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Abstract: Glycopolymers and glycopolypeptides are an im-
portant class of molecules, which can self-assemble to vari-
ous interesting biohybrid materials. It is envisaged that the
glycans impart good immunological response, and the ali-
phatic or polypeptide backbone can give tertiary structure
for the resulting glycopolymers. The major bottleneck in the

synthesis of glycopolymers or glycopolypeptides is the
access to suitable building blocks and polymerization meth-
ods. This review describes methods that have recently been
explored for the successful synthesis of many useful glyco-
monomers that could be polymerized to afford glycopoly-
mers and/or glycopolypeptides.
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1. Introduction

Cellular information starts with the replication of DNA,
followed by transcription of the information to the RNA,
which gets subsequently translated into a protein that fur-
ther undergoes post-translational modifications, among
which glycosidation is the most complicated.!! Proteins
function as enzymes to catalyze reactions to give a variety
of polysaccharides, polyketides, and terpenes, which are
proven to be of immense benefit to mankind (Fig-
ure 1)."Y) Nature exploits extraordinary mechanical prop-
erties of abundantly available polysaccharides, such as
starch, cellulose, and chitin, for its benefit. Glycans exist
as linear or branched forms, and in addition, they can
differ by stereochemical linkage at the anomeric or C-

Glycoconjugates
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Figure 1. Expanded central dogma of molecular biology.
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1 position to generate exceptional diversity.”) The gigantic
structural diversity and information stored in the glycome
represents the next challenge of biology, and its potential
is still underestimated.’! Bioinformatic studies estimate
that half of the human proteins undergo post-translation-
al glycosylation to form glycoproteins, which are often
present on the cell surface.['*!

Cell surface glycans are often attached to either a lipid
or a protein, and therefore, are known as glycolipids or
glycoproteins, and are broadly referred to as glycoconju-
gates.l! Cell surface bound glycoconjugates are found to
play pivotal roles in many intracellular and extracellular
signal transduction events (Figure 2)."" For instance, gly-
coproteins are demonstrated to be involved in cell-cell
communication, cell-cell adhesion, fertilization, viral
entry into the cell, bacterial infection, and cell-cell recog-
nition, and hence, they are recognized to have potential
applications in therapeutics, diagnostics, and vaccines. "
In addition, many biohybrid polymers are currently inves-
tigated as novel smart materials, since they are envisaged
to have solubility, processability, and scalability, along
with much desired chirality and cellular recognition.”
Isolation of glycoproteins from nature is a daunting task,
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Figure 2. Significance of cell surface glycoconjugates.

as they exist in micro-heterogeneous forms, and there is
no universal protocol for the expression of homogeneous
glycoproteins yet.l! In this regard, synthetic glycopoly-
mers will be of great significance in understanding various
cellular recognition events for an eventual modulation.

Methods currently available for the synthesis of glyco-
polymers can be classified into three broad categories
(Figure 3).”! First, a monomer with a unique functional
group that will enable post-polymerization attachment of
glycans can be subjected to the polymerization conditions.
Subsequently, the unique functional group can be utilized
for orthogonally grafting glycans to convert them into gly-
copolymers (Method 1, Figure 3). For example, Haddle-
ton and coworkers have shown the utility of an azide-
alkyne 1,3-dipolar cycloaddition reaction, which is more
popular among “click” reactions; Gress, Volkel, and
Schlaad® have utilized the thiol-ene “click” reaction for
the synthesis of glycopolymers; and Perrier’s group!
have used it for highly branched glycopolymers. Apart
from the addition of a thiol-bearing carbohydrate to
alkene and alkyne, it can be also coupled to pentafluoros-
tyrene moieties, substituting the para-positioned fluo-
rine!'"”) and pentafluorophenyl acrylate activated ester to
make scaffolds for tissue engineering.'"! As the saccha-
ride pendants are attached after the polymer synthesis,
one can easily diversify the glycan without worrying
about the polymer synthesis; but, the characterization of
the glycopolymer should be carried out. The post-poly-
mer grafting method will pose an ambiguity in the total
number of glycans and their distribution along the poly-
meric backbone (Figure 3)."%

The second, and more widely used, method dwells
upon the ligation of a glycan to a suitably end-functional-
ized polymer to obtain glycopolymers (Method 2,
Figure 3). Native chemical ligation has been used for the
attachment of glycans to a model peptide.'"” This ap-
proach may not be really suitable for studying the den-
dritic or glycocluster effect.'*!

