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CONCEPTS

Combinatorial Chemistry toward Understanding the Function(s)
of Carbohydrates and Carbohydrate Conjugates

Angela Barkley and Prabhat Arya*[*!

4 N

Abstract: Combinatorial chemistry has contributed sig-
nificantly to understanding the structure —function rela-
tionships of biologically important molecules such as
proteins and nucleic acids. However, carbohydrates and
carbohydrate conjugates, which have been identified as
key modulators of several biological functions have not
enjoyed the same measure of success. The complexity and
synthetic challenges of carbohydrate conjugates have
resulted in a number of conceptual approaches to rapidly
access sufficient quantities of these biomolecules. This
article summarizes these combinatorial approaches and
also highlights fully automated library synthesis of
artificial glycopeptides with the goals of understanding
their biological roles.

Keywords: artificial glycopeptides carbohydrates
combinatorial chemistry - glycoconjugates - glycomi-

metics
NG J

Introduction

Glycoconjugates play pivotal roles in biological processes.
These processes range from cell growth and differentiation,
cell —cell communication, modulation of protein function to
pathological processes namely cancer metastasis, lysosomal
storage diseases, chronic inflammation, and microbial infec-
tions.! Such diversity in biological activity has been attributed
primarily to the oligosaccharide moiety of these glycoproteins
and glycolipids. Moreover, it has been demonstrated that the
same oligosaccharides can mediate a variety of functions.
Therefore, understanding the structure-function relation-
ships of these molecules at a molecular level is a non-trivial
undertaking. This is further complicated by the chemical
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diversity of oligosaccharides. Securing sufficient quantities of
these complex glycans for probing biological functions have
been a major challenge at the glycochemistry/glycobiology
interface. Nonetheless, the technological advances of the past
century have laid the foundation for exploiting the diagnostic
and therapeutic potential of this class of biomolecules.

Advances in analytical techniques, NMR spectroscopy, and
mass spectrometry expedited the isolation and structural
determination of oligosaccharides.!>?l While this made the
chemical diversity of oligosaccharides rapidly accessible, it
further highlighted the urgent need for access to sufficient
quantities of these molecules to understand the mechanism of
action at a molecular level. However, the chemical complexity
of these biomolecules makes them very challenging synthetic
targets. These polyhydroxy compounds contain an array of
monosaccharide units and have a variety of glycosidic link-
ages between them. Each glycosidic linkage can exist in the a-
or f-anomeric configuration. Therefore, carbohydrate syn-
thesis requires many orthogonal protection and deprotection
schemes and involves difficult glycosyl coupling reactions.?!
Nonetheless, many groups have risen to this chemical
challenge and several synthetic approaches leading to oligo-
saccharides and glycoconjugates have been reported.”l De-
spite these advances, synthesis of these biomolecules remains
time consuming and expensive. Furthermore, the natural
oligosaccharides may lack the chemical stability and bioavail-
ability for detailed biological studies. This has fuelled parallel
developments in synthetic glycoconjugate mimics and inhib-
itors of oligosaccharide functions.[! It is well established that
despite the complexity of the oligosaccharide moieties of
glycoconjugates, the terminal sugars (two to four residues)
and their conformation are critical for biological activities.
This not only reduces the chemical complexity of the synthetic
target(s), but also makes possible the use of revolutionary
synthetic strategies such as combinatorial chemistry, for rapid
access to potential carbohydrate mimics.

Combinatorial chemistry, a multi-dimensional strategy, has
evolved to meet the growing demand for economical synthesis
of large numbers of diverse chemical compounds in a
relatively short time. In this approach, a large array of
building blocks is chemically assembled to give all possible
combinations, either in solution or more commonly, on a solid
support. The collection of compounds can be generated using
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a “split-pool” or “parallel” synthetic strategy. This diverse
collection of compounds, a chemical library, is then screened
for biological activity. Combinatorial libraries have now been
added to the repertoire of strategies used in the pharmaceut-
ical sector for lead discovery and lead optimization, as many
aspects of this evolving technology have been well reviewed in
the literature.["]

Merrifield’s conceptual solid-phase approach to peptide
synthesis in 1963 laid the foundation for the first set of
combinatorial libraries, peptide libraries.”! Solid-phase syn-
thesis has been refined over a thirty-year period and has been
successfully extended to the synthesis of small organic
molecules. Today combinatorial libraries are commonly used
for the elucidation of structure —function relationships.®!

While combinatorial peptide and oligonucleotide libraries
have been invaluable in the generation of bioactive peptides
such as opioid peptides, antimicrobials, monoclonal antibod-
ies, and oligonucleotide primers, mutagenic agents, and
potential therapeutic agents, combinatorial carbohydrate
libraries have yet to attain such prominence.”) Of course,
peptides/proteins and oligonucleotides are linear polymeric
derivatives. They have a diversity of building blocks, amino
acids or nucleotides, connected to each other by a common
linkage, amide bond (proteins) or 3'—5" phosphodiester bond
(oligonucleotide). This made automated solid-phase synthesis
and subsequently combinatorial library synthesis a very facile
process. The chemical nature of carbohydrates has precluded
the rapid and efficient generation of oligosaccharide libraries
either in solution or on solid support. In this concept article,
several novel strategies adopted in the generation of combi-
natorial libraries of oligosaccharides and glycomimetics are
highlighted.

Combinatorial Oligosaccharide Libraries

The polyvalent nature of carbohydrates and the lack of a
general method to form glycosidic linkages have resulted in
unique approaches for the generation of oligosaccharide
libraries.'”) The challenge to gain access to monosaccharide
building blocks continues, which can be readily synthesized
and assembled in a controlled combinatorial fashion. Having
generated the library, purification and analysis are equally
important. Both solution- and solid-phase strategies have
been developed in the search for libraries of oligosaccharides
for biological investigation.

