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Abstract. Unsubstituted and ©-a-L-fucosylated propyl 2-acetamido-2-deofyb-
galactopyranosides and their selectivehgulfated (both in GalNAc and Fuc units) derivasive
were synthesized as model compounds representndrdgments of fucosylated chondroitin
sulfates (FCS) from sea cucumbers. Oeaeetylated 2-deoxy-B-phthalimido-D-
glucopyranose was used as a key precursor for rggagmtion of all 2-acetamido-2-deoxy-D-
galactopyranoside containing products. Attempt§-@tglycosylation of propyl 32-benzoyl-2-
deoxy-2N-phthalimido-D-galactoside by @-benzyl-3,4-diO-chloracetyl-L-fucosyl
trichloracetimidate in the presence of TMSOTf gavé:1 mixture of the correspondiig and
B-isomeric disaccharides, while the use of strudiyureelated fucosyl bromide donor with
promotion by ByNBr led to the formation of desired-isomeric disaccharide exclusively.
Selective removal of orthogon&@-protections permitted subsequebisulfation both at the
GalNAc and Fuc units. Further removal of blockingups yielded the target products which
were systematically studied B and**C NMR spectroscopy in order to determine the spectr
effects of O-sulfation anda-L-fucosylation needed for the development of cotepuassisted

structural analysis of natural FCS.
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1. Introduction

Fucosylated chondroitin sulfates (FCS) from seaimaers attract attention due to
their high level of anticoagulant, antithrombo@mtitumor, anti-inflammatory, and other
types of biological activity [1-4]. The backbone &fCS is built of the repeating
disaccharide units - 3)-p-D-GalNAc-(1-4)-B-D-GIcA-(1- bearing o-L-fucosyl
branches (Fig. 1). Structural variations of FCShfrdifferent sea cucumber species are
determined by the number and position of branchesyell as by the pattern @-
sulfation of all monosaccharide units. It is notethg that biological effect depends on
these structural features of the polysaccharide][3-or the two last decades selectively
O-sulfateda-L-fucosyl residues attached @3 of the GICA unit (see un&, Fig. 1) were
considered to be the main type of branches in FGS5{8]. However, recently the
presence oféi-L-fucosyl branches linked t@-6 of N-acetyl-galactosamine units (see unit
I, Fig. 1) was found in the structure of FCS fréntinopyga mauritiana [9].

Here, we conduct systematic syntheses of oligosaittds related to essential
structural motifs of FCS. These compounds are reduor subsequent biological studies
to assess the structures of pharmacophore fragnmelRGS [10-11]. In addition, the same
compounds are indispensable models for NMR stutiedetermine spectral effects of
glycosylation and sulfation which are needed fa ttevelopment of computer assisted
analysis of natural FCS [12-13].

Previously we performed the synthesis of oligosaddes built of 3©-
fucosylated glucuronic acid [14]. In this communica we report the synthesis and
NMR analysis of mono- and disaccharide8 related to GalNAc and Fuc{l6)GalNAc

fragments of FCS (Fig. 1).
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Figure 1. Key repeating unit$ andll of fucosylated chondroitin sulfates and synthetieano-

and disaccharidek8 related to GalNAc and Fuc{16)GalNAc fragments.

2. Results and Discussion
2.1. Synthesis

The synthesis of all N-acetyl-D-galactosamine denixes was started from pé&r-
acetylated 2-deoxy-2-phthalimido-D-glucd®€l5]. Its treatment with allyl alcohol in the
presence of BfEL,O gave the respective allyl glycoside, which wasleacetylated
under acidic conditions and further transformed 3t®-acetyl-4,6-diO-benzylidene
derivativel0in overall yield of 64% (Scheme 1). Regioselect@ductive opening of the
benzylidene ring irlO under the treatment with BBlesN and AICE in THF gave 6-O-
benzylated glycosiddl in a yield of 90%. Presence of the benzyl grouD#& was
confirmed by the low field shift of th€-6 signal in thé*C NMR spectrumd 70.2 ppm).
Transformation of compountil with gluco-configuration intogalacto-derivativel2 was
performedvia intermediate formation of 4-triflate dfl. Intramolecular attack of the G-
acetyl group on the triflate group @t4 led to the dioxalenium cation, which was opened
in the presence of water with the formation dD4cetylated produc2. The presence of
the acetyl group a@-4 in 12 was confirmed by the low field shift of th&4 signal in the

'H NMR spectrum { 5.44 ppm).Galacto-configuration of12 was evidenced by the



characteristic value ofl;.; constant (3.4 Hz). Deprotection df2 accompanied by
reduction of the allyl group into the propyl oneddollowed by N-acetylation led to the

target monosaccharide
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Scheme 1i: 1. AllOH, BR:-EO, DCM, 2. AcCl/MeOH, DCM 3. PhC(OMg)CSA, DMF, 4.
AcCl, Py, DCM, 64%;ji: BHs-NMe;, AICI;, H,O, THF, 90%:;ii: 1. TLO, Py, DCM, -50 °C, 2.
H,O, DCM, 50 °C, 94%iv: 1. Pd(OH)/C, EtOAc, MeOH, 2. bH,-H,0O, EtOH, 90 °C, 3. A©,
NaHCG;, MeOH, HO, 56%;v: BzCIl, Py, DCM, 91%yvi: 1. AcCl/MeOH, DCM 2. Py-S§
DMF, 3. Pd(OH)/C, EtOAc, MeOH, 4. bH,-H,O, EtOH, 90 °C, 5. A®©, NaHCQ, MeOH,
H,0, 48%:;vii: Pd(OH)/C, EtOAc, MeOH, 89%yviii: AcCl/MeOH, DCM, 96%:;ix: 1. Py-SQ,

DMF, 2. NoH4- H;O, EtOH, 90 °C, 3. A®, NaHCQ, MeOH, HO, 52% for3, 48% for4.

Benzoylation ofl2 gave glycosidd .3 bearing the orthogonal @-acetyl and 62-
benzyl groups. AcididO-deacetylation ofl3 followed by sulfation, deprotection and,
finally N-acetylation, led to the target@-sulfated monosaccharidein an overall yield
of 48%. Hydrogenolysis 013 in the presence of Pd(O#E gave propyl glycosidé4
bearing free OH-group &-6. O-Sulfation of 14 and subsequent deprotection and N-
acetylation produced 6-sulfated3 in a yield of 52%. SimilarlyO-deacylation ofl14
(—15, 96%) and subsequent sulfation, saponification ratetylation gave 4,6-db-
sulfated propyl glycosidd. The position of the sulfate groups in compoufées was
confirmed by characteristic low field values of therresponding proton and carbon

chemical shifts in thtH and**C NMR spectra (Table 2).



For the synthesis of disaccharicde8 the glycosylation of diol5 by 2-O-benzyl-
3,4-di-O-chloroacetyl-fucosyltrichloroacetimidate6 [14] in the presence of TMSOTf
was studied first. Previously, 3,4-@acyl-fucosyltrichloroacetimidates were shown to
be efficienta-glycosylating agents due to remote participatidnaoyl groups at O-3
and/or O-4 which favour nucleophilic attack fronetw-side [14, 16-18]. In spite of
previous observations, the reactionl&fwith 16 proceeded without any stereoselectivity
and led to a 1:1 mixture of andp-isomersl8ap (Table 1). Their ratio was determined

by the integration of H-6¢Fuc) and H-g§-Fuc) signals in thtH NMR spectrum.

Table 1.Results of glycosylation.
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Fucosylation under similar conditions of 6-hydrodgrivative 14 which can be

regarded as a less reactive acceptor was sligltihe efficient and led to a 2:1 mixture of

a- andp-isomerslOap (Table 1). Their ratio was determined by the ina¢ign of H-1¢-

Fuc) and H-1f-Fuc) signals in théH NMR spectrum. Surprisingly, the best result of



glycosylation was achieved with the use of the lassve fucosyl bromide donat7
bearing the same pattern of blocking groups as ithamidate 16. The coupling of
compounds15 and 17 under Lemieux conditions [19] in the presence afNBr
proceeded more slowly than that with trichloroaoédate16 (7 days instead of 30 min,
Table 1) but with stereospecific formation of thesdleda-isomer18a. a-Configuration
of the formed glycosidic bond was confirmed by ttferacteristic value of thd
constant (3.4 Hz).

Disaccharid€el8a was further transformed into the target prod&e®& Thus, the
deprotection and N-acetylation df8a gave non-sulfated disaccharidge while the
sulfation of18a by the Py-S@complex followed by deprotection and N-acetylatied
to 4-O-sulfated disaccharidé. Selective removing of chloroacetyl groups 1o by
thiourea in the presence of collidine gave tB61(92%). It was then subjected to per-
sulfation followed by further deprotection and Negdation to give 4,3’,4’-triO-sulfated
disacchariders. Hydrogenolysis oR0 followed by perO-sulfation, deprotection and N-
acetylation led to 4,2’,3’,4’-tetr®-sulfated disaccharid® Similarly to monosaccharide
sulfates2-4, the location of the sulfate groups in compouéswas confirmed by the
characteristic low field values of the correspogdgroton and carbon chemical shifts in

the'H and**C NMR spectra (Table 2).
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Scheme 2i: 1. Pd(OH)/C, EtOAc, MeOH, 2. bH;-H,O, EtOH, 90 °C, 3. A®, NaHCQ,
MeOH, H0, 51%.ii: 1. Py-SQ@ DMF, 2. Pd(OHYC, EtOAc, MeOH, 3. BH4-H,O, EtOH, 90

°C, 4. AcO, NaHCQ, MeOH, HO0, 42% for6, 37% for7. iii; Thiourea, 2,4,6-collidine, MeOH,



60 °C, 92%.iv: 1. Pd(OH)Y/C, EtOAc, MeOH, 2. Py-SOQDMF, 3. NH,-H,O, EtOH, 90 °C, 4.

