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Abstract: An efficient and convenient synthetic route to glycosyl phosphites and phosphates has been developed that uses 
dibenzyl W.A'-diethylphosphoramidite as a phosphitylating reagent. Glycosyl phosphites and phosphates of 2-acetamido-2-
deoxy-D-galactose (GaINAc) (29), 2-acetamido-2-deoxy-D-glucose (GIcNAc) (30), D-galactose (Gal) (31), D-glucose (GIc) 
(32), D-mannose (Man) (33), L-rhamnose (Rha) (34), L-fucose (Fuc) (35), and JV-acetylneuraminic acid (NeuAc) (41) were 
prepared by this procedure. Compounds 29 and 30 were obtained as a anomers exclusively, whereas compounds 31, 32, and 
41 were obtained as /3 anomers, and compounds 33 and 34, as a anomers, predominately. The phosphates are useful for the 
synthesis of sugar nucleotides, and the phosphites are effective glycosylation reagents. 

Introduction 
We report here the use of dibenzyl A^^V-diethylphosphoramidite 

(DDP) in the preparation of dibenzyl glycosyl phosphites, which 
can be easily converted to glycosyl phosphates or used as glyco­
sylation reagents in oligosaccharide synthesis (Scheme I). 
Glycosyl phosphates are key intermediates in the biosynthesis of 
carbohydrates.1 In the Lenoir pathway,2 sugar is initially activated 
as a sugar-1-phosphate and transformed into a nucleoside di­
phosphate sugar, which then functions as a donor substrate for 
a glycosyltransferase-catalyzed transfer of the sugar moiety to 
a glycosyl acceptor. 

Due to the growing interest in enzymatic oligosaccharide 
synthesis, the availability of sugar nucleotides has become a subject 
for investigation. Several enzymatic3"* and chemical7"12 methods 
for the synthesis of sugar nucleotides have been reported. These 
methods usually start with glycosyl 1-phosphates, which are 
generally quite expensive and not all commercially available. 

Many elegant and new methods for the synthesis of glycosyl 
phosphates, either enzymatic63'13 or chemical,811^12'14"19 have been 
developed. We have recently reported123 the use of DDP in the 
synthesis of /S-L-fucosyl dibenzyl phosphite, which is further 
converted to fucosyl phosphate and GDP-fucose. To investigate 
the generality of this phosphitylation reaction, we have carried 
out the synthesis of glycosyl phosphites of seven important sugars, 
including GaINAc, GIcNAc, Gal, GIc, Man, Rha, and NeuAc, 
and conversion of the phosphites to phosphates (Schemes H-IV). 
The glycosyl phosphites can also be used as glycosylation reagents, 
as illustrated in the synthesis of a-2,3- and a-2,6-linked sialosides 
(Scheme V).'2b The sialyl phosphite is a very effective sialylation 
reagent,l2bc giving the a-2,3- or a-2,6-linked sialosides in 30-80% 
yield, which is higher than or comparable to that from reactions 
based on other sialylation reagents.2021 

Results and Discussion 
Glycosyl Phosphites and Phosphates. The phosphitylating 

reagent DDP was first introduced in 1980 by Smirnova et al.22 

and was subsequently used by others23 for phosphorylating al­
cohols. However, it was only recently that the phosphitylating 
reagent was characterized.24 

*On study leave from the Institute of Molecular and Cell Biology, National 
University of Singapore. 

We chose DDP to prepare the glycosyl phosphates for the 
following reasons: it is relatively cheap and easy to prepare on 

(1) Kennedy, J. F.; White, C. A. Bioactive Carbohydrates; Wiley: New 
York, 1983; Chapter 5, p 98. 

(2) (a) Caputto, R.; Leloir, L. F.; Cardini, C. E.; Paladini, A. C. J. Biol. 
Chem. 1950, 184, 333. (b) Watkins, W. M. Carbohydr. Res. 1986, 149, 1. 

(3) (a) Ginsburg, V. Adv. Enzymol. Relat. Subj. Biochem. 1964, 26, 35. 
(b) Simon, E. S.; Granbowski, S.; Whitesides, G. M. J. Org. Chem. 1990,55, 
1834. (c) Heidlas, J. E.; Lees, W. J.; Pale, P.; Whitesides, G. M. / . Org. 
Chem. 1991, 57, 146. 

(4) Korf, U.; Thimm, J.; Thiem, J. Synlell 1991, 313. 
(5) (a) Ginsburg, V. J. Biol. Chem. 1960, 235, 2196. (b) Yamamoto, K.; 

Maruyama, T.; Kumagai, H.; Tochikura, T. Agric. Biol. Chem. 1984,48, 823. 
(6) (a) Ishihara, H.; Massaro, D. J.; Heath, E. C. J. Biol. Chem. 1968, 

243, 1103. (b) Ishihara, H.; Heath, E. C. J. Biol. Chem. 1968, 243, 1110. 
(c) Schachter, H.; Ishihara, H.; Heath, E. C. Methods Enzymol. 1972, 28, 
285. (d) Richard, W. L.; Serif, G. S. Biochim. Biophys. Acta 1977,484, 353. 
(e) Kilker, R. D.; Shuey, D. K.; Serif, G. S. Biochim. Biophys. Acta 1979, 
570, 271. (f) Butler, W.; Serif, G. S. Biochim. Biophys. Acta 1985,829, 238. 

(7) (a) Kochetkov, N. K.; Shibaev, V. N. Adv. Carbohydr. Chem. Bio­
chem. 1973, 28, 307. (b) Moffat, J. G. Methods Enzymol. 1966, S, 136. (c) 
Roseman, S.; Distler, J. J.; Moffat, J. G.; Khoran, H. G. / . Am. Chem. Soc. 
1961, 83, 659. 