Random glycosylation: The first oligosaccharide library
synthesized consisted of di- and tri-saccharides produced by
a random glycosylation strategy (Scheme 1) in solution.l'] As
reported by Hindsgaul et al., this approach circumvented the
need for numerous orthogonally protected monosaccharide
building blocks. A fully benzylated glycosyl donor 1 activated
with the trichloroacetimidate group and disaccharide accept-
or 2, as a p-methoxyphenoxyoctyl glycoside with six unpro-
tected hydroxyl groups, were coupled for three hours at room
temperature to give a mixture of all six possible trisaccharides
in a single step. In this reaction only about 30% of the
disaccharide acceptor was fucosylated and interestingly, all

556 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

BnO OBn HO oy OH
OBn 4+ Q HO&&O—(CH Js-CoHy-4-OMe
Me O HO. [e] et 2)8-CeMy
O._CCls OH C
T 2

NH

2. Cygcolumn

1. BF3*Et,O
3. Hy/Pd-C

six trisaccharides (major)
+

B-linked fucosylated trisaccharides (minor)

Scheme 1. Hindsgaul’s random glycosylation.

the OH groups showed similar reactivity. Chromatographic
separation by HPLC and NMR confirmed the presence of the
trisaccharides. Using this strategy, Hindsgaul’s group further
investigated a fucosyl-transferase enzyme present in human
milk using a disaccharide mixture in which active compounds
were present in less than 5%.['"l However, the uncontrolled
glycosylation reaction, low yields and the need for extensive
purification limits the widespread applicability of this meth-
odology.

Latent active glycosylation strategy: An alternative solution-
phase approach was developed by Boons et al.l'¥] In this novel

latent-active  glycosylation approach (Scheme 2), one
OAc
TN 0,
n X
OBn e
BuLi/ 3
[(PhsP)sRNCI] |  NaOMe
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BBnOO R O\(\ BE?OO R OW/\
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| |
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Scheme 2. Boons’s latent-active glycosylation.

major building block, 3-buten-2-yl glycoside 3 which can be
converted into a glycosyl donor and acceptor was used.['!
Isomerization of compound 3 with BuLi/[(Ph;P);RhCl] gives
the glycosyl donor 4 whereas deprotection of the acetate
group of 3 gives the glycosyl acceptor 5. Coupling of
compounds 4 and 5 gives the disaccharide 6 in 89 % yield as
an anomeric mixture. Using this methodology building blocks
containing other selectively removable groups such as p-
methoxybenzyl ether were prepared and used for the
solution-phase synthesis of mixtures of linear or branched
trisaccharide libraries.'”] The libraries were readily purified
by gel-filtration chromatography and contained over 80 % of
the expected products.
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Stereoselective, non-regioselective glycosylation: Ichikawa’s
group has developed a “stereoselective, yet non-regioselec-
tive” glycosylation approach toward solution-phase combina-
torial oligosaccharide synthesis.l'! Only one monosaccharide
building block, 6-deoxy-3.,4-di-O-trimethylsilyl-L-glucal was
utilized in the synthesis of a small library of 2,6-dideoxy
trisaccharides in the search for antitumor agents (Scheme 3).
The  stereoselectivity of the  glycosidic linkage
(a-anomer) was controlled by performing the glycosylation

OR

O
Metr- o]

HO  OH
glycosyl acceptor
glycosylation step 1

S\ 1. IDCP, CH,Cly
Me~ 2. Acy0, pyridine
% 3. HFepyridine, THF
TMSO OTMS

two disaccharides
a{1—4) + B(1—-3); ratio 54:46

!

glycosylation step 2

2,6- dideoxy trisaccharides

o(14) - a(1->4)
a{1-4) - a(1-3)
o{1-3) - a(14)
a(1-3) - a(1-3)

Scheme 3. Ichikawa’s 2,6-deoxy-based trisaccharide library synthesis.

reaction under iodinium ion-catalyzed conditions. The glucal
was first coupled to 6-trifluoroacetamidohexanol in the
presence of iodinium di(sym-collidine)perchlorate (IDCP)
which generated the a-glycoside and an iodo-group at the
2-position. Subsequently, the glycosyl acceptor having two
free hydroxyl groups was obtained by removal of the silyl
groups. After two cycles of glycosylation (Scheme 3) under
IDCP catalysis, regioisomeric linear trisaccharides were
obtained in 73% yields. Since each glycosylation reaction
generated an iodo-group at the 2-position, the mixture can
undergo further modification.

Orthogonally protected carbohydrates: Wong et al. have
utilized a versatile central monosaccharide building block
with four selectively removable protecting groups to generate
an oligosaccharide library with a high degree of regio- as well
as stereoselectivity (Scheme 4)."1 The key compound is a
monosaccharide glycosyl acceptor 7 with a chloroacetyl
(ClAc), p-methoxybenzyl (PMB), levulinoyl (Lev), and tert-
butyldiphenylsilyl (TBDPS) group, in which every protecting
group can be removed selectively in high yields. In this
synthesis, seven thioglycoside donors were coupled in the
presence of (dimethylthio)methylsulfonium triflate (DMTST)
with the selectively deblocked glycosyl acceptor. They
demonstrated efficient orthogonal protection—deprotection
schemes in the parallel solution synthesis of a library of 45
oligosaccharides.

Chem. Eur. J. 2001, 7, No. 3
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Scheme 4. Wong’s orthogonally protected building block approach.

Lubineau and Bonaffél'! have developed a split-pool
library approach for the synthesis of all sulfoforms of
chondroitin sulfate (CS) disaccharide. An orthogonally pro-
tected disaccharide was central to the success of the synthesis
(Scheme 5). Since natural chondroitin sulfates of glycosami-
noglycans are chemically modified upon enzymatic or chem-
ical degradation, the synthesis of sulfated CS will undoubtedly

possible sites for sulfation

X
HO _oprvB
coo "¢ o TEODMSO\ 0
n
0 2 oﬁwo—§ B0 O&OB"
HO NHAC
OH NHAc OAc
” orthogonally protected disaccharide
Chondroitin Sulfate

Scheme 5. Bonnaffe’s combinatorial approach to chondroitin sulfate
disaccharides.

contribute to exploring the biological functions of these
glycoconjugates. In the synthesis of eight sulfated disacchar-
ides, the authors demonstrated that sulfate esters are effective
protecting groups in the crucial C-6 oxidation of a glucosyl to
a glucuronyl. The mixture of disaccharides were readily
purified and analyzed.

