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Abstract: A molecular modeling tool for 
the rational design of E-selectin antago- 
nists based on the lead structure sialyl 
Lewis" has been developed. The binding 
affinity to the receptor is considerably in- 
fluenced by the entropy and consequently 
by the antagonist's ability to place its 
pharmacophores in an optimal spatial ar- 
rangement, i.e., by its preorganization for 

Introduction 

binding. The computational model assess- 
es the preorganization of a potential 
selectin antagonist with the aid of 
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Monte Carlo (jumping between wells)/ 
stochastic dynamics [MC(JBW)/SD] sim- 
ulations. The model has been validated 
by correlating preorganization and bio- 
activity of several selectin antagonists. 
The results suggest that only preorganized 
compounds are likely to bind to E- 
selectin. 

Carbohydmte/lectin interactions play an important role in cell 
recognition processes."] Interactions of sialyl Lewis" bearing 
glycopeptides and -lipids with a family of C-type lectins, the so 
called selectins, are responsible for the "rolling" event, which is 
the first step in the multistage process of leukocyte recruitment 
to sites of injury or inflammation.['] This recruitment process 
plays a crucial role in a number of diseases and pathological 
situations, for example, inflammation, reperfusion injury, 
rheumatoid arthritis, metastasis, and angiogenesis. 

Currently, substantial research efforts are being concentrated 
on the development of carbohydrate-derived drugs that inter- 
fere with the rolling stage of the inflammatory response by 
blocking the selectin binding site.['] The design of sialyl Lewis" 
mimics requires a thorough understanding of the structure/ac- 
tivity relationship as well as the bioactive conformation. The 
latter describes how the carbohydrate ligand presents itself to 
the binding site (Figure 1). 

The results from structure/activity studies undertaken by us 
and other groups[31 may be summarized as follows: The pres- 
ence of all three OH groups of fucose, the 4- and 6-OH group of 
galactose, and the COOH group (negatively charged) of neu- 
raminic acid is essential for binding to E-selectin. In contrast, 
the 2-OH group of galactose and the side chain of neuraminic 
acid are not required. 
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Figure 1. Top: sialyl Lewis*. Bottom: Bioactive conformation ofsialyl Lewis" and 
schematic representation of its binding to E-selectin. 

The bioactive conformation, recently determined by transfer- 
NOE NMR studiesc4] on the sialyl Lewis"/E-selectin complex, 
is shown in Figure 1 .  The most characteristic feature is the 
stacking of the galactose and fucose units with the GIcNAc 
portion acting as a spacer. The neuraminic acid/galactose link- 
age, which has been shown to be the most flexible interglycosidic 
linkage, adopts the conformation shown in Figure 1 (bot- 
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tom).[41 This is in contrast to NMR[" and molecular model- 
ing'5a.61 results on the free sugar, which suggest the presence of 
several conformations in aqueous solution. 

The free binding energy between the carbohydrate and the 
selectin is a function of the binding enthalpy and the binding 
entropy. The former is directly dependent on the number and 
the strength of carbohydrate/lectin contacts, while the latter is 
influenced by the flexibility of the carbohydrate ligand and its 
propensitiy to adopt the bioactive conformation. The flat nature 
of the receptor's binding siteL7' is consistent with the observation 
that not all of the ligand's functional groups are involved in 
binding, suggesting that the ligdnd/receptor interactions are dis- 
tributed over a relatively wide area. Consequently, the spatial 
orientation of the functional groups involved in binding consid- 
erably influences the free interaction energy by way of the en- 
tropy. The binding affinity may, therefore, be enhanced by de- 
signing ligands favoring the bioactive conformation, that is, 
preorganized for binding. 

We now describe a molecular modeling tool for assessing the 
flexibility and the preorganization of sialyl Lewis" mimics for 
binding to E-selectin. This method is based on simulation tech- 
niques recently developed by Still and co-workers.[8, '] Thus, the 
potential energy surface of the mimic is probed by a Monte 
Carlo (jumping between wells)/stochastic dynamics 
[MC(JBW)/SD] simulation,[9j which generates a Boltzman 
weighted ensemble of states by jumping between different ener- 
gy wells and performing stochastic dynamics simulations within 
each well. These energy wells are conformers that have been 
identified in a preceding conformational search in torsional 
space by using the systematic unbounded multiple minimum 
(SUMM) method."' 

Computational Methods 

The force field and the solvent model: The basis for the calculations is the 
Amber* force field as implemented in MacroModel 5.0.[101 It has recently 
been optimized for carbohydrates in  an united atom approach by Still et 
al." The rotational profiles of carbohydrate structural elements arc similar 
both in the united and all-atom versions of the forcc field. We consistently 
employ an all-atom approach for our simulations. In addition, wc have 
improved the parameters for x-alkoxycarboxylic acids, a n  important struc- 
tural element in sialyl Lcwis" and its mimics. Recent studies by Tvaroska et 
al.rhl and Rockwell et aI.[l3' have shown the solvent to have a large influence 
on the conformational equilibria of interglycosidic linkages and cyclohexane- 
diol derivatives, rcspectively. Consequently, the force field calculations of 
sialyl Lewis" and its mimics were performed using Still's "generalized born/ 
solvent accessible surface area" (CB/SA) continuum model for water."4' Still 
and co-workers'"' have recently used this GBjSA solvent model in conjunc- 
tion with the MC(JBW)/SD technique and the united atom Amber* force 
field for the calculation of anomeric free cnergies of pyranoses, and a good 
agreement with observed values was obtained. 

