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ABSTRACT: Both multicomponent reactions and diversity
oriented synthesis are indispensable tools for the modern
medicinal chemist. However, their employment for the
synthesis of multivalent glycomimetics has not been exploited
so far although the importance that such compounds play in
exploring multivalency on glycoside inhibition. Herein, we
report the combinatorial synthesis of diversity oriented hetero
di- and trivalent glycomimetics through a multicomponent
domino process. The process is high yielding and very general,
working efficiently with easily accessible sugar starting
materials such as glycosylamines, glycosylazides, and glyco-
sylisothiocyanates, having the reactive functional groups
tethered either directly to the anomeric carbon, through a
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suitable linker, or to the primary 6 position of hexoses (or S position of pentoses), leading, in the latter case, to glycomimetics
with artificial enzymatically stable backbone. The process has been also exploited for the multicomponent synthesis of

aminoglycoside (neomycin) conjugates.
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B INTRODUCTION

Carbohydrates are key modulators of different biological
process, such as cell—cell communication and protein—
carbohydrate interactions." As such, it is of paramount
importance to better understand the key interactions between
carbohydrates and their ligands to be able to drive important
cellular recognition events and to treat diseases. From a drug
design perspective, it is noteworthy to consider that
carbohydrates on cell surfaces are displayed in multivalent
arrays and that complementary receptors recognize the
individual arrays of functional groups present on the different
monosaccharides, leading to the so-called “glycoside clustering
effect”.” This means that the different sugars that compose the
polysaccharides do not have to be tethered necessary through
glycosidic linkages, but also through other moieties that do not
restrict too much the network of the essential functional groups
for recognition.’ This characteristic leads to different
advantages. Indeed, in addition to avoid the stereospecific
construction of the glycosidic linkage, the “artificial” linkage
may be more stable toward glycosyl hydrolase activity and may
be fine-tuned to obtain better activity/selectivity, eventually
also after further selective functionalization. Thus, the synthesis
of oligosaccharide mimetics (multivalent glycomimetics) by
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attaching two or more sugars to a synthetic scaffold has become
a fundamental tool to investigate multivalency.*

Another advantage of the synthesis of multivalent glycomi-
metics compared to the synthesis of natural oligosaccharides
connected via glycosidic linkages lies on the possibility to use a
combinatorial approach. Indeed, rational design of functional
mimics of carbohydrates is difficult because of the flexible and
branched nature of oligosaccharides and combinatorial
approaches seem the best choice to obtain lead glycomimetics
to be used for better understand the weak carbohydrate—
protein interactions.” Combinatorial chemistry, both in solution
and in solid phase, has contributed in a fundamental way to
elucidate the structure—function relationships of biologically
important molecules, such as peptides, proteins, and nucleic
acids.® However, because of the synthetic challenges for the
stereospecific synthesis of the glycosidic linkage and the
chemical complexity of these biomolecules, the combinatorial
synthesis of oligosaccharides have been precluded and only few
example have been reported in literature.” The possibility to
link different sugar moieties to a synthetic scaffold renders the
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Figure 1. Structure of the multivalent glycomimetics 1—4.
Scheme 1. Mechanism of the MC Sequential Domino Process
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synthesis of oligosaccharide mimetics more automation-
amenable and different approaches have been developed in
the past decade. Moreover, in principle the combinatorial
synthetic plan could be selected, with a forward synthetic
strategy, in order to be able to synthesize diverse glycomimetics
tethered trough different scaffolds starting from the same
materials, namely, to obtain the diversity oriented synthesis
(DOS) of multivalent glycomimetics. This is very important
because DOS has an indispensable role to access molecular
frameworks both in terms of scaffolds and stereochemistry,
leading to a wider exploration of the chemical space.”

A method of choice to generate combinatorial libraries of
small molecule relies on the exploitation of multicomponent
(MC) reactions, where starting from three or more reactants it
is possible to obtain the product one-pot, with a procedure
which saves time and minimizes waste production.” Indeed,
MC reactions are often the basis for DOS of small molecules in
medicinal chemistry. However, to the best of our knowledge,
MC reactions have not been exploited for DOS of multivalent
glycomimetics. Indeed, the only examples appeared in literature
describes the use of the well-known Ugi-MC reaction for the
combinatorial synthesis of multivalent glycomimetics'® and
aminoglycoside mimics.'' Thus, the invention of new MC
reactions allowing for the combinatorial synthesis of diversity
oriented libraries of glycomimetics could open the possibility to
identify new lead compounds and to study key multivalent
interactions in a fast and greener way.

