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Abstract: We report here a strategy for the synthesis of N-linked glycopeptide analogues that replace the
glycosidic linkages extending from the core pentasaccharide with thioethers amenable to construction by
chemoselective ligation. The key building block, a pentasaccharide-Asn analogue containing two thiol
residues, was incorporated into CD52 by 9-fluorenylmethoxycarbonyl (Fmoc)-based solid-phase peptide
synthesis. An undecasaccharide mimetic was then readily generated by alkylation of this glycopeptide
with an N-bromoacetamido trisaccharide. The rapid assembly of a complex type N-linked glycopeptide
mimetic was accomplished using this technique.

Introduction methodologies to glycans appended to glycoproteins or glyco-
o ) . . . peptides still remains a daunting task.

Con'tlnullng researgh !nto the b|0|0.g|cal rolgs of glycoproteins ~ \_inked glycoproteins, possessing one of the most prevalent
has highlighted their importance in a variety of processes forms of glycosylation in vertebrates, have proven particularly
|r_1clud!nglcell—cell adhesion, immune system modulation, and jfficylt targets for chemical synthesis. Their generally large
signaling: However, as a result of their complex biosynthésis,  sjze, branching, and the presence of the synthetically difficult
glycoproteins exist as heterogeneous mixtures of glycoforms g.mannoside linkage within their conserved pentasaccharide
(l.e., protelns that differ Only in the structure and abundance Of core a_’ Figure 1) have frustrated efforts to construct important
the pendant glycans). Therefore, homogeneous glycoproteinspiological targets. Thus, glycoproteins bearing biantennary
for biological investigations are difficult to obtain using N-linked glycans such as structufie have not as yet been
recombinant expression methods. Understandably then, glyco-prepared chemically.
protein synthesis has gained considerable attention in the field |n previous work, we have applied the chemoselective ligation
of organic synthesi. Although many large carbohydrate techniqué to achieve the synthesis @-linked glycopeptide
structures have been synthesiZethe extension of these  mimetics bearing complex branches that are difficult to generate
in their native form$:” Branched glycosidic linkages within
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CH,Cl,, 4-A MS, —20°C, 20 min, 94%; (f) NaOMe, THF/MeOH, 20 min,
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93%.
HO on  COH Ho OH OH
HO - H . .
W o\-é%(ﬁ’oévf;:c-rﬂs polypeptide!®1l By contrast, NMR structures of-linked
H; ' glycoproteins have shown the branch points to be quite
MLl flexible.1® Furthermore, most carbohydrate receptors only
0\ 0 Ho Ho recognize epitopes near the termini of large glycans of this
HOYL LS aH—%o 0 OH—%O o ?b pitop ge gly
Ho NHAC NHAC type:
"G77°  Core Pentasaccharide

Results and Discussion

o RO oon coH opo OH OH |
e oS oxta t 2
HO OH s

NHAC & Toward the synthesis of pentasacchaddéhe benzylidene
acetal of known monosacchari@? was reductively opened
HG.OoH  GOH o (OH o with triethylsilane to give alcohd (Scheme 1} The unmasked
HO H
W c\é%(ﬁoé&mlg’“m hydroxyl group was acetylated to afford esterCompound?
3 was reacted with trimethylsilyl azide, and the acetyl group was
. removed from the intermediate to give monosaccharide acceptor
HO ¢} . .
HO o 8. Glycosylation of8, using glycosyl dono¥ under the agency
Hoou[ S0 85 o iy of NIS/TfOH,* then gave disaccharid@ in excellent yield
WO Zr NHE Akl (94%), which was subsequently deactylated to provide
o~ gn 4 Treatment ofLOwith the known thioglycosidé1,'*15containing
Figure 1. Chemoselective ligation applied dlinked glycoproteins. ano-chloroacetyl group at the 2-position, yielded trisaccharide

12 (Scheme 2). Ther-chloroacetyl ester o12 was removed

but its peptide backbone comprises only 12 amino acids, makingelectively using hydrazinedithiocarbonétend the unmasked

it a fairly simple candidate for demonstration of the chemose- hydroxyl group of13 was inverted in a two-step procedure to
lective ligation approach. In fact, the synthesis of CD52 afford the desire@-mannosidel4.*” The two acetyl groups on
containing the conservel-linked pentasaccharide core was the 2- and 3-positions of the terminal mannose residue were
completed by Ogawa and co-workérsHowever, further removed to give the selectively protected trisacchatifle

elaboration of the glycan has not yet been achieved. T_o in;tall_ the 2-thiol functionality necessary for the chemose-
All Ndlinked glycans possess the conserved pentasaccharid Iect|v_e ligation, we took advantage ofa_rearrangement developed
. . o L eoy Nicolaou and co-worker$. 3,4,6-Tri-O-benzylglucal 16)
core shown in §tructurel_ (Figure 1)'_ The.lr. diversity is was oxidized with dimethyldioxirane (DMDO), and the resulting
engendered within the variable gxtensmns joined to the con- epoxide was opened with benzyl mercaptan to give thioglycoside
served core at the-mannosyl residues. We chose to replace ;- (Scheme 3). Treatment cf7 with (diethylamino)sulfur
the glycosidic bonds that initiate these variable extensions with y.ifiuoride (DAST) produced compount.
thioether linkages2). These would be readily formed from a Selective glycosylation o5 at the 3-position with donor
pentasaccharide containing 2-thiomannose residjébdt can 18 ysing SNGYAgOTf as a catalyst, produced the tetrasaccha-
undergo condensation witi-bromoacetamido oligosaccharides ride 19 as the sole product in 80% vyield (Scheme 4). The
(3)- Thus, solid-phase peptide synthesis (SPPS) with a building remaining hydroxyl group was then protected as the acetyl ester
block bearing glyca would produce a core glycopeptide for  (20), and the benzylidene group was hydrolyzed with TFA.
divergent elaboration with any terminal glycan structure of
interest. The thiols can be selectively alkylated in the presence (10) X/}gs-'st)rhgiﬁhoAi'-Jég}; r']-gr;-?é”f?{j\?;z’n"g; ké;c?/é/ri]lﬂagéé.;zééullazr;?dam,

of all naturally occurring amino acid functionalities with the 1278.

. . 11) Imperiali, B.; O’'Connor, S. ECurr. Opin. Chem. Biol1999 3, 643—-649.
exception of the sulfhydryl group of cysteine. The prodt ( Eu% Guﬂther’ W; Kunz, HCarbohydr. Rgslggz 208 217241,
)
)

contains unnatural linkages at C-2 of thenannose residues (13 ?;%25@6%’ P.; Etienne, J. B.; Duplantier, K. Tetrahedron Lett1995
but retains the structure of the conserved pentasaccharide coreu4) matsuo, I.; Isomura, M.; Walton, R.: Ajisaka, Ketrahedron Lett1996

isi i i 37, 8795-8798.
This is a key feature of the approach, since the core region has(ls) (a) Gridiey. J. 3.+ Hacking, A. J.; Osborn, H. M. |.: Spackman, CEalett

been shown to influence the structure of the underlying 1997 1397-1399. (b) Gridley, J. J.; Hacking, A. J.; Osborn, H. M. I.;
Spackman, D. GTetrahedron1998 54, 14925-14946.
(16) van Boeckel, C. A. A.; Beetz, Tetrahedron Lett1983 24, 3775-3778.

(9) (a) Guo, Z. W.; Nakahara, Y.; Ogawa, Bioorg. Med. Chem1997, 5, (17) Furstner, A.; Konetzki, ITetrahedron Lett1998 39, 5721-5724.
1917-1924. (b) Guo, Z. W.; Nakahara, Y.; Ogawa,Angew. Chem., Int. (18) Nicolaou, K. C.; Ladduwahetty, J. L. R.; Chucholowski,JAAmM. Chem.
Ed. Engl.1997 36, 1464-1466. So0c.1986 108 2466-2467.
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Scheme 2 @ Scheme 5 2
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aReagents: (a) NIS, TfOH, Cil,, 4-A MS, 20 min, 74%; (b) d 28 R = DNP
Hydrazinedithiocarbonate, lutidine, AcOH, 15 min, 95%; (c) (iQf
pyridine, CHCl,, —15 °C, 3 h; (ii) BuNOAc, toluene, 16 h, sonication,

95%,; (d) NaOMe, CHCI,/MeOH, 1 h, 95%. AA%O SBNP e
Cf
Scheme 3 @
OA
B> B> e c A:%%v\/ %h\/ i
a
n /%) rfano SBn Bno@ﬁ ° NHACNOH
APS0 O  NHFmoc
18 F R0 SDNP 2
aReagents: (a) (i) DMDO, Ctﬂ:ob, °C, 1 h; (ii) BnSH, TFAA, CHCIy, aReagents: (a) propanedithiol, DIEA, MeOH, 4 h; (b) HOBt, DIEA,
16 h, 90%; (b) DAST, CKLClz, 0 °C, 10 min, 92%. NMP, 16 h, 80%: (c) (i) L%, NHy/THF, 1h; (i) Ac;O, pyridine, 16 h; (d)
R (i) NaSMe, MeOH, 3 h; (ii) DNPF, DIEA, CbkCl,, 16 h, 77% over two
Scheme 4 steps; (e) (i) 95% TFA, 10 min; Fmoc-OSu, DIEA, @, 2 h, 92%.
0 I PR
B0 NPht ethylenediamine, and the 2-amino functionalities were acetylated
B0~ &2, b‘:19R=H to give pentasaccharidzs.
20R = Ac Next, the glycosyl azide o023 was reduced to give, with

complete retention of stereochemistry as confirmed by NMR,
wn&/ ’%ﬁ/ the -glycosylamine24, which was immediately coupled to the
side chain pentafluorophenyl ester of protected aspartic acid
3,5?4 A derivative25 (Scheme 5). Subjection @6to Li°in liquid NH3
B0 58 removed all benzyl ethers and unmasked the carboxylic acid
BnO functionality of the amino aci#? Concentration of the reaction

wn&/ _%S» mixture, followed by acetylation, gav&7 as the only product.

