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a b s t r a c t

A simplified method for the preparation of Fmoc-serine and Fmoc-threonine glycosides for use in O-linked
glycopeptide synthesis is described. Lewis acids promote glycoside formation, but also promote undesired
reactions of the glycoside products. Use of ‘minimally competent’ Lewis acids such as InBr3 promotes the
desired activation catalytically, and with greatly reduced side products from sugar peracetates.
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Glycoside construction remains as a tedious process that has
not yielded to general methods. Intense efforts have been ex-
pended to develop synthetic methods for glycosides,1 largely due
to increased understanding of glycobiology, and subsequent de-
mand for glycopeptides. The ideal methodology should produce
high yields in a stereoselective manner and tolerate diverse func-
tionality; it should be economical, environmentally friendly, easily
reproduced, and scalable; it should use inexpensive, stable, and
readily accessible glycosyl donors. Many existing methods produce
high yields of the desired anomers, but often require the produc-
tion of labile glycosyl donors, or very reactive (e.g., unstable) pro-
moters.2 All of these methods require scrupulously dry conditions.

Efficient production of O-linked glycopeptides requires the
availability of acetate-protected glycosides of Fmoc serine and
threonine, but direct approaches to these precursors have been
problematic, principally due to difficulties in purification.1a,10 The
first example of this approach was provided by Kihlberg and co-
workers.1a This study describes the glycosylation of Fmoc-L-Ser-
OBn, Fmoc-L-Ser-OH, (Table 1) and simple alcohols (Table 2) with
sugar peracetates in the presence of Sc(OTfl)3 or In(III) salts (Figs.
1 and 2). Both Sc(OTfl)3 and InBr3 proved to be excellent glycosyl-
ation promoters. The trans- or b-glycosides were produced in mod-
erate to excellent yields.11,12 For simple alcohol acceptors anomeric
ratios depended on reaction times and solvent polarity.
ll rights reserved.
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Various In3 salts displayed striking differences in reactivity. Un-
der reaction conditions utilizing halogenated solvents CH2Cl2 or
ClCH2CH2Cl, In(OAc)3, InCl3, InF3, and InI3 salts proved to be ineffec-
tive as glycosylation promoters, whereas InBr3 effected nearly
quantitative conversion of Fmoc-L-Ser-OBn to the b-glycoside with-
in minutes. Upon addition of catalytic amounts of HBr, or use of
CH2Br2 as a solvent, InCl3 became effective. A thorough investiga-
tion of InBr3 mediated reactions showed this Lewis acid to be a
superior promoter of O-glycosylation. All glycosyl donors tested
afforded the desired Fmoc amino acid O-glycosides in moderate
to excellent yields. InBr3 promoted reactions of the Fmoc serine
benzylesters provided greater than 90% isolated yield of the desired
b-glycoside. The complementary InBr3- or Sc(OTfl)3-promoted reac-
tions with Fmoc-Ser-OH gave somewhat lower yields which mir-
rored each other. Both microwave heated and traditional oil bath
reflux glycosylations promoted by InBr3 allowed for the use of cat-
alytic quantities of the Lewis acid.

Of many Lewis acids tested, Sc(OTfl)3 and InBr3 proved to be the
most effective at promoting glycosylation with sugar peracetates.
In the case of the more active promoter Sc(OTfl)3 optimal yields re-
quired strict control of reaction conditions. The InBr3 promoted
glycosylations on the other hand, were much milder, allowing
reactions to be run for longer times at higher temperatures without
incurring significant side product formation. This suggests that
InBr3 possesses sufficient Lewis acid competency to activate the
anomeric acetate with neighboring group participation from the
2-position, but lacks the degree of reactivity associated with side
product formation via Brønsted acid catalysis (Scheme 1). This
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Table 1
Glycosylation of Fmoc-protected L-serine and L-serine benzyl ester with b-peracetate donors and Sc(III) or In(III) salts