The generation of a Boltzman weighted ensemble of states: Conventional 
molecular dynamics simulations suffer from low interconversion rates be- 
tween states separated by large energy barriers. Thc MC(JBW)/SD proce- 
d ~ r e ~ ' ~  circumvents this problem by forcing the molecule to jump between the 
energy wells. Metropolis sampling is used for each jump in order to generate 
an ensemble which approximates the correct Boltzman distribution. The 
input for the MC(JBW)/SD simulation is a set of 100 low-energy conforma- 
tions (up to 20 kJmol- '  above the global minimum) obtained in a systematic 
conformational search using the SUMM procedure.['] The MC(JBW)/SD 
bimulations were performed between 2 and 10 ns at 300 K in GB/SA water 
using the Amber* force field, and structures were sampled every 1 ps (2 ps for 
the 10 ns simulations). The convergence of each simulation w 

a) calculating the relative time in each energy well, b) determining the frc- 
quency of successful jumps. and c) following ensemblc averages, such as the 
relative population of certain areas in conformational space. as  a function of 
time. These t a t s  showed that all the calculations were converged within 1 to 
2 11s. The acceptance rate of the MC(JBW) part of the 10 ns simulation was 
32 "% for sialyl Lewis" and interconversion between different conformations 
occurred once every 23.5 ps on average. 

Data analysis and data reduction: We use a two-dimensional internal coordi- 
natc systcm to define the spatial arrangement of the relevant pharma- 
cophores, namely. that of the COOH group relative to  the fucose moiety. One 
coordinate, the Fue(C4)-Fuc(C 1)-Fuc(O 1)-Acid(Cr) angle (Figure 2a) ,  de- 
scribes the conformation of the Lewis" core and is independent of the actual 
nature of the core. The other coordinate, the angle Fue(C 1)-Fuc(0 1)- 
Acid(Ca)-Acid(C=O) (Figurc 2b). defines the orientation of the COOH 
group relative to the core. The data from both the initial conformational 
analysis as well as the subsequent MC(JBW)/SD simulation are analyzed by 
means of this internal coordinate system. 

HO 
OR 

HbdH 
(a) Core Conformation 

HO 
OR 

HbdH 

(b) Acid Orientation 

Figure 2 Internal coordinates 

Each conformer, found in the initial conformational analysis (SUMM), is 
shown as a point in an  internal coordinate plot, and its energy is color-coded 
(Figure 3a);  bright colors represent low energy and dark colors high energy. 
The several thousand structures obtained in the MC(JBW)/SD simulations 
are used to evaluate the probability for being at any point of the two-dimen- 
sional torsional space at  a resolution of 3" by 3". These probability data are 
presented in the two-dimensional internal coordinate system, by means of a 
color code (Figure 4a);  bright colors represent high probability and dark 
colors low probability. 

Results and Discussion 

Validation of the method by correlating calculations and experi- 
mental data on the bioactive conformation of sialyl Lewis": 
According to the conformational SUMM search,['] four clusters 
(A- D) in conformational space are within 20 kJ m o l ~  of the 
global energy minimum in sialyl Lewis' (Figure 3a) ,  suggesting 
a moderate flexibility of the carbohydrate[5% 61 and raising the 
question as  to which of these clusters is responsible for bioactiv- 
ity. The three-dimensional representation of the global mini- 
mum conformation, belonging to cluster "A", is shown in Fig- 
ure3b.  The interglycosidic torsional angles @ and Y of the 
lowest-energy representative of each cluster are reported in 
Table 1. 

The 10 ns MC(JBW)/SD simulation of sialyl Lewis" (Fig- 
ure 4a) revealed that just the low-energy clusters A and B are 
populated, and the area of highest probability in torsional space 
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*17 5 - 20 0 kJ/rnol 

e l 5  0 - 17 5 kJ/rnol 

e l 0  0 -  125k~/rnoi 

t 7 5 - 1 0 0  kJ/mol 
4 5 0 - 7 5  kJ/rnOi 
+ 2 5 - 5 0  kJ/rnol 

+125-15OkJ /~Ol  

corresponds to  a core conformation of - 20 to - 50" and an 
acid orientation of  110 to  140". Clusters C and D are not popu- 
lated. This result is in accord with the experimentally deter- 
mined solution structure with respect to the core conformation 

1 

Core Conformation 

( b )  C l u s t e r  A Energy 
Color code 

Table 1. Torsion angles (-) of interglycosidic linkagcs [a]. 

Sia-Gal linkage Gal-ClcNAc Fuc-GlcNAc 
linkage Iinkagc 

%G Y X - G  %GN Y C ; + < , N  @ F - m  'Yl Gh 

Cluster A -69.9 9.5 49.2 6.1 47.6 19.0 
Clustcr B -69.8 9.6 49.2 2.8 68.6 40.8 

32.5 176.0 Cluster C 
Cluster D -69.8 8.0 45.9 15.5 38.9 178.6 

-10.7 7 .2  22.5 170.2 

[a] @ h - G :  Sia(C I)-Sia(C2)-Gal(03)-Gal(C3); Y, cI: Sia(CZ)-CraI(03)-C;al(~~~)- 
Gal(H3); @G.cN: Gal(H I)-Gal(C l)-GlcNAc(O4)-GlcNAc(C4): Ycj-cjN: 
Gal(C l)-GlcNAc(O4)-GlcNAc(C4)-GlcNAc(H4); Or (Ju. Fuc(H I)-Fuc(C 1 ) -  