Selective transthioesterification &7 followed by selective

BnO
B§O e 22 R < Pht protection of the resulting thiols as the 2,4-dinitrophenyl (DNP)
eE239=HAC thioethers gave8.” Finally, removal of the Boc group 8
aReagents: (a) AGOTf, SNEICH,Cly, 4-A MS, 0°C to rt, 16 h, 80%; (95% TFA) and subsequent reprotection with Fni»succin-
(b) Ac0, pyridine, 16 h, 95%; (c) 5% TFA/C)El,, 0 °C, 20 min, 65%; imide (Fmoc-OSu) gave the glycosyl amino acid building block

(d) 18, AgOTf, SnCh, CHxCly, 4-A MS, 0°C to rt, 16 h, 85%; (e) (i) 29 ready for SPPS.
ethylenediamine, BUOH, 9%C, 12 h; (ii) AgO, pyridine, 16 h, 97%. Peptide synthesis was carried out on Fmoc-&u{chlo-
rotrityl resin employing HBTU-DCC coupling conditions. All
Unfortunately, hydrolysis of the 2-thio-mannose residue was amino acids were used in 10-fold excess ex@fptof which
facile under a range of acidic conditions and gave the deman-only 1.5 equiv were used, affordir@. The N-terminus of the
nosylated trisaccharidd§) as a side product(30%). This side ~ protected CD52 analogue3@ was liberated followed by
product could be recycled, however, by reglycosylation with removal of the DNP groups by transthioetherification with
18, improving the overall yield of21 above 90%. The  DTT.’ followed by on-resin acetylation (Scheme 6). Cleavage
6"-position of oligosaccharid®l was selectively glycosylated and deprotection of the peptide side chains were achieved by

with 18, under |de_nt!cal conditions 4%, to give pentasacchar_lde (19) Frick, W.: Bauer, A Bauer, J.: Wied, S.:"War, G. Biochemistry1998
22. The N-phthalimido groups o2 were then removed with 37, 13421-13436.
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Scheme 6 @ Scheme 7 2
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aReagants: (a) (i) 20% piperidene, NMP, 2 h; (ii) DTT, DMF, 1 h; (iii) NHAC
Ac;0, pyridine, 16 h; (b) Reagent K, 5 h; (c) 10% hydrazineQi20

min. lf

incubation of30 with Reagent R° for 5 h togive glycopeptide B

31 The crude glycopeptide was then concentrated and subjected _ )

to 10% hydrazine hydrate inJ@ to remove all acetyl esters. ~_ ®Reagents: () (i) NaOMe, MeOH, 16 h (ii) TBDPSCI, DIEA, DMAP,

X TS CH,Cly, 16 h, 98%; (b) AGOTY, SnG) CHCly, 4-A MS, 0°C to rt, 16 h,
The CD52 analogua2 was purified by RP-HPLC, and its  ga04- () (i) TBAF. ACOH, THF, 0°C to rt, 16 h; (ii) ethylenediamine,

identity was confirmed by ESIMS. BUOH, 90°C, 16 h; (iii) Ac0, pyridine, 16 h, 80%; (d) NaOMe, MeOH,

We selected the-2,3-sialylN-acetyllactosamine trisaccharide 16 h, 98%; (e) CMRs-p-sialic acid, a-2,3-sialyltransferase, alkaline
for the variable, extensions as these epitopes are found on natur Eﬁ;ﬁﬂgteas&o%% i?:%g& () PA/Ca,HHz0, 20 min; (i) bromoacetic
CD52 glycoforms For the preparation of ad-bromoacetamido e T

oligosaccharide, we first gengrated the correqunding glycosyl o glycoforms to be synthesized from a common glycopeptide
azide (Scheme 7). Toward this goal, known fluoride dd3@t intermediate. When combined with protein synthesis methods
was used to glycosylate accep®B, available from glycosyl  gych as native chemical ligation and expressed protein ligation,

azide34,2? to give disaccharid®6 with complete regioselec-  he chemoselective approach should provide acceNditiked
tivity. The silyl ether of 36 was then removed, and the  giycoproteins with a high level of complexity.

phthalimido group was cleaved by treatment with ethylenedi-

amine. The resulting free amine was acetylated to afford a fully Experimental Section

protected glycosyl azide intermediad&. Compound37 was General Methods. All chemical reagents were purchased from

subsequently treated with NaOMe in MeOH to remove the sigma or Aldrich and used without further purification. All reaction

acetyl esters yielding8. An o.-2,3-sialyltransferase was utilized  solvents were distilled under a nitrogen atmosphere. THF was dried

to transform38 to trisaccharide89 using CMPg-p-sialic acid and degassed over benzophenone anfl K#|Cl,, toluene, and

as a donof3 The glycosyl azide of39 was reduced by pyridine were dried over Caidand CHOH was dried over Mg Thin-

hydrogenation and immediately reacted with bromoacetic layer chromatography was carred out using Analtech Uniplate silica

anhydride to give thé\-bromoacetamido trisaccharide gg'ofljggs' Fle;]sh_l_chromlatAolg?rap:hy \:vas performed tustmg Merck GtO'A

S . . mesh silica gel. All solvents were concentrated using rotar

Chemoselective ligation of gly_copeptlm with an excess_ evaporation. All*H an?i 13C NMR spectra were acquired on Bgruker g

of 3at 37°C for 16 h gave the desired biantennary glycopeptide

. . . .~ AM-400 or DRX-500 spectrometers as noted. Afl chemical shifts
40, which was isolated by RP-HPLC and characterized using are reported in referenced to solvent. Coupling constand 4re

ESIMS (Scheme 8). reported in Hz. Fast atom bombardment (FABand electrospray

(ESIkE) spectra were obtained at the UC Berkeley Mass Spectrometry

Laboratory. IR spectra were from thin film on NaCl disks and were
In summary, the synthesis of CD52 containing a biantennary acquired on a Perkin-Elmer series 1600 Fourier transform infrared

N-linked glycan highlights the utility of the chemoselective SPectrometer. Melting points (mp) were taken on a Thomas-Hoover

thioalkylation approach. To date, no glycoprotein containing a Uni-Melt capillary melting point apparatus. _

fully extended N-linked glycan has been synthesized by Phenyl 3,6-DiO-benzyl-2-deoxy-2-phthalimido-1-thiof-o-glu-

.. . . copyranoside (6).To a solution of5 (2.34 g, 4.00 mmol) in freshly
traditional chemical means (although smaller glycopeptides distilled CH,Cl, (9 mL) at 0°C was added trifluoroacetic anhydride

have). Furt_herm(_)re,_ th_e need to synthgsize Vef}’ complex (1.70 mL, 12.1 mmol) and triethylsilane (3.22 mL, 20.2 mmol). The
glycosyl amino acids is circumvented, allowing for a wider range yeaction mixture was allowed to stir a*G for 5 min, and then TFA
(1.55 mL, 20.2 mmol) was added dropwise over a 2-min period. The

Summary

(20) ZKS"%%Z%GS-? Fields, C. G.; Fields, G. Bit. J. Pept. Protein Red.990 36, reaction was allowed to warm to rt and was stirred for an additional 2
(21) Jain, R. K.; Huang, B. G.; Chandrasekaran, E. V.; Matta, KChem. h. The reaction was diluted with ethyl acetate (150 mL), and the solution
Commun.1997, 23—24. was washed with aqueous NaHg®,0, and a brine solution. The

8%3 Séﬂi,%ﬁr', Lié.Gé?r%/ggsk'Bzcs.r-bggygfaﬁfgﬁige% é‘_‘aL?.lg;‘}tbzzi c. r. Organic layer was then dried over &0, filtered, and concentrated

Biochemistry2001, 40, 5382-5391. to an oil. Silica gel chromatography (40% ethyl acetate in hexanes)

6152 J. AM. CHEM. SOC. = VOL. 125, NO. 20, 2003
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Scheme 8 @
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aLigation of glycopeptide with bromoacetamido sugars. Details of the reaction are provided in the Experimental Section.

yielded 2.00 g (85%) ob as a slightly colored oitH NMR (400 MHz,
CDCl) 6 7.87-7.68 (m, 4 H), 7.427.17 (m, 10 H), 7.066.92 (m,
5 H), 5.55 (d, 1 HJ = 10.2 Hz), 4.73 (d, 1 H) = 12.2 Hz), 4.65
4.52 (m, 3 H), 4.33-4.24 (m, 3 H), 3.89-3.79 (m, 3 H), 3.72 (app q,
1 H, J = 4.8 Hz); 3C NMR (100 MHz, CDC}) § 167.76, 167.55,

630.2144; IR (thin film) cm* 1745.7, 1713.0, 1385.9, 1226.1, 1059.1,
719.9; p]p?® = +92.8 (c 1.1, CHC}).
4-O-Acetyl-3,6-di-O-benzyl-2-deoxy-2-phthalimidof-p-glucopy-
ranosyl Azide. To a solution of7 (1.0 g, 1.7 mmol) and 4-A molecular
sieves in freshly distilled CkCl, (20 mL) under an Ar atmosphere

137.89, 137.56, 133.75, 132.36, 132.10, 128.71, 128.40, 128.08, 127.84yyas added TMSHN(0.24 mL, 1.8 mmol). The reaction was cooled to

127.78, 127.71, 127.69, 127.45, 123.39, 123.23, 83.57, 79.60, 77.69
74.44,74.02, 73.69, 70.61, 54.33; FABIRMS calcd for GsH3:NOsS

(M + Li*) 588.2032, found 588.2043; IR (thin film) cth2924.4,
1774.2,1712.7, 1386.1, 1079.9, 874.1, 7200pT = +64.8 (c 1.0,
CHCly).

Phenyl 4-O-Acetyl-3,6-di-O-benzyl-2-deoxy-2-phthalimido-1-thio-
p-D-glucopyranoside (7).To a solution of6 (2.0 g, 3.4 mmol) in
pyridine (50 mL) was added A© (0.52 mL), and the reaction was
stirred at rt for 16 h. The reaction mixture was then concentrated to
yield 2.0 g (95%) of7 as an off-white foam. The product was used in
subsequent reactions without further purificatiid NMR (400 MHz,
CDCls) ¢ 7.82-7.68 (m, 4 H), 7.46-7.16 (m, 10 H), 7.066.89 (m,
5H),5.55(d, 1 HJ=10.5Hz), 5.13 (app t, 1 H} = 9.0 Hz), 4.6 (d,
1H,J=12.0Hz), 455 (s, 1 H), 4.46 (app t, 1 Bi= 9.0 Hz), 4.33
(appt, 1 H,J=10.2 Hz), 4.32 (d, 1 H) = 10.7 Hz), 3.84-3.80 (m,

2 H), 3.64-3.65 (m, 2 H), 1.97 (s, 3 H}¥C NMR (100 MHz, CDC})
0 169.64, 168.17, 167.00, 138.02, 137.53, 134.19, 134.03, 132.21,

»—40°C, and NIS (930 mg, 4.1 mmol) was added.@f140xL, 0.85

mmol) was then added dropwise-a#0 °C, and the reaction was stirred

at this temperature for 20 min. The reaction mixture was then filtered
through a bed of Celite and washed with aqueous NgSaqueous
NaHCGQ;, and HO. The organic layer was dried over }$0, filtered,

and concentrated to an oil. Silica gel chromatography (35% ethyl acetate
in hexanes) yielded 934 mg (97%) ofGhacetyl-3,6-di©O-benzyl-2-
deoxy-2-phthalimidgs-p-glucopyranosyl azide as a clear 8 NMR

(400 MHz, CDC}) 6 7.90-7.65 (m, 4 H), 7.377.27 (m, 5 H), 7.6-

6.9 (m,5H),5.37(d, 1 H)=9.4Hz),5.17 (app t, 1L H} = 9.1 Hz),
4.61(d, 1 HJ=12.1 Hz), 4.58 (s, 2 H), 4.47 (app t, 1 Bi= 9 Hz),

431 (d, 1 HJ=12.1 Hz), 4.18 (app t, 1 Hl = 9.5 Hz), 3.85 (m, 1

H), 3.62 (d, 2 H,J = 4.4 Hz), 1.96 (s, 3 H)**C NMR (100 MHz,
CDCls) 0 169.42, 168.36, 137.68, 137.45, 134.07, 131.34, 128.39,
128.00, 127.82, 127.73, 127.63, 127.43, 127.40, 110.54, 85.55, 76.72,
75.73, 74.01, 73.65, 71.92, 69.13, 54.89, 20.72; FABRMS calcd

for CaoH2eN4O7 (M + Lit) 563.2118, found 563.2123; IR (thin film)

132.16, 129.05, 128.95, 128.87, 128.54, 128.45, 128.36, 128.33, 128.24CM 1 2116.1, 1713.6, 1386.9, 1226.0, 1077.5, 7204T = +54.0°
128.11, 128.04, 127.92, 127.91, 127.87, 127.73, 127.62, 127.52, 127.47(c 1.3, CHC}).