(8) Nunez, H. A.; O'Connor, J. V.; Rosevear, P. R.; Baker, R. Can. J. 
Chem. 1981, 59, 2086. 

(9) Rajan, V. P.; Larsen, R. D.; Ajmera, S.; Emet, L. K.; Lowe, J. B. J. 
Biol. Chem. 1989, 264, 11158. 

(10) Gokhale, U. B.; Hindsgaul, O.; Palacic, M. M. Can. J. Chem. 1990, 
68, 1063. 

(11) Schmidt, R. R.; Wegmann, B.; Jung, K.-H. Liebigs Ann. Chem. 1991, 
191, 121. 

(12) (a) Ichikawa, Y.; Sim, M. M.; Wong, C-H. J. Org. Chem. 1992, 57, 
2943. (b) For a preliminary study on the use of dibenzyl sialyl phosphite in 
sialylation, see: Kondo, H.; Ichikawa, Y.; Wong, C-H. J. Am. Chem. Soc. 
1992,114, 8748. (c) For sialylation with diethyl sialyl phosphite, see: Martin, 
T. J.; Schmidt, R. R. Tetrahedron Lett. 1992, 33, 6123. 

(13) Fessner, W.-D.; Eyrisch, O. Angew. Chem., Int. Ed. Engl. 1992, 31 
(D, 56. 

(14) Prihar, H. S.; Behrman, E. J. Biochemistry 1973, 12, 997. 
(15) (a) Westerduin, P.; Veeneman, G. H.; Magrugg, J. E.; van der Marel, 

G. A.; van Boom, J. H. Tetrahedron Lett. 1986, 27 (10), 1211. (b) West­
erduin, P.; Veeneman, G. H.; Marugg, J. E.; van der Marel, G. A.; van Boom, 
J. H. Tetrahedron UtI. 1986, 27 (51), 6271. 

(16) Roy, R.; Tropper, F. D.; Graud-Maites, C Can. J. Chem. 1991, 69, 
1462. 

(17) Veeneman, G. H.; Broxterman, H. J. G.; van der Marel, G. A.; van 
Boom, J. H. Tetrahedron Lett. 1991, 32 (43), 6175. 

(18) Inage, M.; Chaki, H.; Kusumoto, S.; Shiba, T. Chem. Lett. 1982, 
1281. 

(19) Sabesan, S.; Neira, S. Carbohydr. Res. 1992, 223, 169. 

0002-7863/93/1515-2260S04.00/0 © 1993 American Chemical Society 



Synthesis of Dibenzyl Glycosyl Phosphites J. Am. Chem. Soc., Vol. 115, No. 6, 1993 2261 

Scheme I. Use of Glycosyl Phosphites for the Synthesis of Sugar Nucleotides and for Glycosylation 
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T»We II. Selected 1H-NMR Data of Compounds 8-12, 15-19, 22-26, and 29-33" Shown in Scheme II K, 
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a large scale (100 g) based on our new procedure; the reagent 
is very stable at room temperature and can be kept for at least 
six months; and the phosphitylating reaction is very effective, going 
to completion within 30 min at room temperature in an N2 at­
mosphere. 

All hexoses were prepared as peracetates and treated with 
benzylamine oralipase to selectively deprotect the C-I ester for 
subsequent phosphitylation. For GIc and Gal, the less stable 
/3-phosphates were the major products regardless of the anomeric 
ratios of the 2,3,4,6-tetra-O-acetylhexopyranoses. On the other 
hand, Man and Rha gave predominantly a-phosphates. The 
anomeric configuration was determined from the J12 coupling 
constants and the NOE study. The 2-acetamido-2-deoxy sugars, 
such as GIcNAc and GaINAc, gave only a-phosphates, but the 
NeuAc derivative gave only the /3-phosphate. 

The phosphitylation reaction proceeds very rapidly, even at O 
0C. From the anomeric ratio of the products obtained, it appears 
that /3-2,3,4,6-tetra-Oacetyl sugars of GIc and Gal are more 
reactive than the corresponding a-anomers, resulting in the for­
mation of /3-anomers as the predominant products. In the case 
of Man and Rha, however, the /3-1-hydroxyl group is hindered 
due to the C-2 acetyl group; thus, the 1,2-trans product, di­
phosphate, was preferred. The 2-acetamido-2-deoxy sugars gave 
only a-phosphates. It is generally believed19 that a trans 2-
acetamido group will destabilize the /3-phosphate by neighbor­
ing-group participation. For example, 15 was obtained as an a/0 
(7.4:1) mixture upon phosphitylation. However, only the a-
phosphate 22 was isolated after oxidation. In the case of NeuAc, 
the a position is blocked by the methyl ester, and as a result, only 
the (3-phosphate 41 was obtained. 

Solvents were found to affect the anomeric ratio of the 
phosphitylated products. When 10 was phosphitylated in THF, 
the a:/3 ratio was found to be 1:6; in CH2Cl2, the ratio changed 
to 1:2. Control of the anomeric ratio by Lewis acid" and mild 
base19 have also been reported. An attempt to increase the a:/3 
ratio of 24 using boron trifiuoride etherate as the Lewis acid" 
was not successful. 

Compound 40 can also be prepared by using dibenzyl phosphate 
(Scheme IV).25a However, the procedure was more tedious, and 
the yield was low compared to our method. Our attempt to 
phosphorylate 42 yielded a mixture of eliminated compound and 
hydrolyzed compound 36. 

(20) For the use of variable sialylation reagents, see: (a) Ito, Y.; Ogawa, 
T. Tetrahedron 1990, 46, 89. (b) Hasegawa, A.; Nagahama, T.; Ohki, H.; 
Hotta, H.; Kiso, M. J. Carbohydr. Chem. 1991,10, 493. (c) Marra, A.; Sinay, 
P. Carbohydr. Res. 1990, 195, 303. (d) Lonn, H.; Stenvall, K. Tetrahedron 
Lett. 1992, 33, 115. (e) Kirchner, E.; Thiem, F.; Dernick, R.; Heukeshoven, 
J.; Thiem, J. J. Carbohydr. Chem. 1988, 7, 453. 