Ac;O, NaHCQ, MeOH, HO, 47%.

2.2. NMR analysis

All synthesized mono- and disaccharide8 were characterized b¥H and *°C
NMR spectroscopy (Table 2) in order to determire ¢brresponding spectral effects of
sulfation and glycosylation, which could be appltedhe analysis of complicated NMR
spectra of FCS which can be illustrated by theyamalof the structure of natural sulfated
polysaccharide fucoidan froffucus distichus [13].

The effects of sulfation or glycosylation on praogdH;) and carbonsAgJC;)
were calculated according to typical equation8Hi = 5Hi(A) — 6Hi(B) and ASCi =
oCi(A) — oCi(B) [10, 20, 21], where A was the sulfated oragigylated product and B
was the corresponding non-sulfated or non-glycasglgroduct, respectively (Table 3).
Thus, for the calculation of sulfation effects ihetcase of monosaccharid@s4,
galactosaminidel was accounted as reference B, while for disacdba%-8 it was
compound5. It was found that the carbomeffects of sulfationAdCi were always
positive and amounted to a value of 6.1-8.2 ppmilewthe pB-effects were usually
negative and did not exceed the value of -2.8 pphe same trend was observed
previously for oligosaccharides related to fucoideegments [20-22]. The protoa-
effects of sulfationAdHi were also positive, and the value A$H4 was significantly
higher than that oA6H6. In contrast to the carbdieffects, the values of protgh
effects were positive and could amount to +0.35 .pphis could be explained by the
negative inductive effect of the sulfate group emghbouring protons.

The influence of the sulfate group at O-2 of theolyl residue on the NMR
spectra was determined by comparing the chemidék sbf the respective signals of
compound¥ and8 (Table 3, last entry). In addition to the poterdgffect A6H-2 = +0.54

ppm, A3C-2 = +6.4 ppm), significani-effects on H-1 and C-1 atomajH-1 = +0.27



ppm, ASC-1 = -2.7 ppm) were determined. The later obsematould be helpful for
identification of the signals of Fuc2S{(¥6) residue in the anomeric region of the NMR
spectra of fucosylated chondroitin sulfates.

The proton and carbon effects of 6-O-glycosylaiiothe spectra of disaccharides
6-8 were calculated with the use of spectral datadf@-sulfated galactosaminideas
reference B. The valuessC6 were shown to be significant indicating the poteeffect
of glycosylation comparable with the-effect of sulfation (Table 3). This makes
impossible identification of 6-O-sulfated or 6-Ccsylated GalNAc units only on the
basis of chemical shift values of C-6 signals iea NMR spectra of natural FCS. TpRe
effects of glycosylation ofC (negative) andH (positive) were also comparable with the
corresponding spectrfleffects of sulfation.

Notably, the introduction of substituents both att @Qnd O-6 of GalNAc causes a
distinction of usually equal CHorotons of GalNAc (see the data #beand6-8). Overall,
the parent NMR chemical shifts of model compouaes together with the calculated
sulfation and fucosylation effects forms a usefaladset which could be applied for the

analysis of NMR spectra of natural FCS.

Table 2 Data of'H and **C NMR spectra d ppm) of 1-8 (bold numerals indicate

positions of sulfates).

Residue H-1 H-2 H-3 H-4 H-5 H-6

(C-1) (C-2) (C-3) (C4) (C-5 (C-6)

1GalNAc 449 390 3.74 3.96 3.70 3.81
(103.0) (53.9) (72.5) (69.3) (76.5)  (62.4)
2GalNAC 454 390 390 471 3.82 3.83
(103.4) (54.5) (72.0) (77.5 (76.2)  (62.5)

3 GalNAc 4.49 3.91 3.75 4.00 3.93 422



(103.0) (53.9) (72.4) (69.0) (74.0) 6§.5)
4GalNAc 452 389 3.89 470 405 4.154.31
(102.7) (54.1) (71.4) (77.0 (74.0)  (69.3
5GalNAc 449 3.90 372 396 3.88 3.82;3.88
(103.0) (53.9) (72.4) (69.5) (75.0)  (69.0)

Fuc 497 3.80 386 381 4.10 1.21
(100.7) (69.3) (71.0) (73.2) (68.2)  (16.9)
6GalNAc 456 3.90 3.90 474 4.00 3.84;3.94
(102.6) (54.1) (72.4) (77.9 (743)  (69.2)

Fuc 497 378 390 381 4.15 1.21
(100.9) (69.8) (70.8) (73.6) (68.5)  (16.6)
7GalNAc 455 3.92 392 474 4.05 3.90;4.00
(102.6) (53.9) (72.4) (77.3 (74.6)  (69.7)

Fuc 508 4.00 4.62 4.90 4.30 1.21
(100.7) (67.4) (76.6 (80.0 (67.7)  (16.9)
8GalNAc 453 390 3.90 4.78 401 3.88;4.00
(103.0) (53.9) (72.0) (77.5 (74.8)  (69.0)

Fuc 535 454 472 494 4.30 1.21

(98.0) (73.9 (73.9 (80.3 (67.5) (16.9)

Table 3.'H and*®*C NMR spectral effects of sulfation and glycosyatiAs, ppm; bold

numerals indicate positions of substituents).

Compound O-Sulfation effects Glycosylation eftect
and Residue AdH-1 AdH-2 ASH-3 AdH-4 ASH-5 ASH-6 A3 H-5 A3 H-6
(ASC-1) (ASC-2) (ASC-3) (ASC-4) (ASC-5) (ASC-6) (ASC-5) (ASC-6)
2 GalNAc 0.05 0 0.16 0.75 0.12 0.02 n/a* n/a
(0.4) (0.6) (-0.5) 8.2) (-0.3) 0.1 n/a n/a



3 GalNAc 0 0 0.01 0.04 0.23 0.41 n/a n/a

0) (0) (-0.2) (-0.3) (-2.5) q.1) n/a n/a
4 GalNAc 0.03 -0.01 0.15 0.74 0.35 0.38; 0.50 n/a n/a
(-0.3) (0.2) (-1.1) 1.7 (-2.5) 6.9 nia n/a

6 GalNAc 0.07 0 0.18 0.78 0.12 0.02; 0.06 0.18 0.01;0.11
(-0.4) 0.2) (0) .9 (-0.7) (0.2) (-1.9) 6.7)
Fuc 0 0.02 0.04 0 0.05 0 n/a n/a
(0.2) (0.05) (0.2) (0.4) (-0.3) (0.3) n/a n/a

7 GalNAc 0.06 0.02 0.2 0.78 0.17 0.08; 0.12 0.23 0.09; 0.19
(0.4) 0) (0) 7.9 (-0.4) (0.7) (-1.6) (.2
Fuc 0.11 0.2 0.76 1.09 0.2 0 n/a n/a
0) (-1.9) 6.6) (6.9) (-0.8) (0) nia n/a

8 GalNAc 0.04 0 0.18 0.82 0.13 0.02; 0.06 0.19 0.07;0.19
) ) (-0.4) 8.0) (-0.2) ) (-1.4) 6.5
Fuc 0.38 0.74 0.86 1.13 0.2 0 n/a n/a
(-2.7) @.5) (2.9) (7.) (-0.8) (0) nia n/a
Fuc** 0.27 0.54 0.1 0.04 0 0 n/a n/a
(-2.7) 6.9) (-2.8) 0.3 (-0.2) 0) n/a n/a

*n/a — not applicable.

** ASHi = 5Hi (8) — 5Hi (7) andASCi = 3Ci (8) — 5Ci (7)

3. Conclusions

The synthesis of the selectively sulfated and ndfated derivatives of propyl 2-
acetamido-2-deoxy-D-galactopyranoside and-&-L-fucosyl-2-acetamido-2-deoxy-D-
galactopyranoside was performed. Monosacchariddswere prepared from per-O-
acetylated N-phthalimido-D-glucosamine with inversiof C-4 configuration. For the
synthesis of disaccharides8, two types of glycosyl donors were studied in the
glycosylation reaction. Application of 2-O-benzyladi-O-chloracetyl-L-fucopyranosyl
trichloracetimidate 16) in the presence of TMSOTf gave a mixturenefandp-isomeric
disaccharides in a ratio of 1:1. To increasstereoselectivity of the reaction respective

fucosyl bromidel7 bearing equal blocking groups was applied undemption with



Bu;NBr. It can be supposed that the switching the rapdm of the reaction from®
towards {2 led to exclusive formation of requiredisomeric glycosylation product.
Developed approach was shown to be effective anttidme applied for the synthesis of
more complicated oligosaccharides related to FCS.