Recently, we have been engaged in the development of a new
MC process for the combinatorial synthesis of glycoconjugates
starting from carbodiimides bearing a sugar N-linked
carbohydrate residue.'* The efficiency and the versatility of
this process could be exploited for the synthesis of
combinatorial libraries of diversity oriented multivalent
glycomimetics. Herein, we would like to report the application
of this process for the combinatorial DOS of di- and trivalent
glycoconjugates 1—4 where the sugar moieties are tethered by
artificial scaffolds such as aspartic acid, hydantoin ring, or urea

linker (Figure 1).
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B RESULT AND DISCUSSION

In the previous works,'> we have demonstrated that in situ
formed N-sugar, N'-tert-butyl carbodiimides 7 react straightfor-
wardly with fumaric acid monoesters 8 to give rise the
formation of glyco-hydantoin conjugates 10 through a
regiospecific sequentiall MC domino condensation/aza-Mi-
chael/N — O acyl migration one-pot process (path A, Scheme
1)."> The same reaction carried out in the presence of
nucleophiles such as amines, aminoesters, or peptides 9 leads to
the MC synthesis of glyco-peptide conjugates 11 by reaction of
the nucleophile with the cyclic O-acylisourea intermediate B
which occurs after the intramolecular aza-Michael step and
before the N — O acyl migration process (path B, Scheme 1).

To exploit such process for the combinatorial synthesis of
multivalent glycomimetics 1—4, we conceived to introduce the
sugar moiety not only in the azide component but also in the
iso(thio)cyanate and/or in the N-nucleophile components.
Thus, we have synthesized seven sugar azides ${1-7}, four
sugar isothiocyanates 6{1—4} and seven sugar amines 9{1—7},
starting from different carbohydrates such as ribose (com-
pounds 5{1}, 6{1}, and 9{1}), galactose (compounds 5{2},
6{2}, and 9{2}), glucosamine (compounds ${3} and 9{7}),
glucose (compounds 5{4,6}, 6{3}, and 9{3,4}), mannose
(compounds 5{5}, and 9{6}), and disaccharide lactose
(compounds 5{7}, 6{4}, and 9{S}), as depicted in Figure 2.
The reactive functional groups of these derivatives, i.e. the azido
group in chemset $, the isothiocyanate group in chemset 6 and
the amine group in chemset 9, were introduced either at the
glycosylic carbon of the sugar, directly or through a linker, and
at the primary S or 6 carbon of pentoses or hexoses,
respectively, in order to synthesize glycomimetics having an
enzymatically stable artificial “CH,NH” glycine moiety. More-
over, for the synthesis of divalent glycopeptides mimetics 3 we
used three different a-amino esters as nucleophilies (Figure 2).
Such compounds were tested in the reaction with fumaric acid
monoesters 8{1—2} having different protecting group at the
ester moiety to be able for a selective hydrolysis for a further
functionalization, as already demonstrated in the previous
works."

First, we investigated the reactivity of N-sugar, N'-tert-butyl
carbodiimides 7 with fumaric acid monoesters 8 in the presence
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Figure 2. Reaction chemsets.
of sugar N-nucleophiles 9. Indeed, following the mechanism lower when the reactive amino group of glucosamines 9 is
depicted above (Scheme 1, path B), the reaction could lead to directly linked to the anomeric carbon, such as in 9{4} and
the regiospecific formation of divalent glycomimetics 1 with the 9{5}, because less nucleophilic, thus less reactive (entries 3, 4,
sugar moieties tethered by an aspartic acid linker (Table 1). 10, and 15, Table 1)." Indeed, we were able to obtain a library
Accordingly, chemset 5 was reacted, at room temperature in of 16 heterodivalent glycomimetics 1 tethered by an Asp unit
CH;CN, with tert-butylisocyanate 6 in the presence of linker (Figure 3) where the sugar moieties are linked directly
triphenylphosphine until complete formation of carbodiimides through a glycosyl linkage, when glucosamines 9{4—5} were
7 were achieved (TLC monitoring). Thus, the temperature was used as nucleophiles (entries 3, 4, 10, and 15, Table 1), and/or
lowered to 0 °C and 2,4,6-trimethylpyridine (TMP), chemset 9 through a glycosyl linker when glycosyl azides 5{5—7} (entries
following by chemset 8 were added, and the reaction was run 11-17, Table 1) and/or glycosyl amines 9{6—7} were used
for 3 h. when formation of the final chemset 1 was obtained in (entries 8, 9, and 12, Table 1), and/or through a
good yields."* The exclusive formation of regioisomers 1 arose methyleneamino moiety, leading to conjugates with enzymati-
from the nucleophilic attack of the less sterically congested cally stable artificial linkages, when azides 5{I—3} (entries 1—
primary N-sugar moiety of intermediate A compared to the 10, Table 1) and/or amines 9{1—3} were used (entries 1, 2, S,
bulky tertiary N-tert-butyl amino group in the intramolecular 6,9, 11, 13, 14, and 16, Table 1). Moreover we were able to
aza-Michael step (see mechanism in Scheme 1)."° obtain the Asp linker either protected as ethyl ester, when the
The reaction was very general and worked well with all the reaction was performed with fumaric acid monoethyl ester
sugar azides and all the sugar amines tested. The yields were 8{1}, and as benzyl ester, when acid 8{2} was used instead.
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Table 1. Synthesis of Chemset 1

