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Scope of the DMC mediated glycosylation of
unprotected sugars with phenols in aqueous
solution†

Xin Qiua and Antony J. Fairbanks *a,b

Activation of reducing sugars in aqueous solution using 2-chloro-1,3-dimethylimidazolinium chloride

(DMC) and triethylamine in the presence of para-nitrophenol allows direct stereoselective conversion to

the corresponding 1,2-trans para-nitrophenyl glycosides without the need for any protecting groups. The

reaction is applicable to sulfated and phosphorylated sugars, but not to ketoses or uronic acids or their

derivatives. When applied to other phenols the product yield was found to depend on the pKa of the

added phenol, and the process was less widely applicable to 2-acetamido sugars. For 2-acetamido sub-

strates an alternative procedure in which the glycosyl oxazoline was pre-formed, the reaction mixture

freeze-dried, and the crude product then reacted with an added phenol in a polar aprotic solvent system

with microwave irradiation proved to be a useful simplification.

Introduction

Glycosylation, i.e. the conversion of a reducing sugar into a gly-
coside, is not only a key biological process, but is one of the
most fundamental in the repertoire of the carbohydrate
chemist who seeks to produce functionalised mono- and oligo-
saccharides for a myriad of applications.

Nature, thanks to the evolution of highly selective enzymes,
is able to achieve glycosylation with complete control of regio-
and stereochemistry with water as the solvent. In contrast gly-
cosylation is typically hard work for the synthetic chemist; they
must strive for reaction control, usually via multiple protecting
groups manipulations, and perform glycosylation under
strictly anhydrous conditions.

Recently, in an attempt to emulate Nature’s supreme
efficiency, the direct chemical glycosylation of unprotected
carbohydrates has become an area of significant interest.1

Fischer glycosylation,2 the prototypical chemical glycosylation
process which is of course well applicable to un-protected
sugars, suffers an extremely significant and obvious limitation
in that it cannot generally be applied to di- or larger oligosac-
charides. Other processes have therefore been developed

which have taken advantage of both the enhanced acidity (pKa

∼ 12.1–12.5)3 of the anomeric hydroxyl group, and the electro-
philicity of the anomeric centre. Indeed, glycosylation of
unprotected sugars by phenols via Mitsunobu processes was
first reported in DMF by Grynkiewicz4 as long ago as 1979.
However, although the Mitsunobu reaction has been applied
many times to protected carbohydrate substrates,5 its appli-
cation for the glycosylation of unprotected sugars, with either
phenols or other acidic species has been limited,6 and such
reactions have typically been performed in polar aprotic sol-
vents, such as DMF or dioxane.

Particular interest in the production of aryl glycosides, such
as para-nitrophenyl (pNP) and also di-nitrophenyl (DNP) glyco-
sides, has stemmed from their UV chromophores, which allow
facile real-time monitoring of their reactions. As such pNP gly-
cosides are widely used substrates for glycosidases, either for
quantitative study of the kinetics and/or inhibition of known
enzymes,7 and also as probes for the discovery of hydrolytic
activity.8 They have also been widely used synthetically both as
acceptor or donor substrates for enzyme catalysed trans-glyco-
sylation reactions.9 It is noted that the direct synthesis of DNP-
glycosides can be achieved via nucleophilic aromatic substi-
tution of 1-fluoro-2,4-dinitrobenzene by an unprotected sugar
in a water/ethanol solvent system, but the yields for these pro-
cesses are somewhat modest.10

