent manner. Degradation of the Al fragment produced
in Vero cells was much slower than that observed in macrophages
(data not shown). It is plausible, from these results, that SUPER
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TWIG (1)6 decreases the deposition of 52 in pathologically
significant target organs such as the brain and kidney by binding to
the toxin, and furthermore induces the uptake and immediate
degradation of the toxin by phagocytic macrophages present in the
reticuloendothelial system in the liver and spleen.

SUPER TWIG (1)12, the most effective SUPER TWIG in the
in vitro assay, also induced the uptake of 1%5[-Stx2 by cultured
macrophages; but the efficiency was 3.0 or 2.1 times less (1 or 10
pg/ml of SUPER TWIG (1)12, respectively) than that of SU-
PER TWIG (1)6 (Fig. 4¢). No effect was observed with SUPER
TWIG (0)3. These observations might explain in part why
SUPER TWIG (1)12 has much less suppressive effect than
SUPER TWIG (1)6 on the lethality of Stx2 in mice, although the
precise reason remains to be clarified.

In this study, we used a series of carbosilane dendrimers and
identified SUPER TWIG (1)6 as 2 Stx neutralizer that is active
in the circulation. Because of their unique characteristics, car-
bosilane dendrimers make it feasible to optimize the number and
the position of the functional terminal trisaccharides, which
resulted in SUPER TWIG (1)6, having the most compact
structure among all of the 5tx neutralizers that have ever been
developed (7-10). Furthermore, in the physiological scenario
SUPER TWIG (1)6 protected mice from challenge with a fatal
dose of E. coli O157:H7, even when administered after the
establishment of the infection. Therapeutically, this type of
neutralizer is expected to have superior advantages to prevent
the progression of the life-threatening systemic complications
caused by STEC infection, because recent highly sensitive Stx-
detection systems make it possible to diagnose the establishment
of these infections at a very early stage (4, 19, 24). Also SUPER
TWIG (1)6 functions in vive by a unique dual mechanism: (i} it
binds to Stx with high affinity and inhibits its Gbj-dependent
incorporation into target cells; (i) it induces active uptake and
subsequent degradation of Stx by macrophages present in the
reticuloendothelium. Although the molecular mechanism of the
SUPER TWIG-dependent incorporation of Stx by macrophages
remains to be elucidated, this type of neutralizer provides a
strategy to eliminate harmful materials from the body. The
method presented here should be widely applicable for the
design of highly selective inhibitors for other bacterial toxins and
also for viruses that infect cells by way of carbohydrate receptors.
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Abstract

Dramatic improvement in the poor solubility of B-cyclodextrin (3-CD) and its inclusion complexes in water was achieved by using liquid
ammonia (lig. NH;) instead of water as the solvent. Asymmetric NaBH, reduction of the carbonyi groups of the inclusion complexes in liq.
NH; was examined in a homogeneous condition to give the corresponding alcohols with moderate chirality, © 2002 Elsevier Science Ltd.

All rights reserved.
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Cyclodextrins (CDs) are well-known cyclic oligosacchar-
ides composed of several glucose residues linked with O-«-
D-glucopyranosyl-(1 — 4)-bonds, and they provide a
hydrophobic cavity as a functional chiral binding site for
hydrophobic guest molecules with the appropriate size for
the cavity in aqueous solution (Bender & Komiyama, 1978).

. Therefore, synthetic approaches to prepare artificial
enzymes by means of CDs employed as active sites have
been widely investigated (Wenz, 1994; Breslow, 1993).
Although B-CD is the most readily available among the
CDs and provides an appropriately sized cavity, it shows
remarkably poor solubility in water in contrast with other
CDs (French, Levine, Pazur & Norberg, 1949). In addition,
the inclusion complexes of B-CD with a guest compound
are also known to show less solubility in aqueous media.
Hitherto, an asymmetric reduction of B-CD inclusion
compounds having the carbonyl group employing sodium
borohydride (NaBH,) in aqueous suspension has been
reported by several groups (Fornasier, Reniero, Scrimin &
Tonellato, 1985; Kawajiri & Motohashi, 1989; Sakuraba,
Inomata & Tanaka, 1984). Despite the fact that similar
conditions were used for the reduction of acetylferrocene,
however, the resultant alcohol showed the opposite optical
rotations (Fornasier, et al.,, 1985; Kawajiri & Motohashi,
1989). Since the reaction conditions were heterogeneous
due to the low solubility of the B-CD inclusion complex
in water, it seems that the asymmetric reduction of the