123.51, 123.41, 83.66, 77.10, 74.26, 73.49, 72.25, 69.62, 54.62, 20.81
FAB—HRMS calcd for GeH3aNO;S (M + Li*) 630.2138, found

3,6-Di-O-benzyl-2-deoxy-2-phthalimidof-b-glucopyranosyl Azide
(8). To a solution of 49-acetyl-3,6-diO-benzyl-2-deoxy-2-phthalimido-
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pB-p-glucopyranosyl azide (1.2 g, 2.2 mmol) in g8, (20 mL) was
added MeOH (10 mL) and a 0.5 M solution of NaOMe in MeOH until
a pH of 10 was reached. The reaction was stirred at rt for 2 h. Amberlite
IRC-50 resin was added until a pH of approximately 5 was obtained.
The reaction mixture was then filtered, and the solution was concen-
trated to give a clear oil. Silica gel chromatography (50% ethyl acetate
in hexanes) yielded 1.06 g (96%) 8fas a clear oil'H NMR (400
MHz, CDCk) ¢ 7.82-7.71 (m, 4 H), 7.4%7.33 (m, 5 H), 7.06:6.95
(m, 5 H), 5.37 (d, 1 H) = 9.4 Hz), 4.75 (d, 1 HJ) = 12.2 Hz), 4.67
(d, 1 H,J=12.0 Hz), 4.61 (d, 1 H) = 12.0 Hz), 453 (d, 1 H) =
12.2 Hz), 4.28 (app t, 1 H, 8.5 Hz), 4.1 (app t, 1 H= 9.4 Hz),
3.89-3.73 (m, 3 H), 2.89 (d, 2 H, 2.8 HZ®C NMR (100 MHz, CDC})
0 168.12, 167.33, 137.94, 137.51, 134.08, 131.45, 128.57, 128.33,
128.14, 127.99, 127.84, 127.77, 127.75, 127.43, 123.41, 110.23, 85.67
78.43, 77.38, 76.32, 74.57, 73.74, 73.43, 69.89, 54.93; FARMS
calcd for GgH26N4Os (M + Lit) 521.2012, found 521.2023; IR (thin
film) cm™ 2871.7, 2112.7, 1766.4, 1714.8, 1390.6, 1066.3, 874.8;
[0]p®® = +12.6° (c 1.0, CHC}).
O-(4-O-Acetyl-3,6-di-O-benzyl-2-deoxy-2-phthalimidof-p-glu-
copyranosyl)-(—4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-15-p-
glucopyranosyl Azide (9).To a solution of7 (522 mg, 1.02 mmol)
and8 (575 mg, 0.922 mmol) in freshly distilled GBI, (50 mL) under
an Ar atmosphere was added 500 mg of activated 4-A molecular sieves.
The reaction was cooled te20 °C, and NIS (520 mg, 2.31 mmol)
was added. TfOH (4LL, 0.46 mmol) was then added dropwise over
a 5-min period. The reaction mixture was stirred for 20 min. The
reaction mixture was then filtered through Celite, and the filtrate was
washed with aqueous NaHG@queous N&5,0s, and a brine solution.
The organic layer was dried over p&O,, filtered, and concentrated
to give a yellow oil. Silica gel chromatography (35% ethyl acetate in
hexanes) yielded 806 mg (94%) ®&s a clear oil'H NMR (500 MHz,
CDCls) ¢ 7.91-7.53 (m, 8 H), 7.387.27 (m, 10 H), 7.0%+6.83 (m,
10 H), 5.34 (d, 1 HJ = 8.4 Hz), 5.17 (app t, 1 HJ = 9.1 Hz), 5.17
(d,1H,J=9.4 Hz), 4.84 (d, 1 H) = 12.5 Hz), 4.63-4.44 (m, 7 H),
4.32 (d, 1 HJ = 12.4 Hz), 4.29-4.18 (m, 3 H), 4.074.04 (m, 1 H),
3.60-3.57 (m, 3 H), 3.55 (app quin, 1 B,= 3.5 Hz), 3.49-3.42 (m,
2 H), 1.61 (s, 3 H)3C NMR (125 MHz, CDC}) ¢ 169.59, 168.24,
167.92, 167.53, 167.24, 138.11, 138.06, 137.94, 137.63, 137.54, 134.03
133.88, 131.46, 128.54, 128.39, 128.26, 128.11, 128.03, 127.90, 127.83
127.75,127.73,127.61, 127.58, 127.43, 127.40, 127.38, 127.30, 127.00
123.29, 97.01, 85.44, 76.78, 76.39, 75.54, 74.53, 74.53, 73.90, 73.48
73.40, 72.72, 72.57, 69.28, 60.29, 56.16, 55.11, 29.60, 20.95, 20.81,
14.13; FAB-HRMS calcd for GgHsaNsO13 (M + Li™) 1034.3800,
found 1034.3775; IR (thin film) cm' 2115.4, 1713.1, 1386.2, 1074.9,
720.9; p]p®® = +29.7° (c 1.3, CHC}).
0-(3,6-Di-O-benzyl-2-deoxy-2-phthalimidof-p-glucopyranosyl)-
(1—4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-18-p-glucopyrano-
syl Azide (10).To a solution of9 (50 mg, 0.049 mmol) in 1:1 THF/
MeOH (3 mL) was added a 0.5 M solution of NaOMe in MeOH until
a pH of 10 was reached. The reaction was stirred for 20 min at rt, and
Amberlite IRC-50 resin was added until a pH of approximately 5 was
obtained. The reaction mixture was filtered, and the filtrate was
concentrated to a white solid. Silica gel chromatography (40% ethyl
acetate in hexanes) yielded 44.5 mg (93%)08&s a white foam. Mp
69—70°C.*H NMR (500 MHz, CDC}) 6 7.91-7.52 (m, 8 H), 7.38
7.26 (m, 10 H), 7.056.80 (m, 10 H), 5.31 (d, 1 H] = 8.3 Hz), 5.16
(d, 1H,J=9.4Hz), 4.78 (d, 2 H) = 12.3 Hz), 4.58-4.45 (m, 6 H),
4.28-4.13 (m, 4 H), 4.03 (app t, 1 K= 10.1 Hz), 3.82 (app t, 1 H,
J = 9.5 Hz), 3.71 (app quin, 1 Hl = 4.4 Hz), 3.58-3.53 (m, 2 H),
3.45-3.39 (m, 3 H), 3.10 (s, 1 H}C NMR (125 MHz, CDC}) ¢

992.3699; IR (thin film) cm* 2922.4, 2116.0, 1775.3, 1712.4, 1388.6,
1075.3, 721.0;d]p*® = +9.2° (c 1.0, CHC}).
O-(3-O-Acetyl-4,6-O-benzylidene-2-chloroacety|8-p-glucopyra-
nosyl)-(1—4)-0-(3,6-di-O-benzyl-2-deoxy-2-phthalimidof-b-glu-
copyranosyl)-(£+4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-14-p-
glucopyranosyl Azide (12).CompoundslO (707 mg, 0.717 mmol)
and11 (281 mg, 0.652 mmol) were combined and concentrated from
toluene (25 mL) 3 times. After the mixture was placed under high
vacuum for 1 h, freshly distilled Cil, (20 mL) was added followed
by the addition of freshly activated 4-A molecular sieves. NIS (734
mg, 3.26 mmol) and TfOH (57.QL, 0.652 mmol) were then added,
and the reaction was stirred for 20 min. The reaction contents were
then filtered through a pad of Celite. The filtrate was washed with

NaHCGQO;, NaSOs;, and brine. The organic layer was dried over,Na

SO, filtered, and concentrated to a yellow oil. Silica gel chromatog-
raphy (10:1 toluene/ethyl acetate) yielded 647 mg (74%)2&s a
colorless oil!H NMR (500 MHz, CDC}) 6 7.86-7.56 (m, 8 H), 7.42

7.24 (m, 15 H), 7.17 (app t, 1 H, = 6.8 Hz), 7.02-6.90 (m, 7 H),
6.81-6.77 (m, 2 H), 5.38 (s, 1 H), 5.27 (d, 1 H,= 8.2 Hz), 5.18
(appt, 1 HJ=10.3 Hz),5.16 (d, 1 H) = 9.6 Hz), 4.97 (app t, 1 H,
J=28.1Hz), 4.87 (d, 1 H) = 12.8 Hz), 4.75 (app dd, 2 H,= 12.4,

15.4 Hz), 4.65 (d, 1 H) = 12.1 Hz), 4.56-4.45 (m, 4 H), 4.39 (d, 1

H, J=12.3 Hz), 4.28-4.12 (m, 5 H), 4.05 (app t, 1 H} = 9.6 Hz),

3.91 (app dd, 2 HJ = 14.8, 24.2 Hz), 3.64 (d, 1 H] = 10.8 Hz),
3.59-3.55 (m, 3 H), 3.443.39 (m, 3 H), 3.253.20 (m, 3 H), 2.04

(s, 3 H);*C NMR (125 MHz, CDC}) 6 168.92, 168.57, 138.52, 138.43,
138.25, 138.07, 137.81, 128.67, 128.33, 128.22, 128.19, 128.06, 127.94,
127.81, 127.78, 127.69, 127.54, 127.42,127.31, 127.21, 127.00, 126.23,
101.8, 99.87, 85.56, 74.52, 71.82, 70.15, 69.87, 69.10, 67.54, 56.23,
54.92, 40.49, 20.67; FABHRMS calcd for GaHgsCINsOgo (M + Li )
1360.4357, found 1360.4357; IR (thin film) cm2922.2, 2861.1,
2116.3, 1748.3, 1715.7, 1389.6, 1075.@]F¥ = —16.9 (c 1.2,
CHCly).