NAc(H3). 
GIcNAc(O~)-GICNAC(C 3); Y'r-GN: Fuc(C l)-GkNAc(O 3)-GlcNAc(C 3)-Clc- 

of In addition, the conformational preferences of the 
neuraminic acid/galactose linkage are consistent with recent 
molecular modeling (MM 2, continuum solvent model) and 
NMR studies (determination of 3Jct, coupling constants across 
glycosidic linkages) by Tvaroska and Bizik.[61 

The computational technique was validated by calculating 
time-averaged 3JcH coupling constants across the glycosidic 
linkages using the structural information of the 10 ns 
MC(JBW)/SD simulation of sialyl Lewis" in conjunction with 
the Karplus-type relationship developed by Tvaroska et al." 'I 

A remarkable match between experiment and calculation 
was obtained: the deviation was always less than 0.5 Hz and in 
most instances even better (Table 2). This result suggests the 
chosen modeling technique to  be highly suitable for simulating 
the conformational freedom of carbohydrates in solution. 

Table 2. Calculated and observed [5a,6] 'JcI, coupling constants. 

Obs. ' J& (Hz) Calcd 3Jct1 (Hz) Timc-avcraged 
angle ( ) 

Sia(C 2) -Gal(H 3) 5.4 5.3 3.6 

Gal(C l)-GlcNAc(H4) 4.8 5.3 8.6 
F u d H  1) GlcNAc(C 3 )  2.8 2.1 47.8 

Gal(H I)-GlcNAc(C4) 2.8 2.4 50.6 

Figure 3. a) Internal coordinate plot from the SUMM [S] analysis of sialyl Lewis". F ~ ~ ( c  1j-GlcNAc(H3j 5.0-5.2 4.5 24.9 
b) Global minimum conformation of cluster A. 

Probability 
Color Code 
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m o i 2 5 - 0 ~ 5 ~  

7 - - 7  

1 S 025-0375% 

0375.05% 1 
& 05 .0625% 

0625 - 075 % 

0 75 - 0 875 % 

~ 0 8 7 5 %  

Core Conformation 

(b) 

Figure 4. The bioactive conformation of sialyl Lewis". a) Analysis of the 10 ns MC(JBW)/SD simulation b) Transfer NOE results [4] 
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The method was further evaluated by comparing the calculat- 
ed conformational freedom of sialyl Lewisx with data derived 
i'rom transfer-NOE experiments.[41 Interestingly, the bioactive 
area in the internal coordinate system (Figure 4 b), determined 
by transfer-NOE NMR,f41 closely matches the region of highest 
probability (Figure 4a). The following model for the assessment 
of a compound's preorganization for binding to E-selectin can 
be derived at  this point; it is based on the MC(JBW)/SD compu- 
tational technique in conjunction with our probability analysis: 
A glycomimetic with a high probability of being in the bioactive 
area of torsional space has a good chance of being active, since 
i t  is preorganized for binding. Conversely, a compound which 
populates the bioactive region only partially or  not a t  all has a 
low probability of being active. 

Application of the model for assessing the preorganization of 
sialyl Lewis" mimics-design of alternatives to neuraminic acid: 
Initially, a-hydroxy acid derivatives were considered as alterna- 
tives to neuraminic acid, since the spatial orientation of their 
carboxylic acid group may be controled by an appropriate 
choice of the configuration at Ca. To address this question, the 
lactic acid isomers 1 and 2 were analyzed as representatives of 
the ( R )  and ( S )  series of a-hydroxy acid derivatives (Figure 5 ) .  
The MC(JBW)/SD data indicate that the (R) isomer 1 does not 
populate the bioactive area at all (Figure S a ) ,  mainly owing to 
an unfavorable acid orientation. Thus, the (R) series would be 
expected to have a low affinity for E-selectin or  even to be 
inactive. In contrast, the analysis of the ( S )  series (Figure Sb), 
represented by the (S)-lactic acid ether 2, shows that both the 
core conformation und the acid orientation are inside the bioac- 
tive window, and one would therefore expect this series to be 
active. 

In order to test these predictions, representatives of both se- 
ries were synthesized (Scheme 1).  The formation of the lactic 
acid cther bond, starting from the partially protected trisaccha- 
ride 3,[16] was best performed by OH activation with di-n-butyl- 

(a) 

Figure 5 .  MC'(.IBW)iSD simulations of lactic acid derivatives 

C02H 

HOoH 
R = -(CHz)&OzMe 

R-Series SSeries 
R ' =  H: 1: IC,,> 10mM 2: IC,,= 4.0 mM 
R ' =  Ph: 6: IC,,> 10 mM 7 :  IC,,= 2.6 mM 

Scheme 1 .  a) Bu,SnO, MeOH. reflux: evaporated, then benzyl (S)-1-trifluoro- 
methanesulfonyloxypropionate (4, R' = H) or benzyl (S)-2-phenyl-l-trilluoro- 
methanesulfonyloxypropionate (4, R' = Ph), CsF, DME (100 and 63 %. respective- 
ly); b) H,, Pd/C. MeOH (60-65%); c) Bu,SnO. MeOH, relluu; then benzyl 
(R)-I-trifluoromethanesulfonyloxypropionate (5.  R' = H) or benzyl (R)-2-phenyl- 
1-trifluoroniethanesulfonyloxypropionate (5. R = Ph), CsF, DME (34%. 45 54 re- 
covered starting material); d) H,, 20% Pd(OH),/C. MeOH (70%,) 

tin oxide,["] followed by treatment with the triflates 4 and 5. 
respectively. The latter were obtained from the corresponding 
z-hydroxy carboxylic acids according to Degerbeck et al.[ 18] 

Removal of the protecting groups by hydrogenolysis finally pro- 
vided the target compounds. 