(21) For representative chemical glycosylation, see: (a) Lemieux, R. U. 
Chem. Soc. Rev. 1978, 7, 423. (b) Paulson, H. Angew. Chem., Int. Ed. Engl. 
1982, 21, 155. (c) Schmidt, R. R. Angew. Chem., Int. Ed. Engl. 1986, 25, 
212. (d) Kunz, H. Angew. Chem., Int. Ed. Engl. 1987, 26, 294. (e) Okamoto, 
K.; Goto, K. Tetrahedron 1989, 45, 5835. (f) Nicolaou, K. C; Caufield, T.; 
Kataoka, H.; Kumazawa, T. J. Am. Chem. Soc. 1988,110, 7910. (g) Moctoo, 
D. R.; Konradsson, P.; Udodong, U.; Fraser-Reid, B. J. Am. Chem. Soc. 1988, 
110, 5583. (h) Barrett, A. G. M.; Bezuidenhoudt, B. C. B.; Gasiecki, A. F.; 
Howell, A. R.; Russell, M. A. J. Am. Chem. Soc. 1989, / / / , 1392. (i) Briner, 
K.; Vasella, A. HeIv. Chim. Acta 1989, 72, 1371. (j) Kahn, D.; Walker, S.; 
Cheng, Y.; Van Engen, D. J. Am. Chem. Soc. 1989, /7 / , 6881. (k) Suzuki, 
K.; Maeta, H.; Matusmoto, T. Tetrahedron Lett. 1989, 36, 4853. (I) DeN-
inno, M. P. Synthesis 1991, 583. For reviews of enzymatic glycosylation, see: 
(m) Ichikawa, Y.; Look, G. C; Wong, C-H. Anal. Biochem. 1992, 202, 215. 
(n) Drueckhammer, D. G.; Hennen, W. J.; Pederson, R. L.; Barbas, C. F.; 
Gautheron, C. M.; Krach, T.; Wong, C-H. Synthesis 1991, 7, 499. (o) Toone, 
E. J.; Simon, E. S.; Bednarski, M. D.; Whitesides, G. M, Tetrahedron 1989, 
45, 5365. (p) David, S.; Auge, C; Gautheron, C. Adv. Carbohydr. Chem. 
Biochem. 1991, 49, 175. 

(22) Smirnova, L. I.; Malenkovskaya, M. A.; Predvoditelev, D. A.; Ni-
fantev, E. E. Zh. Org. Khim. 1980, 16, 1170. 

(23) Perich, J. W.; Johns, R. B. Tetrahedron Lett. 1987, 28, 101. de Bont, 
H. B. A.; Veeneman, G. H.; van Boom, J. H.; Liskamp, R. M. J. Reel. Trav. 
Chim. Pays-Bas 1987, 106, 641; Yu, K.-L.; Fraser-Reid, B. Tetrahedron Lett. 
1988, 29, 979. 

(24) Pederson, R. L.; Esker, J.; Wong, C-H. Tetrahedron 1991, 47 
(14/15), 2643. 

(25) (a) Okamoto, K.; Kondo, T.; Goto, T. Tetrahedron 1987, 43 (24), 
5909. (b) Ikeda, K.; Kawai, K.; Achiwa, K. Chem. Pharm. Bull. 1991, 39 
(5), 1305. 
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Scheme IV. Preparation of Sialyl Phosphite and Phosphate 
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Determination of Anomeric Ratio. 1H-NMR was used to de­
termine the anomeric ratio, on the basis of the coupling of H-I 
and H-2. The trans diaxial coupling constant is around 10 Hz, 
whereas the cis or trans ax-eq coupling is around 2 Hz. For the 
NeuAc derivatives, the chemical shift of H-3eq was used to de­
termine the anomeric configuration; typical a-linked sialyl de­
rivatives are in the range of 2.6-2.8 ppm, whereas the £-anomers 
show an upfield shift.25b 

Use of Glycosyl Phosphites as Glycosylation Reagents. For 
sialylation, compound 37 was reacted with 43 in the presence of 
0.2 equiv of TMSOTf in CH3CN at -42 0C for 30-40 min to give 
a 5:1 (a//9) mixture of the 2,6-linked sialoside 46 in 80% yield 
based on 37 (85% based on consumed 43) and the elimination 

AcO""-7^°' 
AcHN-

AcO 
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OR 

^ J u O 
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OH 
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^5**. 

product 2,3-dehydrosialic acid derivative in 5% yield. No sialy­
lation was observed under such conditions using phosphate 40 as 
a glycosylation reagent; however, some glycosylation (~35%, «:/8 
= 3:1) and elimination (~12%) occurred in the presence of 
stoichiometric amounts of TMSOTf. Compound 37 was then used 
in the sialylation of the chemoenzymatically2* synthesized 44 under 
the same conditions to give a 6:1 (a/0) mixture of the 2,3-linked 

(26) Prepared (46% isolated yield) from the 0-galactosyItransferase reac­
tion product /3-0-allyl-jV-acetyllactosamine. By reaction with 2 equiv of 
r-BuPh;SiCI and imidazole in DMF at room temperature: Wong, C-H.; 
Ichikawa, Y.; Krach, T.; Gautheron, C; Dumas, D. P.; Look, G. C. J. Am. 
Chem. Soc. 1991, 113, 8137. 
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Table III. Selected 'H-NMR Data of Compounds 13, 20, 27, and 34° Shown in Scheme III 
compd 

13 

20" 

27' 

34 

H-Ia 

5.17 (dd) 
7,.2 = 1.78 
•'I.OH = 3.89 
4.23 (dd) 
7 U = 1.80 
7 I P = 7.80 
5.55 (dd) 
7,2 = 1.60 
7, p = 6.35 
5.20 (dd) 
7,2 = 2.00 
7, p = 8.30 

H-l/3 

n.d.» 

n.d." 

