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Glycosidation of fully acetylated glucopyranosyl iodide with methanol under the
influence of iodine gave a-glucoside selectively. Use of less reactive acceptors led to
the formation of a/B-mixtures. Glycosylations with fully benzoylated glucosyl iodide
yielded B-glucosides only. In contrast, iodine-promoted glycosylation of serine and
threonine with 2-azido-2-deoxy-glycosyl iodides, easily obtained in three steps,
proceeded smoothly, resulting in only a-linked products in high yield in most cases.
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INTRODUCTION

Since the pioneering work of Koenigs and Knorr'" on the activation of glycosyl
bromides and chlorides with silver salts, glycosyl halides have become widely
employed in carbohydrate chemistry. Although glycosyl chlorides are more
stable donors, glycosyl bromides are often the donor of choice due to their
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enhanced reactivity.” Glycosyl fluorides'® and iodides have received less
attention because the former are less reactive and the latter have generally
been considered as too unstable to be useful. However, in the past two
decades several laboratories have demonstrated that glycosyl iodides are
easily accessible in a variety of ways and display unique properties in glycosy-
lation reactions. Most reports are on the use of “armed” glycosyl iodides as,
for example, in the work by Gervay, Hague, and coworkers, who constructed
N-, C- and O-glycosides and oligosaccharides either by Sy2 displacement or
by an in situ anomerization procedure.'® More recently, glycosylation reactions
with “disarmed” glycosyl iodides, either in the presence or absence of a
promotor, have been explored.'®

Our laboratory has a long-standing interest in the use of iodine as a cheap
and easy to handle reagent for the activation of glycosyl donors."” From these
studies it has emerged that armed thioglycosides and bromides can be easily
glycosidated by the action of iodine in a straightforward manner.'® However,
disarmed thioglycosides cannot be activated with iodine alone, and the
results with disarmed bromosugars are variable.!”! As glycosyl iodides are
more reactive, we investigated the potential to activate disarmed glycosyl
iodide donors with iodine. We present here the results of our investigation
and demonstrate the utility of this method in the synthesis of glycosylated
amino acids.

RESULTS

Fully acetylated a-glucopyranosyl iodide (2) was prepared according to the one-
pot procedure recently developed in our laboratory, which employs sequential
per-O-acetylation (AceO/I5) and glycosyl iodide formation (Io/hexamethyldisi-
lane).'” The first attempt to react 2 with a simple acceptor under the influence
of iodine resulted in the formation of the a-methyl glucopyranoside 3 as the
major product (a/B = 7.5/1; see Sch. 1).°~1" Apparently, neighbouring group
participation of the acyl function on C-2 does not dominate under these
reaction conditions.

Preferential formation of the a-glucoside might be explained by the inter-
mediacy of a B-glucosyl iodide (Fig. 1). The B-form, being thermodynamically
less stable"?! and hence more reactive than its a-oriented counterpart, reacts

H . OAc . Ac
HO "OH ACD| A
CMe
1 2 3

Scheme 1: Reaction of glucosyl iodide with MeOH under the influence of I,. Reagents and
conditions (i) a) Ac,O, Ip; b) I, HMDS, DCM, 5 hr (91% over two steps); (i) MeOH, l,, DCM, 4 A MS
(35%).
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in an Sy2 fashion with methanol to give the a-methyl glucoside. B-Glycosyl
iodide formation was not detectable by NMR. In fact, addition of methanol to
the glycosyl iodide and iodine in deuterated chloroform only gave a small
amount of methyl glycoside after several hours. It appears that the acidic
nature of chloroform impedes the reaction with iodine. The addition of molecu-
lar sieves to the reaction in DCM proved to be essential for the reaction to
proceed smoothly. 1314

Extension of this glycosylation method to other acceptors resulted in
reduced a-selectivity. For example, reaction of glucosyl iodide 2 with a long-
chain alcohol acceptor (4) gave an «/B mixture of glycoside 5 with a slight pre-
ference for the formation of the a-configured product (see Table 1). Moreover, in
the glycosylation of the 6-OH of glucoside 6 with 2, the B-linked disaccharide 7
was the only isolable glycoside product. The reduced activity of these acceptors
compared to methanol may allow the formation of an oxocarbenium intermedi-
ate and neighbouring group participation to occur. As benzoyl protecting
groups are more disarming,''® the fully benzoylated glucosyl iodide 8 was
prepared by reaction between perbenzoylated glucose and HMDS-I5. Surpris-
ingly, glycosylation of methanol or 1l-bromoundecanol with 8 under the
same reaction conditions gave only the B-oriented glucosides.

Next, iodine activation was attempted for the glycosidation of 2-azido-2-
deoxyglycosyl iodides, having a nonparticipating neighbouring group on
C-2 that has a more disarming effect than acyl protecting groups.'*¢"
2-Azido-2-deoxy-sugars have proven practical building blocks for the synthesis
of glycopeptides and glycoproteins, a class of molecules ubiquitous in nature.1”!
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Figure 1: Possible mechanism for iodine activation of glucosyl iodide.'®
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Table 1: Glycosylations with glucosyl iodide. Reaction conditions: Donor (1 eq.),
acceptor (MeOH, 4. 2eq., 6: 0.8 eq.), I, (1.5 eq.), 4A MS, DCM.