As predicted, the (R) series of 3-hydroxy acid derivatives was 
inactive in the E-selectin ligand binding assay.['91 In contrast, 
the ( S )  series of mimics was active, and the (S)-phenyllactic acid 
ether 7 even proved to be just 2-3 times less active than the lead 
structure, sialyl Lewis"-O(CH,),CO,Me (ICs0 = 1.0mM). 

The predictive power of our computational tool was further 
tested by using it for the design of sialyl Lewis" mimics in which 
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both the neuraminic acid and the GlcNAc moieties had been 
replaced. As a replacement for GlcNAc, (R,R)-cyclohexanedi- 

was chosen, since this spacer should place the galactose 
and fucose units in a spatial arrangement similar to sialyl 
Lewis'. The MC(JBW)/SD analyses were performed for the gly- 
colic acid ether 8 as the structurally most simple analogue, as 
well as the diastereonieric (R)- and (S)-2-phenyllactic acid 
ethers 9 and 10 (Figure 6).  

The MC(JBW)/SD conformational analysis of the glycolic 
acid ether 8 was performed for a total time of 2 ns. The transi- 
tions occurred once every 0.7 ps and the acceptance rate was 
23 YO. The internal coordinate probability plot (Figure 6a)  
shows that the modifications d o  not affect the core conforma- 
tion with respect to sialyl Lewis". This is supported by our obser- 
vation of a very slightly enhanced bioactivity (ca. 65 %) when 
the GlcNAc portion in sialyl Lewis" is replaced by (R,R)-1,2- 
cyclohexanediol. The calculation (Figure 6 a) suggests the acid/ 
galactose linkage in the glycolic acid derivative 8 to be very 
flexible, and this mimic is therefore much less preorganized for 
binding than sialyl Lewis". In 8 the bioactive area at  -20 to  
-50" for the core conformation and 110 to 140" for the acid 
orientation is populated only to approximately 6 %  in contrast 
to 1 9 %  for sialyl Lewis'. Consequently, the glycolic ether 8 
should be less active than the lead structure or its (R,R)-1,2-cy- 
clohexanediol analogue. 

The MC(JBW)/SD simulations of the diastereomeric phenyl- 
lactic acid derivatives 9 and 10 (Figures 6 b,c) were performed 

under identical conditions, and they again revealed the feasibil- 
ity of replacing GlcNAc by (R,R)-cyclohexanediol. As before. 
the (S) series (Figure 6c) leads to compounds that have very 
similar conformational preferences to  sialyl Lewis" with respect 
to  both core conformation and acid orientation. Since the ( S ) -  
phenyllactic acid ether 10 shows a population of the bioactive 
area of approximately l 6 % ,  it should be about as  active as the 
lead structure, if one considers the preorganization as  being the 
main factor influencing bioactivity. In contrast. compounds 
from the ( R )  series (Figure 6 b) d o  not populate the bioactive 
area at  all, and they should display a very low affinity to 
E-selectin. 

Representative compounds of each series were synthesized 
(Scheme 2) and biologically evaluated in order to test our pre- 
dictions. The 4,6-benzylidene acetal protected intermediate 12 
was prepared in good yield by the acid-catalyzed reaction of the 
known tetrol 11 ["I with benzaldehyde dimethyl acetal. Activa- 
tion of the remaining two OH groups with Bu,SnO and treat- 
ment with a n  excess of benzyl (R)-2-phenyl-l-trifluorornethane- 
suIfonyloxypropionate[lsl resulted in selective etherification of 
the Gal-3-OH group. Hydrogenolysis finally gave the target 
molecule 10 in good overall yield. 

The other target compounds 8, 9, 13, and 14 shown in Fig- 
ure 7 were prepared analogously. Their biological evaluation in 
the ligand-binding assay['g1 supported the predicted trends 
from our conformational analysis. Thus, the glycolic acid ether 
8 was less active than sialyl Lewis" owing to its higher flexibility. 

Figure 6. MC(JBW),'SD simula- 
tions of cyclohexanediol derivn- 
tives. 
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.OH ,OH 

J 5 

Scheme 2 .  Synthetic strategy for the target molecules. a) 3.0 equiv PhCH(OMe),, 
0.5 equiv camphorsulfonic acid, MeCN, 35 'C, 0.75 h (R7 YO);  h) 1.5 equiv Bu,SnO, 
MeOH. reflux, 2 h; evaporated: 5 equiv anhydrous CaF, 5 equiv henzyl (R)-2-  
phenyl-1-trifluoromethanesulfonyloxypropionate (3, 1,2-dimethoxyethane, RT, 
3 h (70 "h); c )  20 "A Pd(OH),'C, H,, dioxane/H,O/HOAc, RT, 1 bar, 7 h, Dowex 50 
(Na  + )  (78%). 