All the synthesized mono- and disaccharides wemrattterized by'H and *°C
NMR spectroscopy to determine corresponding solfiedind glycosylation effects in their
spectra. Further conformational analysis of thdggsaccharides using nOe experiments
and theoretical modeling (quantum mechanics ancecaddr dynamics [20,21]) are in
progress to explain above reported NMR charactesisind to assess 3D shape FCS

chains.

4. Experimental

4.1. General procedures

Dimethylformamide (DMF,>99.5%) and Py >99.5%) were purchased from Sigma-
Aldrich. Dichloromethane (C¥Cl,) was successively distilled from diethanolaming){$?
and CaH under argon. Analytical thin-layer chromatogragiy.C) was performed on
Silica Gel 60 Es4 aluminium sheets (Merck), and visualization wasoagplished using
UV light or by charring at ~150C with 10% (v/v) HPO, in ethanol. Liquid column
chromatography was performed on Silica Gel 60, 30-gm (Merck). Gel
chromatography was performed on the Sephadex G®liUtna (260 cm) by elution with
water at a flow rate of 1 mL/min and TSK HW-40S ddytion with 0.1N AcOklq,) at a
flow rate of 0.5 mL/min*H and**C NMR spectra were recorded on Bruker AV400 and
AV600 spectrometers at 303 K in CR@Ir D,O. Signal assignment it and**C NMR
spectra were made using COSY, TOCSY, ROESY 'ahd*C HSQC techniques. High-

resolution mass spectra were acquired by electagsmnization on a MicrOTOF Il



(Bruker Daltonics) instrument. Optical rotation wa$ were measured using a JASCO P-

2000 polarimeter at ambient temperature in solvepexified.

4.2. Standard procedures.

A - acidic O-deacetylation.A solution of AcCl (10% v/v) in MeOH was added to a
solution of saccharide in DCM. The reaction mixtu&s kept overnight, then neutralized
with NEt; and concentratenh vacuo. Purification by flash column chromatography was
applied if necessary.

B — hydrogenolysis.The catalyst 10% Pd(OHL was added to a stirring solution of
saccharide in an EtOAc/MeOH (1:1) mixture, and flask was filled with H. The
mixture was vigorously stirred undep L atm) at rt until full consumption of the stadi
material and then filtered through a celite laydre catalyst was carefully washed with
EtOAc/MeOH, and the combined filtrates were conetin vacuo. Purification by
flash column chromatography was applied if necegssar

C — N,O-deacylation. Hydrazine monohydrate (0.5 mL) was added to ati&oluof
saccharide in EtOH (5mL). The reaction mixture vapt at 90 °C for 3 h and then
concentratedn vacuo. The residue was purified by gel chromatographyhenTSK HW-
40S gel with 0.1N AcOHgy, elution followed by lyophilization to give free ame.

D - N-acetylation. Ac,O and NaHC®@were added to a stirring solution of free amine in
MeOH/H,O (1:1). The reaction mixture was stirred at rtronght and then concentrated
in vacuo. The residue was purified by gel chromatographyhenSephadex G-15 gel with
water elution followed by lyophilization to give &ketylated amine.

E — O-sulfation: Py-SQ complex (5 eq. for each OH group) was added tolatisn of
saccharide in DMF. The reaction mixture was kept antil the reaction was completed
(TLC) and then quenched with aqueous NaH@@d evaporated twice with water. The

residue was dissolved in a minimal amount of wadeg then MeOH was added to



precipitate inorganic salts. The solids were fateoff and washed with MeOH, and the
filtrate was concentrateth vacuo. Purification by flash column chromatography was

applied if necessary.

4.3. Synthesis of monosaccharide derivatives 1-4.

4.3.1. Allyl 3-O-acetyl-4,60-benzylidene-2-deoxy-2-phthalimidop-D-glucopyranoside (10)
Allyl alcohol (1.5 mL, 21 mmol) was added to a mtig solution of tetraacetat® (5 g, 10.5
mmol) in DCM (30 mL). The mixture was cooled to O, ‘and Bk:-EO was added dropwise.
The reaction mixture was stirred at rt overnighert neutralized with Ngt(5 mL, 35 mmol),
diluted with EtOAc (250 mL), and washed with@® (500 mL). The organic layer was dried over
Na&SO, and concentrateth vacuo. The residue was dissolved in DCM (30 mL) andte@a
according to general procedure A with a 10% sofutsd AcCl in MeOH (10 mL).Then CSA
(300 mg, 10 mg/mL) and benzaldehyde dimethyl ag@d mL, 16 mmol) were added to the
stirring solution of the crude product in DMF (3@MThe reaction mixture was stirred at rt
until the starting material converted to the prdadidch, TLC control, Tol-EtOAc 2:1, R0.5),
then diluted with EtOAc (250 mL), and washed witfOH500 mL). The organic layer was dried
over NaSO, and concentratedn vacuo. The residue was purified by flash column
chromatography (silica gel, Tol-EtOAc, 36+10:1) to give 3.15 g of the intermediate. The
latter was dissolved in DCM (30 mL), and then Py (@L, 8.7 mmol) and acetyl chloride (0.55
ml, 7.8 mmol) were added. The reaction mixture Wwegt at rt until full consumption of the
starting material (15 min, TLC control) and theftutiid with EtOAc (250 mL) and washed with
H,O (500 mL). The organic layer was dried over8la, and concentrateidh vacuo. The residue
was purified by flash column chromatography (siligal, Tol-EtOAc, 50:4>40:1) to give
monosaccharid0 (3.24 g, 64% overall)a]p —0.2° € 1, EtOAc)."H NMR (600 MHz, CDCJ):

§ 7.87 (br s, 2H, Phth), 7.74 (m, 2H, Phth), 7.46 2, Ph), 7.36 (m, 3H, Ph), 5.90 (dd, 1bl, J

5=10.3 Hz, 44=9.0 Hz,H-3), 5.75-5.62 (m, 1H, All), 5.55 (s, 1H, PHE 5.48 (d, 1H, ,=8.4



Hz, H-1), 5.15 (dd, 1H, J=17.2 Hz, J=1.6 Hz, All), 5(@8l, 1H, J=10.5 Hz, J=1.3 Hz, All), 4.42
(dd, 1H, J=10.5 Hz,5}=4.8 Hz,H-6), 4.33 (dd, 1H,1%=8.4 Hz, 35=10.3 Hz,H-2), 4.29 (ddt,
1H, J=12.9 Hz, J=5.1 Hz, J=1.5 Hz, All), 4.05 (dbi}, J=13.1 Hz, J=6.2 Hz, J=1.3 Hz, All),
3.89-3.84 (m, 1HH-6"), 3.79 (t, 1H, d4=35=9.2 Hz, H-4), 3.74 (td, 1H43=9.6 Hz, d~4.7
Hz, H-5), 1.90 (s, 3H, Ac)**C NMR (150 MHz, CDGJ): & 170.2 (Ac), 134.3 (Phth), 133.2
(All), 129.2 (Ph), 128.2 (Ph), 126.2 (Ph), 123.6itf), 117.9 (All), 101.7 (RBH), 97.8 C-1),
79.3 C-4), 70.4 (All), 69.7 C-3), 68.7 C-6), 66.1 C-5), 55.3 C-2), 20.6 (Ac). HRMS (ESI):

Calcd m/z for [M+KT CoeHosNOg 518.1212, found 518.1202.

4.3.2. Allyl 3-O-acetyl-6-O-benzyl-2-deoxy-2-phthalimidof-D-glucopyranoside (11)

Borane trimethylamine complex (1 g, 13.3 mmol) wadded to a stirring solution of
monosaccharid&0 (1.6 g, 3.33 mmol) in THF (15 mL). Then the mixdwras cooled with an ice
bath, and anhydrous Al€(2.7 g, 20 mmol) was added slowly. After its tad@solution HO
(120 pL, 6.66 mmol) was added. The reaction mixwas stirred at rt until the full consumption
of the starting material (TLC control, 45 min). Ththe mixture was diluted with EtOAc (150
mL) and washed with NaHCGJ200 mL) and HO (200 mL). The organic layer was dried over
NaSO, and concentratenh vacuo. The residue was purified by flash column chrorgeaphy
(silica gel, Tol-EtOAc, 10:35:1) to give monosaccharidel (1.44 g, 90%), d]p —9° (c 1,
EtOAc). *H NMR (600 MHz, CDCJ): 6 7.84 (dd, 2H, J=5.4 Hz, J=3.1 Hz, Phth), 7.71 @H,
J=5.5 Hz, J=3.0 Hz, Phth), 7.36 (d, 2H, J=4.4 HY), P.30-7.21 (m, 3H, Ph), 5.77-5.67 (m, 1H,
All), 5.65 (dd, 1H, 45=10.8 Hz, 3..=8.8 Hz,H-3), 5.40 (d, 1H, 1J,=8.4 Hz,H-1), 5.15-5.10 (m,
1H, All), 5.05-5.00 (m, 1H, All), 4.65 (d, 1H, J=02Hz, PhG&iH"), 4.61 (d, 1H, J=12.0 Hz,
PhCHH’), 4.29-4.24 (m, 1HH-2), 4.07-4.02 (m, 1H, All), 3.86 — 3.78 (m, 36, H-4), 3.73
(dt, 1H, 3.5=9.4 Hz, d.&4.6 Hz,H-5), 3.05 (br s, 4-8), 1.92 (s, 3H, Ac)**C NMR (150 MHz,
CDCl): & 171.2 (Ac), 134.2 (Phth), 133.5 (All), 128.5 (Bri27.9 (Bn), 127.7 (Bn), 123.5

(Phth), 117.5 (All), 97.2G-1), 74.2 C-5), 73.8 (PEH,), 73.7 C-3), 71.5 C-4), 70.2 C-6), 70.0



(All), 54.6 (C-2), 20.7 (Ac). HRMS (ESI): Calcd m/z for [M+Nal,cH,/NOg 504.1629, found

504.1625.