One-pot glycosylation: The reactivity of the p-methylphenyl
thioglycoside of different monosaccharides with different
protecting groups (e.g. electron-donating or electron-with-
drawing leaving groups) has been quantitatively evaluated by
Wong’s group in the search for a facile strategy for oligosac-
charide synthesis.'”! This has led to the development of a
computerized database of anomeric reactivity values for
orthogonally protected thioglycosides.?l This database was
then used for the selection of glycosyl donors and acceptors
for the one-pot, parallel solution synthesis of a library of
oligosaccharides.

Takahashi’s group has also synthesized a library of 72-
trisaccharides by solution-sphase one-pot glycosylation.?! In
this approach a combination of bromo glycosides, phenylthio
glycosides and 2-bromoethyl glycosides of glucose, galactose,
and mannose in the presence of selective activating agents
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were rapidly assembled on a QUEST 210 manual synthesizer
in good yields (64 % to 99 % ).

The above chemoselective one-pot glycosylation approach
may prove to be a very powerful strategy in the future
generation of combinatorial oligosaccharide libraries. Fur-
thermore, the use of Wong’s Optimer database?! for selection
of glycosyl donor and acceptors, and Takahashi’s manual
synthesizer approach would certainly rival solid-phase ap-
proaches for the rapid synthesis of oligosaccharide libraries.
Standard work-up and purification for larger libraries may be
more challenging for routine library synthesis. In this respect,
solid-phase approaches may simplify product isolation and
purification in the generation of larger oligosaccharide
libraries. However, solid support oligosaccharide synthesis
requires an initial investment in optimization steps for
adapting solution synthesis to a solid support. This approach
also embodies additional challenges.??! The resin, linker, and
the screening techniques to be used must be considered in
planning the library. It is therefore not surprising that very few
oligosaccharide libraries have been successfully synthesized
on the solid support so far.

Anomeric sulfoxides: For a successful solid-phase synthesis,
glycosylation reactions must be stereospecific and high
yielding. To achieve this, Kahne’s group used anomeric
sulfoxides as glycosyl donors.?* Previous studies had demon-
strated that these sulfoxides were readily activated at low
temperatures regardless of the protecting groups on the
glycosyl donor and acceptor pairs. Moreover, nearly quanti-
tative yields (~90%) of the
glycosylated products were ob-
tained on solid phase. This
novel coupling procedure was
used to produce a library of
1300 di- and trisaccharides
(Scheme 6) in only three steps.
The monomers used were ap-
propriately protected to ensure
diversity in glycosidic linkages.

An encoded split-mix library GA

Only 25 beads stained purple, a positive interaction with the
lectin. Of these, 13 contained the same core disaccharides and
beads containing the natural ligand, included in the library,
did not stain whereas in solution they were all inhibitors. Thus,
on-bead assay presented the carbohydrate ligands in unique
orientations. This further highlighted the importance of not
only the specificity of the sugar but also its presentation for
carbohydrate —protein interactions.

Two-directional solid-phase approach: Zhu and Boons syn-
thesized the second solid-phase library, a small trisaccharide
library of 12 compounds (Scheme 7).%4 In this synthesis a
thioethyl glycoside that can act as a donor or acceptor was
immobilized on glycine-derivatized TentaGel resin thorugh a
succinimidyl linker. The key to this approach was the use of
the tetrahydropyranyl group (THP) on the immobilized
thioglycoside, which eliminated the formation of oligomeric
side products during N-iodosuccinimide/trimethylsilyl tri-
fluoromethanesulfonate glycosylation. The immobilized thio-
glycoside was glycosylated separately with three different
glycosyl acceptors, the resin was pooled, and the THP group
removed. The anomeric mixture of disaccharide acceptors
was coupled with a perbenzylated thioglycoside donor to give
a mixture of trisaccharides. The trisaccharides were cleaved
from the resin, purified by gel chromatography, and then fully
deprotected.

Thus far, only a few solid-phase oligosaccharide libraries
have been reported. The challenges of well-planned orthog-
onal protecting groups and high yielding stereospecific

6 glycosyl acceptors (GA) + HoN—Q) —= HNg

l 12 glycosyl donors

1) Amine acylation

18 acyl groups,
Assay and decode w HN~£A

2) Deprotection

GD

approach on TentaGel resin
was used. Six glycosyl acceptors
were attached separately to the
resin. This was pooled and div-
ided into twelve parts, each of
which was coupled separately
with one of twelve glycosyl
donors. Again, the beads were Na
pooled, the azido group was OPMB

PAN

N3

OPMB

o]
reduced to amine and the beads ‘S —Ph
. . ) AL Q_S-CoHi-4-OCH,-COOH Ph\,ls o/ S
were divided into eighteen 4 OPiv Me Rl

parts. Each set of beads were
N-acylated with different re-
agents. All the beads were com-
bined again and fully deprotect-
ed. This on-bead
(10 mg) was then screened
against Bauhinia purpurea lec-
tin using a colorimetric assay.
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Scheme 6. Kahne’s di- and trisaccharide library using split-mix synthesis and screening on the solid phase.
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Scheme 7. Boons’s two directional approach for solid-phase synthesis of
trisaccharide library.

glycosidic bond formation on solid support continue to
stimulate chemists to devise novel approaches. A number of
these innovative strategies would certainly impact future
solid-phase oligosaccharide library generation. They include
the following: the use of soluble polymer-based liquid phase
glycosylation;®! solid-supported chemical-enzymatic synthe-
sis;?! the widely applicable and high yielding trichloroaceti-
midate glycosylation;?”] novel linkers such as a new thiol
linker for a-mannose and a-fucose glycosides?®! and a ring
closing metathesis based linker that generates O-allyl glyco-
sides upon cleavage from the resin;?’ the use of glycosylating
agents such as n-pentenyl glycosides;? the synthesis of -
(1 —4)- and $-(1 —6)-linked oligosaccharides using glycosyl
phosphates in combination with a versatile octenediol link-
er;BU the glycal assembly method for the synthesis of polymer
bound thioethyl glycosyl donors for the synthesis of S-linked
oligosaccharides;P*? the synthesis of thio-oligosaccharides by
nucleophilic substitution of triflate activated glycosides by
resin-bound sugar-1-thiolate containing unprotected hydroxyl
groups,®! and the use of a novel photocleavable aglycon
linkerP4 are very promising approaches for the rapid access to
oligosaccharides.