. xooc\/\COOH coox
Sugar-N; + NCO —» sugar—N:c:N% } >L JJ\ Sugar
5 6 CH3CN 7 Sugar-NH, 9 Sugar 0
TMP, CH;CN, 0°C 1
entry sugar-N; fumaric acid sugar-NH, product yield (%)%

1 s{1} 8{1} o1} 1{1,1,1} 77

2 s{1} 8{2} 9{1} 1{1,2,1} 79

3 s{1} 8{2} 9{4} 1{1,2,4} 56°

4 s{1} 8{2} 9{s} 1{1,2,5} 58

S 5{2} 8{2} 9{1} 1{2,2,1} 82

6 5{2} 8{1} 9{3} 1{2,1,3} 75

7 5{2} 8{2} 9{6} 1{2,2,6} 77

8 s{2} 8{2} 9{7} 1{2,2,7} 81

9 5{3} 8{2} 9{1} 1{3,2,1} 72

10 5{3} 8{1} 9{4} 1{3,1,4} s67°

11 5{s} 8{2} 9{1} 1{5,2,1} 81

12 5{s} 8{1} 9{6} 1{5,1,6} 69

13 s{6} 8{1} 9{1} 1{6,1,1} 71

14 5{6} 8{2} 9{3} 1{6,2,3} 74

15 s{6} 8{2} 9{s} 1{6,2,5} 54

16 5{7} 8{2} 9{3} 1{7,2,3} 68
“Opverall yields. YAn ~20% of the corresponding hydantoin was recovered. “The reaction was performed with a 20% in volume of DMF (see ref
12d).
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Figure 3. Divalent glycomimetics chemset 1.

This is very important for a further functionalization because
we can always project the synthesis of glycomimetics
orthogonally protected at the glyco- and at the Asp-linkage
moieties.'”

Then, we turned our attention in the synthesis of

carbodiimide intermediates having two N-sugar substituents
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which, in a forward planning strategy typical of DOS chemistry,
could have been the starting materials for the synthesis of
multivalent glycomimetics 2—4. Indeed, starting from N—N'-
diglycocarbodiimides, which can be prepared in situ by
Staudinger reaction between glycosylazides and glycosyliso-

thiocyanates, and performing the reaction in absence of a

dx.doi.org/10.1021/c05001184 | ACS Comb. Sci. 2014, 16, 711-720
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Table 2. Synthesis of Chemsets 2—4

Sugar-N3 + Sugar-NCS & Sugar—N=C=N-Sugar
5 6 CH3CN 12
entry sugar-N; sugar-NCS acid
1 5{1} 6{1} 8{1}
2 5{1} 6{1} 8{2}
3 5{2} 6{2} 8{1}
4 s{2} 6{2} 8{2}
5 s{4} 6{3} 8{1}
6 5{4} 6{3} 8{2}
7 s{7} 6{4} 8{2}
8 5{1} 6{1} 8{1}
9 s{1} 6{1} 8{2}
10 5{2} 6{2} 8{2}
11 5{2} 6{2} 8{1}
12 5{4} 6{3} 8{2}
13 s{1} 6{1} 8{2}
14 s{1} 6{1} 8{1}
15 5{2} 6{2} 8{2}
16 5{2} 6{2} 8{2}
17 5{4} 6{3} 8{1}
18 5{4} 6{3} 8{2}

“Overall yields. PAn ~20% of the corresponding hydantoin was recovered.
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X00C. A OYN
COOH N{o
»  Sugar”
TMP, CHsCN, rt ) CoOX
X00C._~ o coox
8 \/\COO'-L Sugar\NJ\N NH-AA-OR
NH,-AA-OR 9 H Sul.;ar o
TMP, CH,CN, 0°C 3
000 o COOX
8 \/\COOH Sugar< J\ H\
- H ITI Sugar
Sugar-NH, 9 Sugar O
TMP, CH4CN, 0°C 4
sugar-NH, product yield (%)“
2{1,1,1} 81
2{1,1,2} 85
2{2,2,1} 78
2{2,2,2} 82
2{4,3,1} 77
2{4,3,2} 80
2{7,4,2} 69
9{9} 3{1,1,1,9} 78
9{8} 3{1,1,2,8} 81
9{8} 3{2,2,2,8} 83
9{10} 3{2,2,1,10} 67
9{8} 3{4,3,2,8} 70
9{1} 4{1,1,2,1} 5s?
9{6} 4{1,1,1,6} s8b
9{1} 4{2,2,2,1} 60”
9{3} 4{2,2,2,3} 56°
9{1} 4{4,3,1,1} 52P
9{6} 4{4,3,2,6} 53?

nucleophiles we can synthesize divalent glycomimetics tethered
through an hydatoin ring 2, while by performing the reaction in
the presence of @-aminoester nucleophiles we can prepare
divalent glycopeptide mimetics 3, or trivalent glycomimetics 4
if in the presence of N-sugar nucleophiles instead. Thus,
isothiocyanates 6 depicted in Figure 2 were synthesized starting
from the corresponding azides 5 by aza-Wittig reaction with
carbon disulfide CS,. The resulting chemset 6 was reacted with
chemset S in the same condition described above for the
synthesis of carbodiimides, that is, Ph;P in CH;CN at rt,
leading to the formation of N,N’-disugar carbodiimides 12
which were reacted in situ with chemset 8 in absence or in the
presence of chemset 9 to obtain bivalent glycomimetics 2 and 3
and trivalent glycomimetics 4 (Table 2).