5.40 (dd) 
7 ,2= 1.05 
7 I P = 7.45 
5.00 (dd) 
7,2 = 0.90 
7 1 P = 8.75 

H-2 

5.29 (dd) 
72,3 = 3.42 

5.22 (dd) 
72.3 = 3.40 

5.23 (dd) 
72,j = 3.50 

3.91 (dd) 
72.j = 3.35 

H-3 

5.38 (dd) 
73 4 = 10.08 

5.36 (dd) 
73 4 = 10.20 

5.26 (dd) 
73.4 = 9.50 

3.86 (dd) 
73.4 = 8.90 

H-4 

5.09 (t) 
74,< = 9.98 

5.08 (t) 
74.5 = 10.00 

5.11-5.08 (m) 

3.35 (t) 
As = 9.75 

H-5 

4.15-4.09 (m) 

4.02-3.98 (m) 

3.99-3.93 (m) 

3.40-3.30 (m) 

CH3 

1.23(d) 
•A.CHJ = 6.18 

1.14 (d) 
A C H , = 6-25 

1.11 (d) 
•A.CHj = 6.25 

1.22 (d) 
75,cH) = 6.30 

2.16, 

2.15, 

2.14, 

CH3CO2 

2.06, 2.00 (3s) 

2.05, 2.00 (3s) 

2.05, 1.99 (3s) 

"Chemical shifts are in ppm, and coupling constants (J) are in Hz. kNot determined due to spectral overlap. 'HRMS calcd for C26Hj1PO10Cs 
(M + Cs+): 557.1553. Found: 557.1542. rfThe'H-NMR data were in good agreement with those reported.3' 

product 47 in 27% yield (78% yield based on consumed 44). 
Interestingly, sialylation of 45 occurred regioselectively at the 
3-OH group of GIcNAc to give a 6:1 (a/0) mixture of the a-
2,3-linked sialoside 48 in 44% yield (80% yield based on consumed 
45). Deprotection of 47 (Bu4NF, then 0.1 N LiOH) followed by 
enzymatic fucosylation using o-l,3-fucosyltransferase27 and 
GDP-fucose gave the unprotected and anomerically pure SLex 

in 85% yield.28 

In summary, we have developed a new procedure for the syn­
thesis of dibenzyl glycosyl phosphites. These glycosyl phosphites 
are useful for the preparation of glycosyl phosphates and for 
glycosylation reactions. Of particular interest is the sialyl 
phosphite, which is easy to prepare and stable to handle, and the 
yields of sialylation are higher than or comparable to those based 
on other sialylation reagents.20 To further improve the stereo­
selectivity in the sialylation reaction, one may use the benzyl ester 
instead of the methyl ester of the NeuAc derivative.280 Other 
acetylated glycosyl phosphites can be easily prepared from their 
peracetates via selective deprotection at C-I with benzylamine 
or lipases.1221m The strategy described here, combined with the 
readily available sugar analogues prepared from aldolase reac­
tions,21"1 should enable us to incorporate unnatural sugars, par­
ticularly sialic acid analogues, into oligosaccharides. Work is in 
progress to determine the mechanism and scope of the new gly­
cosylation reaction and to extend this chemoenzymatic strategy 
to the synthesis of SLex analogues and other glycoconjugates. 

Experimental Section 
The 1H-NMR data of compounds 8-41 (except 14, 21, 28, 35, 36, and 

38) and the HRMS data for compounds 15-20 are summarized in Tables 
H-IV, and their respective yields and anomeric ratios are shown in Table 
V. 

The procedures described below were also applied to the other glycosyl 
1-phosphates, 29-35. The only modification occured at the purification 
step of 8, 9, 15, and 16. EtOAc was used as the eluent for 8 and 9, 
EtOAc/hexane (2:3) was used for 15, and CHCl3/EtOAc/MeOH 
(15:0.5:0.2) was used for 16. 

2,3,4,6-Tetra-O-acetyl-D-glucose (11). A solution of pentaacetate 4 
(5.0 g, 12.8 mmol) and BnNH2

32 (19.2 mmol) in THF (30 mL) was 

(27) Weston, B. W.; Nair, R. P.; Larsen, R. D.; Lowe, J. B. 7. Biol. Chem. 
1992, 267, 4152. For enzymatic fucosylation, see ref 28e. 

(28) SLe" is a ligand for the adhesion molecule ELAM-I: Phillips, M. 
L.; Nudelman, E.; Gaeta, F. C. A.; Perez, M.; Singhal, A. K.; Hakomori, S.; 
Paulson, J. C. Science 1990, 250, 1130. It is potentially useful as an anti­
inflammatory agent. For recent syntheses, see: (a) Kameyama, A.; Ishida, 
H.; Kiso, M.; Hasegawa, A. 7. Carbohydr. Chem. 1991, 10, 549. (b) Nico-
laou, K. C; Hummel, C. W.; Bockovich, N. J.; Wong, C-H. 7. Chem. Soc., 
Chem. Commun. 1991, 10, 870. (c) Danishefsky, S. J.; Gervay, J.; Peterson, 
J. M.; McDonald, F. E.; Koseki, K.; Oriyama, T.; Griffith, D. A.; Wong, 
C-H.; Dumas, D. P. J. Am. Chem. Soc, in press. These papers all indicate 
the same regioselectivity of sialylation with different sialylation reagents. For 
enzymatic synthesis, see: (d) Dumas, D. P.; Ichikawa, Y.; Wong, C-H.; 
Weston, B. W.; Lowe, J. B. Bioorg. Med. Chem. Lett. 1991,;, 425. (e) Wong, 
C-H.; Dumas, D. P.; Ichikawa, Y.; Koseki, K.; Danishefsky, S. J.; Weston, 
B. W.; Lowe, J. B. 7. Am. Chem. Soc, in press. (0 Ball, G. E.; O'Neill, R. 
A.; Schultz, J. E.; Lowe, J. B.; Weston, B. W.; Nagy, J. O.; Brown, E. G.; 
Hobbs, C J.; Bednarski, M. D. 7. Am. Chem. Soc. 1992, 114, 5449. Khikawa, 
Y.; Lin, Y.-C; Dumas, D. P.; Shen, C-J.; Garcia-Junceda, E.; Williams, M. 
A.; Bayer, R.; Ketcham, C; Walker, L. E.; Paulson, J. C; Wong, C-H. J. 
Am. Chem. Soc. 1992, 114, 9283. 