Combinatorial Libraries Using Carbohydrate
Scaffolds

Oligosaccharide library synthesis has been hampered by the
polyfunctional nature of carbohydrates. This same feature
places carbohydrates in a distinctive class of privileged
template structures for displaying chemical diversities toward
drug discovery efforts.® The advantageous use of the
polyfunctional nature of carbohydrate units as scaffolds for
displaying diversity represents a unique approach to combi-
natorial libraries that are not limited to glycoconjugate
investigation. Previous work had demonstrated the validity
of this approach in the design of nonpeptide somatostatin
mimics.’®) Sofia et al. reported the first such solid-phase
library containing three sites of diversity (Figure 1).57] The

Chem. Eur. J. 2001, 7, No. 3

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

important features of the scaffold was the use of a functional
triad that included a carboxylic acid moiety, a free hydroxyl
group, and a protected amino functionality on the glucoside 8.
This derivatized monosaccharide was then coupled to an
amino acid functionalized trityl TentaGel resin. Using the
IRORI radiofrequency tagged split-pool methodology®® with
glucoside 8, sixteen 48-member libraries were prepared from
eight amino acids, six isocyanates, and eight carboxylic acids.
The libraries were analyzed by LC/MS in greater than 80 %
purity. These libraries were referred to as “universal pharma-
cophore mapping libraries”.

Unlike Sofia’s approach, Kunz etal. initially used an
orthogonally protected thioglucoside as a scaffold.’] The
protecting groups included tert-butyldiphenylsilyl (TBDPS),
1-ethoxy ethyl (EE), and the propyl moiety. An important
feature of the scaffold was the use of a functionalized
thioglycoside, which not only served as a glycosyl donor but
also as a linker for immobilizing the compound on amino-
methyl polystyrene resin. Diversity was introduced at posi-
tions 2 and 6 after selective deprotection and alkylation. An
anomeric mixture of methyl glycosides was obtained in yields
of 30 to 80 %. This combinatorial methodology was extended
to a galactopyranose scaffold 9, which contains five sites of
diversity (Figure 1b).491 Instead of the propyl group at
position 3, the O-allyl group was introduced. Using sequential
deprotection and alkylation protocols, an array of structurally
diverse compounds were successfully synthesized.

O NH
HO Q
MeO
FmocHN
OMe
8

a) scaffold with a functional triad b) orthogonally protected scaffold

EEQ _OTBDPS
o o
AllO S\/\)LN/\O
HO H

9

0w NH
MeO Q
ems&we
AcO
o
AcO Q
AcO
NHCOCF;

c) disaccharide scaffold

Figure 1. Carbohydrate-based scaffolds.

Silva’s group has recently reported the synthesis of a unique
B-linked disaccharide scaffold that was employed in the solid-
phase synthesis of a 48-member library (Figure 1c).l*! Central
to this approach was the use of phenylsulfenyl 2-deoxy-2-
trifluoroacetamido glycopyranosides as glycosyl donors in the
synthesis of the -linked disaccharide.

These scaffolds may provide important small molecules for
probing a variety of biological processes. No biological data
has been presented. Other motifs have been investigated
especially in the search for potent aminoglycoside mimics. An
aminoglucopyranoside core containing a 1,3-hydroxyamine
motif at the anomeric position has also been used as a
privileged template for design of RNA binders using a parallel
solution phase approach.l*?l Unlike Sofia’s use of a scaffold
with no a priori information, Wong’s use of this amino-
glucopyranoside core represented a rational approach for
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small-molecule derivatives of
aminoglycoside antibiotics based
on available structural informa-
tion. Small-molecule mimics of WLl
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Combinatorial Glycomimetic Libraries

To overcome the many challenges of complex oligosaccharide
libraries, small glycoconjugates including glycopeptides have
been exploited as functional mimics of oligosaccharides.
These glycomimetics, in addition to being more readily
accessible, may contain diverse aglycon scaffolds with an
array of hydrophobic and/or charged functionalities upon
which pertinent sugar moieties are displayed. Furthermore,
the glycoside moieties may be present in its native form (O- or
N-linked) or as stable isoteres such as C-linked and S-linked
glycosides. A number of conceptual approaches have been
successfully used for the rapid generation of libraries for
biological studies.

Multiple component reaction (MCR): Ugi’s novel four
component condensation reaction of an amine, aldehyde,
isocyanate, and carboxylic acid to give the glycomimetic 10
has been successfully adapted to the solid phase.*¥l This
powerful strategy (Scheme 8) has been used for rapidly
generating solid-phase combinatorial libraries of C-glycosides
15.41 Using eight diacids, a C-fucose aldehyde 12, two
isocyanides, and Rink amine resin derivatized with five
different amino acids, Armstrong’s group synthesized a
focussed library of sialyl Lewis x mimetics 15 with high purity.