O-(3-O-Acetyl-4,6-O-benzylidenef-p-glucopyranosyl)-(1—4)-O-
(3,6-di-O-benzyl-2-deoxy-2-phthalimidof-p-glucopyranosyl)-(1—4)-
3,6-di-O-benzyl-2-deoxy-2-phthalimido-18-p-glucopyranosyl Azide
(13).To a solution ofl2 (7.66 g, 5.66 mmol) in lutidine (40 mL) and
acetic acid (14 mL) were added 45 mL of a 0.375 M solution of
hydrazinedithiocarbonate in ethanol. The reaction was stirred for 15
min and then diluted with ethyl acetate (200 mL). The resulting mixture
was washed twice with ¥ and then brine. The organic layer was

'dried over NaSQ,, filtered, and concentrated. Silica gel chromatography

(40% ethyl acetate in hexanes) yielded 6.87 g (95%)3#s a white
foam.*H NMR (500 MHz, CDC}) 6 7.85-7.56 (m, 8 H), 7.417.26
(m, 15 H), 7.02-6.89 (m, 7 H), 6.8%+6.76 (m, 3 H), 5.38 (s, 1 H),
5.27 (d, 1 HJ = 8.4 Hz),5.16 (d, 1 H) = 9.4 Hz), 5.08 (app t, 1 H,
J=9.5Hz),4.85(d, 1 HJ=12.7 Hz), 4.79 (d, 1 H) = 12.2 Hz),
4.69 (d, 1 HJ = 7.7 Hz), 4.61 (d, 1 H) = 12.1 Hz), 4.56-4.49 (m,
4 H), 4.42-4.36 (m, 2 H), 4.36:4.04 (m, 6 H), 3.81 (app dd, 1 H,
=2.7,11.6 Hz), 3.65 (d, 1 Hl = 9.7 Hz), 3.51 (d, 1 HJ = 9.5 Hz),
3.49-3.41 (m, 3 H), 3.46-3.38 (m, 3 H), 3.32 (d, 1 H} = 10.0 Hz),
3.23-3.20 (m, 1 H), 2.13 (s, 3 HEC NMR (125 MHz, CDC}) 6
168.92, 168.57, 138.52, 138.43, 138.25, 138.07, 137.81, 128.67, 128.33,
128.22,128.19, 128.06, 127.94, 127.81, 127.78, 127.69, 127.54, 127.42,
127.31, 127.21, 127.00, 126.23, 101.8, 98.87, 85.57, 74.42, 70.67, 70.15,
70.09, 69.87, 69.10, 67.54, 56.23, 54.92, 20.67; FAIRMS calcd
for C71He7NsO15 (M + Li*) 1284.4641, found 1284.4640; IR (thin film)
cmt2924.3, 2116.4, 1698.6, 1650.7, 1557.8, 1078.7.
O-(2,3-Di-O-acetyl-4,60-benzylidenef-p-mannopyranosyl)-(+-4)-
O-(3,6-di-O-benzyl-2-deoxy-2-phthalimidofi-p-glucopyranosyl)-
(1—4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-14-b-glucopyrano-

168.59, 168.23, 167.52, 167.21, 138.36, 138.27, 138.13, 137.54, 133.84 syl Azide (14).Compoundl3 (671 mg, 0.525 mmol) was concentrated
131.42,128.53,128.24, 127.87,127.77, 127.74, 127.65, 127.42, 127.37from toluene (10 mL) 2 times. After it was placed under high vacuum
127.28, 126.94, 123.64, 123.38, 110.40, 96.95, 85.54, 78.38, 77.27 for 1 h, freshly distilled CHCI, (10 mL) was added. Strictly anhydrous
76.38, 75.19, 75.05, 74.33, 73.62, 73.07, 72.71, 80.70, 67.63, 56.02,pyridine (170uxL, 0.787 mmol) was subsequently added, and the
55.13; FAB-HRMS calcd for GeHsiNsO12 (M + Li™) 992.3694, found reaction was cooled te-15 °C. Tf,O (133uL, 0.788 mmol) was then
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added dropwise over 2 min, and the reaction mixture stirred for 3 h.
At this time, the reaction was concentrated under high vacuum, and
Bus,NOAc (950 mg, 3.15 mmol) was added. The resulting syrup was
concentrated from toluene (10 mL) 2 times and placed under high
vacuum for 30 min. Freshly distilled toluene (10 mL) was then added,
and the reaction was sonicated for 16 h. Ethyl acetate (50 mL) was

Hz), 3.99 (d, 1 HJ = 13.1 Hz), 3.89 (d, 1 HJ = 13.1 Hz), 3.77%

3.71 (m, 2 H), 3.66:3.58 (m, 2 H), 3.52 (app t, 1 H] = 8.7 Hz),
3.46-4.43 (m, 1 H);33C NMR (125 MHz, CDC}) 6 138.53, 138.27,
138.00, 137.21, 129.13, 128.65, 128.54, 128.44, 128.37, 128.05, 127.96,
127.89, 127.72, 127.64, 127.52, 127.21, 86.27, 84.33, 79.21, 77.58,
75.23, 75.00, 73.49, 73.39, 69.05, 33.83; FABRMS calcd for

then added, and the reaction mixture was subsequently washed withCssH360sS (M + Li*) 563.2443, found 563.2441; IR (thin film) cth

H.O followed by brine. The organic layer was dried over,Sla,

filtered, and concentrated. Silica gel chromatography (10% ethyl acetate

in hexanes) yielded 659 mg (95%) d# as a white foam!H NMR
(500 MHz, CDC}) 6 7.87—7.67 (m, 8 H), 7.43-7.26 (m, 15 H), 7.05
7.01 (m, 2 H), 6.96:6.92 (m, 5 H), 6.86-6.75 (m, 3 H), 5.47 (d, 1 H,
J=3.2 Hz),5.45 (s, 1 H), 5.26 (d, 1 B,= 8.3 Hz), 5.16 (d, 1 H)
= 9.4), 4.97 (app dd, 1 H) = 3.3, 10.3 Hz), 4.884.83 (m, 3 H),
4.61 (d, 1 H,J = 12.0 Hz), 4.53-4.49 (m, 4 H), 4.41 (d, 1 H) =
12.0 Hz), 4.28-4.23 (m, 2 H), 4.2%+4.13 (m, 4 H), 4.06 (app t, 1 H,
J=9.6 Hz),3.87 (app t, 1 H1= 9.8 Hz), 3.68 (d, 1 HJ = 10.9 Hz),
3.59-5.53 (m, 3 H), 3.43-3.39 (m, 2 H), 3.223.17 (m, 2 H), 2.19
(s, 3 H), 2.03 (s, 3 H)}C NMR (125 MHz, CDCH4) 6 169.95, 169.43,

1856.5, 1744.9, 1656.3, 1027.2.
3,4,6-Tri-O-benzyl-2-deoxy-2-thiobenzyk-p-mannopyranosyl Fluo-
ride (18). To a solution ofL7 (100 mg, 0.180 mmol) in freshly distilled

CH,Cl, (5 mL) at 0°C was added DAST (71,60L, 0.530 mmol). The
reaction was stirred for 10 min and then diluted with £LH (20 mL)
and washed with NaHC)HO, and brine. The organic layer was dried
over NaSQ,, filtered, and concentrated. Silica gel chromatography
(10% ethyl acetate in hexanes) yielded 92 mg (92%)8xs a colorless
oil. *H NMR (500 MHz, CDC}) 6 7.37-7.15 (m, 20 H), 5.62 (dd, 1
H, J = 1.6, 52.6 Hz), 4.86 (d, 1 H] = 10.8 Hz), 4.68 (d, 1 HJ =
12.2 Hz), 4.52-4.48 (m, 4 H), 4.16-4.09 (m, 1 H), 4.083.74 (m, 5

H), 3.67 (app dd, 1 HJ = 1.3, 12.5 Hz), 3.243.23 (m, 1 H);*C

138.57,138.42, 138.21, 138.00, 137.84, 128.66, 128.37, 128.23, 128.12NMR (125 MHz, CDC}) 6 138.17, 138.14, 137.92, 137.60, 129.16,

128.00, 127.97, 127.83, 127.71, 127.61, 127.50, 127.44, 127.38, 127.27128.74, 128.52, 128.40, 128.01, 127.86, 127.78, 127.64, 127.48, 108.69
127.09, 126.24, 101.82, 98.23, 97.16, 85.15, 78.54, 77.32, 76.81, 75.01(d, J = 226.4 Hz), 77.69, 75.08, 74.52, 74.07, 73.47, 71.78, 68.45,

74.50, 73.27, 72.86, 70.16, 69.82, 69.13, 67.59, 56.26, 54.95, 20.94,

20.78; FAB-HRMS calcd for GsHegsNsO19 (M + Lit) 1326.4747,
found 1326.4797; IR (thin film) cm' 2924.1, 1747.9, 1698.6, 1540.7,
1388.6, 1075.3;d]p?® = —0.4° (c 1.1, CHC}).
O-(4,6-0-Benzylidenef-p-mannopyranosyl)-(+—4)-0-(3,6-di-O-
benzyl-2-deoxy-2-phthalimidof-p-glucopyranosyl)-(1—4)-3,6-di-O-
benzyl-2-deoxy-2-phthalimido-16-p-glucopyranosyl Azide (15).Com-
pound14 (101 mg, 0.0770 mmol) was dissolved in @k, (10 mL).
A 1 M solution of NaOMe in MeOH was then added until a pH of 10
was reached. The reaction was stirred at rt for 1 h, at which point AcCOH
was added until a pH of 6 was obtained. The reaction mixture was
then washed with NaHC£HO, and finally brine. The organic layer
was dried over N&0O,, filtered, and concentrated. Silica gel chroma-
tography (50% ethyl acetate in hexanes) yielded 90 mg (95%% af
a white foam.*H NMR (500 MHz, CDC}) 6 7.87-7.51 (m, 8 H),
7.46-7.26 (m, 15 H), 7.027.01 (m, 2 H), 6.976.91 (m, 5 H), 6.8%+
6.76 (m, 3 H), 5.46 (s, 1 H), 5.29 (d, 1 H,= 8.4 Hz), 5.16 (d, 1 H,
J=9.4 Hz), 4.874.82 (m, 2 H), 4.75 (s, 1 H), 4.634.53 (m, 3 H),
4.51-4.46 (m, 2 H), 4.43-4.38 (m, 3 H), 429 (app t, 1 Hl = 8.7
Hz), 4.23 (app dd, 1 HJ = 8.4, 10.7 Hz), 4.174.12 (m, 3 H), 4.06
(@appt, 1HJ=19.4Hz),3.94 (d,1H)=3.4Hz),3.76 (app t, 1 H,
J=09.5Hz), 3.67#3.58 (m, 5 H), 3.54 (app t, 1 H,= 10.3 Hz), 3.43
(d, 1 H,J=11.4 Hz), 3.39 (d, 1 H) = 10.0 Hz), 3.32 (d, 1 H) =
9.9 Hz), 3.15-3.12 (m, 1 H);13C NMR (125 MHz, CDC}) ¢ 170.90,

46.91, 46.63, 36.89; FABHRMS calcd for GiHzsFO,S (M + Lit)
565.2400, found 565.2400; IR (thin film) crh1856.7, 1743.9, 1654.7,
1029.3.
0O-(3,4,6-Tri-O-benzyl-2-deoxy-2-thiobenzyle.-pD-mannopyrano-
syl)-(1—3)-0-(4,6-O-benzylidenef-p-mannopyranosyl)-(1—4)-O-
(3,6-di-O-benzyl-2-deoxy-2-phthalimidof-b-glucopyranosyl)-(1—4)-
3,6-di-O-benzyl-2-deoxy-2-phthalimido-14-p-glucopyranosyl Azide
(19). Compoundsl5 (145 mg, 0.117 mmol) and8 (85.0 mg, 0.152
mmol) were combined and concentrated from toluene (50 mL) 3 times.
The resulting foam was then placed under high vacuum for 1 h. Freshly
distilled CHCl, (20 mL) was then added along with 4-A molecular
sieves. The reaction mixture was then cooled t€pand SnGl (40.0
mg, 0.211 mmol) was added. After 15 min, AgOTf (44.0 mg, 0.211
mmol) was added, and the reaction was allowed to warm to rt over 16
h. The mixture was then filtered through a pad of Celite, and the filtrate
was washed with NaHCH)HO, and brine. The organic layer was dried
over NaSQ,, filtered, and concentrated. Silica gel chromatography
(30% ethyl acetate in hexanes) yielded 165 mg (80%)L9fas a
colorless oil*H NMR (500 MHz, CDC}) 6 7.88-7.68 (m, 8 H), 7.43
7.22 (m, 30 H), 7.157.10 (m, 5 H), 7.06-7.04 (m, 1 H), 7.01 (d, 1
H, J = 6.4 Hz), 6.95-6.88 (m, 5 H), 6.79-6.73 (m, 3 H), 5.45 (s, 1
H), 5.28 (d, 1 HJ = 8.4 Hz), 5.22 (d, 1 H) = 2.9 Hz), 5.16 (d, 1 H,
J=9.4 Hz), 4.85 (app dd, 2 H = 5.2, 12.8 Hz), 4.70 (d, 1 H] =
11.0 Hz), 4.66 (s, 1 H), 4.644.56 (m, 3 H), 4.524.41 (m, 6 H),

169.43, 138.57, 138.42, 138.21, 138.00, 137.84, 128.66, 128.37, 128.234.28-4.20 (m, 3 H), 4.164.09 (m, 5 H), 4.07#4.02 (m, 3 H), 3.94
128.12,128.00, 127.97, 127.83, 127.71, 127.61, 127.50, 127.44, 127.38(app t, 1 H,J = 9.6 Hz), 3.68-3.63 (m, 6 H), 3.66-3.49 (m, 6 H),
127.27,127.09, 126.24,101.51, 87.27, 78.39, 74.81, 72.21, 75.01, 70.163.43 (dd, 1 HJ = 3.5, 11.2 Hz), 3.39 (app d, 1 H,= 10.6 Hz), 3.26

69.82, 69.13, 67.59, 56.26, 54.95, 20.95; FABRMS calcd for
CsoHesNsO17 (M + LiT) 1242.4536, found 1242.4538; IR (thin film)
cm! 3100.0, 2924.8, 2116.0, 1827.7, 1698.8, 1540.2, 1077.5, 724.0.
[0]p® = + 11.1° (c 1.10, CHC}).