Also in these cases the reaction was very general and worked
efficiently with all the sugar components tested. In particular,
homodivalent glycomimetics 2 (entries 1—7, Table 2) and
glycopeptide mimetics 3 (entries 8—12, Table 2) were achieved
with high yields either starting from “non-glycosylic” azide
compounds ${1—3} and isothicyanates 6{1,2}, or starting from
the corresponding glycosylic compounds (compounds ${1,2},
6{3,4}). The same reactions carried out starting from
asymmetric carbodiimides, ie. starting from different azide
and isothiocyanate, lead to the efficient, in terms of yields,
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formation of the corresponding heterodivalent derivatives, but
as a mixture of regioisomers which were difficult to separate
(data not shown). This was due to the fact that the primary
azides § and the primary isothiocyanate 6 are not very different
in terms of steric hindrance, resulting in a missing
regioselectivity during the intramolecular aza-Michael step
(see Scheme 1, path A). Concerning the synthesis of
heterotrivalent glycomimetics 4 (entries 13—18, Table 2),
although they were obtained in a satisfactory fashion, the yields
were lower compared to those obtained in the precedent cases,
probably because of steric factors, and the corresponding
hydantoin were recovered in ~ 20% yield along with the
desired compounds.

A possible interesting application of this methodology could
be the synthesis of libraries of cor&/jugated aminoglycosides, a
class of selective RNAs binders."” Indeed, to improve the
activity of aminoglycosides and to better understand the
structural basis for recognition of diverse RNA targets, the
development of a practical and quick strategy for the
combinatorial synthesis of libraries of aminoglycoside con-
jugates by functionalization of known aminoglycoside scaffolds
is very appealing since this strategy has already produced results
and shows enormous promise. = Thus, we tried to use this
procedure to tether sugars to aminoglycosides. Actually, starting

dx.doi.org/10.1021/c05001184 | ACS Comb. Sci. 2014, 16, 711-720
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Figure 4. Di- and trivalent glycomimetic chemsets 2—4.
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from glycoazide ${4}, tert-butyl isocyanate 6, fumaric acid
benzyl ester 8{2}, and neomycin derivative 13, we were able to
synthesize through this MC process the neomycin conjugate 14
in good yields (Scheme 2)."

Interestingly, by treatment of 14 with MeNH, in EtOH at rt,
along with deacetylation of glucose, we obtained the formation
of a dihydrouracil ring by cyclization of the N-tert-butylurea
moiety with the benzyl ester, producmg neomycin conjugate 15
in almost quantitative yield”® The exploitation of such
procedure for the MC combinatorial synthesis of aminoglyco-
side conjugates and the study of their activity will be reported
in a forthcoming paper.

B CONCLUSION

In conclusion, we have reported, for the first time, the
combinatorial synthesis of diversity oriented heteromultivalent
glycomimetics through a domino MC process starting from
easily accessible glyco-compounds. Through this process, we
have synthesized 34 different multivalent glycomimetics, where
the sugar moieties are tethered through an aspartic acid, a
hydantoin ring or an urea linker, demonstrating that the process
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is very general and works efliciently with different glyco-
sylazides, glycosylisothiocyanates and glycosylamines. More-
over, we have demonstrated that such procedure could be
exploited for the combinatorial synthesis of aminoglycoside
conjugates. The latter issue is in progress and will be reported
in due course.

B EXPERIMENTAL PROCEDURES

General Methods. Commercially available reagent-grade
solvents were employed without purification. TLC were run on
silica gel 60 F,;, Merck. Flash chromatography (FC) was
performed with silica gel 60 (60—200 um, Merck). '"H NMR
spectra were recorded on 400 MHz spectrometers. Chemical
shifts are expressed in ppm (), using tetramethylsilane (TMS)
as internal standard for 'H and 3C nudlei (6y; and ¢ = 0.00).
Glycosylazides 5 were prepared as described in ref 12.
Glycosyhsothlocyanates 6 were prepared by aza-Wittig reaction
with CS,*' Glycosylamines 9 were prepared by catalytic
hydrogenation of the corresponding azides obtained as
reported in ref 12. Neomycin derivative 13 was obtained as
reported in ref 18a.