Glycolic Acid Series: 

qoZNa OH 

RSeries: S-Series: 

9 IC50z10rnM 10 lC50 = 0.3 rnM 

OH 

13 IC5,> 10rnM 14 IC,, = 0.1 mM 
Figure 7. E-selectin binding results [20] (sialyl Lewis"-O(CH,),CO,Me: IC,, = 

I .0 m M ) .  

Table 3. Modified Amber* force field paramaters (MacroModel Amher* format) 

The (R)-a-hydroxy acid ether derivatives 9 and 13 were entirely 
inactive, since they do not populate the bioactive area. In con- 
trast, compounds 10 and 14 from the (S)-a-hydroxy acid series 
were up to ten times more active than sialyl Lewis". 

Summary 

We have developed a computational tool for assessing the preor- 
ganization of sialyl Lewis" mimics for binding to E-selectin. The 
model has been experimentally validated, and it allows a quali- 
tative prediction of activity trends without requiring a detailed 
insight into the exact nature of the carbohydrate/lectin interac- 
tion. The agreement between predicted and observed activity 
trends suggests that the free binding energy is largely influenced 
by the preorganization of a compound and consequently by the 
entropy. The computational tool provides guidance for the de- 
sign of new E-selectin ligands, since only candidate molecules 
that populate the bioactive area are considered to have a chance 
of being active. We are currently investigating the use of the 
calculated preorganization as a descriptor for quantitative 
structure- activity models. 

Experimental Section 

The force field: Amher* force field parameters""] for r-alkoxy carboxylic 
acids were improved by first fitting partial atomic charges to electrostatic 
potential derived charges from high-level ah  initio calculations and then 
adjusting the torsional parameters to reproduce the ab  initio torsional drives 
for propionic acid (MP2/6-311 G**//HF/6-311 G**) and methoxyacetic acid. 
In the latter case two separate torsional drives about the (H0,C) Cr bond 
and the Cr-OMe bond were performed a t  the MP2/6-31 G**i,!HF,6-31 G* 
level. The a b  initio calculations were performed using GAMESS."'] The new 
set of force constants is shown in Table 3. 

Spectroscopic data of the target molecules. 

(2R) 2-0-{ 1-O-~2-Acetamido-2-denxy-4-0-(a-~-fucopyranosyl)-1-~-( l-meth- 
oxycarbuny~non-~-y~)-~-D-glucopyranosyl]-/l-~-galactnpyranos-3-yl}propanoic 
acid (1): 'HNMR (500 MHz, D,O): 6 = 5.05 (d, J = 4.0 Hz, 1 H),  4.78 (m, 

1 H). 3.99 (d, J = 3.3 Hz, 1 H), 3.95 (dd, J = 2.1,ll.S Hz, 1 H) ,  3.90-3.75 (m. 
6 H ) ,  3 . 7 3 ( d , J = 3 . 5 H z ,  IH),3.71-3.59(m,3H),  3.62(s. 3H), 3.56-3.47 
(in,4H),3.38(dd,J=3.4,10.0Hz,lH),2.33(t,J=7.3Hz.2H),1.96(~. 
3H), 1.58-1.43 (m, 4H) ,  1.32 (d, J=7 .0Hz,  3H) ,  1.23 (s, 8 H ) ,  1.12 (d. 
J =  6.6H2, 3H); I3C NMR (76 MHz, APT, D,O): 6 =183.6 (CJ, 179.7 

(Cq), 175.9 (Cq), 103.8 (CH), 102.7 (CH), 100.3 
(CH), 82.1 (CH), 77.2 (CH), 77.1 (CH), 76.7 

lH),4.46(d,J=8.2H~,lH).4.41(d,J-7.8Hz,1H),4.05(q,J=6.9Hz, 

C Stretching Interactions LSTR) Opt. Descriptor 

C Bond Length Constant Bond Moment Atml Atm2 

1 0 3  - H2 0 . 9 6 0 0  553 .0000  -1 .7631  C200 0000 M 1  

C Torsional Interaction (TOR) Opt. Descriptor 
C 

C v 1 / 2  v 2 / 2  V3/2 Atml Atml Atm3 A t m l  

C (Constants in Kcal/rnol) 

4 02 = c2 - CT - 03 -0.2600 0.5xoo O.OOOO 0 0 0 0  0300 0 0 0 0  0000  A 2 

C - - - - -__ -_______  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

1 0 3  - H2 0 . 9 6 0 0  553 .0000  - -1 .7631  C200 0000 M 1  

C 

-2  

4 02 = C2 - CT - H1 -0.0200 - 0 , 0 1 7 0  - -0 .0035  0000 0300 0000 0000 A 1 
4 02 = C2 ~ CT ~ CT -0.2100 0.1820 -0 .0412 0000 0300 0000 0000 A 1 
4 0 3  - C2 - CT - 0 3  0 . 2 6 0 0  0 5 8 0 0  0.0000 0000 0200 0000 0000 M 1 
4 0 3  - C2 - CT - CT 0 .2100  0 . 1 8 2 0  0 . 0 4 1 0  0000 0200 0000 0000 A 1 
4 C2 - CT - 03 - 00 0 . 5 9 3 0  -1.0200 0 . 6 7 7 0  0203 0000 0000 0000 A 1 

(CH), 76.6 (CH), 75.1 (CH). 73.7 (CH). 72.4 
(CH,), 71.4 (CH), 70.9 (CH), 69.5 (CH), 68.4 
(CH), 67.2 (CH), 63.3 (CH,), 61.4 (CH,). 57.6 
(CH), 53.8 (CH,), 35.4 (CH,), 30.3 (CH,), 30.1 
(CH,), 29.9 (CH,), 26.7 (CH,), 26.0 (CH,). 24.0 
(CH,), 20.6 (CH,). 17.0 (CH,); MS (FAB. THG) :  
nilz = 794 [Mt +Na];  [XI;,  = - 33.5 (c = 0.6, 
H,O). 