The third, and more advantageous, method of glycopol-
ymer syntheses is the polymerization of a carbohydrate
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Figure 3. Popular strategies of glycopolymer syntheses.

residue, with a pendant polymerizable functional group,
under suitable conditions, to afford good glycan density,
as well as periodicity (Method 3, Figure 3). For example,
glycopolymers can be synthesized by a free radical poly-
merization of acryloyl and acrylamido glycosides,'** and
glycopolypeptides can be obtained by the ring-opening
polymerization®®**!  of N-carboxyanhydride (NCA)!"
containing sugar-amino acid hybrid molecules.

2. Results and Discussion

Glycopolymers can be obtained by applying modern
methodologies developed by the contemporary synthetic
organic chemistry community. For instance, glycopoly-
mers were synthesized by the Kent-pioneered native
chemical ligation (NCL), wherein a thioester endcapped
polymer was treated with another polymer containing
cysteine, so that a conjugate of the polymer could be ob-
tained.”! Also, any two polymers can be ligated by using
the dichlorotetrazine as the linker, if the polymers are
endcapped with suitable functional groups.!'”!

Copper assisted azide-alkyne 1,3-dipolar cycloadditions
are also reported for the synthesis of conjugating two in-
dependently synthesized polymers, wherein one of the
polymers bears the alkyne and the other polymer has an
azide capping.'"® However, the key in all these ap-
proaches is the easy access to monomer-glycosides. Tradi-
tional methods for the synthesis of these sugar-monomer
glycosides suffer from one or more limitations, such as
harsh reaction conditions, long and tedious work-up, and
laborious purification of highly reactive sugar monomers.
In the era of green chemistry, synthesis by the use of a cat-
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alytic amount of reagents, procedures that require no or
minimal purification, and are atom economical are in
great demand.!"” In addition, the glycosidation procedure
should not yield a diastereomeric mixture of glycosides,
as their separation is challenging, due to the presence of
highly reactive and polymerizable appendages.!'”!

Glycoproteins can be synthesized by attaching a glycan
to the already synthesized peptide/protein, using various
bioconjugation techniques. Danishefsky’s group reported
the synthesis of N-glycoprotein by utilizing the glycal as-
sembly method for the synthesis of carbohydrate epi-
topes, solid-phase peptide synthesis for polypeptide syn-
thesis, and final ligation under NCL (Scheme 1).! Alter-
natively, a glycan and a polypeptide can be joined using
the Cu-mediated azide-alkyne 1,3-dipolar cycloaddition
reaction to obtain the already synthesized glycan and
polypeptide." One can also synthesize glycopolymers by
choosing appropriate building blocks, while conducting
solid-phase peptide synthesis (Figure 4).

In all these cases, access to amino acid glycoconjugates
is the key, and development of an efficient synthetic
methodology would greatly benefit the entire glycobiolo-
gy and materials community immensely.

2.1 Mercury Cyanide for Glycopolymer Synthesis

Riide prepared the first O-glycosylated N-carboxy anhy-
dride (NCA) by the use of modified Koenig-Knorr glyco-
sidation conditions®”!! to study immunological properties
of glycopolypeptides.'® After several years, Okada’s
group synthesized glycoamino acid building blocks by
Riide’s method and studied synthesis of glycopolypepti-
des.”!
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Scheme 1. Schematic of the fully synthetic N-glycoprotein by solid-phase peptide synthesis (SPPS) and native chemical ligation.

Confirmation of the living nature of primary amine-ini-
tiated polymerization was shown by synthesizing an AB-
type block copolymer, with sequential addition of mono-
mers (Scheme 2).”) Nevertheless, successful synthesis of
glycopolypeptides through NCA was a significant ad-
vancement, though the required monomer synthesis con-
ditions are environmentally benign and low yielding.

2.2 Cobalt, Nickel and Ruthenium for Glycopolypeptide and
Glycopolymer Synthesis

High molecular weight, well-defined polypeptides were
obtained by NCA living polymerization using transition
metal derived complexes. Deming and coworkers ob-
tained controlled NCA polymerization, Ni(COD)(bipy),
and found it to be the best catalytic system to obtain gly-
copolypeptides.”*!