dx.doi.org/10.1021/c05001184 | ACS Comb. Sci. 2014, 16, 711-720
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Scheme 2. MC Synthesis of Neomycin Derivative 14
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Synthesis of Divalent Glycomimetics 1: General
Procedure. To a stirred solution of glycosylazide (1 equiv)
5 in CH;CN (0.1 M) tert-butyl isocyanate 6 (1.05 equiv)
followed by Ph,P (1.05 equiv) were added at rt. The solution
was stirred until complete formation of the corresponding
carbodiimide was achieved (TLC monitoring). The temper-
ature was lowered to 0 °C and TMP (1 equiv), a solution of
glycosylamine 9 (1 equiv) in a minimum amount of CH;CN,
followed by a solution of fumaric acid 8 (1 equiv) in a
minimum amount of CH;CN were added. The temperature
was slowly left to reach rt and the reaction, when finished (TLC
monitoring, ~3 h), was quenched with an aqueous 1 N solution
of HCl. The mixture was extracted with AcOEt, the organic
phases collected and anhydrified over Na,SO,, the solvent
removed under pressure and the crude purified by flash
chromatography.

1{2,1,3}. Major diastereoisomer: Ry = 0.48 (hexane/AcOEt
70:30); ' H NMR (500 MHz, CDCL,) & = 7.59 (br s, 1H,
amidic NH), 5.56 (t, ] = 10.0 Hz, 1H), 5.49 (d, ] = 4.8 Hz, 1H,
anomeric), 5.35 (br s, 1H, urea NH), 4.91 (m, 2H), 4.80 (dd, J
= 10.0 and 3.6 Hz, 1H), 4.61 (m, 1H), 4.59 (dd, ] = 8.0 and 2.4
Hz, 1H), 431 (dd, J = 4.8 and 2.4 Hz, 1H), 423 (dd, ] = 8.0
and 1.6 Hz, 1H), 4.14 (q, ] = 7.2 Hz, 2H, COOCH ,CH,), 4.11
(m, 1H), 3.88 (m, 1H), 3.80 (m, 1H), 3.67 (m, 1H), 3.38 (s,
3H, OCH,), 3.16 (dd, ] = 16.8 and 7.6 Hz, 1H, CHHCOOE),
3.08 (dd, J = 15.6 and 8.8 Hz, 1H), 2.95 (m, 1H), 2.66 (dd, J =
16.8 and 6.8 Hz, 1H, CHHCOOEt), 1.48 (s, 3H, CH,
acetonide), 1.44 (s, 3H, CH; acetonide), 1.34 (s, 6H, CH,
acetonide), 1.29 (s, 9H, C(CH;);), 126 (t, ] = 7.2 Hz,
COOCH,CH,), 1.21 (s, 9H, C(CH,);), 1.18 (s, 9H, C(CH;)5),
1.13 (s, 9H, C(CH,),); *C NMR (125.7 MHz, CDCl;) § =
177.7,177.3,176.7, 171.2, 170.9, 156.7, 109.4, 109.2, 96.4, 96.3,
71.6, 71.4, 70.7, 69.9, 69.4, 68.1, 68.0, 60.7, 55.3, 51.0, 40.1,
38.8, 38.7, 38.6, 34.1, 29.2, 27.1, 27.0, 26.9, 26.0, 25.9, 25.1,
24.3, 14.1; ESI (m/z) 952.9 [M*+Na, (100)]; Anal. Calcd for
CysHoN,O,; C 58.11, H 8.13, N 4.52; found C $8.11, H 8.15,
N 4.51. Minor diastereoisomer: R; = 0.33 (hexane/AcOEt

70:30); ' H NMR (500 MHz, CDCl,) & = 7.48 (br s, 1H,
amidic NH), 6.09 (br s, 1H, urea NH), 5.55 (t, ] = 9.6 Hz, 1H),
5.52 (d, ] = 4.8 Hz, 1H, anomeric), 4.97—89 (m, 3H), 4.82 (dd,
J = 10.4 and 4.0 Hz, 1H), 4.60 (dd, ] = 8.0 and 2.4 Hz, 1H),
4.32 (dd, ] = 5.2 and 2.4 Hz, 1H), 4.22 (dd, J = 8.0 and 2.0 Hz,
1H), 4.14 (m, COOCH,CHj3), 404 (m, 1H), 3.88 (m, 1H),
347 (m, 1H), 3.40—3.25 (m, 3H), 3.38 (s, 3H, OCHS,), 3.08
(dd, J = 10.0 and 8.0 Hz, 1H), 2.63 (dd, J = 17.2 and 6.8 Hz,
1H, CHHCOOE), 1.54 (s, 3H, CH; acetonide), 1.43 (s, 3H,
CH, acetonide), 1.35 (s, 6H, CH; acetonide), 1.24 (t, ] = 7.2
Hz, COOCH,CH;), 1.18 (s, 9H, C(CH,),), 1.17 (s, 9H,
C(CH;);), 1.12 (s, 18H, C(CHs)3); *C NMR (125.7 MHz,
CDCL,) 6 = 1774, 177.0, 176.7, 171.2, 170.8, 159.2, 109.4,
109.2, 96.6, 96.4, 96.2, 71.7, 71.4, 70.8, 70.6, 69.6, 69.1, 68.0,
67.9, 60.6, 55.6, 50.7, 47.1, 39.5, 38.8, 38.7, 352, 29.2, 27.2,
27.1, 26.9, 26.0, 25.9, 24.8, 242, 14.1; ESI (m/z) 952.6 [M* +
Na, (100)]; Anal. Calcd for C,sH;sN;O;, C 58.11, H 8.13, N
4.52; found C 58.13, H 8.14, N 4.53.