(2s )  2-0-{ 1-0-[2-Acetamido-2-deoxy-4-O-(a-~-fu- 
copyranosy1)-I-0-( l-methoxycarbonyl-non-9-yl)-/l- 
~-glucopyranosyl~-/?-~-galactopyranos-3-yl}prn- 
panoic acid (2): ' H N M R  (500 MHr. D,O): 
6 = 5 . 0 6 ( d , J = 3 . 8 H ~ , l H ) . 4 . 7 9 ( q . J = 6 , S H 7 .  
1 H),4.48 (d, J = 8.1 Hz, 1 H), 4.44(d, J = 7 . 8  Hz, 
1 H), 4.02 (q, J = 6.9 Hz, 1 H),  3.95 (dd, J =1.5. 
12.0 Hz, 1 H), 3.93-3.78 (m, 7H) .  3.76 (d, 
J =  3.0 Hz, 1 H), 3.73-3.62(m, 3H) ,  3.65 (s, 3H),  

3576 - I( WILEY-VCH Verlng GmbH, D-69451 Weinhelm, 1997 0947-6539/97/0310-1576 $17 50+ 50'0 Chern Elri J 1997.3, No 10 
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3.59-3.50(m,4H),3.45(dd,J=3.1,9.9Hz,lH),2.35(t,J=7.4Hz,2H), 
1.98 (s,  3 H), 1.60- 1.45 (m, 4H) ,  1.34 (d, J = 6.7 Hz, 3H), 1.26 (s. 8 H), I .I4 
(d, J = 6.5 Hz, 3 H ) ;  "C NMR (76 MHz, APT, D,O): 6 =183.7 (CJ, 179.7 
(Cq), 175.9 (CJ, 103.3 (CH), 102.7 (CH), 100.4 (CH), 82.9 (CH), 78.3 (CH),  
77.0 (CH), 76.7 (CH), 76.3 (CH), 75.0 (CH), 73.6 (CH), 72.4 (CH,), 71.8 
(CH), 70.9 (CH), 69.4 (CH), 68.4 (CH), 67.7 (CH), 63.4 (CH,), 61.5 (CH,), 
57.6 (CH),  53.8 (CH,), 35.4 (CH,), 30.3 (CH,), 30.1 (CH,), 29.9 (CH,), 26.7 
(CH,), 26.0 (CH,), 24.0 (CH,), 20.3 (CH,),  17.1 (CH,); MS (FAB, THG): 
m/z = 794 [M + + Na]. 

(2R) 2-0-{ l-0-~2-Acetamido-2-deoxy-4-O-(a-~-fucopyranosyl)-l-O-( l-meth- 
oxycarhonyinon-~-yl)-~-~-glucopyranosyf~-~-~-gaiactopyranos-3-y1}-3- 
phenylpropanoic acid (6): 'H NMR (500 MHz, D,O): 6 = 7.43-7.36 (m, 4H),  
7.34-7.29 (m, 1H).  5.08 (d, J = 3 . 7 H z ,  I H ) ,  4.79 (m, 1H) .  4.50 (d, 

3.98(dd,J=2.4,11.7Hz,lH),3.92-3.80(m,6H),3.72-3.64(m,2H),3.68 
(s,3H),3.62-3.46(m,6H),3.42(dd,J = 3.4,8.S Hz , lH) ,3 .35 (dd , J  = 3.3. 
10.0H2, l H ) ,  3.21 (dd, J =  3.6, 14.1 Hz, l H ) ,  2.86 (dd, J=10.0, 14.1 Hz, 
1 H), 2.38 (t, J = 7 . 4 H z ,  2H),  2.01 (s, 3H),  1.64-1.48 (m, 4H) ,  1.29 (s, 8H) ,  
1.14 (d, J = 6.6 Hz, 3H);  I3C NMR (76 MHz, APT, D,O): 6 =181.7 (CJ,  
175.9 (CJ, 140.5 (Cq), 130.9 (CH), 130.5 (CH), 128.6 (CH), 103.5 (CH), 
102.7 (CH), 100.3 (CH), 83.3 (CH), 83.0 (CH), 77.0 (CH), 76.6 (CH). 76.4 
(CH), 75.0 (CH), 73.6 (CH), 72.4 (CH,), 71.5 (CH), 70.9 (CH), 69.4 (CH), 
68.3 (CH), 67.5 (CH), 63.1 (CH,), 61.3 (CH,), 57.6 (CH), 53.8 (CH,), 35.5 
(CH,), 30.3 (CH,), 30.0 (CH,), 29.9 (CH,), 26.7 (CH,), 26.0 (CH,), 24.0 
(CH,), 17.0(CH3): MS(FAB,THG) :m/z=  870[M++Na] ,848[M'+H] ,  
660 [ M +  - O(CH,),CO,Me]. 

