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Glycosyl thiols may be accessed from the corresponding reducing
sugars in water without recourse to any sugar projecting groups
by way of a DMC mediated reaction with thioacetic acid in the
presence of base, and hydrolysis of the anomeric thioacetate.
Glycosyl thiols produced by this method may be used to access
glycoconjugates, such as glycopeptides by use of the thiol-ene
click reaction.

Protein glycosylation is the most diverse form of post-transla-
tional modification. Unsurprisingly the roles of the carbo-
hydrate portions of glycoproteins are correspondingly
numerous,’ and indeed in many cases the glycan is essential
for effective bioactivity.

The synthesis of neo-glycoproteins by the chemical conju-
gation of carbohydrates to non-glycosylated proteins, typically
expressed in bacterial culture, has been an area of significant
interest.” The majority of synthetic approaches that attach
carbohydrates in which the innermost monosaccharide
pyranose ring remains intact require the pre-synthesis of
a functionalised glycoside as the protein modifying agent;
a process which usually requires multiple steps and protecting
group manipulations.®

In 2009 Shoda and co-workers reported the remarkable
application of the dehydrating reagent 2-chloro-1,3-dimethyl-
imidazolinium chloride (DMC, 1)" for the direct aqueous
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Protecting group free synthesis of glycosyl thiols
from reducing sugars in water; application to the
production of N-glycan glycoconjugatesf
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synthesis of glycosyl oxazolines from un-protected sugars with
an N-acetyl glucosamine residue at the reducing terminus.’
Subsequently the synthesis of N-glycan oxazolines in water
using DMC has proven to be a cornerstone for the production
of wide variety of biologically important glycopeptides and
glycoproteins in homogenous form using endo-B-N-acetylgluco-
saminidase (ENGase) catalysis.® Key to the success of this
process is the greater acidity of the anomeric hydroxyl group,”
which, under the mildly basic reaction conditions, may be
selectively de-protonated and so is able to outcompete both
solvent water and other sugar hydroxyl-groups as a nucleophile
for reaction with DMC. Reaction of the anomeric hydroxyl with
DMC activates it to subsequent displacement, for example by
the acetamide at position-2 leading to oxazoline. Alternatively,
an activated intermediate may be trapped if a good external
nucleophile is present. Along these lines Shoda also reported
the use of DMC activation of reducing sugars in the presence
of a large excess of azide for the direct synthesis of glycosyl
azides.® The development of the related reagent ADMP,” which
is capable of both activating the anomeric hydroxyl group and
furnishing a source of azide, allowed the one-pot conjuga-
tion of un-protected sugars, including large N-glycan oligo-
saccharides isolated from natural sources, to other species via
click chemistry of glycosyl azides that were made in situ.'
Other selective nucleophilic substitution processes at the
anomeric centre are also possible, most notably involving
attack of sulfur nucleophiles™ on activated intermediates, and
have been applied to the synthesis of pyridyl and aryl thio-
glycosides,'? and for the linking of peptides to carbohydrates
via the side chains of cysteine residues."

A mechanistic rationalisation of all of these differing reac-
tion outcomes is shown in Scheme 1. Reaction of the mutator-
ating mixture of un-protected sugars 2f and 2o with DMC 1
initially gives rise to activated intermediates 3f and 3o
(Scheme 1), following which a variety of mechanistic scenarios
are possible. Direct attack of a nucleophile on the 1,2-cis glyco-
side 3o could lead to the 1,2-trans substitution product 4; if
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Scheme 1 Proposed mechanistic pathways for DMC activation of un-
protected sugars in water.

that nucleophile is solvent water then 2f is produced by
hydrolysis.

Alternatively intramolecular attack of the 6-hydroxyl group
could lead to the 1,6-anhydro sugar 5, although Shoda has
used the inability of 2-deoxy sugars to produce 1,6-anhydro
sugars as evidence that this pathway is in fact not followed.

A variety of scenarios are open to the 1,2-trans inter-
mediate 3f. In the case of a 2-hydroxy sugar (X = OH), the
2-hydroxyl group of 3p can attack the anomeric centre,
leading to the 1,2-anhydro sugar 6 as a transitory reactive
intermediate. Reaction of 6 with an external nucleophile
leads to the formation of the 1,2-trans substitution product 4,
or alternatively a competing process is attack of the 6-hydroxyl
group at the anomeric centre, leading to the formation of the
corresponding 1,6-anhydro sugar 5. For a variety of carbo-
hydrates 1,6-anhydro sugar 5 is the sole product in the
absence of an effective external nucleophile.’* Alternatively,
as previously mentioned, in the case of a 2-acetamido sugar
(X = NHAc) the 1,2-trans glycoside 3p can undergo neighbor-
ing group participation and loss of a proton leading to the
stable glycosyl oxazoline 7. Under appropriate (i.e. acidic/
Lewis acidic conditions) oxazoline 7 may be opened by an
external nucleophile, leading to the formation of the 1,2-trans
substitution product 8.