Benzyl 3,4,6-Tri-O-benzyl-1-thiof-b-glucopyranoside (17)3,4,6-
Tri-O-benzyl glucal 16) (2.9 g, 6.9 mmol) was dissolved in freshly
distilled CHCI, (50 mL) at 0°C. A recently prepared and dried
dimethyl dioxirane solution (250 mL, 0.03 M in acetone) was then
added in a dropwise fashion. The reaction was stirred“@ €r 1 h
and was then concentrated at®. Distilled CHCI, (50 mL) was then
added followed by addition of benzyl mercaptan (16 mL, 140 mmol)
and trifluoroacetic anhydride (10@L, 0.7 mmol). The reaction was
stirred for 16 h and subsequently concentrated and purified by silica
gel chromatography (20% ethyl acetate in hexanes) to yield 3.5 g (90%)
of 17 as a colorless oitH NMR (500 MHz, CDC}) 6 7.40-7.19 (m,

20 H), 4.90 (d, 1 HJ = 11.3 Hz), 4.84 (d, 2 H) = 10.0 Hz), 4.65 (d,
1H,J=122Hz), 458 (d, 2 H) = 12.6 Hz), 4.18 (d, 1 H) = 9.7

(appd, 1HJ=9.9Hz),3.19 (app t, 1 Hl = 3.2 Hz), 3.16-3.12 (m,
1 H); 13C NMR (125 MHz, CDC}) 6 171.23, 170.61, 170.09, 169.44,
138.63, 138.37, 138.17, 138.10, 137.98, 137.97, 137.96, 137.84, 137.70,
137.33, 134.43, 133.27, 130.95, 129.72, 129.72, 129.23, 128.99, 128.97,
128.89, 128.60, 128.58, 128.47, 128.40, 128.33, 128.32, 128.30, 128.29,
128.28, 128.20, 128.18, 128.17, 128.11, 128.09, 128.05, 128.01, 127.90,
127.88, 127.85, 127.84,127.83, 127.82, 127.74, 127.73, 127.70, 127.62,
127.57,127.51, 127.48, 127.30, 127.20, 127.04, 126.97, 126.85, 126.27,
126.22, 123.70, 102.00, 100.67, 96.92, 85.53, 83.04, 78.83, 78.44, 77.24,
76.33, 75.88, 75.55, 75.08, 74.60, 74.54, 73.47, 73.16, 72.74, 71.84,
71.59, 71.37, 70.71, 68.69, 67.66, 66.85, 64.33, 60.36, 56.52, 55.17,
53.55, 47.02; FAB-HRMS calcd for GoHooNs021S (M + Na*)
1796.6451, found 1796.6480; IR (thin film) cM3438.1, 2922.5,
2115.3, 1699.0, 1650.7, 1507.0, 1075.7, 723.0.
0O-(3,4,6-Tri-O-benzyl-2-deoxy-2-thiobenzyle-pD-mannopyrano-
syl)-(1—3)-0-(2-O-acetyl-4,6 O-benzylidenef-D-mannopyranosyl)-
(1—4)-0-(3,6-di-O-benzyl-2-deoxy-2-phthalimidof-p-glucopyrano-
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syl)-(1—4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-14-p-
glucopyranosyl Azide (20).CompoundL9 (380 mg, 0.214 mmol) was
dissolved in pyridine, and A© (40uL, 0.428 mmol) was added. The

to rt over 16 h. The mixture was then filtered through a pad of Celite,
and the filtrate was washed with concentrated Nak|@&0, and brine.
The organic layer was dried over pgO;, filtered, and concentrated.

reaction was stirred for 16 h and then concentrated under high vacuum.Silica gel chromatography (30% ethyl acetate in hexanes) yielded 600
Silica gel chromatography (30% ethyl acetate in hexanes) yielded 377 mg (85%) of22 as a colorless oitH NMR (500 MHz, CDC}) ¢ 7.83—

mg (95%) of20as a colorless oitH NMR (500 MHz, CDC}) 6 7.87—
7.69 (m, 8 H), 7.4%7.46 (app d, 2 H) = 6.5 Hz), 7.35-7.13 (m, 30
H), 7.03-6.97 (m, 10 H), 6.796.76 (m, 3 H), 5.49 (s, 1 H), 5.41 (d,
1H,J=28Hz),532(s,1H),526(d, 1H,=8.2Hz),5.16 (d, 1
H,J=9.4 Hz), 4.874.80 (m, 3 H), 474 (s,1H),465(, 1=
12.2 Hz), 4.58-4.38 (m, 9 H), 4.29-4.13 (m, 10 H), 4.05 (app t, 1 H,
J=9.6 Hz), 3.92-3.88 (m, 3 H), 3.82 (app t, 1 H,= 9.3 Hz), 3.75
3.64 (m, 5 H), 3.583.52 (m, 3 H), 3.22 (app d, 1 Hl = 9.9 Hz),
3.11-3.09 (m, 2 H), 2.03 (s, 3 H¥C NMR (125 MHz, CDC}) 6

7.57 (m, 8 H), 7.3:7.07 (M, 45 H), 6.946.92 (m, 5 H), 6.756.74

(m, 10 H), 5.39 (d, 1 HJ = 1.2 Hz), 5.26 (d, 1 HJ = 1.1 Hz), 5.22

(d, 1 H,J = 8.0 Hz), 5.14 (d, 1 HJ = 9.3 Hz), 4.87-4.83 (m, 3 H),
4.74-4.67 (M, 4 H), 4.65 (s, 1 H), 4.584.32 (m, 14 H), 4.264.11

(m, 6 H), 4.08-4.02 (m, 2 H), 3.96-3.88 (m, 5 H), 3.83-3.47 (m, 15

H), 3.36 (app d, 2 HJ = 9.3 Hz), 3.25-3.20 (m, 2 H), 3.06 (m, 2 H),

2.03 (s, 3 H)*C NMR (125 MHz, CDC4) 6 169.75, 169.53, 169.21,
167.56, 138.84, 138.54, 138.48, 138.42, 138.38, 138.28, 138.24, 138.21,
138.19, 138.18, 138.11, 138.08, 138.04, 138.03, 137.96, 137.94, 137.88,

171.23,170.61, 170.09, 169.55, 169.44, 138.98, 138.60, 138.57, 138.48133.80, 131.81, 131.54, 129.24, 129.19, 129.16, 129.08, 128.78, 128.60,
138.41, 138.35, 138.29, 138.20, 138.05, 138.01, 137.94, 137.86, 137.22128.59, 128.58, 128.56, 128.53, 128.49, 128.48, 128.45, 128.40, 128.36,
133.79, 131.51, 129.41, 129.27, 129.11, 129.03, 128.65, 128.44, 128.39128.34, 128.31, 128.30, 128.27, 128.25, 128.17, 128.03, 128.00, 127.94,
128.35, 128.25, 128.22, 128.16, 128.13, 128.09, 128.05, 128.01, 127.95127.91, 127.89, 127.87, 127.81, 127.79, 127.76, 127.75, 127.74, 127.73,
127.88, 127.86, 127.78, 127.73, 127.70, 127.66, 127.63, 127.56, 127.43127.69, 127.65, 127.61, 127.59, 127.56, 127.55, 127.52, 127.48, 127.20,
127.25,127.02, 126.88, 126.31, 126.25, 123.30, 102.08, 101.41, 99.14127.17, 127.12, 127.11, 127.01, 123.38, 102.46, 100.60, 99.20, 96.95,
96.95, 85.56, 78.74, 78.44, 77.72, 76.77, 76.46, 75.59, 75.14, 75.05,85.54, 81.47, 78.82, 78.42, 77.42, 76.80, 75.63, 75.56, 75.22, 75.07,
74.60, 74.53, 74.44, 74.34, 73.40, 73.28, 73.08, 72.89, 72.78, 72.14,74.87, 74.63, 74.52, 73.52, 73.40, 73.36, 73.30, 72.87, 71.99, 71.51,

71.04, 70.74, 69.15, 68.51, 67.69, 67.54, 66.59, 56.54, 55.19, 47.32,71.33, 69.13, 55.23, 37.07, 36.72, 21.19; £EBRMS calcd for

20.87; FAB-HRMS calcd for GosH101Ns02,S (M + Na') 1838.6557,
found 1838.6662; IR (thin film) cmt 2923.3, 2112.4, 1716.0, 1650.7,
1557.8.6, 1073.2, 728.0.
0O-(3,4,6-Tri-O-benzyl-2-deoxy-2-thiobenzyle--pD-mannopyrano-
syl)-(1—3)-O-(2-O-acetylff-p-mannopyranosyl)-(+—~4)-O-(3,6-di-O-
benzyl-2-deoxy-2-phthalimidof-p-glucopyranosyl)-(1—4)-3,6-di-O-
benzyl-2-deoxy-2-phthalimido-18-p-glucopyranosyl Azide (21).
Compound20 (325 mg, 0.179 mmol) was placed in an ice bath, and a
precooled solution (OC) of 5% TFA in CHCI, (15 mL) was added.
The reaction was stirred at @ for 20 min, at which time the acid
was quenched with addition of aqueous NaHCIe resulting mixture
was washed with BO and brine. The organic layer was dried over
NaSQ,, filtered, and concentrated. Silica gel chromatography (40%
ethyl acetate in hexanes) yielded 200 mg (65%2bés a yellow oil.
H NMR (500 MHz, CDC}) 6 7.89-7.55 (m, 8 H), 7.38-7.15 (m, 25
H), 7.01-6.94 (m, 7 H), 6.7#6.73 (m, 3 H), 5.37 (d, 1 H) = 3.1
Hz), 5.26 (d, 1 HJ = 8.1 Hz), 5.16 (d, 1 HJ) = 9.4 Hz), 5.13 (d, 1
H, J= 4.0 Hz), 4.87 (d, 1 HJ = 12.0 Hz), 4.86 (d, 1 HJ = 12.9
Hz), 4.67-4.32 (m, 16 H), 4.264.03 (m, 8 H), 3.83-3.63 (m, 6 H),
3.57-4.48 (m, 5 H), 3.43-3.38 (m, 4 H), 3.22 (app d, L H,= 9.8
Hz), 3.04 (app t, 2 HJ = 9.9 Hz), 2.05 (s, 3 H)}*C NMR (125 MHz,
CDCls) 6 171.23, 170.61, 170.09, 169.55, 169.53, 138.39, 138.36,

Ci13H131N5026S; (M + 2Nat/2) 1156.4170, found 1156.4198; IR (thin
film) cm~! 3340.8, 2924.3, 2115.3, 1725.9.3, 1650.7, 1553.8, 1072.3,
720.8.