4.3.3. Allyl 4-O-acetyl-6-O-benzyl-2-deoxy-2-phthalimidof-D-galactopyranoside (12)

Py (1 mL, 12 mmol) was added to a stirring solutodril (1.44 g, 3.0 mmol) in DCM (15 mL)
under argon protection. Then the mixture was cotdee80 °C, and TO (1 mL, 6 mmol) was
added dropwise under argon protection. The reactiottiure was stirred while allowing to be
warmed from -30 °C to 10 °C over 1 h. TLC contrbbwed full consumption of the starting
material. Then BED (4 mL) was added, and the reaction mixture wiaedtat 50 °C for 2 days.
Then the mixture was diluted with EtOAc (150 mL)dawashed with KO (300 mL). The
organic layer was dried over p&0, and concentrateth vacuo. The residue was purified by
flash column chromatography (silica gel, Tol-EtOA&c]1—4:1) to give monosaccharide?
(1.35 g, 94%), ]o —25° (c 1, EtOAc).*H NMR (400 MHz, CDCJ): & 7.82 (dd, 2H, J=5.4 Hz,
J=3.1 Hz, Phth), 7.70 (dd, 2H, J=5.5 Hz, J=3.0 Pzth), 7.40-7.22 (m, 5H, Ph), 5.78-5.63 (m,
1H, All), 5.44 (d, 1H, ¢.=3.4 Hz,H-4), 5.26 (d, 1H, 11,=8.5 Hz,H-1), 5.12 (dd, 1H, J=17.2 Hz,
J=1.6 Hz, All), 5.04 (dd, 1H, J=10.4 Hz, J=1.4 |AH), 4.65 (dd, 1H, 45=11.1 Hz, 44=3.5 Hz,
H-3), 4.59 (d, 1H, J=11.9 Hz, PHEl’), 4.49 (d, 1H, J=11.9 Hz, PhG#), 4.40 (dd, 1H, 4
5=11.1 Hz, 3,=8.5 Hz,H-2), 4.29 (ddt, 1H, J=13.0 Hz, J=5.1 Hz, J=1.5 Al§), 4.04 (ddt, 1H,
J=13.0 Hz, J=6.3 Hz, J=1.3 Hz, All), 3.96 (t, 1K¢36.6 Hz,H-5), 3.66-3.57 (M, 2H-6), 2.13
(s, 3H, Ac)."*C NMR (101 MHz, CDG): & 171.6 (Ac), 134.1 (Phth), 133.5 (All), 128.5 (Bn),
127.8 (2xBn), 123.5 (Phth), 117.6 (All), 976-1), 73.6 (PRH,), 72.5 C-5), 70.3 C-4), 70.0
(All), 68.2 (C-6), 67.8 C-3), 54.5 C-2), 20.9 (Ac). HRMS (ESI): Calcd m/z for [M+Na]

C26H27N08 504.1629, found 504.1627.

4.3.4. Allyl 3-0O-benzoyl-4-0-acetyl-6-O-benzyl-2-deoxy-2-phthalimido$-D-

galactopyranoside (13)



Py (0.25 mL, 3.0 mmol) and benzoyl chloride (0.26 222 mmol) were added to a solution of
12 (700 mg, 1.45 mmol) in DCM (8 mL). The reactionxtare was kept at rt until full
consumption of the starting material (6 h, TLC cobht diluted with EtOAc (100 mL), and
washed with HO (200 mL). The organic layer was dried over,8&, and concentrateth
vacuo. The residue was purified by flash column chromgedphy (silica gel, Tol-EtOAc,
50:1-30:1) to give monosaccharid@® (780 mg, 91%),d]p 34° (¢ 1, EtOAc).'H NMR (400
MHz, CDCk): § 7.84—7.76 (m, 4H, Phth, Bz), 7.71-7.62 (m, 2HhPht.52—7.43 (m, 1H, Bz),
7.39-7.23 (m, 7H, Bz, Bn), 5.96 (dd, 1H.5:311.4 Hz, 4..=3.4 Hz,H-3), 5.73 (d, 1H, 3,:=4.4
Hz, H-4), 5.79-5.67 (m, 1H, All), 5.48 (d, 1H,8.5 Hz,H-1), 5.15 (dd, 1H, J=17.2 Hz, J=1.6
Hz, All), 5.06 (dd, 1H, J=10.4 Hz, J=1.4 Hz, AW.76 (dd, 1H, g:=11.4 Hz, ,=8.5 Hz,H-2),
4.60 (d, 1H, J=12.0 Hz, PiE’), 4.48 (d, 1H, J=12.0 Hz, PhG#), 4.33 (ddt, 1H, J=12.9 Hz,
J=5.1 Hz, J=1.5 Hz, All), 4.16-4.06 (m, 2H:5, All), 3.69-3.57 (m, 2HH-6), 2.07 (s, 3H, Ac).
13%C NMR (101 MHz, CDGJ): & 134.2 (Phth), 133.3 (All), 133.2 (Bz), 129.6 (B1p8.4 (Bz,
Bn), 127.9 (Bn), 127.8 (Bn), 123.6 (Phth), 117.91)(A07.5 (C-1), 73.5 (P&H,), 72.4 C-5),
70.2 (All), 69.1 C-3), 67.8 C-6), 67.4 C-4), 51.7 C-2), 20.6 (Ac). HRMS (ESI): Calcd m/z for

['\/|‘|'NH4]+ Cs3H31NOg 603.2337, found 603.2338.

4.3.5. Propyl 30-benzoyl-4-O-acetyl-2-deoxy-2-phthalimidof-D-galactopyranoside (14)
Hydrogenolysis ofl3 (560 mg, 0.95 mmol) in EtOAc (4 mL) and MeOH (4 mkith 10%
Pd(OH)/C (250 mg) was performed as described in the gépeoncedure B for 1 h. Purification
by flash column chromatography (silica gel, Tol-Bt) 8:1—4:1) gave producl4 (420 mg,
89%), fu]p 47° € 1, EtOACc).*H NMR (600 MHz, CDCJ): § 7.88—7.77 (m, 4H, Phth, Bz), 7.72—
7.65 (m, 2H, Phth), 7.53-7.46 (m, 1H, Bz), 7.37173, 2H, Bz), 5.99 (dd, 1H,.4&11.4 Hz,
J5.4=3.5 Hz,H-3), 5.65 (d, 1H, 31,=3.5 Hz,H-4), 5.47 (d, 1H, ,=8.5 Hz,H-1), 4.78 (dd, 1H, ]
5=11.4, 3..=8.5 Hz,H-2), 4.03 (dd, 1H,5%=7.1 Hz, 3.6=6.6 Hz,H-5), 3.89-3.78 (m, 2H, PH-

6), 3.64 (dd, gds=11.8 Hz, d.¢=6.6 Hz,H-6"), 3.45 (dt, 1H, J=9.7 Hz, J=6.9 Hz, Pr), 2.£83H,



Ac), 1.55-1.42 (m, 2H, Pr), 0.69 (t, 3H, J=7.4 Rz). *C NMR (150 MHz, CDCJ): § 171.1
(Bz), 165.1 (Ac), 134.2 (Phth), 133.4 (Bz), 12B&), 128.5 (Bz), 123.4 (Phth), 98.6-0), 73.7
(C-5, 71.8 (Pr), 69.0Q-3), 67.8 C-4), 60.8 C-6), 51.9 C-2), 22.6 (Pr), 20.7 (Ac), 10.1 (Pr).

HRMS (ESI): Calcd m/z for [M+N&]CyeH27NOg 520.1578, found 520.1575.

4.3.6. Propyl 30-benzoyl-2-deoxy-2-phthalimidop-D-galactopyranoside (15)
Monosaccharidd4 (350 mg, 0.70 mmol) was dissolved in DCM (4 mLyl areated according to
the general procedure A with a 10% solution of AaCMeOH (2 mL). Purification by flash
column chromatography (silica gel, Tol-EtOAc, 4:2:1) gave produci5 (305 mg, 96%),d]p
54° c 1, EtOAc).'H NMR (400 MHz, CDCJ): § 7.91 (d, 2H, J=8.3 Hz, Bz), 7.80-7.75 (m, 2H,
Phth), 7.66 (dd, 2H, J=5.6 Hz, J=2.9 Hz, Phth)2¥/43 (m, 1H, Bz), 7.34 (t, 2H, J=7.8 Hz,
Bz), 5.82 (dd, 1H, 2:=11.4 Hz, 3..=3.2 Hz,H-3), 5.41 (d, 1H, 1,=8.5 Hz,H-1), 4.84 (dd, 1H,
b.5=11.4 Hz, 3,=8.5 Hz,H-2), 4.45 (d, 1H, 3,=3.2 Hz,H-4), 4.08-3.95 (m, 2HH-6), 3.90—
3.76 (m, 2HH-5, Pr), 3.43 (dt, 1H, J=9.7 Hz, J=6.8 Hz, Pr)3t538 (m, 2H, Pr), 0.68 (t, 3H,
J=7.4 Hz, Pr)’*C NMR (101 MHz, CDGJ): § 165.5 (Bz), 134.2 (Phth), 133.4 (Bz), 129.8 (Bz),
128.5 (Bz), 123.5 (Phth), 98.641), 74.1 C-5), 71.6 C-3, Pr), 67.7 C-4), 62.6 C-6), 51.3 C-

2), 22.6 (Pr), 10.1 (Pr). HRMS (ESI): Calcd m/z fdd+Na]” CoyHosNOg 478.1472, found

478.1469.