Glycosyl thiols have proven to be extremely useful species
for the production of neoglyconjugates, using a variety of strat-
egies to link the thiol to a peptide or protein.>'® Typically
their synthesis has required multistep reaction sequences and
protecting group manipulations.'” Although a method for the
direct production'® of glycosyl thiols from reducing sugars
has been reported,'® difficulties associated with the use of
Lawesson’s reagent, an apparent inapplicability to 2-acetamido
sugars (which comprise all N- and O-glycans), and the neces-
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sity to then fully protect and then de-protect the sugars as part
of the purification process, indicated that the development of
an alternative process would be desirable.

Our attention therefore turned to the potential use of DMC
activation to directly convert un-protected reducing sugars to
the corresponding glycosyl thiols in water.>®

DMC mediated reaction of GIcNAc 9 with a series of
S-nucleophiles, including Na,S, NaSH, thiourea and KSAc was
unsuccessfully attempted. However, stirring GIcNAc 9 with
thioacetic acid (5 equiv.) and triethylamine (10 equiv.) in water
at 0 °C and then adding DMC 1 (5 equiv.) surprisingly led to
the production of the glycosyl acetate 10 as the sole reaction
product in 86% yield (Scheme 2, ~1:1 mix of anomers).”"
Reasoning that 10 had been formed by reaction of thioacetate
with DMC, the order of addition of reagents was changed.
Pleasingly, stirring GlcNAc 9 with DMC 1 (5 equiv.) and tri-
ethylamine (10 equiv.) in water at 0 °C for 30 min and then
adding a large excess of thioacetic acid (15 equiv.) gave the
glycosyl thioacetate 11 in an excellent 90% yield as the pure
B-anomer. Analysis of reaction progress by "H NMR indicated
that the formation of 11 resulted from opening of the glycosyl
oxazoline, formed in situ, by the added thioacetic acid (see ESI
Fig. S1t). When identical reaction conditions were applied to
glucose 12, 1,6-anhydro glucose 13 was the only observable
product.

The competitive formation of the 1,6-anhydro sugar, taken
together with the fact that thioacetate out-competes the
anomeric hydroxyl group for reaction with DMC meant that
the process could not be used for 2-hydroxy sugars. However,
although this may at first appear as a limitation, in fact all N-
and O-linked glycoprotein oligosaccharides possess either a
GlcAc or a GalNAc at the reducing terminus, and therefore
this method should be widely applicable for the synthesis of
the glycosyl thiols of a wide range of biologically important

OH OH
HO 0 AcSH, EtN, H,0,0°C  HO 0
HO HO
AcHN "OH  then add DMC 1 AcHN "OAc
9 10
86% yield
OH OH
HO 0 DMC 1, Et;N, H,0,0°C ~ HO 0
HO HO SAc
AcHN "OH after 30 min. then AcHN
9 add AcSH "
90% yield
OH OH Q
0O
o o DMC 1, EtN, H,0, 0°C o
HO o after 30 min. then
OH add AcSH OH OH
12 13
40% yield

Scheme 2 Reaction of un-protected sugars with DMC and thioacetic
acid in the presence of base.
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oligosaccharides. The reaction was therefore extended to other
2-acetamido monosaccharides and a disaccharide terminated
in a 2-acetamido sugar (Table 1). For the monosaccharides
per-acetylation of the free hydroxyl groups of intermediate
glycosyl thioacetate expedited isolation and purification; in the
majority of cases Zemplen de-acetylation (NaOMe in MeOH,
0.5 h RT) yielded the completely de-protected glycosl thiols in
quantitative yield, except in the case of ManNAc (Table 1, entry
2), when decomposition was observed. In the case of diacetyl
chitobiose (Table 1, entry 4) purification by HPLC yielded the
glycosyl thioacetate 16a, which was then smoothly converted
into the glycosyl thiol 16b. Following glycosyl thiol production,
conjugation to other species using the photo-initiated thiol-
ene click reaction®*?* was investigated. GIcNAc thiol 11b was
used a model substrate, and conjugated to a variety of alkenes
in un-buffered aqueous solution using 2,2-dimethoxy-2-phenyl
acetophenone (DMPA) as the initiator in a photo-reactor
(254 nm) (Table 2). Conjugation to the allylated mono-
saccharide 18a gave disaccharide mimic 18b, whilst use of
the allylated serine derivative 19a correspondingly gave the
glycosyl amino acid 19b.

