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The recognition of the role of the selectins in the recruitment 
of leukocytes to inflammation sites via vascular adhesion and 
rolling led to extensive studies in both chemistry and biology.' 
Following the initial identification of sialyl Lex-type molecules 
as ligands as E-selectin,2 a recent report3 disclosed the isolation 
of a mixture of two sulfated tetrasaccharides [l, sulfated Lex, 
and 2, sulfated Lea (Figure l)] from an ovarian cystadenoma 
glycoprotein which exhibited E-selectin binding properties com- 
parable to those of the sialylated compound (Sialyl LeX). Due 
to the importance of these ligands to adhesion processes and their 
extreme scarcity, their synthesis was deemed i m ~ r t a n t . ~  In this 
communication we report the first total syntheses of both 1 and 
2 and their truncated analogs 35 and 4 (Figure 1). 

Compounds 1-4 wereconstructed from key intermediates 5-106 
(Figure 1) by stereoselective transformations as described below. 
The synthesis of the sulfated Lex-type tetrasaccharide 1 is 
summarized in Scheme I. Thus, the glycosyl donor 10 was coupled 
with the glycosyl acceptor 5 under standard Mukaiyama con- 
ditions (AgC104SnC12)7 to form, selectively,* the @-linked 
glycoside 11 in 90% yield. Treatment of 11 with MeNHNH2 in 
refluxing ethanol resulted in removal of both the acetate and the 
phthalimide groups, leading to the corresponding amino alcohol 
(12), which was acetylated to give the amide 13 (80% overall 
yield). Desilylation of 13 using fluoride ion led to hydroxy 
compound 14 (95%), which was coupled with the galactosyl 
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Figure 1. Sulfated Le" (1, 3) and Lee (2, 4) target molecules and key 
intermediates (S-10) for their chemical synthesis. 

fluoride 6, furnishing trisaccharide 15 (75% yield) as a single 
stereoisomer.8 Selective removal of the allyl protecting group 
from 15 [H2Ru(PPh3)4, then acid hydrolysis] gave the hydroxy 
compound 16 (8 l%), which was coupled with the fucosyl fluoride 
derivative 79 (AgC104SnC12) to give, stereoselectively, tet- 
rasaccharide 17 (85%) with the desired a-fucoseanomeric linkage. 
Reaction of 17 with thiourea led to selective removal of the 
chloroacetyl group to afford 18 (81%), which was converted to 
the sulfated compound 19, in 95% yield, by exposure to the 
SO3.NMe3 complex in anhydrous pyridine. Finally, deacetylation 
of 19 followed by hydrogenolysis gave the targeted sulfated LeX 
tetrasaccharide 1 in 80% overall yield. 

The synthesis of the sulfated derivative 3 lacking the galactose 
unit at the reducing end was accomplished as depicted in Scheme 
I1 using the carbohydrate units 6,7, and 94d and chemistry similar 
to that described above. 

However, for the synthesis of the sulfated Lea-type compounds 
2 and 4, a different strategy had to be developed due to unexpected 
glycosidation problems. Scheme I11 summarizes the successful 
routes to 2 and 4. Thus, coupling of carbohydrate units 6 and 
8 under MukaiyamaSuzuki conditions (CpzHfCl2-AgOTf)'O 
in the presence of 2,6-di-tert-butyl-4-methylpyridine led, stere- 
oselectively,8 to the @-glycoside 25 in 63% yield. Regioselective 
opening of the benzylidene ring by treatment with NaCNBH3- 
HCl gave the secondary alcohol 26 in 76% yield. Coupling of 
26 with fucosyl fluoride 79 led to the trisaccharide 27 (95%, 
a-anomer), which was converted via a DAST-NBS reaction" to 
the glycosyl fluoride 28 in 80% yield. Fluoride 28 served as a 
common precursor to both 2 and 4. For the synthesis of the 
tetrasaccharide 2, the sequence involved coupling of 28 with the 
galactose derivative 5 (Cp2HfClz-AgOTf) leading, stereoselec- 
tively? to compound 29 (58%). The chloroacetate moiety was 
removed from 29, and the sulfate group was attached in its place 
( S O ~ S N M ~ ~ ) ,  furnishing 31 via 30 (40% overall). Removal of 
both the phthalimide and acetate groups from 31 by treatment 
with NH2NHyH2O at 100 OC was followed by acetylation of the 

(9) Nicolaou, K. C.; Caulfield, T. J.; Kataoka, H.; Stylianides, N. A. J. 
Am. Chem. Soc. 1990, 112. 3693. 

(IO) Matsumoto, T.; Maeta, H.; Suzuki, K.; Tsuchihashi, G. Tetrahedron 

(1 1) Nicolaou, K. C.; Dolle, R. E.; Papahatjis, D. P.; Randall, J. L. J.  Am. 
Lett. 1988, 29, 3567. 

Chem. SOC. 1984, 106,4189. 