4.3.7. Propyl 2-acetamido-2-deoxg-D-galactopyranoside (1)

Monosaccharidel2 (40 mg, 0.068 mmol) was successively treated daogrto general
procedures B [EtOAc (1mL), MeOH (1 mL), 10% Pd(@E) (20 mg), 1 h, flash column
chromatography (silica gel, Tol-EtOAc, 4>P:1)], C [NbH4- H,O (0.5 mL), EtOH (5 mL)], and
D [Ac20 (0.4 mL, NaHC@® (340 mg), HO (2 mL), MeOH (2 mL)] to givd (10 mg, 56%),d]p
5° (c 1, HO). 'H NMR (400 MHz, DO): § 4.44 (d, 1H, J,=8.5 Hz,H-1), 3.92 (d, 1H, 3,:=3.2

Hz, H-4), 3.90-3.63 (m, 6HH-2, Pr,H-6, H-3, H-5), 3.54 (dt, 1H, J=10.1 Hz, J=6.5 Hz, Pr),



2.02 (s, 3H, Ac), 1.60-1.48 (m, 2H, Pr), 0.86 H, 3=7.4 Hz, Pr)**C NMR (101 MHz, RO): &
176.2 (Ac), 103.0G-1), 76.5 C-5), 73.6 (Pr), 72.5G-3), 69.3 C-4), 62.4 C-6), 53.9 C-2),
23.6 (Pr) 23.5 (Ac), 11.0 (Pr). HRMS (ESI): Calctizrfor [M+Na]" C;1H21NOg 286.1261, found

286.1254.

4.3.8. Propyl 40-sulfo-2-deoxy-2-phthalimidof-D-galactopyranoside sodium salt (2)
Monosaccharidel3 (56 mg, 0.095 mmol) was successively treated daogrto general
procedures A [DCM (2 mL, 10% solution of AcCl in K& (2 mL), flash column
chromatography (silica gel, Tol-EtOAc, 16>8:1)], E [Py-SQ (76 mg, 0.48 mmol), DMF (2
mL), 1 h], B [EtOAc (1mL), MeOH (1 mL), 10% Pd(O# (30 mg), overnight], C [PH4- H,O
(0.5 mL), EtOH (5 mL)], and D [A®© (0.4 mL, NaHCQ (340 mg), HO (2 mL), MeOH (2
mL)] to give produc® (17 mg, 48%),d]p —1.5° € 1, H,O). *H NMR (600 MHz, DO): 5 4.68
(d, 1H, 3..=2.0 Hz,H-4), 4.54-4.47 (m, 1H4-1), 3.89-3.77 (m, 6H-2, H-3, H-5, H-6, Pr),
3.56 (dt, 1H, J=10.2 Hz, J=6.6 Hz, Pr), 2.03 (s, Bk), 1.59-1.49 (m, 2H, Pr), 0.86 (t, 3H,
J=7.4 Hz, Pr)»*C NMR(150 MHz, BO): 176.8 (Ac), 103.4G-1), 77.8 C-4).76.3 C-5), 74.3
(Pr), 72.1 C-3), 63.0 C-6), 55.0 C-2), 24.3 (Ac), 24.1 (Pr), 11.6 (Pr). HRMS (ESIpl&d m/z

for [M-Na]' C11H20NOgS 342.0864, found 342.0852.

4.3.9. Propyl 60-sulfo-2-deoxy-2-phthalimidof-D-galactopyranoside sodium salt (3)
Monosaccharidel4 (40 mg, 0.08 mmol) was successively treated aawgrdo general
procedures E [Py-Sd65 mg, 0.4 mmol), DMF (2 mL), 1 h], C jN4-H,O (0.5 mL), EtOH (5
mL)], and D [AcO (0.4 mL, NaHCQ® (340 mg), HO (2 mL), MeOH (2 mL)] to give produ&
(15 mg, 52%), ¢]o 2.4° € 1, HO). *H NMR (400 MHz, DO): § 4.46 (d, 1H, J,=8.5 Hz,H-1),
4.25-4.14 (m, 2HH-6), 3.98 (d, 1H, 31,=3.3 Hz,H-4), 3.93-3.87 (m, 2HH-2, H-5), 3.87-3.79
(m, 1H, Pr), 3.73 (dd, 1H».3=10.8 Hz, 4.,=3.3 Hz,H-3), 3.56 (dt, 1H, J=10.2 Hz, J=6.5 Hz,

Pr), 2.02 (s, 3H, Ac), 1.61-1.48 (m, 2H, Pr), 0(8&3H, J=7.4 Hz, Pr)**C NMR (101 MHz,



D;0):6 176.2 (Ac), 103.0¢-1), 74.0 C-5), 73.8 (Pr), 72.3G-3), 69.0 C-4), 68.5 C-4), 53.8
(C-2), 23.6 (Pr), 23.5 (Ac), 11.0 (Pr). HRMS (ESl)al€d m/z for [M-Na] Ci1H20NOgS

342.0864, found 342.0864.

4.3.10. Propyl 4,6-di©-sulfo-2-deoxy-2-phthalimidof-D-galactopyranoside sodium salt (4)
Monosaccharidel5 (77 mg, 0.169 mmol) was successively treated daogrto general
procedures E [Py-S@270 mg, 1.7 mmol), DMF (2 mL), 2 h], C §N4-H,O (0.5 mL), EtOH (5
mL)], and D [AcO (0.4 mL, NaHC@® (340 mg), HO (2 mL), MeOH (2 mL)] to givet (39 mg,
48%). o]p 6° (€ 1, H0). *H NMR (600 MHz, DO): § 4.67 (d, 1H, d.=1.4 Hz,H-4), 4.50-4.46
(m, 1H, H-1), 4.27 (dd, 1H, ¢k=11.5 Hz, ds=3.5 Hz, H-6), 4.16 (dd, 1H.d=11.5 Hz, 4
¢=8.4 Hz,H-6"), 4.03-3.99 (m, 1HH-5), 3.85-3.82 (m, 2H4-2, H-3), 3.81 (dt, 1H, J=10.2 Hz,
J=6.3 Hz, Pr), 3.54 (dt, 1H, J=10.2 Hz, J=6.6 H}, P98 (s, 3H, Ac), 1.51 (dd, 2H, J=13.9 Hz,
J=6.6 Hz, Pr), 0.82 (t, 3H, J=7.4 Hz, PAC NMR (151 MHz, D20)5 176.2 (Ac), 102.7G-1),
77.0 C-4), 73.8 (Pr), 73.5G-5), 71.4 C-3), 69.2 C-6), 54.1 C-2), 23.6 (Ac), 23.5 (Pr), 11.0

(Pr). HRMS (ESI): Calcd m/z for [M-Nafz11H1oNO12S;Na 444.0252, found 444.0252.

4.4. Synthesis of disaccharide derivatives 5-8.

4.4.1. 20-benzyl-3,4-di-O-chloroacetyl-a-L-fucopyranose bromide (17).

0.1 M TMSOTf in DCM (250uL) was added to a stirred solution of donor 16 (5t 1.02
mmol) in wet DCM (7 mL), and the mixture was stitréor 30 min. Then the mixture was
neutralized with BN and evaporatedn vacuo. The residue was purified by flash column
chromatography (silica gel, eluent: toluene/EtOA&G:1—2:1). The resulting hemiacetal was
dissolved in DCM (5 mL), tetrabromomethane (815 g6 mmol) and triphenylphosphine
(645 mg, 2.46 mmol) were added, and the mixture stia®d at rt for 30 min and then purified
by column chromatography (eluent: toluene/EtOAc3=15>30:1) to give bromidd.7 (410 mg,

85%), [o]o —70° (€ 1, EtOAC).*H NMR (400 MHz, CDCY): § 7.39-7.29 (m, 5H, Bn), 6.10 (t,



1H, 3.5=4.5 Hz,H-1), 5.46-5.33 (m, 2H-3, H-4), 4.72-4.66 (m, 2H, PH€H"), 4.51-4.40 (m,
1H, H-5), 4.11 (d, 1H, J=5.8 Hz,HH'CI), 4.06 (dd, 1H, 5=10.2 Hz, J,=3.9 Hz,H-2), 3.97
(d, 1H, J = 1.3 Hz, CH'CI), 3.92-3.80 (m, 1H, BH'CI), 3.79-3.75 (m, 1H, CH'CI), 1.20 (d,
3H, }.6=6.6 Hz, H-6). *C NMR (101 MHz, CDGJ): § 167.1 (CA), 128.6 (Bn), 128.3 (Bn),
128.0 (Bn), 93.3@-1), 73.0 (Bn), 72.5G-2), 72.1 C-4), 71.50 C-3), 67.5 C-5), 40.4 (CA),
24.9 (CA), 15.60¢-6). HRMS (ESI): Calcd m/z for [M+NE" Ci7H14BrCl,0s 486.0080, found

486.0082.