Next, the 16-mer peptide 20a, which corresponds to resi-
dues 1-16 of the rat pancreatic hormone preptin®* in which
the natural serine at position-3 has been replaced by an allyl
glycine residue (Agl), was produced by using microwave-
assisted 9H-fluoren-9-ylmethoxycarbonyl-solid phase peptide
synthesis (Fmoc-SPPS), as described previously for the syn-
thesis of structurally-similar peptides,*® as a model substrate

Table 1 Reaction scope

Thiol
product/% yield

Thioacetate

Entry Substrate product/% yield

1 GlcNAc 9 Ohc OH
AcO 0 HO Q
AcO Shc HO SH

AcHN AcHN
1Ma 11b

/ 88%° / quant.»”
2 ManNAc AcO~  NHAc Decomposition
AcO -0
AcO
14a sSAc
/ 88%°
3 GalNAc HO _oAc HO _oH
0 Q
AGO SAc HO SH
AcHN AcHN
15a 15b
/ 56%" / quant.”
4 Diacetyl— &/ OH or:) OH
. . HO HO
chitobiose Ho Oﬂw Ho o o s
HO HO
AcHN AcHN AcHN
16a ° 1gp AN
/93%° / quant.*?

“Isolated yields following purification by column chromatography.
b Reaction conditions: 0.2 M NaOMe in MeOH, 0.5 h, RT. ‘Isolated
yields following purification by HPLC. ¢ Reaction conditions: 1 M aq.
NaOH, 1 h, RT.
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Table 2 Conjugation reactions of GIcNAc thiol 11b

OH OH
HO o DMPA cat. HO 0
H&/SH + 2R HO S "Sg
AcHN hv, H,0 AcHN
11b 17-20a an 17-20b
% Yield/
Entry Alkene Product conversion
1 NOH OH 61%“
17a HO O
HO S0
AcHN 475
2 = oH 73%"
Hﬂ Ho R s
HO
Q AcHN V\
HO HO O
HO “oH 18b Q
18a HO.
HO “oH
3 /\/Ol OH 91%"°
HO 0
HO SN
BocHN” CO,H Ay j\
19a 190 BocHNT ScoH
4 | OH >95%”
HO O,
HO s
DVAQITSQAVLPDDFPRY AcHN
20a
DVAQITSQAVLPDDFPRY

20b

“Isolated yields following purification by column chromatography.
b Conversion assessed by HPLC.

to investigate the effectiveness of the thiol-ene click conju-
gation method with more extended peptide structures.
Conjugation of GlcNAc thiol 11b to peptide 20a was essentially
quantitative as assessed by HPLC (Table 2, entry 4).

As a demonstration of the utility of the approach to access
glycosyl thiols from complex oligosaccharides isolated from
natural sources, the complex bi-antennary glycan 21, isolated
from egg yolks as previously described,”® was subjected to the
DMC/AcSH-mediated processes, and gave the decasaccharide
thioacetate 22 in 60% yield (Scheme 3). De-acetylation using
aqueous sodium hydroxide and immediate conjugation to
peptide 20a was then achieved using the same photochemical
free radical process, and yielded the glycopeptide 23 in essen-
tially quantitative conversion as assessed by HPLC.

In summary the application of DMC and AcSH, added in
the correct order, allows the conversion of un-protected 2-acet-
amido terminated reducing sugars to the corresponding glyco-
syl thioacetates, including complex N-glycans derived from
natural sources. Facile thioacetate removal gives glycosyl thiols
which may be used directly for conjugation with alkenes,
including complex peptide substrates. Application of this
methodology to proteins comprised of non-natural amino
acids bearing alkenes should allow the production of homo-
geneous neo-glycoproteins bearing complex oligosaccharides
without recourse to any sugar protecting groups.

This journal is © The Royal Society of Chemistry 2017
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H,N— AspValAgIThrSerGlnAlaValLeuProAspAspPheProArgTyr —CO,H
20a

HaN— AspValAgIThrSerGinAlaValLeuProAspAspPheProArgTyr —COoH

Scheme 3 Conversion of a complex bi-antennary N-glycan into its glycosyl thiol and conjugation to a 16-mer peptide.
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