Further, they explored the application of Co(PMe;),
catalysts for synthesis of glycopolypeptides; further,
redox-triggered helix to coil transition onto the secondary
conformation was shown, without loss of water solubility
(Scheme 3).”! The power of ruthenium catalysis was
demonstrated through ring-opening metathesis polymeri-
zation (ROMP) of norbornenyl appended glucosamine to
afford glycopolymers with various densities, and its lectin
binding ability was studied (Scheme 4).>*
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2.3 Gold and Silver Catalysis for Glycopolymer Synthesis

In this context, a gold-catalyzed glycosidation repertoire
was found to be advantageous, as: (1) the reaction is high
yielding; (2) the reaction requires a catalytic quantity of
reagents; (3) the glycosyl donor is stable and easy to
access; (4) no work up is necessary; and (5) several func-
tional groups, such as alkenes, esters, and ethers, are toler-
ated under the Au(III)-catalysis conditions. Of the two
variations of the gold-catalyzed glycosidation, exploration
of the synthesis of glycopolymers by the use of propargyl
1,2-orthoesters was preferable, as highly diastereoselec-
tive glycosidation occurs at the room temperature.”"
Many different glycopolymers were synthesized in the
1960s by controlled radical polymerization of vinyl mono-
mers, and later by ring-opening metathesis polymerization
of norbornenes, which have carbon backbones.* Li and
Yu reported an unprecedented glycosylation-initiated cat-
ionic ring-opening polymerization (CROP) of tetrahydro-
furan, employing ortho-hexynylbenzoates as glycosyl
donors, in the presence of a catalytic amount of Au(I)
catalyst (Scheme 5).%"!

However, the first polymerizable glycomonomer syn-
thesis, under gold(11T)-catalyzed glycosidation conditions,
was reported in 2011, by the use of propargyl 1,2-or-
thoesters as glycosyl donors (Scheme 5).”¥ It was ob-
served that propargyl 1,2-orthoesters undergo glycosida-
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Scheme 2. Synthesis of glyco-N-carboxy anhydride (NCA).
tion with hydroxyethyl acrylates, giving very good yield of Many glyco-acrylate monomers were synthesized using

the glyco-acrylate monomers in the presence of 7 mol % this protocol; however, the synthesis of carbohydrate-ac-
AuBr; in anhydrous CH,Cl,. The reaction conditions do  rylamide monomers required a two-step procedure, as the

not require aqueous-phase work up, and hence, simple fil-  above reaction conditions afforded the tranms-orthoester,
tration through a pad of Celite was sufficient to obtain ~ which was subsequently treated with another Lewis acid
glycomonomers that were suitable for free radical poly-  to obtain carbohydrate-acrylamide monomers."?’ Further-
merization.”? more, thus prepared sugar monomers were subjected to
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free radical polymerization to obtain glycopolymers with
a good polydispersity index.!"” Additionally, glycomono-
mers were shown to undergo the thiol-ene “click” reac-
tion to give yet another dimension to the thus prepared
glyco-acrylate/acrylamide monomers.

Glycopolypeptides have received special attention in
the recent past, as they have the intriguing ability to fold
into higher order structures, due to several noncovalent
interactions between amide units.”!! Inherent biocompati-
bility and biodegradability of glycosylated polypeptides,
and their inherent influence in anti-freezing, proliferation
of cells, and inflammatory reactions, enticed various prac-
titioners to dwell upon the development of methods for
the synthesis of glycopolypeptides. Glycopolypeptides
mimic the chemical structure of glycoproteins, and hence
serve as models for: (1) understanding physicochemical
or biological properties of natural glycoproteins; (2) elu-
cidating the fundamental structure-property relationships;
and (3) the eventual design of smart hybrid materials.”!

Synthetic glycopeptides have been known for a long
time; however, large scale synthesis of them is still a for-
midable task, and knowledge about their self-assembled
structures for the design of smart functional materials is
still in its infancy. Several synthetic methodologies are de-
veloped for the synthesis of glycopolypeptides, either to
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perfectly reproduce the chemical structure and/or func-
tion of the naturally occurring glycoprotein, or to synthe-
size biohybrid glycoproteins that can mimic the function
of glycoproteins. The total synthesis of erythropoietin is
a good example for the amalgamation of methods existing
in carbohydrate, peptide, and bioconjugate chemistries, in
a multi-disciplinary effort.” In this synthetic endeavour,
Merrifield-pioneered solid peptide synthesis was used for
synthesizing fragments of glycopeptides that were effec-
tively subjected to native chemical ligation to obtain fully
synthetic erythropoietin. Methods available in the litera-
ture now enable researchers to synthesize unnatural
amino acids and new glycosidic linkages. However, the
key challenge in the synthesis of glycopolypeptides is still
the making of the bond between the amino acid and the
glycan in a diastereoselective fashion. For a long time,
amino acid glycoconjugates were synthesized under
Koenig-Knorr glycosidation conditions; the reaction
yields were moderate to poor and the demands extensive,
including laborious purification. The gold-catalyzed glyco-
sidation for the amino acid glycoconjugate was found to
be beneficial for the synthesis of amino acid glycoconju-
gates (Scheme 6)."!