maintained at room temperature overnight. The mixture was diluted 
with cold water and extracted with CHCl3 (3 X 50 mL). The combined 
organic layer was successively washed with ice-cold dilute HCl, saturated 
NaHCO3, saturated NaCl, and water, dried over anhydrous Na2SO4, and 
concentrated in vacuo. The residual syrup was purified by silica gel 
chromatography with EtOAc/hexane (2:3) to give 11 (3.80 g, 85%) as 
a 3:1 (a/0) mixture of anomers as judged by 'H-NMR (CDCl3). 

Dibenzyl 2,3,4,6-Tetra-O-acetyl-D-glucopyranosyl Phosphite (18). 
Dibenzyl A^TV-diethylphosphoramidite (0.86 g, 7.3 mmol) was added to 
a solution of 11 (1.0 g, 2.9 mmol) and 1,2,4-triazole (0.8 g, 11.5 mmol) 
in anhydrous CH2Cl2 under a nitrogen atmosphere at room temperature. 
The mixture was allowed to stir at room temperature for 1-2 h before 
being diluted with ether. The mixture was successively washed with 
ice-cold saturated NaHCO3, saturated NaCl, and water, dried over an­
hydrous Na2SO4, and concentrated in vacuo. The residual syrup was 
chromatographed on silica gel with EtOAc/hexane (1:4) to give 18 (1.73 
g, 97%) as a 1:4 (a/0) mixture of anomers. 

Dibenzyl 2,3,4,6-Tetra-O-acetyl-D-glucopyranosyl Phosphate (25). To 
a solution of 18 (1.2 g, 2.2 mmol) in THF (50 mL) cooled to -78 0C with 
a dry ice-acetone bath was added dropwise 30% H2O2 (10 mL). The 
mixture was allowed to warm up to room temperature and was stirred 
for 1.5 h at room temperature. The mixture was diluted with ether and 
successively washed with ice-cold saturated Na2S2O3, saturated NaHC-
O3, saturated NaCl, and water. The organic phase was dried over an­
hydrous Na2SO4 and concentrated to give an a/0 (1:4) mixture of 25 
(1.36 g, 98%) as judged by 'H-NMR (CDCl3). This product was used 
for the next step without further purification. 

Glucose 1-Phosphate (32). Compound 25 (1.0 g, 1.8 mmol) was 
hydrogenated (14.7 psi) over 5% Pd/C (200 mg) in EtOH (30 mL) and 
10% NaHCO3 (20 mL) for 1Oh at room temperature. The mixture was 
filtered and the filtrate concentrated. The residue was treated with 1 N 
NaOH (10 mL) at room temperature for 3 h. The mixture was neu­
tralized with ice-cold 1 N AcOH to pH 7.5, and the insoluble material 
was removed by filtration. Alternatively, a solution of MeOH/H20 (1:1 
v/v) in 10% Et3N was used instead of NaOH, so that the subsequent 
neutralization step was eliminated. The filtrate was concentrated, diluted 
with water, and passed through a column of Dowex 50W-X8 [Na+] (1 
x 15 cm) with water as the eluent. The appropriate fractions were pooled 
and lyophilized to give 32. 

Occasionally, a small amount of dephosphorylated product was ob­
served. It was removed by passing the diluted filtrate through a column 
of Dowex 1W-X8 [HCO2"] (1 X 30 cm). The column was first eluted 
with water to remove the neutral product, and then a linear gradient of 
NH4HCO3 (0.1-0.3 M) was applied to elute the desired product. The 
appropriate fractions were pooled and lyophilized. The lyophilized 
powder was dissolved in water (10 mL), cooled to 0 0C, and neutralized 
to pH 7.0 with Dowex 50W-X8 [H+] resin. The resin was filtered off, 
and the filtrate was again lyophilized to yield 32 (0.30 g, 59%) as an a/0 
(1:4) mixture as judged by 1H-NMR (D2O). 

Methyl 5-Acetamido-4,7,8,9-tetra-0-acetyl-2-(dibenzylpnospliityl)-
3,5-dideoxy-/9-D-£/ycer0-D-£*/8Cfo-2-nonulopyranosonate (37). DDP 
(0.25 g, 0.78 mmol) was added dropwise to a solution of 36" (0.166 g, 
0.34 mmol) and 1 //-tetrazole (0.10 g, 1.43 mmol) in THF (5 mL) under 
a nitrogen atmosphere, and the mixture was maintained for 4 h at room 
temperature. CH2Cl2 (10 mL) was added to the mixture, and the organic 
phase was washed with ice-cold dilute HCl, aqueous NaHCO3, and 
ice-water and dried over anhydrous Na2SO4. The solution was evapo­
rated in vacuo to give a crude material, which was chromatographed on 
a silica gel column with EtOAc/hexane (5:1) to give 37 (0.17 g, 68%) 