Recently a series of new methods for glycosylation of unpro-
tected sugars in aqueous solution have been reported.
These works have built upon the key pioneering discovery by
Shoda11 that the dehydrating reagent 2-chloro-1,3-dimethyl-
imidazolinium chloride 1 (DMC, Fig. 1)12 is remarkably able to
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selectively activate the anomeric hydroxyl group of reducing
sugars in water. Reaction of reducing aldoses with DMC, or
analogues,13 in the presence of excess base (typically Et3N) has
allowed the direct conversion of unprotected carbohydrates
into a variety of derivatives including glycosyl oxazolines,11 gly-
cosyl acetates,14 1,6-anhydro sugars,15 glycosyl azides16 and
functionalised glycosyl triazoles,17 aryl18 and pyridyl thioglyco-
sides19 including glycosides of cysteine residues in peptides,20

glycosyl thiols,21 cyanomethyl thioglycosides22 and glycosyl
thiosulfates.23

Recently we reported that DMC activation of unprotected
sugars in aqueous solution could be used to synthesise pNP-
glycosides,24 this being the first example of DMC-mediated
intermolecular nucleophilic substitution with an oxygen
nucleophile in aqueous solution. This single step synthesis of
pNP-glycosides from the corresponding reducing sugar
avoided all of the previously required synthetic steps, involving
the protection and de-protection of hydroxyl groups in
addition to activation and nucleophilic substitution at the
anomeric centre. Additionally, this single step synthesis
should make pNP-glycosides of complex oligosaccharides,
which are themselves only available in small quantities
following isolation processes from natural sources, readily
available.

Preliminary investigations had focussed on reaction devel-
opment and application to a series of mono- and disacchar-
ides, and an oligosaccharide, all of which possessed either a
2-hydroxyl or 2-acetamido group at the reducing terminus. In
this follow-up study we sought to delineate the scope of this
highly useful transformation by attempted application to a
variety of differently functionalised carbohydrate substrates
and also to examine the applicability of the process to
different phenol nucleophiles.

Results and discussion

Preliminary investigations24 had revealed that both 2-hydroxy
and 2-acetamido monosaccharides, and larger oligosacchar-
ides with such residues at the reducing terminus could be
directly converted into the corresponding 1,2-trans pNP glyco-
sides in aqueous solution. The next question was therefore the
tolerance of this process to different functionalisation of the
carbohydrate substrate. A variety of monosaccharides compris-

ing different functionalities were investigated applying the
same reaction conditions, namely activation with DMC 1 in
the presence of excess Et3N as a base and para-nitrophenol
(pNPOH, Table 1) in water at −10 °C.

The reaction process worked well for the 6-deoxy sugar
L-fucose 2a, and the corresponding pNP-glycoside 2b was pro-
duced in good yield (entry 1). However spectroscopic investi-
gation of the product revealed that a small amount of the
α-anomer was also produced during this reaction (β : α. 17 : 1).
Pleasingly both sulfation and phosphorylation of the
6-hydroxyl of the monosaccharide substrate was tolerated, and
mannose-6-phosphate 3a and galactose-6-sulfate 4a were con-
verted directly to their corresponding 1,2-trans pNP glycosides
3b and 4b in good yield (Table 1, entries 2 and 3). However,
the presence of a carboxylic acid functionality at C-6 was not
tolerated; attempted reaction of glucuronic acid 5a simply
resulted in recovery of starting material (entry 4). This result
was interesting since carboxylic acid functionality had pre-

Fig. 1 Nucleophilic substitution at the anomeric centre of unprotected
aldoses in water mediated by DMC 1.

Table 1 Application to functionalised sugars

Entry Substrate Product Isolated yieldc

1a 50%d

2a 62%

3a 63%

4a — SM recovered

5a — SM recovered

6a — SM recovered

7b 28%

8b 61%

a Reagents and conditions: Sugar (1 equiv.), DMC (3 equiv.), pNPOH
(12 equiv.) and Et3N (21 equiv.), in water at −10 °C, 30 min; followed
by further DMC (3 equiv.), and Et3N (6 equiv.) and a further 30 min at
−10 °C. b Reagents and conditions: Sugar (1 equiv.), DMC (3 equiv.),
pNPOH (12 equiv.) and Et3N (21 equiv.), in water at −10 °C, 30 min;
then microwave irradiation at 80 °C for 30 min; three iterations.
c Isolated yield of pure product following purification by chromato-
graphy or HPLC. d β : α ratio, 17 : 1.
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viously been tolerated in oligosaccharides submitted to this
process, and the lack of reaction may perhaps at least in part
be attributed to the well-established deactivation effect of the
C-6 carboxylic acid on reactivity of the anomeric centre.
Further support for this hypothesis was the finding that the
corresponding methyl ester 6a was also recovered from the
reaction unchanged. Similarly, attempted reaction of the
ketoses sialic acid 7a and fructose 8a also did not result in any
reaction (entries 5 and 6).