The reaction was observed to be highly diastereoselec-
tive, with minimal requirement for purification, and high
yielding, with Fmoc- and Cbz- protecting groups. Howev-
er, when the protection on the amino acid was changed
to the tert-butoxycarbonyl (z-Boc), two products were no-
ticed, which were identified as a trans-orthoester product
and glycosyl carbamate.” Formation of glycosyl carba-
mate was attributed to the acidic reaction conditions that
facilitated the cleavage of the fert-butyl group, producing
a highly reactive carbamic acid. Usually, carbamic acids
liberate CO,, affording free amines; however, under the
reaction conditions, the carbamic acid was observed to
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Scheme 5. Gold catalysis for the synthesis of glycopolymers.

Scheme 5. Gold catalysis for the synthesis of glycopolymers.

attack the oxocarbenium ion generated in the reaction
medium from the propargyl 1,2-orthoesters. The reaction
was further optimized to afford exclusively glycosyl car-
bamates, if the gold-catalyzed glycosidation was conduct-
ed with Boc-protected phenyl alanine and HAuCl,
(Scheme 6).1%*!

Further, the protocol was also successfully applied for
the synthesis of end-functionalized and amphiphilic di-
block copolymers. The block copolymerizations proceed-
ed very well to give end-functionalized and amphiphilic
glycopolymers; further, azide present at the end of the
glycopolypeptide was clicked, under CuAAC conditions,
to obtain fluorescently labelled glycopolypeptides. Sapo-
nification of esters from the carbohydrate residues of the
synthesized glycopolypeptides enabled water-soluble gly-
copolypeptides, whose lectin binding studies were investi-
gated for mannose specific Concanavalin A lectin bind-
ing.*™ More recently, the conjugation between glycopoly-
peptides and hydrophobic dendrons was effected by the
CuAAC reaction, and the thus obtained molecules were
observed to undergo self-assembly, affording multiple
topologies in the form of organogels, nanorods, and mi-
cellar aggregates, depending on the polypeptide chain
length and dendron generation.’®! Self-assembled glyco-
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polypeptide nanostructures might be useful for biomedi-
cal applications.

In another effort, glycopolypeptides synthesized
through gold-catalyzed glycosidation were conjugated,
under CuAAC conditions, to silk fibroin, the natural fi-
brous protein created by the Bombyx mori silk worm."
Thus formed silk fibroin glycopolypeptide hybrid material
showed very high affinity towards Concanavalin A, and
preliminary experiments showed that the material is bio-
compatible; thus, it is anticipated to have potential use in
tissue engineering.’” Gold catalysis was also beneficially
utilized for the synthesis of 6-deoxy-6-azido glycopolypep-
tides by the NCA polymerization.**

A different approach for the synthesis of carbohydrate
appended glycopolymers was described by Deming and
Kramer under silver catalysis conditions."! Methionine
was found to undergo a chemoselective, and highly effi-
cient, alkylation reaction to form stable sulfonium deriva-
tives (Scheme 7).

This is the first post-polymerization modification of
methionine polypeptides by glycans using the transition
metal catalyst, AgBF,, to get glycosylated polypeptides.
Unactivated carbohydrate halide attachment to methio-
nine proceeded upon addition of silver tetrafluoroborate
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to give high molecular weight, well-defined, and fully gly-
cosylated polypeptides. Dynamic control over the modifi-
cation of polypeptides with glycans was also shown by
Deming and Kramer, using a specific alkylating agent via
reversible  methionine  sulfonium salt formation
(Scheme 7).

3. Outlook

The development of novel synthetic techniques, combin-
ing salient features of amino acid, carbohydrate, and
polymer chemistries, have enabled preparation of a large
number of new biohybrid glycopolymers. The gold-cataly-
sis for glycoconjugates was observed to be superior to ex-
isting methods for synthesizing glycomonomers. Easy
access to glycopolypeptides would spur more activity
from polymer and material chemists to dwell upon syn-
thesizing smart materials, which might open fantastic op-
portunities in glycomics research to understand the prop-
erties of natural glycoproteins. Easy access to biohybrid
glycopolymers would spur more activity towards under-
standing self-assembling properties for eventual applica-
tions in medicine and materials.
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