* Corresponding author. Tel./fax: +81-48-858-3099.
E-mail address: koji@fms.saitama-v.ac.jp (K. Matsuoka).

carbony!l group of acetylferrocene did not proceed smoothly
and that the yield of the product was therefore poor. In order
to enhance the solubility of the inclusion complexes, we
have explored possible altemnative solvents as completely
solvating agents of B-CD inclusion complexes, and we
found that liquid ammonia (liq. NH;) is a promising solvent.
In this paper, we describe the asymmetric reduction of
carbony! compounds included by B-CD in the presence of
NaBH, in liq. NH,.

One:one stoichiometric inclusion complexes of acetophe-
none 1 and acetylferrocene 2 with B-CD, respectively, were
prepared in water by the usual method, as shown in Fig. 1. A
keto acid, 3-(p-toluoyl)propionic acid (Burcker, 1988), which
is a highly hydrophilic compound, showed high solubility in
water even in the presence of the same molar amount of 8-
CD. Hence, a colorless aqueous solution was evaporated to
dryness in order to prepare the inclusion complex 3. The
formation of inclusion complexes was confirmed by exami-
nation of 'H NMR spectra of the inclusion complexes. The
high magnetic field shifts of H-3 and H-5, respectively, in the
B-CD moiety of an inclusion complex from the original
chemijcal shifts of B-CD itself indicated that the guest
compound existed near H-3 and H-5 in the hydrophobic
cavity of the 3-CD moiety. Since the preparation of the inclu-
sion complexes was accomplished, the effectiveness of lig.
NH; as a solvent to dissolve those inclusion complexes was
examined. It was found that the inclusion complexes were
quickly dissolved in lig. NH;, even when the inclusion
complex 2 was added to a stirred solution of lig. NH;. Lig.
NH; proved to be an effective solvent, showing remarkably

0144-8617/02/% - see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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Fig. 1. Structures of guest compounds included by B-cyclodextrin.

improved solubility in comparison with that of water. Thus,
liq. NH; was used as a solvent for asymmetric reduction of
the guest compounds included by B-CD.

NaBH, reduction of a carbonyl compound in order to
obtain the corresponding alcohol is generally carried out
in an aqueous or alcoholic condition. In the course of our
study, NaBH, reduction of acetophenone without $-CD in
liq. NH; was initially attempted, and the reduction
proceeded successfully to afford the corresponding alcohol
as aracemate. Therefore, we next attempted the reduction of
an acetophenone-B-CD complex 1 by means of NaBH, in
lig. NH;. The reaction was homogeneous and proceeded
smoothly to give the corresponding alcohol 4 having
[@)® = —0.19° (~0% ee) in 66% chemical yield, as
shown in Fig, 2. On the other hand, 1-ferrocenylethanol 5
(Gokel, Marquarding & Ugi, 1972) having [a]5 = —3.68°
(12% ee) was isolated from the reaction mixture of the
acetylferrocene-B-CD complex 3 with NaBH, in lig. NH;
in 74% chemical yield. These results suggest that in the
reaction with 1, the hydride simultaneously attacks the
carbonyl carbon from both sides without any influence
from the hydrogen bond caused by B-CD, as shown in
Fig. 3(A), while in the reaction with 2, an influence of pB-
CD through the hydrogen bond between the hydroxy group
of the B-CD and the carbonyl oxygen atom of the acetylfer-
rocene was observed (Fig. 3(B)). Consequently, the hydride
could attack the carbocation from the opposite side to $-CD
to provide an alcohol with an (R)-(—) configuration as the
sole product. This finding is consistent with the fact that the
acetylferrocene molecule is accommodated in the cavity of
B-CD by axial orientation (Harada & Takahashi, 1984), and
therefore the reduction of the acetylferrocene showed
stereochemical results. In addition, the stereoselectivity of
the reduction of the acetylferrocene supports the result
obtained by Kawajiri and Matsuhashi using aqueous
media (Kawajiri & Motohashi, 1989).