(29) Marra, A.; Sinay, P. Carbohydr. Res. 1989, 190, 317. 
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Table V. Anomeric Ratios and Chemical Yields of Each Step in 
Scheme H-V 

compd 

8 
9 

10 
11 
12 
13 
15 
16 
17 
18 
19 
20 
22 
23 
24 
25 

a:0 ratio 

a only 
a only 
2:1 
3:1 
a only 
18:1 
7.4:1 
a only 
1:2 
1:4 
3:1 
6:1 
a only 
a only 
1:2 
1:4 

yield (%) 

71 
83 
81 
85 
87 
88 
47 
93 
88 
97 
80 
97 
93 
97 
94 
98 

compd 

26 
27 
29 
30 
31 
32 
33 
34 
37 
39 
40 
41 
46 
47 
48 

a:fS ratio 

3:1 
6:1 
a only 
a only 
1:2 
1:4 
3:1 
6:1 
/S only 
0 only 
/S only 
(S only 
5.6:1 
6:1 
6:1 

yield (%) 

98 
98 
64 
39 
42 
59 
72 
76 
68 
24 
95, 46" 
99 
80 
27 
44 

" Chemical yield obtained with respect to compound 39. 

as a colorless syrup. 13C-NMR (CDCl3): 5 20.7,20.8,20.9,21.0,23.1, 
36.0, 49.5, 53.5, 62.6, 67.3, 67.4, 67.8, 69.3, 70.8, 94.8, 128.0, 128.7, 
135.5, 141.8, 153.0, 169.1, 170.2, 170.4, 170.8, 171.0. HRMS calcd for 
C34H42NOi5PCs (M + Cs+) 868.1346, found 868.1346. 

Methyl 5-Acetamido-3-bromo-2-(dibenzylpbospboryl)-4,7,8,9-tetra-0-
acetyl-3,5-dideoxy-/S-[>£/vcero-r>gsfacfo-2-nonulopyranosonate (39). To 
a stirred solution of 3825 (0.15 g, 0.23 mmol) was added dibenzyl phos­
phate (79 mg, 0.28 mmol) and 1,1,3,3-tetramethylurea (61 mg, 0.52 
mmol) in CH2Cl2 (1 mL) at room temperature under a nitrogen atmo­
sphere. The mixture was stirred for 7 h and filtered by passing it through 
a Celite 545 bed, and the solid was washed with CH2Cl2. The combined 
filtrates and washings were evaporated in vacuo to give a crude material, 
which was chromatographed on a silica gel column with EtOAc/MeOH 
(100:1) to give 39 (47 mg, 24%) as a colorless syrup. HRMS calcd for 
C34H4,NO16PBrNa (M + Na+) 854.1244, found 854.1266. 

Methyl 5-Acetamido-4,7,8,9-tetra-0-acetyl-2-(dibenzylphosphoryl)-
3,5-dideoxy-/S-D-^/vcero-D-#a/acW-2-nonulopyranosonate (40). To a 
cooled solution of 37 (0.13 g, 0.17 mmol) in THF (2 mL) was added 
J-BuO2H (0.4 mL) at -10 0C. The mixture was allowed to warm up to 
room temperature and was stirred for 1 h at room temperature. The 
mixture was diluted with CH2Cl2, washed with ice-cold aqueous NaH-
CO3 and water, and then dried over anhydrous Na2SO4. The organic 
phase was evaporated in vacuo to give a crude material, which was 
chromatographed on silica gel with CHCl3/MeOH (25:1) to give 40 
(0.126 g, 95%) as a colorless syrup. HRMS calcd for C34H42NO16PCs 
(M + Cs+) 884.1396, found 884.1305. 

Alternatively, a solution of 39 (35 mg, 0.04 mmol) and tributyltin 
hydride (12 mg, 0.04 mmol) in toluene in the presence of a catalytic 
amount of AIBN was heated at 100 0 C for 1 h under a nitrogen atmo­
sphere. The reaction mixture was filtered by passing it through a Celite 
545 bed, and the solid was washed with toluene. The combined filtrates 
and washings were evaporated in vacuo to give a crude material, which 
was chromatographed on a silica gel column with EtOAc/MeOH (100:1) 
to give 40 (13.6 mg, 43%) as a colorless syrup. An attempt to synthesize 
40 from 4231-32 using the reaction protocol indicated in Scheme IV was 
not successful. 

Methyl 5-Acetamido-4,7,8,9-tetra-0-acetyl-3,5-dideoxy-/8-D-jfycen>-
D-gaXarto-2-nonulopyranosonate 2-Phosphate (41). Compound 40 (0.22 
g, 0.25 mmol) was hydrogenated (14.7 psi) over 5% Pd/C (10 mg) under 
a hydrogen atmosphere for 7 h at room temperature. The catalyst was 
filtered off through a Celite 545 bed, and the filtrate was concentrated 
in vacuo. The crude material was chromatographed on a reversed-phase 
silica gel column with CH 3 CN/H 2 0 (5.1) to give 41 (0.164 g, 99%) as 
a colorless syrup. HRMS calcd for C20H30NOl6PCs (M + Cs+) 
704.0356, found 704.0356. 