Synthesis of Divalent Glycomimetics 2: General
Procedure. To a stirred solution of glycosylazide (1 equiv)
5 in CH;CN (0.1 M) a solution of glycosylisothiocyanate 6
(1.05 equiv) in a minimum amount of CH;CN followed by
Ph;P (1.05 equiv) were added at rt. The solution was stirred
until complete formation of the corresponding carbodiimide
was achieved (TLC monitoring). A solution of fumaric acid 8
(1 equiv) in a minimum amount of CH;CN was added at rt
and the resulting solution stirred until was complete (~3 h).
The reaction, was quenched with an aqueous 1 N solution of
HCl. The mixture was extracted with AcOEt, the organic
phases collected and anhydrified over Na,SO,, the solvent
removed under pressure and the crude purified by flash
chromatography.

2{2,2,2}. Major diastereoisomer: = 0.32 (hexane:AcOEt
60:40); 'H NMR (500 MHz, CDCly) & = 7.35 (m, SH,
aromatics), 5.45 (d, J = 5.2 Hz, 1H, anomeric), 5.40 (d, ] = 4.8
Hz, 1H, anomeric), 5.14 (s, 2H, COOCH,Ph), 4.60 (m, 1H),
4.59 (m, 1H), 4.35 (dd, J = 6.0 and 4.4 Hz, 1H), 4.27 (m, 2H),
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422-4.15 (m, 3H), 4.08 (m, 1H), 3.95 (dd, J = 14.4 and 10.0
Hz, 1H), 3.62 (dd, ] = 14.4 and 8.8 Hz, 1H), 3.44 (t, ] = 3.6 Hz,
1H), 3.40 (t, ] = 2.8 Hz, 1H), 3.01 (dd, J = 17.2 and 4.0 Hz,
1H, CHHCOOBn), 293 (dd, ] = 172 and 6.0 Hz, 1H,
CHHCOOBn), 1.49 (s, 6H, CH, acetonide), 1.47 (s, 3H, CH,
acetonide), 1.45 (s, 3H, CHj; acetonide), 1.35 (s, 3H, CH,
acetonide), 1.33 (s, 3H, CH; acetonide), 1.30 (s, 3H, CH,
acetonide), 1.29 (s, 3H, CH; acetonide); > C NMR (125.7
MHz, CDCL) & = 1724, 169.6, 156.9, 135.5, 128.6, 1284,
128.3, 109.8, 109.5, 108.8, 108.7, 96.3, 96.2, 71.5, 71.4, 71.05,
71.01, 70.6, 70.5, 66.9, 65.5, 64.5, 57.3, 42.9, 39.3, 35.4, 26.0,
25.9, 25.8, 25.1, 25.0, 24.7, 24.4; ESI (m/z) 755.3 [M* + Na,
(100)], 733.3 [M* + 1, (11)]; Anal. Calcd for C;sH,4N,0,, C
59,01, H 6,60, N 3,82; found C 59,03, H 6,61, N 3,83. Minor
diastereoisomer: Re = 0.26 (hexane/AcOEt 60:40); ! H NMR
(500 MHz, CDCl;) § = 7.35 (m, SH, aromatics), 5.51 (d, ] =
4.8 Hz, 2H, anomerics), 5.44 (t, J = 5.6 Hz, 1H), 5.12 (s, 2H,
COOCH,Ph), 4.63—4.59 (m, 2H), 4.32—4.25 (m, SH), 4.06
(m, 1H), 3.86 (m, 1H), 3.55—-3.46 (m, 2H), 320 (dd, J = 15.2
and 9.2 Hz, 1H, CHHCOOBn), 3.02 (dd, J = 15.2 and 4.8 Hz,
1H, CHHCOOBn), 1.52 (s, 6H, CH; acetonide), 1.47 (s, 3H,
CH, acetonide), 1.46 (s, 3H, CH, acetonide), 1.36 (s, 3H, CH,
acetonide), 1.35 (s, 3H, CHj; acetonide), 1.33 (s, 3H, CH,
acetonide), 1.32 (s, 3H, CH; acetonide).