Donor Acceptor Product Yield
OAc
AcO Q
AcO
HO B AcO
1 N OB 65%, a/B=1.7/1
4 5
OAc
0
Ao o
OH AcO BnO Q
1 BnO ! BnO 25%, B only
BnO BnoOMe
BnOome 7
6
OBz OBz
0] 0]
B?a%ﬁ\ BZB%S%'OME
BzO| MeOH BzO 84%, B only
8 9
OBz
BzO 0
8 6 B20 o\,(,-\), Br 76%, B only
BzO 5
10

Their importance in a variety of biologic processes has inspired numerous
synthetic efforts toward a-linked O-serinyl and threoninyl 2-acetamido-2-
deoxy-glycosides.""® The methods reported thus far for the formation of the
a-glycosidic bond suffer from either low yields or poor a-selectivity, especially
in the case of serine.

Tri-O-acetyl-2-azido-2-deoxy-glycosyl iodide in the galacto (14a) and gluco
(14b) configuration were obtained in three straightforward steps, starting from
the commercially available aminosugars. Thus, introduction of the azide by
diazotransfer'® and standard acetylation was followed by reaction with
I,-HMDS to introduce the anomeric iodide (see Sch. 2).[

RZ CH R20H RZ OAG R2OAC
)1 o i R! Q if r! Io) iii R? Q
HO HO — AcO —_ A0
HCIHN "OH Ny “OH N, *OAC ol
11aR'=H R2=0OH 12aR'=H,R?=0OH 13aR’ =H, R% = OAc 14aR'=H, R? = OAc
MbR'=0H,RZ=H 12bR*=0H,R?=H 13bR'= 0Ac.R¥=H 14bR' = OAc, R®=H

Scheme 2: Synthesis of 2-azido-2-deoxy-glycosyl iodides. Reagents and conditions: (i) TfNs,
CuSO,, KoCO3, DCM, HyO, MeOH, 16hr. (i) AcoO, pyridine, 2hr (12a: 72%, 12b: 75% over two
steps). (i) 1., HMDS, DCM, 4hr (13a: 71%, 13b: 78%).
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The results of the glycosylation reactions with iodine are summarized in
Table 2; all reactions proceeded smoothly in good yield (73—87%). In the case
of serine the glycosylation reactions proceeded in a completely a-selective
fashion. Similarly, glycosylation of N-Fmoc threonine benzyl ester with
azidogalactose donor 14a only gave an a-linked product. However, reaction
with azidoglucose donor 14b yielded an «/B mixture of threoninyl 2-azido-2-
deoxy-glucoside. As observed with the fully acylated glucosyl iodide
donors, reaction with a less reactive acceptor (threonine) resulted in a poorer
a-selectivity. Attempts to enhance the «-selectivity through the use of
solvents known to favor a-glycoside formation (i.e., diethyl ether/DCM or
1,4- dioxane/toluene)[z‘)] were unfortunately hampered by the poor acceptor

Table 2: Glycosylations of serine and threonine. Reaction conditions: Donor (1 eq.),
acceptor (0.98 eq.), I, (1.5 eq.), 4AMS, DCM.

Donor Acceptor Product Result
AcQO OAc
0
AcO
0 N3O
14a FmociN AL BnO\n/?\ 73%, a only
: NHFmoc
~
OH (o]
15 16
AcO OAc
Q
AcCO

o] N3O
14a FmocHN OB BnO. 74%, a only
NHFmoc

OH
17

14b 14 : 78%, a only

O o

14b 17 Naby 87%, a/B:2.5/1
BH%P‘NHFW:OC
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solubility. Possibly, remote neighboring group participation of the acetate on
C-4 enhances the high a-selectivity observed for the glycosylations with the
galacto-configured donor.'2!

In conclusion, disarmed glycosyl iodides are readily activated by iodine;
however, the nature of the protecting group at C-2 and the reactivity of the
acceptor influence the stereochemical outcome of the glycosylation reaction.
While glycosylations with acetate protected donors give a-linked products with
reactive acceptors, the benzoylated donors only give 8-linked product. Neighbor-
ing group participation clearly dominates in the latter reaction. Good yields and
good a-selectivity were observed in the glycosylation of serine and threonine
with a 2-azido-2-deoxy-galactosyl iodide donor. The less reactive 2-azido-2-
deoxy-glucosyl donor only gave good a-selectivity with serine. It appears that
reduced reactivity of either donor or acceptor favors the formation of an oxycar-
benium intermediate and loss of a-selectivity in this case.

EXPERIMENTAL

General Experimental

All reagents were obtained from commercial sources and used without
purification. Toluene and dicholoromethane were distilled from calcium
hydride and stored over molecular sieves (3 or 4A). TLC analysis was
conducted on 0.25-mm precoated silica gel plates (Whatman, AL SIL G/UV,
aluminium backing) with detection by fluorescence and/or dipping in
4% HsSO, in ethanol, followed by heating. Column chromatography was
performed on silica gel 60 (Fluka). '"H and *C NMR spectra were recorded
on a Varian Unity Plus spectrometer at 400 MHZ and 100.6 MHz, respectively.
Chemical shifts are given in ppm (8) relative to tetramethylsilane as internal
standard. Optical rotations were measured at ambient temperature on a
Perkin Elmer 141 polarimeter using the sodium D-line. [a]p values are given
in units of 107! deg em?g~!. Compounds 2,"® 6,122 15,231 and 172% were
prepared as recorded in the literature.