As the NaBH;, reduction of carbonyl compounds included
by B-CD in liq. NH; was successful, we turned our attention
toward the reduction of a keto acid, such as 3-(p-toluoyl)-
propionic acid, in which the carboxylic group is highly
hydrophilic. In our previous study, reduction of an a-keto
acid, phenyl pyruvic acid, was attempted using the same
strategy as that employed for 1 and 2. Although the reaction
proceeded smoothly, isolation of the product from the
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reaction mixture was unsuccessful due to the high solubility
of the alcohol in water. For that reason, a +y-keto acid as the
precursor of y-hydroxy acid, which can be converted into its
lactone with less hydrophilicity by a H*-mediated lactoni-
zation, was selected for the application of NaBH, reduction
in liq. NH,. Thus, the NaBH, reduction in lig. NH; of 3
followed by the lactonization in the presence of HCl gave
lactone 6 as the enantiomeric mixture quantitatively in
Scheme 1. To determine the enantiomeric excess of the
product by optical resolution, further manipulation by
using (S)-(—)-1-phenylethylamine to ¢ was attempted. The
amidation gave a diastereomeric mixture 7, and the enan-
tiomeric excess of the resultant diastereomer was estimated
to be 2.6% ee as judged by the area ratio in the HPLC profile
as shown in Fig. 4. Therefore, despite the fact that the
NaBH, reduction of 3-(p-toluoyl)propionic acid included
by B-CD proceeded smoothly in liq. NH;, the resulting
lactone 6, however, had very limited chirality. Since this
stereochemistry was close to that of 1, we speculate that a
hydride attack occurred at the carbocation from both sides.

In conclusion, the use of lig. NHj instead of water as a
solvent to create a homogeneous solution of B-CD inclusion
complexes was found to be efficient and useful. Asymmetric
reduction of the carbonyl group of the guest compounds
included by B-CD in lig. NHj; in the presence of NaBH,
proceeded homogeneously to provide the corresponding
alcohols with limited chirality.

1. Experimental
1.1. Materials and methods

Unless otherwise stated, all commercially available
solvents and reagents were used without further purifi-
cation. Melting points were measured with a Laboratory
Devices MELTEMP 11 apparatus and were uncorrected.
The optical rotations were determined with a JASCO
DIP-1000 digital polarimeter. The IR spectra were
obtained using a JASCO FT/IR-300E spectrophotometer.
The 'H NMR spectra were recorded at 400 MHz with a
Bruker AM-400 spectrometer or at 200 MHz with a
Varian Gemini-2000 spectrometer in chloroform-d or
deuterium oxide. Tetramethylsilane (TMS) or methanol
(3.3 ppin) were used as internal standards. Ring-proton
assignments in NMR were made on the basis of the

OH- H OH

Fe

@

q 5

Fig. 2. Structures of isolated alcohols produced by NaBH, reduction in lig.
NHJ.
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Major product

Fig. 3. Proposed mechanism for asymmetric reduction of the carbonyl compound included by B-CD.