Wong’s group has also used this methodology on a soluble
polyethyleneglycol (PEG) polymer for the generation of
mimetics of the aminoglycoside antibiotic 16 (Scheme 9).[! In
this library, the neamine moiety 19 (Cbz: benzoxycarbonyl)
which is critical for inhibition of HIV RNA transactivator
protein was kept constant and diversity was introduced in the

Rl__OH
HooC™ 7 44

R'-COOH R\ 0 o} AcAP
RECHO 2y RA N-Q Ohe
NG A0/ 12 = Me
- 07 NHR? || ACO
HN-Q 10 Me CHO
RA_NC 13
H.N-R*-Q 14

Hooc/R\[r "R

Scheme 8. Armstrong’s glycomimetics by Ugi four-component condensation.
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Scheme 9. Wong’s neomycin mimics by Ugi four-component condensation.

amino acid group 18. Using Ugi’s versatile approach, carbo-
hydrate building blocks containing aldehyde, amino, carbox-
ylic, and isocyanide groups can be readily incorporated into
small glycomimetics and used as small probes for carbohy-
drate —receptor interaction as well as therapeutically useful
lead compounds.[“

Glycohybrids: In another approach, a 1-thio-f-p-galactopyr-
anoside library was prepared in solution using solid-phase
extraction techniques for purification (Scheme 10). A build-

diversity o
PGO oPG “« PGO opPg KK
Q base 0]
PGO&/SAC+ (;_(e == PGO&/S ff‘
PGO PGO i )
diversity
22 23 24
R1
OPG'
HoN
O
R1
N Scoora!
PGO oPG
Q
PGO S
PGO
25

Scheme 10. Hindsgaul’s glycohybrids.

ing block such as 22 containing O-laurates (PG) as hydro-
phobic tags which facilitated reverse-phase C18 silica purifi-
cation of the glycohybrids was used. This thio-glycoside
building block underwent Michael
addition reactions followed by deri-
vatization of the carbonyl group with
several amino acids. A library of an
easily separable mixture of thirty
TN compounds, 25, each present as four
diastereomers was produced. This
library was screened for inhibitors of
p-galactosidase from E. coli. One of
the members was a better inhibitor
than their reference compound.’!

OAc

.R®

Iz

¢}
15
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Glycosylated amino acid building blocks: The glycosylation of
N-fluoren-9-yl-methoxycarbonyl (Fmoc) amino acid penta-
fluorophenyl esters (OPfp) (Scheme 11) has provided a range
of building blocks for assembly of glycopeptides by multiple
column solid-phase peptide synthesis. A variety of solid
supports have also been used to produce parallel arrays of
glycopeptides with native and isosterically substituted glyco-
sidic linkages.> 1% 4 St. Hilaire and Meldal have reported an
elegant strategy for combinatorial glycopeptide libraries that
afforded unambiguous characterization of active compounds
(Scheme 11).1 An encoded one-bead-one-compound hepta-
glycopeptide library consisting of 300000 members were
rapidly synthesized on a PEGA resin containing a photolabile
linker by the split-mix technique. The glycopeptide-resin was
then screened against a fluorescently labeled lectin from
Lathyrus odoratus. Active compounds on fluorescent beads
were determined by irradiation of the linker using the
MALDI/TOF-MS laser with concurrent analysis of the ladder

| Building block pairs |

555-563
o
o -FEsFS)
0o HO oH
Me (o) OBn MemOH
O.. _Me H OO,,. Me
3,
FmocHNJ;(OH : \;rN\;)LNJ/YX\Fﬂ
e} O R H O
26 27, core fucopeptide library

Scheme 12. Sialyl Lewis x mimics.

glycopeptide. The cleaved and purified fucopeptides showed
moderate binding when assayed against E- and P-selectins.

Automated, multistep approach to neoglycopeptide libraries:
A versatile, fully automated multi-step solid-phase strategy
has also been developed for the
parallel synthesis of neoglyco-
peptide libraries (Scheme 13).
Instead of using a glycosylated
amino acid building block,
which limits the choices of at-
tached amino acids, C-glycoside
28 building blocks protected as
acetates are used.P! The C-gly-
coside can be in either the a- or
p-configuration or even as a
mixture of anomers and contain

(e}
Ro‘_\/ / \
X . Fmoc-aa-OH + Boc-aa-OH
|
_aa__0o F aa (F+B)
FmocHN™ (' ﬁ[ + RCOOPfp
(6]
F F
N F Y]
Y
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HO2N

--183 (GA+C) }—163 (F+py-aa’ (F+B) }--XPRPPRV --N
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peptide spacer \_

an aldehyde or carboxylic acid
functionality. These building
blocks can then be independ-

as ionization

lycopeptide librar)
glyeopep Y and MS tag

Scheme 11. Encoded glycopeptide library.

of terminated fragments, which directly gave the sequence
and structure of the glycopeptide. The importance of the
terminal mannose unit for lectin recognition was demonstrat-
ed since all the active glycopeptides contained this moiety.
Wong et al. used a fucosylated amino acid building block
approach (Scheme 12).5% The fucose moiety of fucosylated
threonine derivative was immo-
bilized through a p-(acyloxy-
methyl)benzylidene acetal (p- i ?
AMBA) on a carboxyl-func- n-m.-.'.-
tionalized PEG-PS resin 26.
This was used to generate a
fucopeptide library of sialyl
Lewis x mimetics using parallel
synthesis. In this library, the
critical hydroxyl groups of the
fucose moiety required for rec-
ognition of sialyl Lewisx by
E-selectin was invariant and
diversity was introduced at both
the N- and C-termini of the

Chem. Eur. J. 2001, 7, No. 3
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ently incorporated on a pep-
tide/pseudo-peptide  scaffold.
Furthermore, the chain length
of the C-glycoside can be varied
and the carbohydrate moiety
can be synthesized in either the pyranose or furanose form.
In addition, these types of carbohydrate building blocks are
not limited to monosaccharide derivatives since disaccharides
can also be used.