General protocol for glycosidations of glucosyl iodide donors 2 and 8
with Iy: Glucosyl iodide (0.33 mmol) was dissolved in DCM (1 mL), 4A MS
(150 mg) was added, and the reaction mixture was stirred for 0.5hr, after
which the acceptor (MeOH 2 eq., compound 4 2 eq., compound 6 0.8 eq.) and
I (1.5 eq.) were added. After TLC (EtOAc/hexane:2/3:v/v) showed the
complete conversion of 2 the reaction mixture was diluted with EtOAc
(20mL), filtered, and washed with aq. NayS;03 (1M, 2 x 10mL) and
brine (1 x 10mL). Purification by column chromatography (hexane to
EtOAc/hexane:2/3:v/v) gave 3 in 35%, 5 in 65%, 7 in 25%, 9 in 84%, and 10
in 76% yield.
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Methyl 2,3,4,6-tetra-O-acetyl-a-D-glucopyranoside (3):?* 'H NMR
(CDCly): 6 548 (t, 1H, H4, J34, J45=10.2Hz), 5.07 (t, 1H, H3, Jy3,
Js.4=10.2Hz), 4.96 (d, 1H, H1, J, s = 3.7Hz), 4.92 (dd, 1H, H2, J, 3= 3.7 Hz,
Ja3=10.2Hz), 4.27 (dd, 1H, H6a, J56, = 4.6 Hz, Je. 6p = 12.3Hz), 4.11 (dd,
1H, H6B, Js6, =2.3, Jeasp = 12.3Hz), 3.99 (m, 1H, H5), 3.41 (s, 3H,
CH;0Me), 2.11, 2.08, 2.03, 2.01 (4 x CH3Ac). The 'H NMR spectrum was in
accordance with literature.'2%

11-Bromoundecyl 2,3,4,6-tetra-O-acetyl-a/B-D-glucopyranoside (5):
'H NMR (CDCly): 6 5.22 (t, 1H, H3a, Jas, J34= 9.6 Hz), 5.13 (t, 0.6H, H3B,
Jos, J34=9.6Hz), 500 (m, 3H, H2a/B, H4a/B), 491 (d, 1H, Hle,
J12=3.8Hz), 4.35 (d, 0.6H, H1B, J; o = 7.7Hz), 4.27 (m, 1.6H, H6aa, H6Ba),
4.10 (dd, 0.6H, H6Bb, J5¢, = 2.4Hz, Js, 6, = 12.3Hz), 4.06 (dd, 1H, H6ab,
Js.60 = 2.6 Hz, Jga 6, = 12.6 Hz), 3.98-3.94, 3.91-3.89 (2 x m, 1.6 H, CH,0),
3.76-3.65 (m, 1.6 H, H5«/B), 3.57-3.47 (m, 1.6H, CH,0), 3.43-3.39 (m, 3H,
CH,Br), 2.09, 2.08, 2.07, 2.04, 2.03 (6 x s, 18H, CH3Ac), 1.88—1.83 (m, 3H,
CH,), 1.65-1.62 (m, 3H, CHy), 1.43-1.38 (m, 3H, CHy), 1.29 (bs, 12H, CHy).
3¢ NMR (CDCls): 6 171.1, 170.7, 170.6, 169.6 (4 x C=0, Ac), 102.7 (C1pB),
98.1 (Cla), 74.3, 73.5, 72.1, 71.8, 70.8, 70.5, 68.9, 68.4, 67.9, 67.5, 62.1, 61.9
(C2, C3, C4, C5, C6, CH0, a and B), 34.0, 32.8, 29.4, 29.33, 29.29, 29.1, 28.7,
28.1, 26.1, 25.8 (10 x CH,), 20.9, 20.8, 20.7, 20.6 (4 x CHzAc). HRMS: calcd.
for 025H45010BI'N [M + NH4]+ 5982224, found 598.2226.

Methyl 2,3,4,6-tetra-0O-acetyl-g-n-glucopyranosyl-(1 — 6)-2,3,4-tri-
benzyl-a-D-gluco pyranoside (7):>> 'H NMR (CDCly): 6 7.37—7.25 (m, 15H,
Harom Bn), 5.18 (t, 1H, H3,, J2’3, J3,4 =95 HZ), 5.08 (t, 1H, H4/, J3f4f,
Jy 5 =9.5Hz), 5.04 (dd, 1H, H2, Jy o = 8.1Hz, Jy 3 = 9.5Hz), 4.98 (d, 1H, CH;
Bn, Jgem = 10.8), 4.86 (d, 1H, CHy Bn, Jyen, = 10.8), 4.80 (d, 1H, CH, Bn,
Jgem = 11.0), 4.79 (d, 1H, CH Bn, Jger, = 12.2), 4.65 (d, 1H, CHy Bn, Jgem, = 11.0),
4.58 (d, 1H, H1, J, o = 3.5 Hz), 4.53 (d, 1H, CHy Bn, /e, = 10.8), 4.51 (d, 1H, HY,
Jv o = 8.1Hz),4.23 (dd, 1H, H6a', J5 ¢» = 4.8 Hz, Jen gy = 12.4 Hz), 4.11 (dd, 1H,
H6b', J5ey =2.9Hz, Jgyey =12.4Hz), 4.06 (dd, 1H, H6a, J5¢,=4.8Hz,
Jeaep = 12.4Hz), 3.97 (t, 1H, H3, Jy3, J34=9.3Hz), 3.71 (m, 1H, H5), 3.65
(m, 2H, H6B, H5’), 3.51 (dd, 1H, H2, J; » = 3.5Hz, J» 3 = 9.3 Hz), 3.43 (t, 1H, H4,
J34=Js5=9.3Hz), 3.36 (s, 3H, CH3 Ome), 2.05, 2.02, 1.99, 1.95 (4 x s, CHs Ac).
The "H NMR spectrum was in accordance with literature.®”