Reaction Donor R Promoter Solvent Time (min) Temp (�C) Isolated yield

1 b-Glc Bn 1.0 equiv PhCH3 3 80 85%
Sc(OTfl)3 CH2Cl2

2 b-Xyl Bn 1.0 equiv PhCH3 3 80 90%
Sc(OTfl)3 CH2Cl2

3 b-Lact Bn 1.0 equiv PhCH3 3 80 81%
Sc(OTfl)3 CH2Cl2

4 b-Glc H 1.0 equiv ClCH2CH2Cl 5 80 71%
Sc(OTfl)3

5 b-Xyl H 1.0 equiv ClCH2CH2Cl 5 80 68%
Sc(OTfl)3

6 b-Lact H 1.0 equiv ClCH2CH2Cl 5 80 74%
Sc(OTfl)3

7 b-Glc Bn 1.0 equiv PhCH3 2 80 90%
InBr3 CH2Cl2

8 b-Glc Bn 0.5 equiv PhCH3 5 80 93%
InBr3 CH2Cl2

9 b-Glc Bn 0.2 equiv PhCH3 12 80 92%
InBr3 CH2Cl2

10 b-Glc Bn 0.1 equiv PhCH3 20 80 93%
InBr3 CH2Cl2

11 b-Glc Bn 0.05 equiv PhCH3 45 80 93%
InBr3 CH2Cl2

12 b-Glc Bn 0.01 equiv PhCH3 90 80 92%
InBr3 CH2Cl2

13 b-Glc Bn 0.5 equiv PhCH3 5 80 91%
InCl3/HBr CH2Cl2

14 b-Glc H 0.5 equiv InCl3 CH2Br2 5 100 84%
15 b-Glc H 0.1 equiv PhCH3 5 80–100 42%

InBr3 CH2Br2 (no chrom.)
16 b-Lact H 0.15 equiv PhCH3 300 80 61%

InBr3 CH2Br2 (no chrom.)

Table 2
Glycosylation of simple alcohols with b-glucose peracetate and Sc(OTfl)3 or InBr3

R Promoter Solvent Time (min) Isolated yield a:b (HPLC)

1 Me 1.0 equiv
Sc(OTfl)3

PhCH3 1.00 75% 47:53

2 Me 1.0 equiv
Sc(OTfl)3

PhCH3 5.00 32% 92:8

3 Me 1.0 equiv
Sc(OTfl)3

PhCH3 15.00 — —

4 Me 1.0 equiv
Sc(OTfl)3

DCE 1.00 42% 95:5

5 Me 1.0 equiv
Sc(OTfl)3

DCE 5.00 27% 90:10

6 Me 1.0 equiv
Sc(OTfl)3

DCE 15.00 —

7 Me 0.5 equiv InBr3 PhCH3 1.00 96% a
8 Me 0.5 equiv InBr3 PhCH3 5.00 95% a
9 Me 0.5 equiv InBr3 PhCH3 15.00 95% a
10 Me 0.5 equiv InBr3 DCE 1.00 96% a
11 Me 0.5 equiv InBr3 DCE 5.00 97% a
12 Me 0.5 equiv InBr3 DCE 15.00 97% a
13 Et 1.0 equiv

Sc(OTfl)3

PhCH3 1.00 71% 9:91

14 Et 1.0 equiv
Sc(OTfl)3

PhCH3 5.00 69% 19:81

15 Et 1.0 equiv
Sc(OTfl)3

PhCH3 15.00 66% 51:49

16 Et 1.0 equiv
Sc(OTfl)3

DCE 1.00 62% 6:94

17 Et 1.0 equiv
Sc(OTfl)3

DCE 5.00 60% 25:75

18 Et 1.0 equiv
Sc(OTfl)3

DCE 15.00 58% 62:38

19 Et 0.5 equiv InBr3 PhCH3 1.00 83% 2:98
20 Et 0.5 equiv InBr3 PhCH3 5.00 84% 4:96
21 Et 0.5 equiv InBr3 PhCH3 15.00 81% 10:90
22 Et 0.5 equiv InBr3 DCE 1.00 82% 5:95
23 Et 0.5 equiv InBr3 DCE 5.00 83% 25:75
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Table 2 (continued)

R Promoter Solvent Time (min) Isolated yield a:b (HPLC)

24 Et 0.5 equiv InBr3 DCE 15.00 85% 57:43
25 i-Pr 1.0 equiv

Sc(OTfl)3

PhCH3 1.00 72% 20:80

26 i-Pr 1.0 equiv
Sc(OTfl)3

PhCH3 5.00 70% 52:48

27 i-Pr 1.0 equiv
Sc(OTfl)3

PhCH3 15.00 65% 80:20

28 i-Pr 1.0 equiv
Sc(OTfl)3

DCE 1.00 65% 13:87

29 i-Pr 1.0 equiv
Sc(OTfl)3

DCE 5.00 64% 19:81

30 i-Pr 1.0 equiv
Sc(OTfl)3

DCE 15.00 61% 57:43

31 i-Pr 0.5 equiv InBr3 PhCH3 1.00 90% 2:98
32 i-Pr 0.5 equiv InBr3 PhCH3 5.00 88% 6:94
33 i-Pr 0.5 equiv InBr3 PhCH3 15.00 89% 15:85
34 i-Pr 0.5 equiv InBr3 DCE 1.00 88% 21:79
35 i-Pr 0.5 equiv InBr3 DCE 5.00 90% 64:36
36 i-Pr 0.5 equiv InBr3 DCE 15.00 89% 84:16
37 C6H11 1.0 equiv