4.42. Propyl 6-0O-(20-benzyl-3,4-di-O-chloroacetyl-L-fucopyranosyl)-3-O-benzoyl-2-
deoxy-2-phthalimido{fi-D-galactopyranoside (18p)

0.1 M TMSOTf in DCM (30uL) was added to a mixture of glycosyl dori@ (61 mg, 0.11
mmol), glycosyl acceptat5 (42 mg, 0.09 mmol), and molecular sieves 4 A (4 in DCM (1
mL) at -50 °C under argon protection. The mixtursvstirred for 30 min, then neutralized with
EtsN, and subjected to column chromatography (eluaittene/EtOAc = 20:55:1) to give
glycosylation product 18 (39 mg, 0.046 mmol, 51%) as a mixture of isomer§=1:1). *H
NMR (600 MHz, CDC}): & 7.94—-7.89 (m, 4H, Bz BZ), 7.81-7.79 (m, 4H, PHthPhtH), 7.69—
7.65 (m, 4H, Phth PhtK), 7.53—7.47 (m, 2H, BzBZ"), 7.39-7.15 (m, 14H, BzBZ, Br*, Br),
5.87 (dd, 1H, 35=11.3 Hz, 3,=3.2 Hz,H-3 (GalNY), 5.83 (dd, 1H, 2:=11.4 Hz, 3,=3.2 Hz,
H-3 (GalN’)), 5.41-5.33 (m, 4HH-1 (GalN'), H-1 (GalN}), H-3 (Fud), H-4 (Fud)), 5.26 (d,
1H, %.,=3.4 Hz,H-4 (Fud)), 5.07 (dd, 1H, 2:=10.1 Hz, 4..=3.4 Hz,H-3 (Fud)), 4.88 (d, 1H,
0.=3.7 Hz,H-1 (Fu®)), 4.85-4.76 (m, 3HH-2 (GalN’), H-2 (GalN’), PhaHH'P), 4.72-4.60
(m, 3H, PhCHH'?, PhQH,%), 4.55 (d, 1H, 4,=7.7 Hz,H-1 (GalN)), 4.40 (d, 2H, ,=2.9 Hz,H-
4 (GalNY), H-4 (GalN)), 4.24 (q, 1H, §l=6.5 Hz,H-5 (Fu¢)), 4.18-4.09 (m, 5HH-6 (GalN’),
CAY, CAP), 4.06-3.97 (m, 4HH-5 (GalN), H-5 (GalN), H-6" (GaIN?), H-6 (GalN)), 3.96-3.90
(m, 4H, CA, CAP), 3.89-3.83 (2H, mH-6’ (GalN?), H-2 (Fud)), 3.81-3.76 (m, 3H-5 (Fud),

Pr*, Pf), 3.73 (dd, 1H, gJs=10.1 Hz, d.6=5.2 Hz,H-6'(GalN%), 3.64 (dd, 1H, 35=10.1 Hz, 4



,=7.7 Hz,H-2 (Fué)), 3.42-3.37 (m, 2H, PrPP), 1.50 — 1.39 (m, 4H, BrPF), 1.26 (d, 3H, 5
6=6.4 Hz,H-6 (Fué)), 1.15 (d, 3H, s1s=6.6 Hz, H-6 (Fu®), 0.68 (t, 6H, J=7.4 Hz, BrPf). 1°C
NMR (151 MHz, CDC}): & 134.1 (Phth Phtf ), 133.4 (B%, BZ), 129.9 (B%), 129.8 (B?),
128.5 (2xBfi, 2xBrf), 128.3 (BZ, BZ’), 127.9 (Bf), 127.8 (Bf)), 123.4 (Phtt PhtH), 103.6 C-
1 (Fué)), 98.6 C-1 (GalN)), 98.5 C-1 (GalNY), 97.9 C-1 (Fud)), 75.9 C-2 (Fud)), 74.9
(Bn%)), 74.2 C-3 (Fud)), 73.2 C-4 (Fué), B, 72.9 C-2 (Fud)), 72.6 C-5 (GalN)), 72.5 C-
5 (GalNY), 72.4 C-4 (Fud)), 71.8 C-3 (Fud)), 71.5 C-3 (GalN’), 71.4 (Pt, PF),71.3 C-3
(GalN%), 68.7 C-5 (Fud)), 67.9 C-6 (GalN)), 67.2 C-4 (GalN)), 67.0 C-6 (GalN)), 66.6
(C-4 (GalNY), 64.3 C-5 (Fud)), 51.4 C-2 (GalN), C-2 (GalN’)), 40.5 (CA, CAP), 40.4 (CA,
CcAP), 22.6 (Pt, PF), 16.1 C-6 (Fud)), 15.8 C-6 (Fud)), 10.1 (Pt, PF). HRMS (ESI): Calcd

m/z for [M+Na] C43H43CI,NOy4 866.1953, found 866.1957.

4.4.3. Propyl 60-(2-O-benzyl-3,4-di-O-chloroacetyl-L-fucopyranosyl)-3-O-benzoyl-4-O-
acetyl-2-deoxy-2-phthalimidof-D-galactopyranoside (1@p).

0.1 M TMSOTf in DCM (100uL) was added to a mixture of glycosyl dorid (240 mg, 0.43
mmol), glycosyl acceptat4 (180 mg, 0.36 mmol), and molecular sieves 4 A (8@f) in DCM
(3 mL) at -50 °C under argon protection. The migtwas stirred for 30 min, then neutralized
with EtN, and purified by column chromatography (eluentuéne/EtOAc = 20:4:10:1) to
give glycosylation product9ep (250 mg, 78%) as a mixture of isomeespE2:1). 'H NMR
(600 MHz, CDC}): 6 7.92 (d, 2H, J=8.3 Hz, By, 7.86-7.76 (m, 6H, Bz Phtl{, PhtH), 7.70—
7.63 (m, 4H, Phth Pht), 7.53-7.43 (m, 2H, Bz BZ"), 7.40-7.22 (m, 14H, BzBZ, 5xBrf,
5xBrf), 6.01-5.94 (m, 1HH-3 (GalNY)), 5.85-5.81 (m, 1HH-3 (GalN’)), 5.71 (d, 1H, ,=3.6
Hz, H-4 (GalNY), 5.64 (d, 1H, ,=3.5 Hz,H-4 (GalN)), 5.50-5.37 (m, 3HH-1 (GalN), H-1
(GalN), H-3 (Fud)), 5.35-5.31 (m, 1HH-4 (Fud)), 5.25 (d, 1H, 3,=3.4 Hz,H-4 (Fud)), 5.04
(dd, 1H, 3.5=10.1 Hz, d,=3.4 Hz,H-3 (Fud)), 4.89 (d, 1H, 1,=3.7 Hz,H-1 (Fud&)), 4.83-4.72

(m, 3H,H-2 (GalNY), H-2 (GalN’), PhGHH'P), 4.71-4.63 (m, 2H, PH&"), 4.58 (d, 1H, J=11.9



Hz, PhCH'P), 4.49 (d, 1H, 1,=7.7 Hz, H-1 (Fué)), 4.19-4.08 (m, 6HH-5 (GalN), H-5
(Fud®), CA%, CAY), 4.04-4.00 (m, 2H-5 (GalN’), H-6 (GalN)), 3.97-3.91 (m, 4H, CA CAP),
3.89-3.76 (m, 6HH-2 (Fud), H-6" (GaIN®), H-5 (Fué), H-6 (GalN’), P¥, PF), 3.67 (dd, 1H, ¢
6=10.5 Hz, 45=6.4 Hz,H-6' (GalN), 3.61 (dd, 1H, 2=10.2 Hz, 4,=7.6 Hz,H-2 (Fud)),
3.48-3.37 (m, 2H, BrPF), 2.17 (s, 3H, Ab, 2.16 (s, 3H, AY, 1.53-1.37 (m, 4H, PrPP),
1.26 (d, 3H, d6=6.7 Hz,H-6 (Fué)), 1.12 (d, 3H, 56=6.6 Hz,H-6 (Fu¢)), 0.74-0.60 (m, 6H,
P, PF). *C NMR (151 MHz, CDC}): & 167.2 (Bz), 165.0 (Ac), 134.2 (PHiHPhtH), 133.3
(Bz*, BZ), 129.8 (Bf), 129.6 (BZ, BZ"), 128.5 (Bf)), 128.4 (BZ, BZ’), 128.3 (Bfi), 128.0 (Bfi,
Bn"), 127.7 (Bf), 123.4 (Phth Pht), 103.4 C-1 (Fué)), 98.6 C-1 (GalN)), 98.5 C-1
(GalN%), 98.2 C-1 (Fud)), 75.8 C-2 (Fud)), 74.7 (BH), 74.0 C-3 (Fud)), 73.7 C-5 (GalN)),
73.2 C-4 (Fud), 73.0 C-2 (Fud)), 72.9 (Br), 72.3 C-4 (Fud)), 72.2 C-5 (GalNY), 71.7
(PP, 71.6 (PY), 71.5 C-3 (Fud)), 69.0 C-3 (GalN), 68.6 C-5 (Fuc)), 67.8 C-4 (GalN)),
67.6 C-4 (GalNY), 67.3 C-6 (GalN,), C-3 (GalN), 67.2 C-6 (GalN’)), 64.4 C-5 (Fud)), 51.9
(C-2 (GalN’)), 51.8 C-2 (GalNY), 40.5 (CA), 40.4 (CA), 22.6 (Pt, PF), 20.6 (A¢, A%, 16.1
(C-6 (Fud)), 159 C-6 (Fud), 10.1 (Pt, PF). HRMS (ESI): Calcd m/z for [M+K]

C43H450|2NO]_5 924.1798, found 924.1794.