Using this approach, libraries of neoglycopeptides are
readily synthesized for probing carbohydrate —protein inter-

T
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j,r-.,q_,.lL _.L_",\J r-r.ﬁ__,.-~ ,L_‘__J..:I E;j’hu-n— J‘YG

M 1
R = G, G H;

aadimipda. dnCelinked glyocade-CHOEDO0OH

[ Teta 1Y
-1 Lk
Aol | R Tt
ool | CHOGOOH

Scheme 13. Programmed approach to neoglycopeptides.
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action. A number of “working models” have been developed
for these libraries which addresses the multivalent presenta-
tion of carbohydrates 29, 30, and 31 (Scheme 13) while the
dipeptide scaffold may contribute to secondary interactions
with the biological target.’?] Initially, the neoglycopeptides
were synthesized by a convergent strategy on a peptide
synthesizer.P¥ Since then, the synthesis has been successfully
transferred to a fully automated multiple organic synthesizer
and has been further optimized.’¥ This fully automated
methodology involves coupling an amino acid to an insoluble
support such as Rink amide MBHA resin or TentaGel
derivatized Rink amide resin. After removal of the protecting
group on the amino acid, the sugar aldehyde undergoes
reductive amination (Scheme 13, models 30 and 31) with the
resin bound amino group followed by amide bond formation
with a second amino acid. After the amino group is
deprotected it can undergo either reductive amination with
any sugar aldehyde or coupling with any sugar acid or both.
Using this approach, a parallel 96-compound library was
recently synthesized using 24-dipeptides and two sugars, a-C-
linked mannose- and glucose-aldehyde derivatives.’) The
choice of the dipeptide and sugars are reflected in the
biological mechanism under investigation. This library pro-
vided chemical probes for studying protein folding and
trafficking especially of N-linked glycoproteinsP® ! as well
as enzyme systems that convert a glucose moiety to rhamnose
prior to incorporation of the rhamnose unit during biosyn-
thesis of the mycobacterium cell wall.”® Therefore, negatively
charged amino acids, polar amino acids as well as hydrophobic
residues were included in the 24 dipeptides that contained a
diversity of two monosaccharides. A number of potential
glycoside-based inhibitors containing at least one negatively
charged amino acid residue were identified and detailed
biological studies are in progress. Work is ongoing in the
generation of a number of libraries including those with the
nucleoside moiety at the C-terminal end of the model
compounds (29, 30, 31) as chemical probes for investigating
various glycosyl transferase-based reactions using high
throughput assays.

Future Directions

The field of combinatorial carbohydrate based libraries is only
a few years old. During this formative period, chemists have
devised novel strategies to rapidly synthesize biologically
relevant carbohydrates. The conceptual approaches described
in this paper addressed many of the challenging aspects of
carbohydrate library synthesis. Although many of the libraries
were small (less than 50 compounds), they nonetheless
demonstrated the principles of the varied strategies. Many
groups are actively involved in this dynamic field in the
synthesis of atypical monosaccharide building blocks and
development of new solid supports and linkers as well as
analysis and screening of solid-phase carbohydrate-based
libraries. These approaches will certainly contribute to
innovative library generation of oligosaccharides as well as
of glycomimetics. Moreover, there is a trend towards fully
automated and flexible approach to glycommimetic libraries,

562 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

which may play a crucial role in rapidly identifying small-
molecule inhibitors especially for carbohydrate processing
enzymes. Such a parallel solid-phase approach eliminates the
need for additional deconvolution of split-mix libraries as well
as problematic identification of active compounds. Thus,
glycobiology continues to be the driving force behind
innovative chemical approaches to the study of the least
exploited of the biomolecules, carbohydrates, and carbohy-
drate conjugates.

Acknowledgement

This work is funded in part by the National Research Council, publication
No. 43852. One referee and Dr. Karla Randell are thanked for providing
several very useful suggestions.

[1] R. A.Dwek, Chem. Rev.1996, 96, 683; A. Varki, Glycobiology 1993, 3,
97.

[2] J. @. Duus, P. M. St. Hilaire, M. Meldal, K. Bock, Pure Appl. Chem.
1999, 71, 755; P. Mischnick, Angew. Chem. 2000, 112, 1274; Angew.
Chem. Int. Ed. 2000, 39, 1222.

See for example: Preparative Carbohydrate Chemistry (Ed.: S.

Hanessian), Marcel Dekker, 1997; G. Benjamin, J. Davis, J. Chem.

Soc. Perkin Trans. 1 2000, 2137; K. Toshima, K. Tatsuta, Chem. Rev.

1993, 93, 1503.

[4] S.J. Danishefsky, J. Y. Roberge, Pure Appl. Chem. 1995, 67, 1647; C.
Gege, J. Vogel, G. Bendas, U. Rothe, R. R. Schmidt, Chem. Eur. J.
2000, 6, 111; D. K. Baeschlin, A. R. Chaperon, L. G. Green, M. H.
Habhn, S.J. Ince, S. V. Ley, Chem. Eur. J. 2000, 6, 172; J. G. Allen, B.
Fraser-Reid, J. Am. Chem. Soc. 1999, 121, 468; G. A. Winterfield, Y.
Ito, T. Ogawa, R.R. Schmidt, Eur. J. Org. Chem. 1999, 1167; J.
Habermann, H. Kunz, Tetrahedron Lett. 1998, 39, 265; P. H. Seeberg-
er, S.J. Danishefsky, Acc. Chem. Res. 1998, 31, 685; C. Unverzagt,
Carbohydr. Res. 1998, 305, 423; E. Meinjohanns, M. Meldal, H.
Paulsen, R. A. Dwek, K. Bock, J. Chem. Soc. Perkin Trans. 11998, 549;
D. Sames, X.-T. Chen, S.J. Danishefsky, Nature 1997, 389, 587; O.
Seitz, C.-H. Wong, J. Am. Chem. Soc. 1997, 119, 8766; N. Mathieux, H.
Paulsen, M. Meldal, K. Bock, J. Chem. Soc. Perkin Trans. 1 1997, 2359,
S.J. Danishefsky, M. T. Bilodeau, Angew. Chem. 1996, 108, 1482;
Angew. Chem. Int. Ed. Engl. 1996, 35, 1380; Z.-G. Wang, X.-F. Zhang,
Y. Ito, Y. Nakahara, T. Ogawa, Carbohydr. Res. 1996, 295, 25;

[5] L. A. Marcaurelle, C. R. Bertozzi, Chem. Eur. J. 1999, 5, 1384; E. E.
Simanek, G. J. McGarvey, J. A. Jablonowski, C.-H. Wong, Chem. Rev.
1998, 98, 833; P. Sears, C.-H. Wong, Angew. Chem. 1999, 111, 2446;
Angew. Chem. Int. Ed. 1999, 38, 2300; P. M. St. Hilaire, M. Meldal,
Angew. Chem. 2000, 112, 1210; Angew. Chem. Int. Ed. 2000, 39, 1162.