Synthesis of Divalent Glycomimetics 3: General
Procedure. To a stirred solution of glycosylazide (1 equiv)
5 in CH;CN (0.1 M) a solution of glycosylisothiocyanate 6
(1.05 equiv) followed by Ph;P (1.05 equiv) was added at rt.
The solution was stirred until complete formation of the
corresponding carbodiimide was achieved (TLC monitoring).
The temperature was lowered to 0 °C and TMP (2 equiv),
solid a-aminoester hydrochloride 9 (1 equiv), followed by a
solution of fumaric acid 8 (1 equiv) in a minimum amount of
CH;CN were added. The temperature was slowly left to reach
rt and the reaction, when finished (TLC monitoring, ~3 h),
was quenched with an aqueous 1 N solution of HCIL. The
mixture was extracted with AcOEt, the organic phases collected
and anhydrified over Na,SO,, the solvent removed under
pressure and the crude purified by flash chromatography.

3{1,1,2,8}. Major diastereoisomer: Ry = 0.50 (hexane/AcOEt
40:60); 'H NMR (500 MHz, CDCly) & = 7.35 (m, SH,
aromatics), 7.12 (d, J = 8.0 Hz, 1H, amidic NH), 6.01 (brt, ] =
5.6 Hz, 1H, urea NH), 5.16 (d, J] = 12.0 Hz, 1H, COOC
HHPh), 5.12 (d, ] = 12.0 Hz, 1H, COOCHHPh), 5.00 (s, 1H,
anomeric), 4.96 (s, 1H, anomeric), 4.73 (m, 1H), 4.61 (m, 3H),
4.55 (m, 2H), 4.35 (m, 1H), 4.22 (t, ] = 6.8 Hz, 1H), 3.70 (s,
3H, COOCH,;), 3.50 (m, 1H), 3.42 (s, 3H, OCH,;), 3.40 (m,
2H), 3.36 (s, 3H, OCH,;), 3.30 (dd, J = 16.8 and 6.4 Hz, 1H,
CHHCOOBn), 3.22 (m, 1H), 2.95 (dd, ] = 16.8 and 7.6 Hz,
1H, CHHCOOBn), 1.61 (m, 3H), 1.48 (s, 3H, CH,
acetonide), 1.46 (s, 3H, CH; acetonide), 1.33 (s, 3H, CH,
acetonide), 1.30 (s, 3H, CH; acetonide), 0.93 (d, J = 3.6 Hz,
3H, CH, leucine), 0.91 (d, J = 3.6 Hz, 3H, CH, leucine); * C
NMR (125.7 MHz, CDCly) § = 172.7, 171.3, 170.2, 1584,
135.8, 128.5, 128.2, 128.1, 113.3, 112.2, 110.5, 109.8, 86.2, 86.1,
85.4, 84.5, 82.2, 81.9, 66.6, 57.0, 55.9, 55.1, 52.0, 51.1, S0.9,
442, 41.0, 34.3, 26.6, 26.5, 25.1, 25.0, 24.8, 22.7, 21.8; ESI (m/
z) 788.4 [M* + Na, (100)]; [M" + Na, (100)]; Anal. Calcd for
CyHN;0,,: C 58.03, H 7.24, N 5.49; found: C 58.05, H 7.25,
N $.50. Minor diastereoisomer: R; = 0.42 (hexane/AcOEt
40:60); ' H NMR (500 MHz, CDCL,) & = 7.68 (br s, 1H,
amidic NH), 7.35 (m, SH, aromatics), 5.71 (br t, ] = 5.6 Hz,
1H, urea NH), 5.16 (d, J = 12.0 Hz, 1H, COOCHHPh), 5.09
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(d, J = 12.0 Hz, 1H, COOCHHPh), 4.99 (s, 1H, anomeric),
4.96 (s, 1H, anomeric), 4.59 (m, 3H), 4.54 (m, 1H), 4.43 (m,
1H), 4.28 (t, ] = 6.4 Hz, 1H), 3.89 (m, 1H), 3.70 (s, 3H,
COOCHS,), 3.51 (m, 1H), 3.40 (s, 3H, OCH,), 3.37 (s, 3H,
OCH,), 328 (m, 2H), 3.05 (dd, J = 152 and 10.0 Hz, 1H,
CHHCOOBn), 2.86 (dd, J = 152 and 7.6 Hz, 1H,
CHHCOOBn), 1.67 (m, 3H), 1.46 (s, 6H, CH; acetonide),
1.32 (s, 3H, CHj; acetonide), 1.29 (s, 3H, CH; acetonide), 0.94
(d, J = 5.6 Hz, 6H, CH; leucine), 0.91 (d, ] = 3.6 Hz, 3H, CH,
leucine); *C NMR (125.7 MHz, CDCl,) § = 172.6, 171.0,
170.8, 157.1, 135.7, 128.5, 128.25, 128.21, 128.1, 112.7, 112.2,
110.8, 109.9, 86.9, 86.1, 85.5, 84.6, 82.1, 81.8, 66.6, 58.7, 56.0,
5S.1, 52.5, 52.1, 51.3, 44.0, 41.0, 33.8, 26.6, 26.5, 26.4, 25.1,
25.0, 24.9, 24.89, 24.85, 24.80, 22.8, 21.8; ESI (m/z) 788.7 [M*
+ Na, (100)]; Anal. Caled for C5,Hy N0, C 58.03, H 7.24, N
5.49; found C 58.04, H 7.26, N 5.49.