8844 J.  Am. Chem. SOC., Vol. 115, No. 19, 1993 

Scheme I. Total Synthesis of Sulfated LeX Tetrasaccharide lo 
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a Reagents and conditions: (a) 2.0 equiv of 5, 3.cequiv of AgClO4, 
3.0 equiv of SnC12,4-A molecular sieves, CH2C12,O - 25 OC, 4 h, 90%; 
(b) methyl hydrazine-EtOH (l : l ) ,  95 OC, 48 h; (c) excess AqO, excess 
EtsN, DMAP (cat.), CH2C12,25 OC, 4 h, 80% for two steps; (d) 2.0 equiv 
of BudNF, THF, 25 OC, 1 h, 95%; (e) 2.0 equiv of 6,3.0 equiv of AgC104, 
3.0 equiv of SnC12,4-A molecular sieves, CH2C12,O - 25 OC, 5 h, 75%; 
(f) (i) H2Ru(PPh3)4 (cat.), EtOH, 95 OC, 4 h, (ii)p-TsOH (cat.), MeOH, 
25 OC, 1 h, 81%; (g) 2.0 equiv of 7, 3.0 equiv of AgC104, 3.0 equiv of 
SnC12,4-A molecular sieves, EtzO, -20 - 0 OC, 4 h, 85%; (h) 5.0 equiv 
of thiourea, 2.0 equiv of 2,6-lutidine, EtOH, 65 OC, 5 h, 8 1%; (i) 20 equiv 
of SO3.NMe3, pyridine, 25 OC, 24 h, 95%. (j) (i) 2.0 equiv of NaOMe, 
MeOH, 45 OC,.5 !I (ii) H2, Pd(OH)2, MeOH-H20 (2:1), 48 h, 80%. 

Scheme 11. Total Synthesis of Sulfated LeX Trisaccharide 3 O  
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a Reagents and conditions: (a) 2.0 equiv of 6, 3.0 equiv of AgC104, 
3.0 equiv of SnC12,4 A molecular sieves, CH2Cl2,O - 25 OC, 3 h, 81%; 
(b) (i) H2Ru(PPh3)4(cat.),EtOH,80 OC, 1 h, (ii)p-TsOH (cat.), MeOH- 
CH2Cl2 (4:1), 25 OC, 2 h, 82%; (c) 2.0 equiv of 7, 3.0 equiv of AgC104, 
3.0 equiv of SnC12,4-A molecular sieves, Et20-THF (3:1), -15 - 0 OC, 
3 h, 85%; (d) 5.0 equiv of thiourea, 2.0 equiv of 2,6-lutidine, EtOH- 
CH2C12 (l : l) ,  65 OC, 5 h, 90%; (e) 20 equiv of SO3-NMe3, pyridine, 25 
OC, 24 h, 86%; (f) (i) 2.0 equiv of NaOMe, MeOH, 25 OC, 4 h, (ii) H2, 
Pd(OH)2, MeOH, 25 OC, 7 days, 74%. 

generated amino group to give the amide 32 in 73% overall yield. 
Final deprotection to generate the naturally occurring compound 
2 was achieved by hydrogenolysis (95% yield). 

The synthesis of the trisaccharide 4 proceeded by glycosylation 

Communications to the Editor 

Scheme III. Total Synthesis of Sulfated Lea Ligands 2 and 40 
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Reagents and conditions: (a) 4.0 equiv of 6,5.0 equiv of AgOTf, 5.0 
equiv of Cp2HfC12, 1 .O equiv of 2,6-di-tert-butyl-4-methylpyridine, 4-A 
molecular sieves, CH2C12, 0 - 25 OC, 6 h, 63%; (b) 10.0 equiv of 
NaCNBH3, ethereal HCl, 3-A molecular sieves, THF, 0 OC, 30 m, 76%; 
(c) 3.0 equiv of 7,4.0 equiv of AgC104,4.Oequiv of SnC12,4-A molecular 
sieves, Et20-THF (5:1), -10 - 0 OC, 1 h, 95%; (d) 3.0 equiv of DAST, 
1.25 equiv of NBS, CH2C12, -78 - -20 OC, 2 h, 80%; (e) 8.0 equiv of 
benzyl alcohol, 5.0 equiv of Cp2HfC12,5.0 equiv of AgOTf, 4-A molecular 
sieves, CH2C12, 0 - 25 OC, 18 h, 95%; (f) 3.0 equiv of 5, 3.0 equiv of 
Cp2HfC12, 3.0 equiv of AgOTf, 4-A molecular sieves, CH2C12, 0 - 25 
OC, 4 h, 58%; (9) 5.0 equiv of thiourea, 2.5 equiv of 2,6-lutidine, EtOH- 
CH2C12 (l:l), 65 OC, 12 h 30,79%, 34,89%; (h) 20 equiv of SOs-NMes, 
pyridine, 25 OC, 24 h, 31,50%,35,76%; (i) (i) hydrazine hydrate-EtOH 
(l: l) ,  100 OC, 3 h, (ii) excess of Ac20, excess of Et,N, MeOH, 25 OC, 
10 min, 32,73%, 36.50%; 6) H2, Pd(OH)2, MeOH-H20 (2:1), 25 O C ,  
48 h, 2, 95%, 4, 82%. 

of benzyl alcohol with fluoride 28 leading to compound 33 (95%), 
which was converted to 4 as described above for 2 (Scheme 111). 

The described chemistry renders the natural sulfo oligosac- 
charides 1 and 2, as well as their simpler Le" and Lea sulfate 
analogs 3 and 4, available in pure form for extensive biological 
investigations. Further studies envisioned in this field may expand 
the library of biological tools and provide leads for therapeutic 
agents in the area of inflammation and related conditions. 
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