(2s) 2-0-(l-U-~2-Acetamido-2-deoxy-4-O-(a-~-fucopyranosyl)-l-0-( l-meth- 
oxycarbonyinon-~-yl)-~-~-giucopyranosyl~-/?-~-galactopyranos-3-yl}-3- 
phenylpropanoic acid (7): ' H  NMR (500 MHz, D,O): 6 =7.38-7.30 (m, 4H),  
7.29-7.23 (m, 1 H), 5.05 (d, J = 3.8 Hz, 1 H), 4.75 (m, 1 H), 4.47 (d, 
J = 8 . 3 H z ,  1 H ) , 4 . 3 4 ( d , J = 7 . 8 H ~ ,  lH),4.11 ( d d , J = 4 . 7 ,  8.4Hz, I H ) ,  
3.93-3.71 (in, 9H),  3.70-3.59 (m, 3H),  3.64 (s, 3H), 3.57-3.42 (m. 4H) ,  
3.28 (dd, J = 3 . 1 ,  9.8Hz, l H ) ,  3.08 (dd, J = 4 . 7 ,  13.8Hz, l H ) ,  2.93 (dd, 
J=8.5,13.8Hz,lH),2.35(t,J=7.2Hz,2H),1.97(s,3H),1.60-1.43(m, 
4 H ) ,  1.25 (s, 8H). 1 . 1 2 ( d , J =  6.6 Hz, 3H);  I3CNMR(76 MHz,APT, D,O): 

127.6 (CH), 102.4 (CH), 101.9 (CH), 99.6 (CH), 83.2 (CH), 82.9 (CH), 76.2 
(CH), 75.8 (CH), 75.3 (CH), 74.1 (CH), 72.8 (CH), 71.5 (CH,), 71.2 (CH), 
70.1 (CH), 68.6 (CH), 67.6 (CH), 66.9 (CH). 62.5 (CH,), 60.6 (CH,), 56.8 
(CH), 53.0 (CH,), 40.3 (CH,), 34.6 (CH,), 29.4 (CH,), 29.2 (CH,), 29.1 
(CH,), 25.9 (CH,), 25.2 (CH,), 23.2 (CH,), 16.3 (CH,); MS (FAB,THG): 
m / z = 8 7 0 [ M + + N a ] ,  848 [ M + + H ] .  

Sodium 2-0-{1-0-((1R,ZR) 2-O-(E-L-fucopyranosyl)cyclohexy1]-P-D-ga1acto- 
pyranos-3-yl}ethanoate (8): 'HNMR (500 MHz, D,O): 6 = 4.95 (d, 
J = 3.9 Hz, 1 H), 4.61 (q, J =  6.6 Hz, 1 H),  4.49 (d, J = 7 . 8  Hz, 1 H), 4.04(m, 
3 H), 3.89 (dd, J = 3.3, 10.2 Hz, 1 H), 3.77 (d, J = 3.4 Hz, 1 H) ,  3.78-3.67 (m. 
4H),  3.57 (dd, J = 4.5, 7.5 Hz, 1 H),  3.54(dd, J =7.5,9.6 Hz, 1 H) ,  3.53-3.47 
(m,lH),3.42(dd,J=3.2,9.5Hz, lH),2.13-2.01 (m,2H) ,1 ,67 (b r s ,2H) ,  
1.31-1.14 (m. 4H),  1.16 (d, J =  6.6 Hz, 3H);  I3C NMR (62.9 MHz, D,O): 
6 =182.2, 103.4, 99.2, 86.0, 81.8, 80.8, 78.2, 75.7, 73.6, 73.3, 72.1, 71.6, 70.2, 
69.0, 65.2, 33.3, 32.8, 26.8, 18.9; MS (FAB, THG): m/z = 505 [ M C +  Na]. 

Sodium (2R) 2-0-{1-0-1(lR,2R) 2-O-(a-L-fucopyranosyl)cyclohexyl]-f?-D- 
galactopyranos-3-yl}-3-phenylpropanoate (9): 'H NMR (400 MHz, D,O): 
6 =7.28-7.20 (m, 4H) ,  7.19-7.12 (m. 1 H), 4.80 (d, J = 3.9 Hz, 1 H), 4.45 (9. 

3.71 (dd, J = 3 . 4 ,  10.3Hz, I H ) ,  3.62-3.51 (m, 3H),  3.45 (dd, J = 8 . 1 ,  
11.7 Hr, 1 H), 3.40-3.29 (m, 4H) ,  3.26 (dd, J = 3.8, 8.3 Hz, 1 H), 3.16 (dd, 
J = 3 . 3 ,  9.7Hz. l H ) ,  3.04 (dd, J = 4 . 0 ,  14.0Hz, l H ) ,  2.70 (dd, J=10.0,  
14.0Hz, l H ) ,  1.98-1.86(m, 2H). 1.53 (brs,  2H) ,  1.18-0.98 (m, 4H) ,  1.01 
(d,J=6.6H~,3H):'3CNMR(100.6MH~,D,0):6=180.9, 139.6, 130.1, 
129.6, 127.8, 100.6, 96.4, 82.6, 79.0, 78.0, 75.4, 73.0, 70.7, 70.5, 68.8, 67.3, 
66.9, 62.3, 40.3, 30.7, 30.1, 24.1, 16.2; MS (FAB, THG): mlz = 595 
[ M +  +Na]. 