results of first-order analysis of the spectra, and the
assignments were supported by the results of homonuc-
lear decoupling experiments. Reactions were monitored
by thin-layer chromatography (TLC) on a precoated
plate of silica gel 60F;s, (layer thickness, 0.25 mm; E.
Merck, Darmstadt, Germany). For detection of the inter-
mediates, TLC sheets were sprayed with: (a) a solution
of 85:10:5 (v/v/v) methanol-p-anisaldehyde-concentrated
sulfuric acid and heated for a few minutes (for carbo-
hydrate) or (b) an ethanolic solution of 7% phosphomo-
lybdic acid and heated similarly. Column
chromatography was performed on silica gel (Silica
Gel 60; 63-200 pum, E. Merck), All extractions were
concentrated below 45°C under diminished pressure.
HPLC was performed using a Finepak SIL column
(0.46 mm X 250 mm, JASCO) at ambient temperature.
The column was equilibrated with hexane—ethyl acetate
(6:4, v/v) and run at a flow rate of 1.0 ml/min. For the
detection of the sample on HPLC, UV 254 nm was
used.

o)

1.2. Preparation of inclusion complexes of 8-CD with guest
molecules

B-CD-acetophenone complex (1), To a stirred solution
of B-CD (10.15 g, 7.5 mmol) in water (550 ml) was added
dropwise acetophenone (901 mg, 7.5 mmol) at rt, After 7 h,
the reaction mixture was cooled to 4°C and left for 22 h.
Resulting crystals were collected by filtration, washed with
diethyl ether, and dried in vacuoo to give white powdery 1
(5.84 g, 62%): IR (KBr) 3368 (vo_p), 1686 (vcmg) cm ™.

B-CD-acetylferrocene complex (2). To a solution of p-
CD (5.00 g, 4.4 mmol) in water (275 ml) was added a solu-
tion of acetylferrocene (1.00 g, 4.4 mmol) in diethyl ether
(20 ) at rt with stirring. The resulting mixture was stirred
for 6 h at 1t and then left for 2 h at 4°C. The orange-colored
crystals were filtered off, washed with diethyl ether, and
dried in vacuo to afford 2 (5.09 g, 85%): IR (KBr) 3349
(vo—n), 1673 (vemo) cm ™.

B-CD-3-(p-toluoyl )propionic acid complex (3). 3-(p-
Toluoyl)propionic  acid  (Burcker, 1988) (1.19¢g,

HEe §

: f
NaBHg aqHCI (S)-(-)-Phenylethytamine {5 equiv.) ©)\'ﬂ-|
3 > > HO

1,4—Dipxane; reflux,3 d

-
Iiq. NH3

Scheme 1.
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Fig. 4. HPLC profile of 7 as a diastereomeric mixture. 7 was injected into an
optical resolution column. Elution conditions are described in the Section 1.

6.16 mmol) was added to a solution of B-CD (7.00 g,
6.16 mmol) in water (1540 ml) with stiring. The solution
was further stirred for 18 h at rt, and the resulting mixture
was evaporated in vacuo to give 3 (7.36 g, 90%) as white
powder: IR (KBr) 3370 (vo_y), 1684 (vcwo) cm ™', 'HNMR
$ (400 MHz, D,0) 2.44 (s, 3H, Ph-CH;), 2.76 (t, 2H,
J=65Hz, CHy), 3.36 (m, 2H, CH,), 3.59 (1, 7H,
Jaa=Jss 9.5Hz, H-4), 3.65 (dd, 7H, J,,=3.6Hz and
Jo3=10.0 Hz,- H-2), 3.74 (dt, 7H, H-5), 3.86-3.92 (m,
21H, H-3 and H-6), 5.07 (d, 7H, H-1), 7.41 ({d, 2H,
J=17.9Hz, Ph-H), 7.93 (d, 2H, J = 8.2 Hz, Ph-H).