4.4.4. Propyl 6-0O-(20-benzyl-3,4-di-O-chloroacetyl-a-L-fucopyranosyl)-3-O-benzoyl-2-
deoxy-2-phthalimidof-D-galactopyranoside (18)

TBAB (65 mg, 0.15 mmol) was added to a mixture lyttgsyl donorl6 (260 mg, 0.55 mmol)
and glycosyl acceptdr5 (200 mg, 0.44 mmol) in DCM (4 mL). The mixture wapt for 7 days
and then subjected to column chromatography (eluehtene/EtOAc = 20:32:1) to give a
mixture of 15 and16 (230 mg) and glycosylation produt8e (104 mg, 56%),d]p —44° (C 1,
EtOAc). 'H NMR (400 MHz, CDCJ): & 7.93 (d, 1H, J=8.3 Hz, Bz), 7.80 (dd, 2H, J=5.2 Hz
J=3.3 Hz, Phth), 7.67 (dd, 2H, J=5.6 Hz, J=2.9 Ptth), 7.54—7.46 (m, 1H, Bz), 7.42—-7.22 (m,

7H, Bz, Bn), 5.87 (dd, 1H»3=11.3 Hz, 3,=3.2 Hz,H-3 (GalN)), 5.40 (d, 1H,:.}=8.5 Hz,H-1



(GalN)), 5.39-5.28 (m, 2HH-3 (Fuc),H-4 (Fuc)), 4.88 (t, 1H,1.3=4.4 Hz,H-1 (Fuc)), 4.81 (dd,
1H, 35=11.3 Hz, J,=8.5 Hz,H-2 (GalN)), 4.76-4.65 (m, 2H, Ph{), 4.41 (br s, 1HH-4
(GalN)), 4.24 (g, 1H,5%k=5.9 Hz,H-5 (Fuc)), 4.12 (d, 2H, J=5.6 Hz, CA), 4.06-3.97 &H, H-

5 (GalN),H-6 (GalN)), 3.96 — 3.70 (m, 5H, CA-2 (Fuc), PrH-6' (GalN)), 3.40 (dt, 1H, J=9.6
Hz, J=6.8 Hz, Pr), 2.61 (br s, 1H,44dGalN)), 1.50-1.38 (m, 2H, Pr), 1.15 (d, 3k5s36.5 Hz,
H-6 (Fuc)), 0.67 (t, 3H, J=7.4 Hz, PIJC NMR (101 MHz, CDGJ): § 167.3 (Bz), 165.3 (CA),
134.1 (Phth), 133.4 (Bz), 129.9 (Bz), 128.5 (2xBI98.5 (Bz), 128.1 (Bn), 123.5 (Phth), 98.5
(C-1 (GalN)), 97.9 C-1 (Fuc)), 73.30 (P@H,), 73.0 C-2 (Fuc)), 72.7 C-4 (Fuc)), 72.4C-5
(GalN)), 72.0 C-3 (Fuc)), 71.3C-3 (GalN), Pr), 67.1Q-4 (GalN)), 67.0 C-6 (GalN)), 64.3 C-

5 (Fuc)), 51.3C-2 (GalN)), 40.5 (CA), 25.1 (CA), 22.6 (Pr), 15@-6 (Fuc)), 10.2 (Pr). HRMS

(ESI): Calcd m/z for [M+Nd] C41H43CIoNOy4 866.1953, found 866.1955.

4.4.5. Propyl 6-O-(20-benzyl-u-L-fucopyranosyl)-3-O-benzoyl-2-deoxy-2-phthalimidog-
D-galactopyranoside (20).

A mixture of disaccharid&8a (35 mg, 0.041 mmol), 2,4,6-collidine (2&, 0.207 mmol), and
thiourea (50 mg, 0.62 mmol) in MeOH (4 mL) was ugéd for 24 h at 60 °C, then cooled, and
taken to dryness. The residue was purified by fladbmn chromatography (silica gel, eluent:
toluene/EtOAc = 3:3:1:1) to give2l (26.5 mg, 92%),d]p —28° (c 1, EtOAc).'H NMR (600
MHz, CDCh): § 7.92 (d, 2H, J=8.3 Hz, Bz), 7.82-7.77 (m, 2H, Pht67 (dd, 2H, J=5.5, J=3.0
Hz, Phth), 7.51-7.45 (m, 1H, Bz), 7.38-7.30 (m, B4, Bn), 5.82 (dd, 1H,,3=11.3 Hz, 4.
4=3.2 Hz,H-3 (GalN)), 5.38 (d, 1H,:}=8.5 Hz,H-1 (GalN)), 4.85 (dd, 1H,,3=11.3 Hz, J.
,=8.5 Hz,H-2 (GalN)), 4.82 (d, 1H,:3=3.6 Hz,H-1 (Fuc)), 4.67 (d, 1H, J=12.0 Hz, PHE),
4.64 (d, 1H, J=12.0 Hz, Ph@&#), 4.43 (d, 1H, 4.=3.2 Hz,H-4 (GalIN)), 4.05-3.98 (m, 3H{-5
(Fuc), H-3 (Fuc),H-6 (GalN)), 3.92 (t, 1H,5%=5.3 Hz,H-5 (GalN)), 3.81 (d, 1H,3%=3.4 Hz,
H-4 (Fuc)), 3.78 (dt, 1H, J=9.7 Hz, J=6.5 Hz, PrY23(dd, 1H, 45=9.8 Hz, 4..=3.6 Hz,H-2

(Fuc)), 3.64 (dd, 1H,65=10.5 Hz, d.6=5.0 Hz,H-6’ (GalN)), 3.40 (dt, 1H, J=9.7 Hz, J=6.8 Hz,



Pr), 1.50-1.38 (m, 2H, Pr), 1.27 (d, 3H36.6 Hz,H-6 (Fuc)), 0.68 (t, 3H, J=7.4 Hz, PHC
NMR (151 MHz, CDCJ): & 165.5 (Bz), 134.1 (Phth), 133.3 (Bz), 129.8 (B28.6 (Bn), 128.4
(Bz, Bn), 128.1 (Bn), 123.4 (Phth), 986-1 (GalN)), 97.2 C-1 (Fuc)), 76.5C-2 (Fuc)), 72.9
(PhCH,) , 72.5 C-5 (GalN)), 71.6 C-4 (Fuc)), 71.5C-3 (GalN)), 71.3 (Pr), 69.433 (Fuc)),
67.4 C-4 (GalN)), 67.2 C-6 (GalN)), 65.8 C-5 (Fuc)), 51.3C-2 (GalN)), 22.6 (Pr), 16.10¢6

(Fuc)), 10.1 (Pr). HRMS (ESI): Calcd m/z for [M+NaJsHaNOy, 714.2521, found 714.2515.

4.4.6. Propyl 60-(a-L-fucopyranosyl)-2-acetamido-2-deoxyp-D-galactopyranoside (5)
Disaccharidel8a (36 mg, 0.043 mmol) was successively treated daogito general procedures
B [EtOAc (1mL), MeOH (1 mL), 10% Pd(OKY (30 mg), 3 h], C [AH4 H.O (0.5 mL), EtOH
(5 mL)] and D [A¢O (0.4 mL, NaHC@ (340 mg), HO (2 mL), MeOH (2 mL)] to givé (9 mg,
51%), flo —25° (¢ 1, H0). *H NMR (600 MHz, DO): & 4.96 (d, 1H, 4,=3.9 Hz,H-1 (Fuc)),
4.48 (d, 1H, 4,=8.5 Hz,H-1 (GalIN)), 4.10 (q, 1H,53=6.7 Hz,H-5 (Fuc)), 3.96 (d, 1H,33=3.3
Hz, H-4 (GalN)), 3.92-3.77 (m, 8H{-6 (GalN), H-6" (GalN), H-2 (GalN), H-5 (GalN), H-3
(Fuc),H-4 (Fuc), PrH-2 (Fuc)), 3.74 (dd, 1H,3=10.8 Hz, J..=3.3 Hz,H-3 (GalN)), 3.56 (dt,
1H, J=10.0 Hz, J=6.6 Hz, Pr), 2.05 (s, 3H, Ac),0:B52 (m, 2H, Pr), 1.24 (d, 1H;.¢x6.6 Hz,
H-6 (Fuc)), 0.88 (t, 3H, J=7.4 Hz, PJC NMR(151 MHz, CDGJ): § 103.0 C-1 (GalN)), 100.7
(C-1 (Fuc)), 74.9C-5 (GalN)), 73.7 (Pr), 73.1C¢4 (Fuc)), 72.4¢-3 (GalN)), 70.9 C-3 (Fuc)),
69.4 C-2 (Fuc)), 69.3 C-4 (GalN)), 69.0 C-6 (GalN)), 68.2 C-5 (Fuc)), 53.7 €-2 (GalN)),
23.6 (Ac), 23.5 (Pr), 16.8Ct6 (Fuc)), 11.0 (Pr)). HRMS (ESI): Calcd m/z for fMa]’

C]_7H31NO]_0 432.1840, found 432.1828.