2,3,4,6-Tetra-O-benzoyl-a-D-glucopyranosyliodide (8): Perbenzoylated
glucose (1g, 1.43mmol) was dissolved in DCM; I, (0.22g, 0.86 mmol) and
HMDS (0.18mL, 0.86mmol) were added; and the reaction mixture was
stirred for 6 hr. The solvent was removed under reduced pressure and the
residue was purified by flash column chromatography (hexane to EtOAc/
hexane:2/3:v/v) to yield 8 in 95% (1.05g). '"H NMR, 'H-COSY (CDCls):
5 8.13-7.88 (4 x d, 8H, CHarom Bz), 7.59-7.23 (m, 13H, H1, CHarom Bz),
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6.24 (t,1H, H3, Jo 3,J54 = 9.9Hz), 5.92 (t, 1H, H4, J5 4, J4 5 = 9.9 Hz), 4.80 (dd,
1H,H2,J, o = 4.4Hz,Jy 3 = 9.9 Hz), 4.69 (br.d, 1H H6a), 4.58 (m, 2H, H5, H6b).
13C NMR (CDCl,): 6 171.8, 165.5, 165.1, 165.0 (4 x C=0, Bz), 133.7, 133.6,
133.3, 133.2, 130.1, 130.0, 129.84, 129.78, 129.7, 129.6, 128.5, 128.4, 128.3,
128.2 (CHarom, Bz), 75.3 (C1), 72.9, 72.2, 70.9, 67.6, 61.8 (C2, C3, C4, C5,
C6). [alp = +138 (¢ 1 in CHCLy); this value is in accordance with literature.'?”

Methyl 2,3,4,6 -tetra-O-benzoyl-B-D-glucopyranoside (9):2” 'H NMR
(CDCly): 6 8.11-7.82 (m, 8H, CHarom Bz), 7.57—-7.32 (m, 12H, CHarom Bz),
5.93 (t, 1H, H4, J34, J45=9.7Hz), 5.70 (t, 1H, H3, Jy3, J54 = 9.7Hz), 5.54
(dd, 1H, H2, J; 5 = 7.9Hz, J55 = 9.7Hz), 4.78 (d, 1H, H1, J; , = 7.9 Hz), 4.66
(dd, 1H, H6a, Jse,=3.3Hz, Jg.ep =12.3Hz), 4.52 (dd, 1H, H6b,
Js.ep = 5.1Hz, Jg, 6o = 12.3Hz), 4.18 (m, 1H, H5), 3.56 (s, 3H, CH; OMe). The
'H NMR spectrum was in accordance with literature. 25!

11-Bromoundecyl 2,3,4,6-tetra-O-benzoyl-B-D-glucopyranoside (10):
'H NMR, 'H-COSY (CDCly): & 8.03, 8.01, 7.99, 7.95 (4 x d, 8H, Harom Bz),
7.91-7.82 (m, 12 H, Harom Bz), 5.91 (t, 1H, H3, Ja 3, J54 = 9.7Hz), 5.68 (t, 1H,
H4, J3,4, J4,5:9.7HZ), 5.53 (dd, 1H, HZ, J1,2:7.9HZ, J2,3:9.7HZ), 4.84
(d, 1H, H]_, J1,2 =179 HZ), 4.64 (dd, ]_H, H6a, J5,6a =3.3 HZ, Jﬁa,eb =123 HZ),
451 (dd, 1H, H6b, J5¢, = 5.1Hz, Jea6p = 12.2Hz), 4.15 (m, 1H, H5), 4.11
(m, 1H, CH0), 3.53 (m, 1H, CH50), 3.40 (m, 2H, CH,Br), 1.82 (m, 2H), 1.54
(m, 2H), 1.43—-1.14 (m, 14H). *C NMR (CDCl,): 6 165.9, 165.6, 165.0, 164.9
(4 x C=0, Bz), 133.2, 133.0, 132.9, 129.6, 129.5, 129.4, 129.2, 128.6, 128.2,
182.1, 128.0 (CHarom), 101.1 (C1), 72.7, 71.9, 71.7, 70.1, 69.6, 63.0 (C2, C3, C4,
C6, CH»0), 33.9, 32.6, 32.5, 29.3, 29.24, 29.19, 29.15, 28.5, 27.9, 25.9 (10 x CH)).
HRMS: caled. for CuHz3010BrN [M + NH,]t 846.2853; found 846.2861.
[alp = +8 (¢ 1in CHCly).