[6] L. A. Thompson, J. A. Ellman, Chem. Rev. 1996, 95, 555; E. M.
Gordon, M. A. Gallop, D. V. Patel, Acc. Chem. Res. 1996, 29, 144;
K.S. Lam, M. Lebel, V. Krchnak, Chem. Rev. 1997, 97, 411; R. E.
Dolle, K. H. Nelson, Jr., J. Comb. Chem. 1999, 1, 235; F. Balkenhohl,
C. von dem Bussche-Hiinnefeld, A. Lansky, C. Zechel, Angew. Chem.
1996, 108, 2436; Angew. Chem. Int. Ed. Engl. 1996, 35, 2288; F.
Guillier, D. Orain, M. Bradley, Chem. Rev. 2000, 100, 2091.

[7] R.B. Merrifield J. Am. Chem. Soc. 1963, 85, 2149; A. Furka, F.

Sebestyen, M. Asgedom, G. Dibo, Int. J. Peptide Protein Res. 1991, 37,

487; R. A. Houghten, C. Pinilla, S. E. Blondelle, J. R. Appel, C.T.

Dooley, J. H. Cuervo, Nature 1991, 354, 84.

Combinatorial Chemistry and Molecular Diversity in Drug Discovery

(Eds.: E.M. Gordon, J.F. Kerwin, Jr.), Wiley, 1998; Molecular

Diversity and Combinatorial Chemistry — Libraries and Drug Discov-

ery (Eds.: I. M. Chaiken, K. D. Janda), ACS Series, 1996; D. Obrecht,

J.M. Villalgordo in Solid-Supported Combinatorial and Parallel

Synthesis of Small-Molecular-Weight Compound Libraries, Pergamon,

1998; Solid Phase Organic Synthesis (Ed.: K. Burgess), Wiley, New

York, 2000.

[9] See special Issue 2 on combinatorial chemistry: Chem. Rev. 1997, 97.

3

=

(8

=

0947-6539/01/0703-0562 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 3



Carbohydrate Conjugates

555-563

(10]

26]
[27]
(28]
[29]
(30]
(31]
(32]

(33]

Chem. Eur. J. 2001, 7, No. 3

M. J. Sofia, Mol. Diversity 1998, 3, 75; Z.-G. Wang, O. Hindsgaul,
Glycoimmunology 1998, 2, 219; F. Schweizer, O. Hindsgaul, Curr.
Opin. Chem. Biol. 1999, 3, 291; P. Arya, R. N. Ben, Angew. Chem.
1997, 109, 1335; Angew. Chem. Int. Ed. Engl. 1997, 36, 1280.

O. Kanie, F. Berresi, Y. Ding, J. Labbe, A. Otter, L. S. Forsberg, B.
Ernst, O. Hindsgaul, Angew. Chem. 1995, 107,2912; Angew. Chem. Int.
Ed. Engl. 1995, 34, 2720.

Y. Ding, J. Labbe, O. Kanie, O. Hindsgaul, Bioorg. Med. Chem. 1996,
4, 683.

G.-J. Boons, B. Heskamp, F. Hout, Angew. Chem. 1996, 108, 3053;
Angew. Chem. Int. Ed. Engl. 1996, 35, 2845.

G.-J. Boons, S. Isles, J. Org. Chem. 1996, 61, 4262.

M. Johnson, C. Arles, G.-J. Boons, Tetrahedron Lett. 1998, 39, 9801.
M. Izumi, Y. Ichikawa, Tetrahedron Lett. 1998, 39, 2079.

C.-H. Wong, X.-S. Ye, Z. Zhang, J. Am. Chem. Soc. 1998, 120, 7137.
A. Lubineau, D. Bonnaffe, Eur. J. Org. Chem. 1999, 2523.

Z. Zhang, I. R. Ollmann, X.-S. Ye, R. Wischnat, T. Bassov, C.-H.
Wong, J. Am. Chem. Soc. 1999, 121, 734.

X.-S. Ye, C.-H. Wong, J. Org. Chem. 2000, 65, 2410.

H. Yamada, T. Kato, T. Takahashi, Tetrahedron Lett. 1999, 40, 4581; T.
Takahashi, M. Adachi, A. Matsuda, T. Doi, Tetrahedron Lett. 2000, 41,
2599.

H. M. 1. Osborn, T. H. Khan, Tetrahedron 1999, 55, 1807.

R. Liang, L. Yan, J. Loebach, M. Ge, Y. Uozumi, K. Sekanina, N.
Horan, J. Glidersleeve, C. Thompson, A. Smith, K. Biswas, W. C. Still,
D. Kahne, Science 1996, 274, 1520; N. Horan, L. Yan, H. Isobe, G. M.
Whitesides, D. Kahne, Proc. Natl. Acad. Sci. USA 1999, 96, 11782.
T. Zhu, G.-J. Boons, Angew. Chem. 1998, 110,2000; Angew. Chem. Int.
Ed. 1998, 37, 1898.

S. P. Douglas, D. M. Whitfield, J. J. Krepinsky, J. Am. Chem. Soc. 1991,
113,5095; Y. Ito, O. Kanie, T. Ogawa, Angew. Chem. 1996, 108, 2691;
Angew. Chem. Int. Ed. Engl. 1996, 35, 2510; C. M. Dreef-Tromp,
H. A. M. Willems, P. Westerduin, P. van Veelen, C. A. A. van Boeckel,
Bioorg. Med. Chem. Lett. 1997, 7, 1175.