Sc(OTfl)3

PhCH3 1.00 67% 28:72

38 C6H11 1.0 equiv
Sc(OTfl)3

PhCH3 5.00 66% 53:47

39 C6H11 1.0 equiv
Sc(OTfl)3

PhCH3 15.00 63% 80:20

40 C6H11 1.0 equiv
Sc(OTfl)3

DCE 1.00 55% 14:86

41 C6H11 1.0 equiv
Sc(OTfl)3

DCE 5.00 54% 37:63

42 C6H11 1.0 equiv
Sc(OTfl)3

DCE 15.00 51% 70:30

43 C6H11 0.5 equiv InBr3 PhCH3 1.00 79% 5:95
44 C6H11 0.5 equiv InBr3 PhCH3 5.00 76% 10:90
45 C6H11 0.5 equiv InBr3 PhCH3 15.00 77% 23:77
46 C6H11 0.5 equiv InBr3 DCE 1.00 77% 46:54
47 C6H11 0.5 equiv InBr3 DCE 5.00 75% 86:14
48 C6H11 0.5 equiv InBr3 DCE 15.00 77% 87:13
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Figure 1. Glycosylation with b-peracetate donors.

Figure 2. Glycosylation of simple alcohols with b-glucose peracetate.
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minimal competency is also reflected in the promoter’s ability
function catalytically. Similar patterns of Lewis acid reactivity have
been demonstrated in Denmark’s studies.3,4

The results are consistent with the mechanism in Scheme 2. The
product profiles of reactions involving Fmoc-serine glycosyl accep-
tors provide compelling evidence for an orthoester intermediate.5

Although in none of the examples were the orthoesters isolated,
evidence for the existence of this intermediate was provided by
the isolation of acylated serine 3, and the deacylated glycosides
4, all presumably arising from the orthoester 2. The lower yields
observed with the free acid derivatives can be rationalized by the
work of Szabo and Polt showing that the amino acid carboxylic acid
can react with both the anomeric center and the carbonyl carbon of
the participating group in the dioxocarbenium ion.1b

The anomeric a-acetates are of limited use in this reaction.2c

Earlier studies of Lewis acid promoted glycosylations by Moraru
also showed that the a-anomers were unreactive.2a This suggests
that the orthoester 2 (Scheme 2) may not be an important interme-
diate in the glycosylation pathway under the described condi-
tions.6 This conclusion is consistent with the observation of
complete selectivity for the b-product in the case of Fmoc-serine
glycosyl acceptors. Lewis acid activation of anomeric acetates has
been used quite effectively for 2-deoxy-2-iodo-sugars7 due to the
relatively electropositive iodine that is participating, but not as
deactivating as the more electron-withdrawing trans-1,2-diace-
tate.8 Other donors, such as lactose peracetate and acceptors, such
as Fmoc-L-threonine have been used to provide good yields of com-
pounds 5 and 6 as well. Other halogenated solvent systems, such as
neat CHCl3 and CCl4, have also been used to good effect.

The InBr3-catalyzed reaction has been accomplished with sev-
eral 2� alcohols (Table 2), including the production of the Fmoc-
L-threonine-b-D-glucoside, (Table 1, entry 15).9 It is important to
emphasize that the InBr3 catalytic system is extremely moisture
tolerant, in addition to demonstrating reduced sensitivity to over-
heating or extended reaction times. The free acids of Fmoc-Ser-OH
and Fmoc-Thr-OH have been converted to their corresponding glu-
coside peracetates in good yields, high purity, and in one step with-
out chromatography.7,9,10
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The very reactive and non-bulky acceptor CH3OH leads to a-gly-
cosides (Table 2, entries 1–12), and prolonged heating leads to
higher proportions of the a-glycoside, especially in the presence
of the stronger Lewis acid Sc(OTfl)3 that is not ‘minimally compe-
tent,’ requiring a full equivalent of this Lewis acid promotor such
as BF3�Et2O, SnCl4, or AgOTfl.1a,10–12 These observations are quite
consistent with what is known about the anomeric effect, and it
is not surprising that the axial glycosides ultimately predominate
as reaction times are extended. Further studies of minimally com-
petent Lewis acid promotors with more complex donors and other
acceptors are probably warranted.
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