3,4,6-Tri-O-acetyl-2-azido-2-deoxy-a-D-galactopyranosyl iodide (14a):2®
1,3,4,6-Tetra-O-acetyl-2-azido-2-deoxy-galactose, prepared according to the
method of Alper et al.,'™ (0.70 g, 3.5 mmol) was dissolved in DCM (3.5 mL);
I, (0.52g, 2.07mmol) and HMDS (0.42mL, 2.07 mmol) were added; and the
reaction mixture was stirred at rt. After 4hr TLC analysis (EtOAc/
hexane:2/3, v/v) revealed complete conversion of the starting material into
the galactosyl iodide and the solvent was removed under reduced pressure.
Flash column chromatography (hexane to EtOAc/hexane:2/3:v/v) yielded
71% of 14a (0.89g). 'H NMR (CDCly): & 6.85 (d, 1H, H1, J; 5 = 4.1 Hz), 5.49
(d, 1H, H4, J53,=3.1), 5.21 (dd, 1H, H3, Jo3=10.6 Hz, J54 = 3.1Hz), 4.24
(m, 2H, H5, H6a), 4.14 (m, 1H, H6b), 3.43 (dd, 1H, H2, J,o=4.1Hz,
J2.3=10.6Hz), 2.18, 2.08 (3 x s, 9H, 3 x CH3 Ac). The 'H NMR spectrum
was in accordance with literature.2®!

3,4,6-Tri-O-acetyl-2-azido-2-deoxy-a-D-glucopyranosyl iodide (14b): Com-
pound 14b was prepared from 1,3,4,6-tetra-O-acetyl-2-azido-2-deoxy-glucose
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13b, synthesized according to the method of Alper et al.,'*®! as described for 14a
in a 78% yield. '"H NMR, "H-COSY (CDCly): 8 6.78 (d, 1H, H1, J, 5 = 4.2Hz),
5.37 (t, 1H, H3, Ja 3, J54 = 9.8 Hz), 5.16 (t, 1H, H4, J34, J45 = 9.8Hz), 4.36
(dd, 1H, Hé6a, J56, = 4.2Hz, Js, 6 = 12.8 Hz), 4.13—-4.06 (m, 2H, H5, H6b),
3.31 (dd, 1H, H2, J, 2 = 4.2Hz, J2 3 = 9.8 Hz), 2.10, 2.09, 2.06 (3 x s, 3 x 3H,
3 x CHs Ac). '3C NMR (CDCly): 8 170.4, 169.7, 169.6 (3 x C=0), 75.1, 73.6,
72.5, 66.9, 62.0, 60.8 (C1, C2, C3, C4, C5, C6), 20.6, 20.56, 20.52 (3 x CHy).
HRMS: caled. for CioHy00,N,I [M+ NH,'T 459.0371; found 459.0372.
[alp = +155 (¢ 1 in CHCly).

General procedure for the glycosylation of Ser and Thr: Compound 14a
or b (0.120 g, 0.27 mmol) and Fmoc-Ser-Bn or Fmoc-Thr-Bn (0.26 mmol) were
dissolved in DCM (1 mL); 4A MS (150 mg) was added; and the reaction
mixture was stirred for 0.5 hr. After the addition of I (0.10g, 0.41 mmol) the
reaction was followed by TLC (EtOAc/hexane:2/3:v/v). The reaction mixture
was diluted with EtOAc (20 mL), filtered, and washed with aq. NasS.03 (1M,
2 x 10mL) and brine (1 x 10mL). Purification by column chromatography
(hexane to EtOAc/hexane:2/3:v/v) gave 16 in 73%, 18 in 74%, 19 in 78%,
and 20 in 87% yield.

N-Fmoc-0-(3,4,6-Tri-O-acetyl-2-azido-2-deoxy-a-B-D-galactopyranosyl)-

L-serine benzyl ester (16):'?° TH NMR (CDCl5): 67.79-7.76,7.64—7.62, 7.43—
7.32(3 x m, 13H, Harom Fmoc, Bn), 5.96 (d, 1H, NH-Ser, Jxu, 1. = 8.1 Hz), 5.39
(d, 1H, H4, J3,=2.6Hz), 525 (m, 3H, H3, CH,; Bn), 4.88 (d, 1H, H1,
J12=3.5Hz), 4.62 (m, 1H, He-Ser), 4.41 (d, 2H, CHz Fmoc, J = 7.1 Hz), 4.25
(t, 1H, HB-Ser, J = 7.0Hz), 4.16 (dd, 1H, H6a, J5 ¢, = 2.9 Hz, Jg, 6, = 10.6 Hz),
4.09-4.00 (m, 4H, 1 x HB-Ser, H5, H6b, CH Fmoc), 3.59 (dd, 1H, H2,
J12=3.5Hz, Jy 3 = 10.9Hz), 2.16, 2.08, 1.98 (3 x s, 9H, 3 x CH3 Ac). The 'H
NMR spectrum was in accordance with literature.'?”