Sodium (2s) ~-0-(~-~-~(~~,~~)-~-~-(a-L-fucopyranosy~)-cyclohexyl]-~-~- 
galactopyranos-3-yl}-3-phenylpropanoate (10): 'H NMR (500 MHz,  D,O): 
6 =7.38-7.30(m,4H),7.29-7.23(m, lH) ,4 ,92 (d ,  J = 4.0 Hz, lH),4.55(q,  

J = 8 . 2 H z , I H ) , 4 . 4 1  ( d , J = 7 . 9 H ~ , l H ) , 4 . 1 9 ( d d , J = 3 . 9 , 1 0 . 0 H z , I H ) ,  

s =181.s (CJ, 178.9 (CJ, 175.1 (CJ. 139.1 (CJ ,  130.5 (cH), 129.5 (CHI, 

J=6 .8HZ,  l H ) , 4 . 2 7 ( d , J = 7 . 7 H z ,  l H ) ,  4.03 ( d d , J = 4 . 0 ,  9.9Hz, l H ) ,  

J = 6 . 7 H z ,  l H ) ,  4.35 (d, J = 7 . 8 H z ,  l H ) ,  4.11 (dd, J = 4 . 8 ,  8.5H2, l H ) ,  
3.86 (d, J = 3.6 Hz, 1 H), 3.84(dd,J = 3.3,10.5 Hz, 1 H), 3.74 (d, J = 3.5 Hz, 

1 H) ,  3.71 (dd, J = 3.9, 10.5 Hz, 1 H),  3.69-3.62 (ni, 3 H),  3.50 (ddd, J = I .O, 
4.5,7.1 Hz,lH),3.48-3.41(m,IH),3.43(dd,J=X.0,9.7H7.lH).3.24(dd, 
J = 3.5, 9.7 Hz, 1 H), 3.09 (dd, J = 4.6, 14.0 Hz. 1 H). 2.92 (dd, J = 8.8. 
14.0 Hz, 1 H), 2.06-1.97 (m, 2H),  1.63 (brs, 2H) ,  1.24 -1.14 (rn, 4H).  1.13 
(d, J = 7 . 0 H z ,  3H);  I3C NMR (100.6 MHz, APT. D,O): 6 =139.5 (Cq). 
130.7 (2 CH), 129.9 (2 CH), 128.0 (CH), 100.8 (CH), 96.8 (CH), 84.0 (CH). 
83.3 (CH), 79.6 (CH), 78.4 (CH). 75.6 (CH) ,  73.3 (CH). 71.4 (CH). 70.9 
(CH), 69.2 (CH), 67.7 (CH), 67.4 (CH). 62.8 (CH,), 40.6 (CH,). 30.9 (CH,), 
30.4 (CH,), 24.4 (2 CH,), 16.6 (CH,); MS (FAB, THG):  177;: = 595 
[ M + + N a ] ,  573 [ M + + H ] .  

Sodium (2R) 3-cyclohexyl-2-0-{ l-O-l(lR,ZR) 2-O-(a-L-fucopyranosyl)cyclo- 
hexyl]-~-~-galactopyranos-3-yl}propanoate (13): 'H N M R  (400 MHz, D,O): 
6 = 4.88 (d, J = 3.9 Hz, 1 H), 4.54 (q, J = 6.7 Hz, 1 H), 4.39 (d. J =7.7 Hz, 
1 H), 3.96 (dd, J = 4.5, 8.8 Hz, I H), 3.92 (d, J = 3.2 Hr.  1 H), 3.83 (dd. 
J =  3.41, 10.4Hz, l H ) ,  3.71-3.56 (m, SH). 3.50-3.39 (in, 3H).  3.29 (dd, 
J = 3 . 3 ,  9.9Hz, l H ) ,  2.06-1.93 (m, 2H) ,  1.71 (br d, J=12 .4Hz .  1H).  
1.65-1.31 (m,9H),  1.25-0.98(m,7H), 1 . 1 0 ( d , J = 6 . 6 H r , 3 H ) , 0 . 9 4 ~ ~ 0 . 7 5  
(m. 2H); MS (FAB, THG): m/z=601 [ M + + N a ] ,  579 [ M + + H ] ;  
[r]h3 = ~ 42.4 (c = 0.4, H,O). 

Sodium (2s)  3-cyclohexyl-2-0-{ l-O-l(lR,ZR) 2-O-(a-L-fucopyranosyl)cyclo- 
hexyl~-/?-o-ga~actopyranos-3-yl)propanoate (14): ' H  NMR (500 MHz. D,O): 
6 = 4 . 9 3 ( d , J = 3 . 8 H ~ , I H ) , 4 . 5 8 ( q . J = 6 . 4 H z ,  l H ) , 4 . 4 3 ( d . J = 7 S H r .  
1H),3.91 ( d d , J = 3 . 5 , 9 . 0 H z , l H ) , 3 . 8 8 ~ 3 . 8 3 ( m , 2 H ) , 3 . 7 5 ( d , J = 3 . 3 H z ,  
lH),3.73-3.64(m.4H),3.57-3.53(m,lH),3.49(dd,J=7.3.9.0Hz, I H ) ,  
3 . 5 0 ~ 3 . 4 3 ( m , l H ) , 3 . 3 3 ( d d , J = 3 . 2 , 9 . 2 H z , l H ) , 2 . 1 0 - 1 . 9 9 ( m , 2 H ) .  1.73 
(br d, J=IZ.OHz, I H ) ,  1.69-1.44 (m, 9H) ,  1.29-1.07 (ni. 7H). 1.14 (d, 
J =  6.5 Hz, 3H),  0.96-0.80 (m, 2H): MS (FAB. THG):  mi; = 601 
[ M + + N a ] .  
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