Coupling Reaction of Sialyl Phosphite and Glycosyl Donor. A solution 
of phosphite 37 (51 mg, 0.07 mmol), methyl glucopyranoside 42 (48 mg, 
0.10 mmol), and 3-A molecular sieves in CH3CN (1.5 mL) was cooled 
to -42 0C, and TMSOTf (3.0 mg, 0.01 mmol) was added. After the 
mixture was stirred for 30 min at -42 0C, the reaction was quenched with 
saturated aqueous NaHCO3 and the mixture warmed to room tempera­
ture. The mixture was added to EtOAc and washed with saturated 
NaHCO3. The organic solvents were dried over Na2SO4, filtered, and 

(30) Kuhn, R.; Lutz, R.; MacDonald, D. L. Chem. Ber. 1966, 99, 611. 
(31) Niggemann, J.; Thiem, J. Liebigs Ann. Chem. 1992, 535. 
(32) Helferich, B.; Portz, W. Chem. Ber. 1953, 86, 604. 
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concentrated under reduced pressure. The residue was chromatographed 
on silica gel (CH2Cl2/MeOH, 25:1) to provide 46a (42.1 mg, 68%) and 
460 (7.9 mg, 12%) as colorless syrups. The 1H-NMR spectra of 46a and 
460 were in good agreement with a previous report.29 

a-Anomer: 1H-NMR (CDCl3) S 1.80, 1.85, 2.00, 2.01, 2.12 (3 H 
each, s, OAc and NAc), 1.96 (1 H, t, J = 12.9 Hz, H-3ax), 2.65 (1 H, 
dd, J = 4.76, 12.96 Hz, H-3eq), 3.35 (3 H, s, OMe), 3.41 (1 H, dd, J 
= 1.70, 10.6 Hz, Glc-H-6), 3.51 (1 H, dd, / = 3.52, 9.68 Hz, Glc-H-2), 
3.59 (1 H, dd, J = 9.1, 10.0 Hz, Glc-H-4), 3.74 (3 H, s, COOCH3), 
3.73-3.79 (2 H, m, Glc-H-5 and NeuAc-H-9), 3.94 (1 H, dd, J = 9.2, 
9.6 Hz, Glc-H-3), 3.99 (1 H, ddd, J = 10.4, 10.8, 9.8 Hz, NeuAc-H-5), 
4.03 (1 H, dd, J = 2.6, 12.6 Hz, NeuAc-H-9'), 4.09 (1 H, dd, J = 2.1, 
10.8 Hz, NeuAc-H-6), 4.22 (1 H, dd, J = 4.0, 10.6 Hz, Glc-H-6'), 4.60 
(1 H, d, 7 = 3.6 Hz, GIc-H-1), 4.74(1 H, d, / = 10.8 Hz, PhCH2), 4.77 
(1 H, d, J = 10.7 Hz, PhCH2), 4.79 (1 H, d, J = 12.2 Hz, PhCH2), 5.09 
(1 H, d, J = 9.8 Hz, NeuAc-NH), 5.25 (1 H, dd, J = 2.1, 9.4 Hz, 
NeuAc-H-7), 5.32 (1 H, ddd, J = 2.6, 4.7, 9.4 Hz, NeuAc-H-8), 
7.25-7.36 (15 H, m, Ph). HRMS calcd for C48H59NO18Cs (M + Cs+) 
1070.2786, found 1070.2788. 

Ally) 6-0-(/e//-Butyldipbenylsi)yl)-D-galactopyranosyl-/8-(l,4)-2-
acetamido-2-deoxy-6-0-(fer/-butyldiphenylsilyl)-/J-D-glucopyranoside 
(44). To a cooled mixture of (3-O-allyl-Af-acetyllactosamine (890 mg, 2.1 
mmol) and imidazole (315 mg, 4.62 mmol) in DMF (30 mL) was added 
dropwise (-Bu(Ph)2SiCl (1.21 g, 4.41 mmol; 1.15 mL) at 0-5 0C, and 
the mixture was stirred for 10 h at room temperature. Water (2 mL) 
was added to the cooled mixture, and the mixture was stirred for 30 min 
at room temperature and concentrated. The residue was chromato­
graphed on silica gel with CHCl3/EtOAc/MeOH (12:7:1) to give 44 
(871 mg, 46%) and 45 (152 mg, 7%): 1H-NMR (CDCl3) 6 1.017 (9 H, 
s, /-Bu), 1.023 (9 H, s, /-Bu), 1.95 (3 H, s, NHAc), 3.37-3.40 (1 H, m, 
H-5), 3.47 (1 H, dd, J = 2.93, 9.17 Hz, H-3'), 3.65 (1 H, br t, J = 8.4 
Hz, H-2'), 3.96 (1 H, br d, J = 2.6 Hz, H-4'), 4.46 (1 H, d, J = 7.8 Hz, 
H-I'), 4.62 (1 H, d, J = 8.3 Hz, H-I). HRMS calcd for C49H65NO11-
Si2Na (M + Na)+: 1032.4096. Found: 1032.0439. 

Acetylation of 44 with Ac2O and pyridine gave the corresponding 
acetate quantitatively: 1H-NMR (CDCl3) b 1.03 (9 H, s, /-Bu), 1.07 (9 
H, s, /-Bu), 1.78, 1.79, 1.95, 2.00, 2.02 (5 X 3 H, s, 4 X OAc, NHAc), 
3.30-3.34 (1 H, m, H-5), 3.53 (1 H, t, J = 8.8 Hz, H-6'a), 3.62-3.68 
(1 H, m, H-5'), 3.71-3.78 (1 H, m, H-6'b), 3.87 (1 H, dd, J = 2.9, 11.27 
Hz, H-6a), 3.92 (1 H, dd, J = 2.5, 11.27 Hz, H-6b), 4.02-4.13 (3 H, 
m, allylic, H-2,4), 4.27-4.34 (1 H, m, allylic), 4.40 (1 H, d, J = 7.6 Hz, 
H-I), 4.68-4.71 (1 H, m, H-I'), 4.94 (1 H, t, J = 9.2 Hz, H-3), 
5.01-5.03 (2 H, m, H-2',3'), 5.57 (1 H, d, J = 1.3 Hz, H-4'), 5.68 (1 H, 
d, J = 9.5 Hz 1NH). 