N-Fmoc-0-(3,4,6-Tri-O-acetyl-2-azid o-2-deoxy-a-B-D-galactopyranosyl)-
L-threonine benzyl ester (18):?®) 'H NMR (CDCls): 6 7.79-7.76, 7.64—7.62,
7.43-7.29 (3 x m, 13H, Harom Fmoc, Bn), 5.69 (d, 1H, NH-Thr, Jxu, ga =
9.3Hz), 5.44 (d, 1H, H4, J3 4 = 2.9Hz), 5.31-5.20 (m, 3H, H3, CHy Bn), 4.91
(d, 1H, H1, J, 5 = 3.7 Hz), 4.50—4.21 (m, 6H, Ha-Thr, HB-Thr, H5, 2 x H6, CH
Fmoc,) 4.08 (d, 2H, CHy Fmoc, J = 6.4 Hz), 3.59 (dd, 1H, H2, J, o = 3.7Hz,
Jo3=10.9Hz), 2.16, 2.08, 2.05 (3 x s, 9H, 3 x CHs Ac). The 'H NMR
spectrum was in accordance with literature. 2%

N-Fmoc-0-(3,4,6-Tri-O-acetyl-2-azido-2-deoxy-a--D-glucopyranosyl)-L-
serine benzyl ester (19):*° 'H NMR (CDCl,): § 7.78—-7.76, 7.64—7.62, 7.43—
7.30 (3 x m, 13H, CHarom Fmoc, Bn), 5.95 (d, 1H, NH-Ser, Jxu u. = 8.2Hz),
541 (t, 1H, H3a, Jo 3 = J34 = 10.3Hz), 5.27 and 5.22 (2 x d, 2 x 1H, CH2 Bn,
Jgem = 12.1Hz), 4.99 (t 1H, H4, J34=J45=10.3Hz), 4.84 (d, 1H, HI,
J12=3.5Hz), 4.63 (m, 1H, Ha-Ser), 4.42 (d, 2H, CHy Fmoc, J = 7.0Hz),
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4.25-4.00 (m, 5H, 2 x HB-Ser, CH Fmoc, 2 x H6),3.95 (m, 1H, H5), 3.25 (dd, 1H,
H2,J; 5 = 3.5Hz,Jz3 = 10.3 Hz),2.11,2.05,2.04(3 x s,9H,3 x CH3 Ac). The 'H
NMR spectrum was in accordance with literature.®”

N-Fmoc-0-(3,4,6-Tri-O-acetyl-2-azido-2-deoxy-a- -D-glucopyranosyl)-L-
threonine benzyl ester (20): "H NMR (CDCl,): § 7.78—7.75, 7.64—7.59, 7.41—
7.29 (3 x m, 13H, CHarom Fmoc, Bn), 5.72 (d, 1H, NH-Thr, Jxg u. = 9.8Hz),
5.64 (d, 0.4 H, NH-B, Jxune = 9-5Hz), 5.42 (t, 1H, H3w, J3 5 = J34 = 9.8 Hz),
5.29-5.13 (m, 3H, CH2 Bn «/p), 4.99 (t 1H, H4e, J34, J45=9.8Hz), 4.90
(m, 1H, H3B, H4p), 4.84 (d, 1H, Hle, J; o= 3.7Hz), 4.60-4.32, 4.27-4.18,
4.08-3.99 (3 x m, 13H, 2 x Ha-thr, 2 x HB-thr, 2 x CH Fmoc, 2 x CH2 Fmoc,
Hb5a, 2 x H6a, 2 x H6B), 3.37 (m, 0.8 H, H2B, H58), 3.27 (dd, 1H, H2q,
J12=3.THz, Jo3=10.6Hz), 2.11, 2.09, 2.07, 2.06, 2.02, 2.00 (6 x s, 14H,
6 x CH3 Ac), 1.35-1.32 (m, 5H, 2 x CHy-Thr). ®*C NMR (CDCly): 6 170.5,
169.6 (3 x C=0 Ac, C=0 Thr), 156.8 (C=0 Fmoc), 143.8, 141.2 (Cg-arom
Fmoc), 128.65, 128.59, 128.51, 128.4, 127.7, 127.6, 127.1, 125.3, 119.9 (CHarom
Bn, FMoc), 103.3 (C1B), 98.7 (Clw), 74.8, 71.7, 70.3, 68.5, 67.9, 67.7, 67.6, 67.4,
63.2,61.8,61.1, 58.7 (C2, C3, C4, C5, C6, CH, Fmoc, CHy Bn, Ca-Thr, C3-Thr),
47.0 (CH Fmoc), 20.7, 20.63, 20.57 (3 x CH3 Ac), 18.6 (CHv-Thr). HRMS: caled.
for C37;H39012 [M + H]" 731.2564; found 731.2577.

ACKNOWLEDGMENT

This work was supported by an EU Marie Curie Intra-European Fellowship
(to R. v W) and by the Weston Foundation. We thank the UK EPSRC Mass
Spectrometry Service Centre, Swansea, for invaluable support.

REFERENCES

[1] Koenigs, W.; Knorr, E. Ueber einige Derivate de Traubenzuckers und der Galac-
tose. Chem. Ber. 1901, 34, 957—-981.

[2] Davis, B.G.; Chambers, D.; Cumpstey, 1.; France, R.; Gamblin, D. Synthesis and
activation of carbohydrate donors: acetates, halides, phenyl selenides and
glycals. In Best Synthetic Methods: Carbohydrates; Elsevier Science Ltd:
Amsterdam, 2003; 69—120.