These results indicated that attempted activation of ketoses
with DMC was unsuccessful,25 and it is concluded that DMC
activation is only applicable to aldoses. This is perhaps a limit-
ation with respect to alternatives such as the Mitsunobu reac-
tion, though these reactions have only been performed on pro-
tected sugars.26

The next series of experiments focussed on application of
the process to other phenols (Table 2). Key to the success of
DMC activation is the reaction pH, since the selectivity
achieved in reaction of the anomeric hydroxyl group relies on
its greater acidity (pKa typically ∼12.1–12.5) than either water
or the other sugar hydroxyl groups. Likewise, following the
activation step, successful substitution at the anomeric centre
can only be achieved if the added phenol outcompetes all the
other alternative nucleophiles that are present in solution. It
was therefore to be expected that the reaction outcome would
depend on the pKa of the added phenol. Furthermore, as the
pH of the reaction mixture changes over time (see ESI,
Fig. S2†), so the protonation state of the nucleophile may also
change, depending on its pKa.

Studies began with glucose 11a as the substrate. Firstly,
reaction with para-nitrophenol (pNPOH) was re-investigated,
using the previously applied conditions, namely addition of
DMC 1 (3 equiv.) to a stirred mixture of glucose 11a, pNPOH
(12 equiv.), and Et3N (21 equiv.), in water at −10 °C. After
30 min, further DMC (3 equiv.) and Et3N (6 equiv.) were
added, and the reaction stirred for a further 30 min at −10 °C
before work-up. The solution pH was measured as the reaction
progressed (Fig. 2). The reaction pH decreased over the first
∼5 minutes as HCl was produced by reaction of DMC with the
anomeric hydroxyl group; the reaction pH then remained rela-
tively constant (pH ∼ 11.3) during the latter phases of the reac-
tion. The pH then rose following the second addition of Et3N
and DMC after 30 min of reaction time, and then fell again
back following the second addition of DMC to its constant
value (∼11.3).

Following purification by chromatography this procedure
gave the corresponding pNP-glycoside 11b in 78% yield, exclu-
sively as the β-anomer (Table 2, entry 1). This procedure
worked equally well with 2-nitrophenol, which has a very
similar pKa, and gave the 2-nitrophenyl glycoside 11h in 75%
yield (Table 2, entry 7). The transformation also worked with
the slightly less acidic phenols 4-methoxyphenol, phenol, and
3-chlorophenol, which gave the corresponding aryl glycosides
11c, 11d and 11f in 52%, 59% and 40% yields respectively
(Table 2, entries 2, 3 and 6). Whilst the use of sodium phenol-
ate instead of phenol allowed a reduction in the number of

equivalents of Et3N that were required (9 equiv. instead of 21
equiv.), the product yield was not significantly affected
(Table 2, entries 3 and 4, cf. 54% and 59% yields). Attempted
reaction using methyl salicylate (pKa 9.9) was less efficient and
only gave glycoside 11e in a very modest 15% yield
(Table 2, entry 5). The significantly reduced yield compared to
the similarly acidic phenol may perhaps be attributed to the
reduced nucleophilicity of the more hindered OH group of
the salicylate. Finally, reaction with the considerably more
acidic 2,4-dinitrophenol (pKa 4.5) only gave the product in low
yield (13%, Table 2, entry 8). Two factors may explain this
poorer yield: firstly the considerably lower nucleophilicity of
the more stabilised di-nitrophenoxide anion, and secondly the
lability of the product 11h which undergoes decomposition
much more readily than the corresponding pNP glycoside
11b.27