M. Schuster, P. Wang, J. C. Paulson, C.-H. Wong, J. Am. Chem. Soc.
1994, 716, 1135.

R. R. Schmidt, Angew. Chem. 1986, 98, 213; Angew. Chem. Int. Ed.
Engl. 1986, 25, 212; J. Rademann, R R. Schmidt, Tetrahedron Lett.
1996, 37, 3989.

J. Rademann, R. R. Schmidt, J. Org. Chem. 1997, 62, 3650.

L. Knerr, R. R. Schmidt, Synlett 1999, 1802.

R. Rodebaugh, S. Joshi, B. Fraser-Reid, H. M. Geysen, J. Org. Chem.
1997, 62, 5660; G. Anilkumar, L. G. Nair, B. Fraser-Reid, Org. Lett.
2000, 2, 2587.

R. Andrade, O.J. Plante, L. G. Melean, P. H. Seeberger, Org. Lett.
1999, 7, 1811.

C. Zheng, P. H. Seeberger, S.J. Danishefsky J. Org. Chem. 1998, 63,
1126.

G. Hummel, O. Hindsgaul, Angew. Chem. 1999, 111, 1900; Angew.
Chem. Int. Ed. 1999, 38, 1782.

(34]
(3]
[36]
(371

(38]

(391
(40]
41]
[42]
(43]
[44]
[45]
[46]
[47]

(48]
[49]

(53]
(54]
[55]
[56]
(571

(58]

K. C. Nicolaou, N. Watanabe, J. Li., J. Pastor, N. Winssinger, Angew.
Chem. 1998, 110, 1636; Angew. Chem. Int. Ed. 1998, 37, 1559.

M. J. Sofia, Med. Chem. Res. 1998, 8, 362.

R. Hirschmann, W. Yao, M. A. Cascieri, C. D. Strader, L. Maechler,
M. A. Cichy-Knight, J. Hynes, Jr., R. D. van Rijn, P. A. Sprengeler,
A. B. Smith III, J. Med. Chem. 1996, 39, 2441.

M. J. Sofia, R. Hunter, T. Y. Chan, A. Vaughan, R. Dulina, H. Wang,
D. Gange, J. Org. Chem. 1998, 63, 2802.

K. C. Nicolaou, X.Y. Xiao, Z. Parandoosh, A. Senyei, M. P. Nova,
Angew. Chem. 1995, 107, 2476; Angew. Chem. Int. Ed. Engl. 1995, 34,
2289.

T. Wunberg, C. Kallus, T. Opatz, S. Henke, W. Schmidt, H. Kunz,
Angew. Chem. 1998, 110, 2620; Angew. Chem. Int. Ed. 1998, 37, 2503.
C. Kallus, T. Opatz, T. Wunberg, W. Schmidt, S. Henke, H. Kunz,
Tetrahedron Lett. 1999, 40, 7783.

D. J. Silva, H. Wang, N. M. Allanson, R. K. Jain, M. J. Sofia, J. Org.
Chem. 1999, 64, 5926.

C.-H. Wong, M. Hendrix, D. D. Manning, C. Rosenbohm, W. A.
Greenberg, J. Am. Chem. Soc. 1998, 120, 8319.

1. Ugi, Angew. Chem. 1982, 94, 826; Angew. Chem. Int. Ed. Engl. 1982,
21, 810.

D. P. Sutherlin, T. M. Stark, R. Hughes, R. W. Armstrong, J. Org.
Chem. 1996, 61, 8350.

W. K. C. Park, M. Auer, H. Jaksche, C.-H. Wong, J. Am. Chem. Soc.
1996, 118, 10150.

O. Lockhoff, Angew. Chem. 1998, 110, 3634; Angew. Chem. Int. Ed.
1998, 37, 3436.

U. J. Nilsson, E.J.-L. Fournier, O. Hindsgaul, Bioorg. Med. Chem.
1998, 6, 1563.

M. Meldal, P. M. St. Hilaire, Curr. Opin. Chem. Biol. 1997, 1, 552.

P. M. St. Hilaire, T. L. Lowary, M. Meldal, K. Bock, J. Am. Chem. Soc.
1998, 120, 13312.

T. E. J. Lampe, G. Weitz-Schmidt, C.-H. Wong, Angew. Chem. 1998,
110, 1761; Angew. Chem. Int. Ed. 1998, 37, 1707.

P. Arya, S. Dion, G. K. H. Shimizu, Bioorg. Med. Chem. Lett. 1997, 7,
1537.

P. Arya, K. M. K. Kutterer, H. Qin, J. Roby, M. L. Barnes, J. M. Kim,
R. Roy, Bioorg. Med. Chem. Lett. 1998, 8, 1127; P. Arya, K. M. K.
Kutterer, H. Qin, J. Roby, M. L. Barnes, S. Lin, C. A. Lingwood, M. G.
Peter, Bioorg. Med. Chem. 1999, 7, 2823; P. Arya, R. N. Ben, K. M. K.
Kutterer, Organic Synthesis Highlights, Vol. IV, Wiley-VCH, Wein-
heim, 2000, p. 337.

K. M. K. Kutterer, M. L. Barnes, P. Arya, J. Comb. Chem. 1999, 1, 28.
P. Arya, K. M. K. Kutterer, A. Barkley, J. Comb. Chem. 2000, 2, 120.
A. Barkley, P. Arya, unpublished results.

L. Ellgarrd, M. Molinari, A. Helenius, Science 1999, 286, 1882.

A. Zapun, C. A. Jakob, D.Y. Thomas, J. J. M. Bergeron, Structure
1999, R173.

M. McNeil in Genetics of Bacterial Polysaccharides (Ed.: J.B.
Goldberg), CRC, 1999, pp. 207 —223.

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

0947-6539/01/0703-0563 $ 17.50+.50/0 — 563