4.4.7. Propyl 60-(a-L-fucopyranosyl)-4-O-sulfo-2-deoxy-2-acetylp-D-galactopyranoside
sodium salt (6).
Disaccharidel8a (20 mg, 0.024 mmol) was successively treated daogito general procedures

E [Py-SQ (20 mg, 0.12 mmol), DMF (2 mL), 1 h, flash columhromatography (silica gel,



DCM-MeOH, 10:1-2:1)], B [EtOAc (1mL), MeOH (1 mL), 10% Pd(OKT (30 mg), 2 days],
C [N2H4-H,O (0.5 mL), EtOH (5 mL)] and D [A© (0.4 mL, NaHCQ@ (340 mg), HO (2 mL),
MeOH (2 mL)] to give6 (5 mg, 42%), ¢]o —48° € 1, H,0). *H NMR (600 MHz, DO): 5 4.95
(d, 1H, 3.,=3.9 Hz,H-1 (Fuc)), 4.71 (s, 1HH-4 (GalN), srp), 4.56—4.50 (m, 1Hi-1 (GalN)),
4.11 (q, 1H, d6=6.6 Hz,H-5 (Fuc)), 3.98 (dd, 1H,s3=8.3 Hz, 3.6=3.9 Hz, H-5 (GalN)), 3.91
(dd, 1H, 3.6=11.7 Hz, 36=3.9 Hz,H-6 (GalN)), 3.88-3.78 (m, 6H4-2 (GalN),H-3 (GalIN),H-
3 (Fuc), PrH-6' (GalN), H-4 (Fuc)), 3.75 (dd, 1H,,3=10.4 Hz, 3,=3.9 Hz,H-2 (Fuc)), 3.55
(dt, 1H, J=10.0 Hz, J=6.6 Hz, Pr), 2.03 (s, 3H,,Ac59-1.51 (m, 2H, Pr), 1.22 (d, 3H,536.6
Hz, H-6 (Fuc)), 0.86 (t, 3H, J=7.4 Hz, PHJC NMR (151 MHz, BO): § 176.0 (Ac), 102.6G-1
(GalN)), 100.9 C-1 (Fuc)), 77.3C-4 (GaIN)), 74.3 C-5 (GaIN)), 73.6 (Pr), 73.004 (Fuc)),
71.3 C-3 (GalN)), 70.8 C-3 (Fuc)), 69.3¢-2 (Fuc)), 69.2C-6 (GalN)), 68.0 C-5 (Fuc)), 54.1
(C-2 (GalN)), 23.4 (Pr), 23.3 (Ac), 16.T+6 (Fuc)), 10.8 (Pr). HRMS (ESI): Calcd m/z for [M-

Na]' Ci17H30N O3S 488.1443, found 488.1436.

4.4.8. Propyl  60-(3,4-di-O-sulfo-a-L-fucopyranosyl)-4-O-sulfo-2-deoxy-2-acetyB-D-
galactopyranoside sodium salt (7)

Disaccharide20 (16 mg, 0.023 mmol) was successively treated adatgrto general procedures
E [Py-SQ (55 mg, 0.35 mmol), DMF (2 mL), 1h, flash columhr@amatography (silica gel,
DCM — MeOH, 10:352:1)], B [EtOAc (1mL), MeOH (1 mL), 10% Pd(OT (30 mg), 1 day],
C [N2H4-H,O (0.5 mL), EtOH (5 mL)] and D [A© (0.4 mL, NaHCQ@ (340 mg), HO (2 mL),
MeOH (2 mL)] to give7 (6.2 mg, 37%),d]o —-66° € 1, HO). '"H NMR (600 MHz, RO): § 4.93
(d, 1H, 3.,=3.9 Hz,H-1 (Fuc)), 4.76 (d, 1H,33=3.0 Hz,H-4 (Fuc)), 4.59 (d, 1H,33=2.8 Hz,H-
4 (GalN)), 4.46 (dd, 1H,,3=10.4 Hz, 4..=3.0 Hz,H-3 (Fuc)), 4.41 (d, 1H,,3=7.8 Hz,H-1
(GalN)), 4.14 (g, 1H, sk=6.6 Hz, H-5 (Fuc)), 3.90 (dd, 1H,53=8.6 Hz, d.¢=3.3 Hz, H-5
(GalN)), 3.87-3.82 (m, 2H{-2 (Fuc), H-6 (GalN)), 3.79-3.70 (m, 4H;2 (GalN),H-3 (GalN),

H-6' (GalIN), Pr), 3.45 (dt, 1H, J=10.1 Hz, J=6.6 #z), 1.91 (s, 3H, Ac), 1.44 (dd, 2H, J=13.9



Hz, J=6.7 Hz, Pr), 1.17 (d, 3Hs&¥6.6 Hz,H-6 (Fuc)), 0.75 (t, 3H, J=7.4 Hz, PIJC NMR
(151 MHz, DO): 5 102.6 C-1 (GalN)), 100.7C-1 (Fuc)), 80.2C-4 (Fuc)), 77.3C-4 (GalN)),
76.6 C-3 (Fuc)), 74.6 C-5 (GalN)), 73.6 (Pr), 71.3%3 (GalN)), 69.6 C-6 (GalN)), 67.7 C-5
(Fuc)), 67.4 C-2 (Fuc)), 54.1C-2 (GalN)), 23.3 (Pr, Ac), 17.3C¢6 (Fuc)), 10.8 (Pr). HRMS

(ESI): Calcd m/z for [M-2N&] C17H.sNO10SsNa 334.5163, found 334.5154.

4.4.9. Propyl 60-(2,3,4-tri-O-sulfo-a-L-fucopyranosyl)-4-O-sulfo-2-acetamido-2-deoxy-
D-galactopyranoside sodium salt (8)

Disaccharide20 (26 mg, 0.037 mmol) was successively treated datgrto general procedures
B [EtOAc (1mL), MeOH (1 mL), 10% Pd(OHYX (40 mg), 2 h], E [Py-S£(120 mg, 0.75
mmol), DMF (2 mL), 2 h], C [MH4-HO (0.5 mL), EtOH (5 mL)] and D [A© (0.4 mL,
NaHCGQ; (340 mg), HO (2 mL), MeOH (2 mL)] to give8 (14.3 mg, 47%),d]p —54° 1, H0).
'H NMR (600 MHz, BO): § 5.43 (d, 1H, 4,=3.7 Hz,H-1 (Fuc)), 5.03 (d, 1H,33=3.1 Hz,H-4
(Fuc)), 4.86 (d, 1H,3k=2.2 Hz,H-4 (GalN))), 4.81 (dd, 1H,,3=10.6 Hz, 3,=3.1 Hz,H-3
(Fuc)), 4.65-4.59 (m, 2H4-2 (Fuc),H-1 (GalN)), 4.39 (q, 1H,5%=6.6 Hz,H-5 (Fuc)), 4.12—
4.06 (m, 2H,H-5 (GalN), H-6 (GalN)), 4.00-3.92 (m, 4HH-2 (GalN), H-3 (GalN), H-6’
(GalN), Pr), 3.66 (dt, 1H, J=10.1 Hz, J=6.5 Hz, Rr13 (s, 3H, Ac), 1.69-1.62 (m, 2H, Pr), 1.40
(d, 3H, 3.6=6.6 Hz, H-6 (Fuc)), 0.97 (t, 3H, J=7.4 Hz, PAC NMR (151 MHz, RO): § 176.0
(Ac), 102.6 C-1 (GalN)), 98.6 C-1 (Fuc)), 80.4 C-4 (Fuc)), 77.5 C-4 (GalN)), 74.4 C-5
(GalN)), 73.8 C-3 (Fuc)), 73.6 (Pr), 73.5C¢2 (Fuc)), 71.4 C-3 (GaIN)), 69.0 C-6 (GalN)),
67.6 C-5 (Fuc)), 54.1 C-2 (GalN)), 23.5 (Pr), 23.3 (Ac), 17.Z46 (Fuc), 10.9 (Pr). HRMS

(ESI): Caled m/z for [M-N&]Ci7H27NO»,S:Nas 793.9606, found 793.9611.
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Sdectively sulfated derivatives of GaNAc and a-Fuc-(1—6)-GalNAc were synthesized.
Fucosyl bromide was applied for stereosel ective 6-O-a-L-fucosylation.
NMR effects of sulfation and fucosylation were calcul ated.

Obtained NMR-data are vital for the development of computer assisted analysis of
natural FCS.