Studies then moved to GlcNAc 12a as the substrate.
Activation of 2-acetamido sugars with DMC and base alone
results in rapid oxazoline formation.11 Correspondingly oxazo-
line formation is invariably a significant side reaction when
2-acetamido sugars are activated by DMC, even in the presence
of very good external nucleophiles. As such it seemed ben-
eficial to develop a procedure that made use of the glycosyl
oxazoline as an intermediate, which would react with an
added phenol in a second step. As such DMC addition was per-
formed in the presence of the phenol nucleophile and Et3N as
for the 2-hydroxy sugars above, but after 30 min at −10 °C, the
entire reaction mixture was heated to 80 °C with microwave
irradiation for 30 min to effect opening of the oxazoline side
product by the phenol. This whole process was iterated three
times to increase the product yield.

This process worked well for both para-nitrophenol (63%
yield, Table 2, entry 9) and 2-nitrophenol (64% yield, Table 2,
entry 15), but reaction was less effective for all the other
phenols examined. Thus 4-methoxy phenol and phenol/
sodium phenolate produced the corresponding aryl glycosides
in 14% and 18/21% yields respectively (Table 2, entries 10–12).
Reaction with 3-chlorophenol only produced the corres-
ponding 3-chlorophenyl glycoside in a very modest 8% yield.
Furthermore, attempted reaction with methyl salicylate was
completely unsuccessful (starting material was recovered as
the only product). Finally, no product from the attempted reac-
tion with 2,4-di-nitrophenol was observed. This latter result
may be due to decomposition of any DNP-glycoside at the elev-
ated reaction temperature in water, in line with the reported
lability of this compound.28

Given the somewhat disappointing results obtained with
phenols other than the 2- and 4-nitrophenols, alternative
methods were sought to improve the yield of the aryl glycoside
products of 2-acetamido sugars. Since competitive oxazoline
formation is inevitable in this case, a better method for
opening of intermediate oxazolines by the added phenols was
sought. Given that oxazoline hydrolysis by solvent water, which
simply re-forms the starting material, was the major compet-
ing process, we investigated a two-step one-pot process. Firstly,
the oxazoline was formed in water by treatment of the 2-acet-
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Table 2 Applicability to other phenols

Entry Sugar Nucleophile pKa Product Isolated yield

1a Glucose 11a 4-Nitrophenol 7.15 78%

2a Glucose 11a 4-Methoxyphenol 10.2 52%

3a Glucose 11a Phenol 9.95 59%

4a,c Glucose 11a Sodium phenolate 9.95 54%

5a Glucose 11a Methyl salicylate 9.9 15%

6a Glucose 11a 3-Chlorophenol 8.97 40%

7a Glucose 11a 2-Nitrophenol 7.2 75%

8a Glucose 11a 2,4-Dinitrophenol 4.1 ∼13%d

9b GlcNAc 12a 4-Nitrophenol 7.15 63%

10b GlcNAc 12a 4-Methoxyphenol 10.2 14%

11b GlcNAc 12a Phenol 9.95 18%

12b,c GlcNAc 12a Sodium phenolate — 21%

13b GlcNAc 12a Methyl salicylate 9.9 —

14b GlcNAc 12a 3-Chlorophenol 8.97 8%

15b GlcNAc 12a 2-Nitrophenol 7.2 64%

16b GlcNAc 12a 2,4-Dinitrophenol 4.1 —

a Reagents and conditions: Sugar (1 equiv.), DMC (3 equiv.), pNPOH (12 equiv.) and Et3N (21 equiv.), in water at −10 °C, 30 min; followed by
further DMC (3 equiv.), and Et3N (6 equiv.) and a further 30 min at −10 °C. b Reagents and conditions: Sugar (1 equiv.), DMC (3 equiv.), pNPOH
(12 equiv.) and Et3N (21 equiv.), in water at −10 °C, 30 min; then microwave irradiation at 80 °C for 30 min; three iterations. cOnly 9 equiv. of
Et3N was used. d Some product decomposition occurred during attempted purification, resulting in the formation of some inseparable
impurities.