Synthesis of Trivalent Glycomimetics 4: General
Procedure. To a stirred solution of glycosylazide (1 equiv)
5 in CH;CN (0.1 M) a solution of glycosylisothiocyanate 6
(1.05 equiv) followed by PhyP (1.05 equiv) were added at rt.
The solution was stirred until complete formation of the
corresponding carbodiimide was achieved (TLC monitoring).
The temperature was lowered to 0 °C and TMP (1 equiv), a
solution of glycosylamine 9 (1 equiv) in a minimum amount of
CH,CN, followed by a solution of fumaric acid 8 (1 equiv) in a
minimum amount of CH;CN were added. The temperature
was slowly left to reach rt and the reaction, when finished (TLC
monitoring, ~3 h), was quenched with an aqueous 1 N solution
of HCL. The mixture was extracted with AcOEt, the organic
phases collected and anhydrified over Na,SO,, the solvent
removed under pressure and the crude purified by flash
chromatography.

4{1,1,2,1}. Mixture of two diastereoisomers: R¢= 0.31 (hexane/
AcOEt 10:90); ' H NMR (500 MHz, CDCL), major
diastereoisomer & = 7.35 (m, SH, aromatics), 7.26 (br s, 1H,
amidic NH), 6.08 (t, ] = 5.6 Hz, 1H, urea NH), 5.15 (d, ] =
146 Hz, 1H, COOCHHPh), 5.09 (d, ] = 14.6 Hz, 1H,
COOCHHPh), 5.00 (s, 1H, anomeric), 4.96 (s, 1H, anomeric),
4.95 (s, 1H, anomeric), 4.82 (m, 1H), 4.67—4.57 (m, SH), 4.48
(m, 1H), 441 (m, 1H), 431 (m, 1H), 424 (m, 1H), 3.77 (m,
1H), 3.52 (m, 1H), 3.42 (s, 3H, OCH,), 3.41 (s, 3H, OCH,),
336 (s, 3H, OCH,), 3.40—3.30 (m, 3H), 3.24 (m, 1H), 3.05
(dd, J = 152 and 104 Hz, 1H, CHHCOOBn), 2.87 (dd, J =
15.2 and 7.6 Hz, 1H, CHHCOOBn), 1.47—1.44 (three s, 9H,
CH,; acetonide), 1.32—1.30 (three s, 9H, CH, acetonide);
minor diastereoisomer 5 = 7.75 (br s, 1H, amidic NH), 7.35 (m,
SH, aromatics), 5.66 (t, ] = 5.6 Hz, 1H, urea NH), 5.16 (d, ] =
120 Hz, 1H, COOCHHPh), 5.08 (d, ] = 12.0 Hz, 1H,
COOCHHPh), 5.05 (s, 1H, anomeric), 4.97 (s, 1H, anomeric),
4.96 (s, 1H, anomeric), 4.67—4.57 (m, 6H), 4.48 (m, 1H), 4.31
(m, 2H), 424 (m, 1H), 3.52 (m, 1H), 3.42 (s, 3H, OCH,),
3.39 (s, 3H, OCH,), 3.35 (s, 3H, OCHj), 3.40—3.30 (m, 4H),
324 (m, 2H), 2.80 (dd, ] = 16.8 and 6.4 Hz, 1H,
CHHCOOBn), 147—1.44 (three s, 9H, CH; acetonide),
1.32—1.30 (three s, 9H, CH, acetonide); '* C NMR (125.7
MHz, CDCLy) 6 = 171.2, 171.1, 170.8, 170.5, 158.5, 156.5,
135.7, 128.5, 128.3, 128.2, 113.1, 112.7, 112.3, 112.2, 110.9,
110.6, 110.1, 109.9, 109.86, 109.80, 86.6, 86.5, 86.2, 85.9, 85.6,
85.56, 85.52, 85.4, 85.3, 84.7, 84.4, 82.2, 82.1, 82.08, 82.04,
82.02, 81.6, 66.6, 66.5, 59.8, 56.4, 55.9, 55.2, 55.1, 55.0, 3.0,
50.3, 442, 43.8, 42.9, 42.6, 34.2, 34.1, 29.6, 26.5, 26.46, 26.41,
26.3, 25.0, 24.98, 24.92, 24.89, 24.86, 24.7; ESI (m/z) 846.4
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[M* + Na, (100)]; Anal. Calcd for C;H,N;0,4 C 56.86, H
6.97, N 5.10; found C 56.87, H 6.97, N 5.12.
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