[Methyl 5-Acetamido-4,7,8,9-tetra-0-acetyl-3,5-dideoxy-D-£/ycero-a-
D-^a/acfo-2-nonulopyranosonate]-(2,3)-[6-O-(terf-butyldiphenylsilyl)-0-
D-gaUctosyl]-(l,4)-allyl 2-Acetamido-2-deoxy-6-0-(/er/-butyldiphenyl-
silyl)-/3-D-glucopyranoside (47). To a stirred solution of 44 (102 mg, 0.11 
mmol) and 3-A molecular sieves in dry CH3CN (0.5 mL) was added 
TMSOTf (4 mg) at 0 0C under an argon atmosphere. The reaction 
mixture was cooled to -40 0C, and phosphite 37 (56 mg, 0.076 mmol) 
was added dropwise over 20 min. After the addition was over, the 

mixture was allowed to warm up to -32 to -30 6 C and was stirred for 
1 h at the same temperature. The reaction mixture was diluted with cold 
EtOAc and quenched with cold saturated aqueous NaHCO3. The or­
ganic layer was separated and dried over anhydrous sodium sulfate. The 
solution was evaporated in vacuo to give a crude material, which was 
chromatographed on a silica gel column (CHC13/CH30H, gradient 
elution from 25:1 to 15:1) to give unreacted 44 (75 mg) and 47 (28 mg, 
27%) as a colorless syrup: 1H-NMR (CDCl3) 6 1.04, 1.09 (9 H each, 
s, /-Bu), 1.52, 1.82, 1.83, 1.99, 2.06, 2.13 (3 H each, s, OAc and NHAc), 
2.70(1 H,dd,y = 4.6, 13.1 Hz, H-3eq of NeuAc), 3.28-3.31 (2 H, m), 
3.40-3.48 (1 H, m), 3.54-3.59 (1 H, m), 3.69 (3 H, s, COOCH3), 
3.75-3.98 (7 H, m), 4.02-4.15 (3 H, m), 4.18-4.30 (4 H, m), 4.82-4.90 
(2 H, m), 4.92 (1 H, ddd, J = 5.2, 10.7, 11.3 Hz, H-4 of NeuAc), 4.98 
(1 H, dd, J= 1.7, 12.3 Hz, H-9'of NeuAc), 4.99(1 H, m), 5.13-5.32 
(1 H, m), 5.21-5.32 (2 H, m), 5.45-5.50 (1 H, m), 5.65-5.78 (2 H, m), 
6.55 (1 H, bd), 7.03 (1 H, bd), 7.27-7.48 (12 H, m, phenyl protons), 
7.57-7.62 (2 H, m, phenyl protons), 7.70-7.78 (6 H, m, phenyl protons). 
HRMS calcd for C69H92N2O23Si2Cs (M + Cs+) 1505.4684, found 
1505.4696. 

[Methyl 5-Acetamido-4,7,8,9-tetra-0-acetyl-3,5-dideoxy-D-^/vcero-a-
D-ga/acfo-2-nonulopyranosonate]-(2,3)-[3,6-0-di(ferf-butyldipbenyl-
silyl)-0-D-galactosyl]-(l,4)-allyl 2-Acetamido-2-deoxy-6-0-(reff-butyl-
diphenylsilyl)-/S-D-glucopyranoside (48). To a stirred solution of 45 (36 
mg, 0.032 mmol) and 3-A molecular sieves in dry CH3CN (0.5 mL) was 
added TMSOTf (2 mg) at 0 0 C under an argon atmosphere. The re­
action mixture was cooled at -40 0C, and phosphite 37 (28 mg, 0.038 
mmol) was added dropwise over 20 min. After the addition was over, 
the mixture was allowed to warm up to -32 to -30 0C and was stirred 
for 2 h at the same temperature. The reaction mixture was diluted with 
cold EtOAc and quenched with cold saturated aqueous NaHCO3. The 
organic layer was separated and dried over anhydrous Na2SO4. The 
solution was evaporated in vacuo to give a crude material, which was 
chromatographed on a silica gel column (CHCl3/CH3OH, gradient 
elution from 25:1 to 15:1). Unreacted 45 (9 mg) was recovered, and 48 
(27 mg, 44%) was obtained as a colorless syrup: 1H-NMR (CDCl3) 6 
0.95, 0.97, 1.15 (9 H each, s, /-Bu), 1.81, 1.86, 2.01, 2.06, 2.16 (3 H each, 
s, OAc and NHAc), 2.67 (1 H, dd, J = 4.9, 13.1, H-3eq of NeuAc), 2.78 
(1 H, bs), 3.26 (1 H, m), 3.50-3.58 (2 H, m), 3.62-3.67 (1 H, m), 3.68 
(3 H, s, COOCH3), 3.75-4.12 (11 H, m), 4.26^.30 (2 H, m), 4.78-5.10 
(5 H, m), 5.45-5.55 (2 H, m), 5.60 (1 H, m, H-8 of NeuAc), 5.78-5.82 
(1 H, m), 6.99 (1 H, d, J = 10.1 Hz), 7.04 (1 H, d, / = 6.0 Hz), 
7.16-7.42 (20 H, m), 7.50 (2 H, bd), 7.60 (2 H, bd), 7.68 (4 H, bd), 7.77 
(2 H, bd). HRMS calcd for C85H110N2O23Si3Cs (M + Cs+) 1743.5862, 
found 1743.5747. 1H-NMR (CDCl3) for compound 45: S 0.98, 0.99, 
1.10 (9 H, s, /-Bu), 1.91 (3 H, s, NHAc), 3.98-4.05 (2 H, m), 4.25-4.33 
(1 H, m), 4.40-4.45 (1 H, m), 4.72 (1 H, d, J = 8.4 Hz, H-I), 5.14-5.18 
(1 H, m), 5.21-5.27 (1 H, m), 5.41 (1 H, d, J = 7.72 Hz, H-I'), 
5.32-5.42 (1 H, m). 
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