0O-(3,4,6-Tri-O-benzyl-2-deoxy-2-thiobenzyle-p-mannopyrano-
syl)-(1—3)-0-[(3,4,6-tri-O-benzyl-2-deoxy-2-thiobenzyle.-b-man-
nopyranosyl)-(1—6)]-O-(2-O-acetyl/-p-mannopyranosyl)-(1—4)-O-
(2-acetamido-3,6-diO-benzyl-2-deoxyp-b-glucopyranosyl)-(1—>4)-
2-acetamido-3,6-diO-benzyl-2-deoxy-18-pD-glucopyranosyl Azide
(23). Pentasaccharid?? (130 mg, 0.06 mmol) was dissolvedrirBuOH
(10 mL) and ethylenediamine (2.5 mL). The reaction mixture was then
heated at 90C for 16 h. At this time, the reaction was concentrated
under high vacuum and evaporated from toluene (20 mL) 2 times. A
solution of pyridine/AgO (2:1, 20 mL) was then added, and the reaction
was stirred for 4 h. The solvent was removed under high vacuum, and
the resulting oil was purified by silica gel chromatography (66% ethyl
acetate in hexanes) to yield 115 mg (97%)28fas a colorless ofiH
NMR (500 MHz, CDC}) 6 7.31-7.21 (m, 55 H), 7.147.11 (m, 5
H), 6.15 (d, 1 HJ = 12 Hz), 5.35 (d, 1 HJ = 3.0 Hz), 5.12 (app t,
1H,J=9.8Hz),4.99 (d, 1 H) = 3.7 Hz), 4.89 (d, 1 HJ = 1 Hz),
4.83-4.76 (m, 4 H), 4.70 (d, 1 H) = 8.4 Hz), 4.674.58 (m, 7 H),
4.55-4.48 (m, 7 H), 4.43-4.32 (m, 8 H), 3.95 (app t, L HI = 5.4
Hz), 3.84-3.81 (m, 6 H), 3.7+3.54 (m, 15 H), 3.49 (d, 1 H] = 8.3

138.16, 138.14, 138.13, 138.09, 138.03, 137.85, 129.12, 128.58, 128.56Hz), 3.45 (dd, 1 HJ) = 10.8, 1.0 Hz), 3.39 (dd, 1 H = 7.8, 3.3 Hz),
128.37,128.34,128.32, 128.29, 128.21, 128.15, 128.08, 127.89, 127.863.20 (m, 2 H), 3.10 (dd, 1 H1 = 2.6, 1.4 Hz), 2.99 (dd, 1 HI = 7.3,
127.82,127.81, 127.78, 127.74, 127.68, 127.65, 127.63, 127.58, 127.573.6 Hz), 2.01 (s, 3 H), 1.85 (s, 3 H), 1.82 (s, 3 H), 1.65 (s, 3*(;
127.34,127.19, 126.96, 102.22, 98.23, 96.95, 85.51, 79.58, 78.32, 77.86NMR (125 MHz, CDC}) 6 170.42, 170.39, 169.84, 169.57, 138.62,
77.29, 76.75, 76.68, 76.48, 75.36, 75.19, 75.14, 74.65, 74.44, 74.41,138.58, 138.39, 138.38, 138.35, 138.29, 138.26, 138.22, 138.19, 138.17,
73.30, 73.06, 72.88, 71.82, 71.21, 69.03, 67.65, 67.43, 64.35, 62.29,137.99, 137.89, 129.15, 129.05, 128.58, 128.55, 128.50, 128.48, 128.36,

56.45, 55.18, 47.85, 21.06; FABIARMS calcd for GgHo7NsO2,S (M
+ Li*) 1734.6506, found 1734.6483; IR (thin film) ¢ 3339.8,
2923.5, 2115.2, 1715.9, 1657.7, 1557.8, 1073.3, 719.8.
0O-(3,4,6-Tri-O-benzyl-2-deoxy-2-thiobenzyle-p-mannopyrano-
syl)-(1—3)-0O-[(3,4,6-tri-O-benzyl-2-deoxy-2-thiobenzyle-b-man-
nopyranosyl)-(1—6)]-O-(2-O-acetyl{#-p-mannopyranosyl)-(+—4)-O-
(3,6-di-O-benzyl-2-deoxy-2-phthalimidof-b-glucopyranosyl)-(+—4)-
3,6-di-O-benzyl-2-deoxy-2-phthalimido-14-p-glucopyranosyl Azide
(22). Compound=21 (537 mg, 0.311 mmol) and8 (191 mg, 0.342
mmol) were combined and evaportated from toluene (50 mL) 3 times.
The mixture was placed under high vacuum for 1 h, and drg@H

128.32, 128.31, 128.30, 128.29, 128.28, 128.24, 128.19, 128.04, 127.94,
127.92,127.89, 127.86, 127.79, 127.73, 127.70, 127.68, 127.65, 127.63,
127.61, 127.55, 127.50, 127.48, 127.12, 127.04, 103.24, 100.34, 99.73,
98.03, 88.19, 79.11, 79.05, 78.19, 77.83, 76.43, 75.88, 75.47, 75.10,
74.78, 74.41, 73.80, 73.56, 73.40, 73.35, 73.29, 73.24, 73.21, 72.80,
72.73, 72.16, 72.10, 71.89, 71.56, 71.03, 69.08, 69.01, 68.84, 68.42,
67.00, 23.40, 23.10, 21.02, 20.96; FABRMS calcd for GoH13NsO25S,
(M + Nat) 2154.8629, found 2154.8541; IR (thin film) cmM2922.9,
2113.2, 1650.4, 1557.8, 1072.3, 719.5.

Ne-(tert-Butoxycarbonyl)-N7-{ O-(3,4,6-tri-O-benzyl-2-deoxy-2-
thiobenzyl-a-p-mannopyranosyl)-(1—3)-O-[(3,4,6-tri-O-benzyl-2-

(20 mL) and freshly activated 4-A molecular sieves were added. The deoxy-2-thiobenzyle-p-mannopyranosyl)-(1—6)]-O-(2-O-acetyl3-

reaction mixture was cooled to°@, and SnCGl (106 mg, 0.560 mmol)

D-mannopyranosyl)-(1-4)-O-(2-acetamido-3,6-diO-benzyl-2-deoxy-

was added. The reaction was stirred for 15 min, at which time AQOTf p-p-glucopyranosyl)-(+—4)-2-acetamido-3,6-diO-benzyl-2-deoxy-1-
(144 mg, 0.560 mmol) was added. The reaction was allowed to warm f-p-glucopyranosyk-L-asparaginetert-Butyl Ester 26. Pentasaccharide
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23 (260 mg, 0.12 mmol) was dissolved in MeOH (6 mL), and DIEA
(213 uL, 1.22 mmol) was added. The reaction flask was then purged
with Ar, and propanedithiol (612L, 6.10 mmol) was subsequently
added. The reaction was allowed to stir for 4 h, at which time it was
concentrated and the resulting glycosylanfdavas placed under high
vacuum for 1 h. A solution of pentafluorophenyl esgf (360 mg,
0.79 mmol), DIEA (21QL, 1.22 mmol), and HOBt (91 mg, 0.67 mmol)
in NMP (5 mL) was then added @4, and the mixture was stirred for
16 h. The reaction was then diluted with ethyl acetate (10 mL) and
washed with concentrated NaHg®,0O, and brine. The organic layer
was dried over N0, filtered, and concentrated. Silica gel chroma-
tography (70% ethyl acetate in hexanes) yielded 224 mg (809 of
as a colorless oil*H NMR (500 MHz, CDC}) 6 7.31-7.20 (m, 55

H), 7.13-7.12 (m, 5 H), 5.60 (d, 1 H] = 10.5 Hz), 5.37 (d, 1 HJ =

3.0 Hz), 5.13 (app t, 1 H) = 10.0 Hz), 4.98 (d, 1 HJ = 3.7 Hz),
4.86 (d, 1 HJ=12.2 Hz), 4.76 (d, 1 H) = 11.1 Hz), 4.69-4.50 (M,

12 H), 4.45-4.30 (m, 10 H), 3.863.82 (m, 8 H), 3.783.53 (m, 15

H), 3.44 (d, 2 HJ = 9.1 Hz), 3.36-3.33 (m, 5 H), 3.26:3.14 (m, 5

H), 3.07 (d, 1 HJ = 3.2 Hz), 2.99 (d, 1 H) = 4.6 Hz), 2.04 (s, 3 H),
1.80 (s, 3 H), 1.74 (s, 3 H), 1.63 (s, 3 H), 1.41 (s, 18 HE NMR
(125 MHz, CDC}) 6 170.43, 170.38, 170.28, 169.85, 169.84, 169.55,

8.98 (d, 1 H,J = 2.3 Hz), 8.95 (d, 1 HJ = 3.1 Hz), 8.48 (m, 2 H),
791(d,1HJ=8.9Hz),7.85(d, 1 H)=9.0Hz), 5.61 (app t, 1 H,
J=7.6Hz),557 (d, 1 H)= 2.8 Hz), 543 (app t, 1 H] = 7.1 Hz),
5.44-5.10 (m, 10 H), 4.65 (m, 2 H), 4.524.07 (m, 15 H), 3.96-3.65

(m, 10 H), 2.19-1.97 (m, 33 H), 1.931.80 (m, 10 H), 1.42 (s, 9 H);

3C NMR (125 MHz, MeOD)) 174.38, 173.67, 173.65, 173.02, 172.38,
172.26,172.18,172.00, 171.54, 171.04, 170.88, 170.68, 170.61, 170.54,
170.23, 169.99, 169.32, 146.40, 146.32, 144.51, 144.50, 143.52, 143.49,
128.07, 128.05, 126.83, 126.80, 121.60, 121.57, 103.27, 100.38, 100.10,
99.85, 88.40, 70.03, 69.85, 69.02, 68.88, 68.39, 67.72, 67.66, 67.04,
66.77, 66.76, 66.52, 66.41, 66.03, 65.86, 65.83, 65.44, 65.42, 64.30,
64.27, 64.15, 61.99, 61.87, 61.50, 60.83, 60.47, 48.39, 48.17, 48.00,
47.83, 47.03, 29.22, 27.27, 25.02, 21.98, 21.89, 21.05, 20.97, 20.87,
20.85, 20.76, 20.53, 20.14, 20.02, 19.93, 19.72, 19.32, 19.1F ESI
HRMS calcd For GiHoeN4O42S, (M + 2Li + Naf/2) 909.2470, found
909.2683; IR (thin film) cm?* 2923.4, 2114.1, 1698.6, 1650.8, 1557.8,
1456.2, 1049.8.