[3] (a) Shimizu, M.; Togo, H.; Yokoyama, M. Chemistry of glycosyl fluorides. Synthesis
1998, 799-822; (b) Toshima, K. Glycosyl fluorides in glycosidations. Carbohydr.
Res. 2000, 327, 15-26.

[4] Gervay, J. Glycosyl iodides in organic synthesis. In Organic Synthesis: Theory and
Applications; JAI Press Inc: New York, 1998; Vol. 4, 121-153, and references cited
therein.

[5] (a) Gervay, J.; Hadd, M.J. Anionic additions to glycosyl iodides: Highly stereoselec-
tive syntheses of beta-C-, N-, and O-glycosides. J. Org. Chem. 1997, 62, 6961-6967;
(b) Hadd, M.J.; Gervay, J. Carbohydr. Res. Glycosyl iodides are highly efficient
donors under neutral conditions. 1999, 320, 61-69; (¢) Lam, S.N.; Gervay-



(6]

(7]

(8l

[l

[10]

[11]

[12]

[13]

[14]

[15]

a-Glycoside Synthesis

Hague, J. Solution-phase hexasaccharide synthesis using glucosyl iodides. Org.
Lett. 2002, 4, 2039-2042; (d) Lam, S.N.; Gervay-Hague, J. Solution- and solid-
phase oligosaccharide synthesis using glucosyl iodides: a comparative study.
Carbohydr. Res. 2002, 337, 1953—-1965.

(a) Perrie, J.A.; Harding, J.R.; King, C.; Sinnott, D.; Stachulski, A.V. Glycosidation
with a disarmed glycosyl iodide: Promotion and scope. Org. Lett. 2003, 5,
4545-4548; (b) Miquel, N.; Vignando, S.; Russo, G.; Lay, L. Efficient synthesis of
0O-, S-, N- and C-glycosides of 2-amino-2-deoxy-D-glucopyranose from glycosyl
iodides. Synlett. 2004, 341-343.

Iodine a versatile reagent in carbohydrate chemistry XVII; for part XVI see,
Mukhopadhyay, B.; Kartha, K.P.R.; Russell, D.A.; Field, R.A. Streamlined syn-
thesis of per-O-acetylated sugars, glycosyl iodides, or thioglycosides from unpro-
tected reducing sugars. J. Org. Chem. 2004, 69, 7758—-7760.

(a) Kartha, K.P.R.; Aloui, M.; Field, R.A. Iodine: A versatile reagent in carbohydrate
chemistry. 2. Efficient chemospecific activation of thiomethylglycosides. Tetrahe-
dron Lett. 1996, 37, 5175-5178; (b) Kartha, K.P.R.; Cura, P.; Aloui, M,
Readman, S.K.; Rutherford, T.J.; Field, R.A. Iodine: A versatile reagent in carbo-
hydrate chemistry. 3. Efficient activation of glycosyl halides in combination with
DDQ. Tetrahedron Lett. 1996, 37, 8807-8810; (c) Kartha, KPR,
Kirkkiinen, T.S.; Marsh, S.J.; Field, R.A. Iodine and its interhalogen compounds:
Versatile reagents in carbohydrate chemistry XIII. General activation of ‘armed’
glycosyl donors. Synlett. 2001, 260-262; (d) Kartha, K.PR.; Aloui, M,
Field, R.A. Observations on the activation of methyl thioglycosides by iodine and
its interhalogen compounds. Tetrahedron Asymm. 2000, 11, 581-593.

Helferich and Gootz have also reported on the synthesis of a-benzyl glucoside from
2,3,4,6-tetra-O-acetyl glucosyl iodide under reflux conditions. Helferich, B.;
Gootz, R. Uber einige neue 1-Acyl-Derivative der Glucose. Synthese des
a-Benzyl-glucosids. Chem. Ber. 1929, 63, 2788—-2792.

Reaction of peracetylated cellobiosyl bromide with different alkyl alcohols under
the action of mercury acetate yields, under certain conditions, a-linked product
selectively. Zemplén, G.; Gerecs, A. Einwirkung von Quecksilbersalzen
auf Aceto-halogenzucker, IV. Mitteil.: Direkte darstellung de alkylbioside der
a-reihe. Chem. Ber. 1930, 63, 2720-2729.

Copper chelate-mediated glycosylations with peracetylated glucosyl bromide yielded
a-glycosides selectively. Evans, P.G.; Osborn, M.1.; Suthers, W.G. The utility of glyco-
side copper chelates for effecting regioselective glycosidation. Tetrahedron Lett.
2002, 43, 7855-7857.

Lemieux, R.U.; Hendriks, K.B.; Stick, R.V.; James, K. Halide ion catalyzed glycosi-
dation reactions syntheses of alpha-linked disaccharides. J. Am. Chem. Soc. 1975,
97, 4056-4062.

Lemieuxand Driguez found that molecular sieves were able to trap HBr formed
during the activation of a glycosyl bromide with tetraethyl ammonium bromide.
Lemieux, R. U.; Driguez, H. Chemical synthesis of 2-O-(alpha-L-fucopyranosyl)-
3-O-(-alpha-D-galactopyranosyl)-D-galactose-terminal structure of blood-group-B
antigenic determinant, J. Am. Chem. Soc, 4069, 97, 4069—-4075.