Reduction of acetophenone included by B-CD (1).
Inclusion complex 1 (3.00 g, 2.39 mmol) was added three-
portionwise to lig. NH; at ca. —40°C, giving a clear
solution. To this solution was added NaBH, (226 mg,
5.98 mmol), and the solution was stimed for 2 days at ca.
—40°C. After evaporation of NH;, water (30 ml) was added
to the resulting mixture, and the solution was then cooled to
0°C. To the cooled solution was added 1M ag. HCI
[6mL, (1M =1mol dm_3)] and then CHCly (400 ml),
and the mixture was stirred for 18 h. The mixture was
filtered, and the insoluble mass was further extracted
using chloroform (100 ml and 200 ml) with stirring. The
filtrate and extracts were combined, partitioned, dried over
anhydrous sodium sulfate, and concentrated to provide 4 as
a colorless syrup: [a] = +0.19° (¢ 1.39, CHCI;), IR (neat)
3365 (vo_w). 3085, 3061, 3029 (ve_y) cm™.

Reduction of acetylferrocene included by B-CD (2).
NaBH, (315 mg, 8.33 mmol) was added to a solution of 2
(0.50 g, 2.20 mmol) in liq. NH; (250 ml) at ca. —-40°C, and
the solution was stirred for 2 days at the same temperature.
After removing NH,, the residue was diluted with water
(50 ml), 1M aq. HCl (8 ml), and CHCl; (400 ml). The
mixture was stirred for 23 h at rt. The mixture was filtered
and the filtrate was partitioned. The insoluble mass was
further extracted with chloroform (twice) overnight with
continuos stirring, then filtered. Both of the CHCl; solutions
were combined, evaporated, and dried in vacuo to give
orange-colored 5 (375mg, 74%): mp 61-68°C;
[@]i = —3.68° (¢ 247, CHCly), IR (KBr) 3213 (vo_u)
3087 (vey)em ™.

Reduction of 3-(p-toluoyl)propionic acid included by B-
CD (3). A solution of 3 (3.00 g, 2.26 mmol) and NaBH,
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(210 mg, 5.65 mmol) in liq. NH; (250 ml) was stirred for 2
days at ca. —40°C. Liq. NH; was evaporated, and the residue
was treated with 6 M aq. HC1 (40 mJ) and CHCI, (400 ml) with
stirring for 20 h at rt. The resulting mixture was filtered, and
the filtrate was partitioned. The organic layer was washed with
water and concentrated to afford 6 as white crystals: mp 70~
71°C, {a)}® = +1.23° (¢ 1.99, CHCl;), IR (KBr) 3040 (vo_n).
1766 (v¢=o) cm™’, "H NMR & (200 MHz, CDCl;) 2.21 (m,
2H, CH,), 2.36 (s, 3H, Ph-CHj), 2.65 (m, 2H, CHy), 548 (m,
1H, CH), 7.17-7.24 (m, 4H, 4Ph-H).

(S)-1-Phenylethylamidation of 6. A mixture of 6
(100 mg, 0.57mmol) and (S)-(—)-1-phenylethylamine
(345 mg, 2.85 mmol) in 1,4-dioxane (1.0 ml) was stirred
at 100°C for 68 h. After evaporation, the residue was diluted
with CHC);. The CHCI, solution was successively washed
with 5% aq. sulfuric acid, saturated sodium hydrogen bicar-
bonate, and water, then -dried over anhydrous sodium
sulfate, filtered, and concentrated. The residue was chroma-
tographed on silica gel with toluene-ethyl acetate (2:1, v/v)
as the eluent to give amide 7 as light-yellow crystals: mp
96-98°C, [a]F = —70° (¢ 2.29, CHCly), IR (KBr) 3558
(vop), 3306 (vn_p), 3064, 3030 (ve=n), 1646 (ve—o),
1543 (8n.y) cm™', "H NMR 8 (400 MHz, CDCl;) 1.43 (d,
3H, J = 6.9 Hz, PhCHCH),1.99 (m, 2H, CH;), 2.27 (m, 2H,
CH,), 2.32 (s, 3H, Ph-CHj;), 3.79 (br d, 1H, J=10.7 Hz,
OH), 4.65 (m, 1H, CH,CH), 5.07 (m, 1H, MeCH), 6.18 (brs,
1H, NH), 7.10-7.33 (m, 9H, 9Ph-H).
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