N2-(9-Fluroenylmethoxycarbonyl)}-N?-{ O-(3,4,6-tri-O-acetyl-2-
deoxy-2-(thio-2,4-di-nitrophenyl)-a-b-mannopyranosyl)-(+—3)-O-
[(3,4,6-tri-O-acetyl-2-deoxy-2-(thio-2,4-di-nitrophenyl)e.-D-man-
nopyranosyly—(1—6)]-O-(2,4-di-O-acetyl{#-p-mannopyranosyl)-(1—4)-

138.62, 138.54, 138.39, 138.38, 138.32, 138.29, 138.25, 138.17, 138.150-(2-acetamido-3,6-diO-acetyl-2-deoxyg-o-glucopyranosyl)-(1-4)-
138.14, 137.91, 137.85, 129.12, 129.01, 128.58, 128.53, 128.51, 128.442-acetamido-3,6-diO-acetyl-2-deoxy-1B8-p-glucopyranosyh -L -
128.38, 128.37,128.32,128.29, 128.23, 128.22,128.21, 128.19, 128.0333paragine 29.Glycosyl amino acid28 (20 mg, 0.01 mmol) was
127.94,127.92, 127.84, 127.77,127.71, 127.69, 127.68, 127.66, 127.65dissolved in 95% TFA in LD (1 mL), and the reaction was stirred for
127.61,127.58, 127.57, 127.48, 127.45, 127.36, 127.08, 103.27, 100.38,10 min. The mixture was then concentrated under high vacuurg- CH
100.00, 99.73, 88.21, 79.10, 79.08, 78.17, 77.81, 76.43, 75.88, 75.47,Cl, (1 mL) was subsequently added followed by the addition of Fmoc-
75.10, 74.78, 74.41, 73.80, 73.56, 73.38, 73.35, 73.26, 73.23, 73.21,0Su (6.8 mg, 0.02 mmol) and DIEA (3., 0.02 mmol). The reaction
72.80, 72.73, 72.19, 72.14, 71.89, 71.56, 71.03, 69.08, 69.01, 68.84,was allowed to stir for 2 h, after which time it was concentrated. Silica
68.42, 67.00, 50.22, 36.07, 28.02, 27.52, 23.42, 23.09, 21.08, 20.99;gel chromatography (2.5% MeOH in GEl,) yielded 19 mg (92%) of

ESI-HRMS calcd for GsgH1sdN4030S, (M + 2Na'/2) 1212.0032, found
1212.0047; IR (thin film) cm! 2925.0, 2113.2, 1827.7, 1698.6, 1557.8,
1456.5, 1072.3, 719.5.

Ne-(tert-Butoxycarbonyl)-N7-{ O-(3,4,6-tri-O-acetyl-2-deoxy-2-
thioacetyl-a-p-mannopyransyl)-(1—3)-O-[(3,4,6-tri-O-acetyl-2-deoxy-
2-thioacetyl-a-p-mannopyransyl)-(1—6)]-O-(2,4-di-O-acetyl#-D-
mannopyranosyl)-(1—4)-O-(2-acetamido-3,6-diO-acetyl-2-deoxyp-
p-glucopyranosyl)-(+—4)-2-acetamido-3,6-diO-acetyl-2-deoxy-18-
D-glucopyranosyl-L-asparagine 27.NH; (10 mL) was collected at
—78°C. Li° (6.4 mg, 0.91 mmol) was added and stirred until a deep
blue color was obtained. Glycosyl amino a@@ (84 mg, 0.04 mmol)

29 as a yellow oil.*H NMR (500 MHz, MeOD)¢ 9.05 (d, 1 H,J =

2.7 Hz), 8.99 (d, 1 H) = 2.9 Hz), 8.41 (m, 2 H), 7.76 (d, 1 H,=

8.8 Hz), 7.74 (app d, 2 HI= 7.0 Hz), 7.70 (d, 1 H) = 9.1 Hz), 7.54

(bs, 2 H), 7.37 (app d, 2 H,= 8.4 Hz), 7.06 (app d, 2 H = 8.2 Hz),

5.68 (app t, 1 H) = 7.4 Hz), 5.56 (d, 1 H) = 2.5 Hz), 5.43-4.93

(m, 15 H), 4.49-4.21 (m, 15 H), 3.743.47 (m, 14 H), 2.221.84 (m,

42 H);3C NMR (125 MHz, MeOD)) 174.57, 173.47, 173.63, 172.48,
172.38,172.28,172.08, 172.00, 171.57, 171.10, 170.86, 170.71, 170.65,
170.52, 170.27,170.01, 155.98, 146.40, 146.12, 144.54, 144.48, 143.59,
143.46, 143.52, 143.52, 141.11, 128.08, 128.04, 127.63, 127.13, 126.79,
126.78, 121.60, 121.57, 120.26, 119.89, 103.27, 100.38, 100.10, 99.86,

was subsequently added as a solution in THF (1 mL). The reaction 88.39, 70.04, 69.86, 69.04, 68.90, 68.41, 67.70, 67.68, 67.01, 66.99,

was stirred at-78 °C for 1 h. At this time, NHCI (55 mg, 1.0 mmol)

66.76, 66.74, 66.56, 66.43, 66.08, 65.83, 65.81, 65.45, 65.41, 64.31,

was added, and the blue color disappeared. The reaction was therf4.26, 64.12, 62.00, 61.84, 61.47, 60.84, 60.48, 48.41, 48.13, 48.00,

allowed to warm to rt, and Ar was blown over the solution until it
reached dryness. Pyridine (20 mL), followed by.®c(10 mL) and

47.85, 47.01, 46.96, 29.23, 27.29, 25.03, 21.99, 21.84, 21.06, 20.99,
20.87, 20.85, 20.73, 20.53, 20.12, 20.00, 19.94, 19.30, 19.19; ESI

DMAP (1.3 mg, 0.01 mmol), was added, and the reaction was stirred HRMS calcd For GH102NgOssS, (M + 2Na’/2) 1080.2512, found
for 16 h. The solvent was removed under high vacuum, and the resulting 1080.2535; IR (thin film) cm* 2922.5, 2115.3, 1698.8, 1650.6, 1557.4,

oil was purified by silica gel chromatography (5% MeOH in £CHp)
to yield 49 mg of27 as a colorless oil, which was used in the next
reaction without characterization.

N-(tert-Butoxycarbonyl)-N7-{ O-(3,4,6-tri-O-acetyl-2-deoxy-2-
(thio-2,4-di-nitrophenyl)- o-b-mannopyranosyl)-(1—=3)-O-[(3,4,6-tri-
O-acetyl-2-deoxy-2-(thio-2,4-di-nitrophenyl)e.-D-mannopyranosyl)-
(1—6)]-0-(2,4-di-O-acetylf-p-mannopyranosyl)-(1—4)-O-(2-
acetamido-3,6-diO-acetyl-2-deoxyp-p-glucopyranosyl)-(1—4)-2-
acetamido-3,6-diO-acetyl-2-deoxy-1p-b-glucopyranosyl -L -
asparagine 28.Glycosyl amino acid27 (40 mg, 0.02 mmol) was
dissolved in 1 mL of MeOHA 1 M solution of NaSMe in MeOH (40

1456.2, 1048.8.

Glycopeptide 32.The synthesis of glycopeptid® was carried out
on Fmoc-SefBu) chlorotrityl resin (0.01 mmol scaleN*-Fmoc-
protected amino acids were coupled manually using DCC/HOB in
NMP. A 10-fold excess of amino acid was used in each coupling step,
except for glycosyl amino acid9, which was coupled using only 1.5
equiv. DNP cleavage was achieved by treatment of the resin-bound
glycopeptide with DTT (16.0 equiv) and DBU/DIEA (4 equiv) in DMF
for 30 min (2x). Following acetylation with AgO/pyridine (1:2), the
resin was washed thoroughly with DMF and &Hb. Peptide cleavage/
deprotection was accomplished by treatment with ReagéhaKrt

uL) was then added dropwise. After 5 h, the reaction was concentrated for 5 h. The crude glycopeptide was concentrated and deacetylated with

and placed under high vacuum for 30 min. The resulting off-white solid
was then dissolved in 5:1 GBl./pyridine (5 mL) containing DIEA
(12uL, 0.06 mmol) and 2,4-dinitrophenyl fluoride (8.2 mg, 0.04 mmol).

The reaction was allowed to stir for 16 h and was then concentrated.

Silica gel chromatography (5% MeOH in GEl,) yielded 36 mg (77%
over two steps) o28 as a yellow oil.*H NMR (500 MHz, MeOD)o

10% aqg NH4-H20 in the presence of DTT (excess) at rt for 30 min. It
was then purified by reversed-phase HPLC with a gradient-cf@bo
CHsCN in water (0.1% TFA) over 30 min to give 8 mg (37%) 32
ESIMS (pos) calcd for (MV+ Na) = 2198.1, found 2198.6; ESIMS
(neg) calcd for (M— H) = 2172.3, found 2172.1.
6-O-tert-Butyldiphenylsilyl-2-deoxy-2-phthalimido-#-p-glucopy-
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ranosyl Azide (35). Glycosyl azide34 (33.4 g, 72.6 mmol) was
dissolved in MeOH (500 mL). A 0.5 M solution of NaOMe in MeOH

170.34, 170.30, 170.04, 169.96, 169.24, 101.18, 88.38, 75.74, 74.57,
72.76, 70.75, 70.72, 69.02, 66.52, 61.85, 60.67, 53.05, 23.06, 20.80,

was then added until a pH of 10 was obtained. After the reaction was 20.74, 20.58, 20.55, 20.52, 20.43; FABIRMS calcd for GgHzsN4O16

stirred for 16 h, it was neutralized by addition of AcOH. The mixture

(M + H*) 661.2205, found 661.2208; IR (thin film) crh2917.0,

was then concentrated and azeotroped with toluene before being place®117.9, 1748.1, 1664.6, 1370.6, 1229.1, 1061.0.

under high vacuum for 1 h. The resulting white solid was dissolved in
CHCl, (250 mL) to which were added DIEA (25.3 mL, 145 mmol)
and DMAP (890 mg, 7.3 mmol). TBDPSCI (20.8 mL, 79.9 mmol) was
then added, and the reaction was stirred for 16 h. At this time, the
mixture was washed with 4 twice, followed by brine. The organic
layer was dried over N&Q, filtered, and concentrated. Silica gel
chromatography (5% MeOH in Gil,) yielded 41 g (98%) oB5 as

a colorless oil*H NMR (500 MHz, CDC}) 6 7.85 (d, 2 H,J = 2.6
Hz), 7.73-7.72 (m, 6 H), 7.497.42 (m, 6 H), 5.39 (d, 1 H) = 9.3
Hz), 4.43 (app t, 1 HJ = 10.0 Hz), 4.08 (app t, 1 H] = 10.7 Hz),
4.04-3.95 (m, 2 H), 3.77 (app t, 1 H} = 8.3 Hz), 3.69-3.65 (m, 1

H), 1.09 (s, 9 H);*3C NMR (125 MHz, CDC{) 6 171.38, 170.99,

O-(p-p-Galactopyranosyl)-(1—4)-2-acetamido-2-deoxys-p-glu-
copyranosyl Azide (38).Compound37 (500 mg, 0.76 mmol) was
dissolved in MeOH (50 mL). A 0.5 M solution of NaOMe in MeOH
was then added until a pH of 10 was obtained. The reaction was stirred
for 16 h, at which time the mixture was quenched by addition of AcCOH.
The solvent was then removed under vacuum, and purification by silica
gel chromatography (20% MeOH in GEl,) yielded 300 mg (98%)
of 38 as a white foam!H NMR (500 MHz, MeOD)6 4.36 (d, 1 H,J
=7.8Hz),3.88(dd, 1 H)=2.1,12.4 Hz), 3.81 (d, 1 H} = 3.3 Hz),
3.75(dd, 1 HJ = 4.8, 12.4 Hz), 3.693.61 (m, 6 H), 3.583.52 (m,