The glycosylation of methanol with iodine only gave 35% product as acetate
cleavage occurs under these conditions.

It is highly unlikely that the methyl a-glucoside is formed via an orthoester
rearrangement as no orthoester formation was observed during the reaction and

473



474

R. M. van Well, K. P. Ravindranathan, and R. A. Field

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

(25]

[26]

[27]

(28]

[29]

[30]

a separately synthesized orthoester did not react with iodine under similar
reaction conditions.

(a) Green, L.G.; Ley, S.V. Protecting groups: effects on reactivity, glycosylation stereo-
selectivity, and coupling efficiency. In Carbohydrate in Chemistry and Biology;
Ernst, B., Hart, G.W., Sinay, P., Eds.; Wiley-VCH: Weinheim, 2000; Vol. 1, 361-448;
(b) Zhang, Z.; Ollman, I.R.; Ye, X.-S.; Wischnat, R.; Baasov, T.; Wong, C.-H. Program-
mable one-pot oligosaccharide synthesis. J. Am. Chem. Soc. 1999, 121, 734-753.

(a) Taylor, C.M. Glycopeptides and glycoproteins: Focus on the glycosidic linkage.
Tetrahedron 1998, 54, 11317-11362; (b) Pratt, M.R.; Bertozzi, C.R. Synthetic gly-
copeptides and glycoproteins as tools for biology. Chem. Soc. Rev. 2005, 34, 58—68.

(a) Arsequell, G.; Valencia, G. O-Glycosyl alpha-amino acids as building blocks for
glycopeptide synthesis. Tetrahedron Asymm. 1997, 8, 2839-2876; (b) Davis, B.G.
Synthesis of glycoproteins. Chem. Rev. 2002, 102, 579-601.

Alper, P.B.; Hung, S.-C.; Wong, C.-H. Metal catalyzed diazo transfer for the syn-
thesis of azides from amines. Tetrahedron Lett. 1996, 37, 6029—-6032.

Demchenko, A.; Stauch, T.; Boons, G.-J. Solvent and other effects on the stereo-
selectivity of thioglycoside glycosidations. Synlett. 1997, 818—820.

Demchenko, A.; Rousson, E.; Boons, G.-J. Stereoselective 1,2-cis-galactosylation
assisted by remote neighboring group participation and solvent effects. Tetra-
hedron Lett. 1999, 40, 6523—-6526.

Garegg, P.J.; Iversen, T.; Oscarson, S. Monobenzylation of diols using phase-
transfer catalysis. Carbohydr. Res. 1976, 50, C12—-C14.

Wang, S.-S.; Gisin, B.F.; Winter, D.P.; Makofske, R.; Kulescha, I.D.; Tzougraki, C.;
Meienhofer, J. Facile synthesis of amino acid and peptide esters under mild con-
ditions via cesium salts. J. Org. Chem. 1977, 42, 1286-1290.

Lee, J.K.; Bain, A.D.; Berti, P.J. Probing the transition states of four glucoside
hydrolyses with C-13 kinetic isotope effects measured at natural abundance by
NMR spectroscopy. J. Am. Chem. Soc. 2004, 126, 3769—-3776.

Fakase, K.; Hasuoka, A.; Kinoshita, I.; Aoki, Y.; Kusumoto, S. A stereoselective gly-
cosidation using thioglycosides, activation by combination of N-bromosuccinimide
and strong acid salts. Tetrahedron 1995, 51, 4923—-4932.

Ness, R.K.; Fletcher, H.G., Jr.; Hudson, C.S. The reaction of 2,3,4,6-tetrabenzoyl-
alpha-D-glucopyranosyl bromide and 2,3,4,6-tetrabenzoyl-alpha-D-mannopyrano-
syl bromide with methanol-certain benzoylated derivatives of D-glucose and
D-mannose. J. Am. Chem. Soc. 1950, 72, 2200-2205.

Madsen, R.; Fraser-Reid, B. Acetal transfer via halonium-ion induced reactions of
dipent-4-enyl acetals—Scope and mechanism. J. Org. Chem. 1995, 60, 772-779.

Caputo, R.; Kunz, H.; Mastroianni, D.; Palumbo, G.; Peda tella, S.; Solla, F. Mild
synthesis of protected alpha-D-glycosyl iodides. Eur. J. Org. Chem. 1999,
3147-3150.

Kuduk, S.D.; Schwarz, J.B.; Chen, X.-T.; Glunz, PW.; Sames, D.; Ragupathi, G.;
Livingston, P.O.; Danishefsky, S.J. Synthetic and immunological studies on clus-
tered modes of mucin-related Tn and TF O-linked antigens: The preparation of a

glycopeptide-based vaccine for clinical trials against prostate cancer. J. Am.
Chem. Soc. 1998, 120, 12474—-12485.

Szab6, L.; Ramza, J.; Langdon, C.; Polt, R. Stereoselective synthesis of

O-serinyl /threonyl-2-acetamido-2-deoxy-alpha-glycosides or O-serinyl/threoninyl-
2-acetamido-2-deoxy-beta-glycosides. Carbohydr. Res. 1995, 274, 11-28.