3 H), 3.43 (dd, 1 HJ = 7.8, 9.9 Hz), 1.94 (s, 3 H)}}*C NMR (125
MHz, D,O) 6 174.71, 102.77, 88.48, 77.78, 76.66, 75.27, 72.39, 72.19,

168.26, 167.68, 135.60, 135.54, 134.23, 133.01, 132.91, 131.36, 129.8270.86, 68.46, 60.94, 59.77, 54.49, 22.02; FABRMS calcd for
127.79,127.77, 123.52, 85.35, 77.09, 76.77, 72.24, 71.28, 63.72, 55.94,C; H,4N4010 (M + H*) 409.1571, found 409.1579; IR (thin film) crh

26.75, 19.21; FAB-HRMS calcd for GoH3N4OeSi (M + Li™)
579.2251, found 579.2242; IR (thin film) crh3431.9, 2930.8, 2116.2,
1775.5, 1713.3, 1641.5, 1388.6, 1111.3, 1070.9.
0-(2,3,4,6-TetraO-acetyli-D-galactopyranosyl)-(1—4)-6-O-tert-
butyldiphenylsilyl-2-deoxy-2-phthalimido-f-p-glucopyranosyl Azide
(36). To a mixture of35 (2.0 g, 3.5 mmol),33 (1.5 g, 4.2 mmol),
SnCh (1.2 g, 6.3 mmol), and 35 g of 4-A molecular sieves was added
a solution of 5:1 CHCl/toluene (300 mL). The reaction was then
cooled to—10 °C and stirred for 1 h. At this time, AgOTf (1.6 g, 6.3

3433.9, 2916.2, 1624.8.
O-(5-Acetamido-3,4-dideoxyp-glycerco-bp-galacte2-nonulopy-
ranosylate)-(2—3)-O-(f-p-galactopyranosyl)-(1—~4)-2-acetamido-2-
deoxy{#-b-glucopyranosyl Azide (39).Compound38 (39 mg, 0.10
mmol), CMP#-p-sialic acid (126 mg, 0.190 mmolky-2,3-sialyltrans-
ferase (340 milliunits, Sigma), and alkaline phosphatase (40 units,
Sigma) were dissolved in 50 mM sodium cacodylate (pH 7.4), 1% BSA,
and 30 mM MnC} (5 mL). The reaction was incubated at 32 for 2
d with gentle agitation. At this time, an additional 60 mg of C)P-

mmol) was added, and the reaction was allowed to warm to rt over 16 p-sialic acid and 170 milliunits ofx-2,3-(N)-sialyltransferase were

h. The mixture was filtered through a plug of Celite and washed with
concentrated NaHCH,O, and brine. The organic layer was dried
over NaSQ,, filtered, and concentrated. Silica gel chromatography
(20% ethyl acetate in toluene) yielded 2.2 g (84%)36fas a white
foam.'H NMR (500 MHz, CDC}) 6 7.88-7.85 (m, 2 H), 7.7#7.72

(m, 4 H), 7.48-7.40 (m, 4 H), 7.26-7.24 (m, 2 H), 7.187.14 (m, 2

H), 5.44 (d, 1 HJ = 9.5 Hz), 5.36 (app d, 1 Hl = 3.4 Hz), 5.23 (dd,
1H,J=18.1,10.4 Hz), 4.98 (dd, 1 H = 3.5, 10.4 Hz), 4.73 (d, 1 H,
J=8.1Hz), 451 (dd, 1 H) = 8.6, 10.6 Hz), 4.154.07 (m, 2 H),
4.03 (app d, 1 HJ = 10.1 Hz), 3.97-3.93 (m, 1 H), 3.87 (dd, 1 HJ

= 3.0, 11.5 Hz), 3.67 (app d, 1 H,= 8.5 Hz), 2.35 (s, 3 H), 2.13 (s,

3 H), 1.98 (s, 3 H), 1.74 (s, 3 H), 1.13 (s, 9 HJC NMR (125 MHz,
CDCls) 6 170.32, 169.96, 169.78, 168.99, 168.00, 167.56, 137.74,

added. The reaction was incubated for 3 additional d at@7after
which time it was concentrated under vacuum. Silica gel chromatog-
raphy (7:2:1 ethyl acetate/MeOH/8) yielded 68 mg (99%) 089 as

a waxy solid.*H NMR (500 MHz, D;O) 6 4.42 (d, 1 H,J = 7.9 Hz),

3.98 (dd, 1 HJ = 2.9, 9.9 Hz), 3.87 (app d, 1 H,= 10.9 Hz), 3.82

(d, 1 H,J=2.8Hz), 3.78-3.72 (m, 4 H), 3.673.49 (m, 14 H), 2.62

(dd, 1 H,J = 4.6, 12.5 Hz), 1.92 (s, 3 H), 1.90 (s, 3 H), 1.68 (app t,
1H,J=11.2 Hz);"®*C NMR (125 MHz, BO) § 174.94, 174.71, 102.47,
88.53, 77.65, 76.69, 75.39, 75.11, 72.81, 72.17, 71.69, 69.29, 68.27,
68.01, 67.39, 62.50, 62.40, 60.96, 59.77, 54.49, 51.60, 48.78, 39.55,
22.02, 21.95; FAB-HRMS calcd for GsHaiNsOig (M + Na')
722.2344, found 722.2360; IR (thin film) cth3440.9, 2916.2, 2117.8,
1786.5, 1624.8.

135.81, 135.45, 134.14, 133.33, 132.26, 131.57, 129.91, 128.94, 128.12, qa-BromoacetamidoO-(5-acetamido-3,4-dideoxys-glyceroa-p-
127.86, 127.74,125.20, 101.12, 85.13, 80.27, 76.68, 71.26, 70.69, 69.00galacto-2-nonulopyranosylate)-(2—-3)-O-(8-p-galactopyranosyl)-
68.65, 66.76, 61.39, 61.15, 55.71, 26.79, 21.34, 20.48, 20.39, 20.29,(1—4)-2-acetamido-2-deoxy3-p-glucopyranoside (3).Compound39

19.31; FAB-HRMS calcd for GGH46N3013Si (M + L|+) 909.3202,
found 909.3305; IR (thin film) cm 3470.9, 2931.3, 2116.7, 1754.1,
1718.1, 1385.7, 1219.9, 1073.0.
0-(2,3,4,6-TetraO-acetylf#-p-galactopyranosyl)-(+-4)-3,6-di-O-
acetyl-2-acetamido-2-deoxy¥-p-glucopyranosyl Azide (37).To a
solution 0f36 (1.0 g, 1.1 mmol) at 0C were addé a 1 Msolution of
TBAF in THF (1.1 mL) and AcOH (10@L). The reaction was allowed

(40 mg, 0.06 mmol) was dissolved in® (3 mL) and stirred in the
presence of 10% Pd/C (40 mg) at rt under an atmosphere of hydrogen.
After 20 min, the reaction mixture was filtered through Celite, washed
with H>O (1 mL), and immediately treated with bromoacetic anhydride
(78 mg, 0.30 mmol) in the presence of NaHCQ@50 mg). After 3 h

the mixture was loaded onto a column of Bio-Gel P-2 and eluted with
H.,O to give 27 mg (56%) 08 as a white solid after lyophilizatioAH

to warm to rt overnight. The mixture was subsequently concentrated NMR (500 MHz, D;0) 6 4.41 (d, 1 HJ = 5.0 Hz), 3.95 (d, L H) =

to a yellow oil. This oil was dissolved im-BuOH (20 mL), and
ethylenediamine (5 mL) was added. The reaction was heated %G 90

9.7 Hz), 3.84-3.66 (m, 9 H), 3.58:3.44 (m, 10 H), 3.20 (s, 2 H), 2.62
(dd, 1 H,J = 4.8, 12.5 Hz), 1.89 (s, 3 H), 1.88 (s, 3 H), 1.70 (app t,

and stirred for 16 h. The mixture was then concentrated under high 1 H,J=11.0 Hz);*C NMR (125 MHz, DO) 6 174.94, 173.80, 160.16,
vacuum and dissolved in a solution of 2:1 pyridine/&c(100 mL), 102.48, 99.73, 90.45, 78.13, 75.39, 75.09, 72.79, 72.37, 71.70, 69.30,

and the reaction was stirred for 8 h. The reaction was again concentrated69.15, 68.27, 68.02, 67.40, 62.50, 60.94, 59.75, 53.65, 51.61, 48.78,

to give a yellow oil which was purified by silica gel chromatography
(2.5% MeOH in CHCI,) to yield 580 mg (80%) 087 as a white foam.

1H NMR (500 MHz, CDC}) 6 6.04 (d, 1 H,J = 9.5 Hz), 5.34 (app d,
1H,J=2.8Hz),5.07 (app t, 1 H} = 8.6 Hz), 4.95 (dd, 1 H) = 3.4,
10.5 Hz), 4.53-4.47 (m, 4 H), 4.144.03 (m, 4 H), 3.87 (app t, 1 H,
J=6.9Hz),3.80 (app t, 1 H} = 9.1 Hz), 3.76-3.67 (m, 1 H), 2.13

(s, 3 H), 2.12 (s, 3 H), 2.08 (s, 3 H), 2.04 (s, 3 H), 2.03 (s, 3 H), 1.97
(s, 3H), 1.95 (s, 3 HC NMR (125 MHz, CDC}) 6 170.91, 170.37,
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39.55, 21.96, 21.80; FABHRMS calcd for GiHaBrNzO19 (M + Na')
816.1650, found 816.1653; IR (thin film) crh3441.9, 2117.8, 1865.7,
1786.5, 1624.8.

Glycopeptide 40.To glycopeptide32 (1 mg, 0.4 mmol) in sodium
phosphate buffer (0.1 M, pH 7.2) (1Q) was added bromoacetamide
3 (5 mg, 6 mmol). The reaction mixture was incubated at°g7
overnight, and the thioether-linked prodd€&was isolated by reversed-
phase HPLC using a gradient of-@0% CHCN in water (0.1% TFA)
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over 60 min. The products were lyophilized and analyzed by ESIMS Member, and Novartis, as Supporting Member. This research
((pos) calcd for (M+ 2Na/2) = 1823.4, found 1823.5). Yields for  was supported by grants to C.R.B. from the National Science
thiol alkylations appeared quantitative by HPLC and ESIMS analysis. Fgundation (CHE-9734439) and the Director, Division of

During the course of the reaction (after 8 h), mass spectrometry analySiSMaterials Sciences and Engineering, and the Office of Energy

revealed the transient presence of the monoalkylated glycan. This Biosciences of the U.S. Department of Energy under Contract
compound had the same elution time as that of the fully alkylated No DE-AC03-76SF60698

product and was therefore indistinguishable by HPLC. After 16 h, no
monoalkylated product was observed by mass spectrometry, and the Supporting Information Available: Mass spectra and HPLC
reaction was deemed complete. traces for glycopeptide32 and 40. This material is available
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