Paper Organic & Biomolecular Chemistry

Org. Biomol. Chem. This journal is © The Royal Society of Chemistry 2020

Pu
bl

is
he

d 
on

 0
7 

Se
pt

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 C
or

ne
ll 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
9/

12
/2

02
0 

11
:2

0:
41

 A
M

. 
View Article Online

https://doi.org/10.1039/d0ob01727b


amido sugar with DMC and Et3N at −10 °C for 30 min. Then,
following solvent removal by freeze-drying the entire reaction
mixture, the crude product was dissolved by the addition of a
polar aprotic solvent mixture (MeCN : DMF 10 : 1),29 the
phenol was added, and the entire mixture then heated to 80 °C
with microwave irradiation for 30 min.

This reaction worked well with GlcNAc 12a as substrate and
para-nitrophenol as the nucleophile (Table 3, entry 1), which

gave pNP glycoside 12b in 55% yield. Although this was
slightly lower than the yield for 3 iterations of the previous pro-
cedure (cf. 63% yield, Table 2 entry 9), a marked advantage of
this method was that no iteration was required, saving time
and meaning that considerably lower quantities of reagents
were needed. An even simpler procedure would involve the use
of a MeCN/DMF solvent system for oxazoline formation too.
However, attempted one-pot reaction involving treatment of
GlcNAc 12a with DMC, Et3N and pNPOH in MeCN/DMF only
produced 12b in a much lower 26% yield, and numerous side
products were also observed.

Therefore the freeze-drying method was chosen as the pre-
ferred solution, and subsequently applied to GalNAc 13a, and
the disaccharides Manβ(1–4)GlcNAc 14a and GlcNAcβ(1–4)
GlcNAc 15a as substrates. In each case reaction gave the corres-
ponding β-pNP glycosides in ∼50% yield in a single operation
(Table 3, entries 2–4).

Finally, the applicability of this process to other phenols
was investigated using GlcNAc 12a as the substrate. The reac-
tion worked well with the relatively acidic 2-nitrophenol (pKa

7.2) and 3-chlorophenol (pKa 8.97) to give the corresponding
aryl glycosides 12g and 12f in 55% and 18% yields respectively
(Table 3, entries 5 and 6). However, reaction was unsuccessful
with the less acidic phenols 4-methoxyphenol (pKa 10.2),
phenol (pKa 9.95) and methyl salicylate (pKa 9.9): in these
cases no aryl glycoside was isolated. It should be noted that as
the added phenol is present in considerable excess during oxa-
zoline opening then the reaction pH depends on the identity
of the added phenol. A plausible explanation for the failure of
the attempted reactions with the less acidic phenols is there-
fore that they are simply not acidic enough on their own to
effect oxazoline opening.

Conclusions

One step pNP-glycosylation in water using DMC activation is
applicable to a range of aldoses, both 2-hydroxy and 2-acet-
amido, and sulfation or phosphorylation of sugar hydroxyls is
well tolerated. However, the reaction is not applicable to
ketoses, or uronic acids or their derivatives. The transform-
ation is highly stereoselective, yielding the 1,2-trans glycoside
exclusively in line with the SN2 opening of either 1,2-anhydro
sugar30 or oxazoline intermediates for 2-hydroxy or 2-acet-
amido substrates respectively. 2-Hydroxy aldoses may also be
converted into the corresponding aryl glycosides using a range
of other phenols, though the efficiency of the reaction is
dependent on the nucleophilicity of the added phenol.
Reaction of 2-acetamido sugars with other phenols is generally
less efficient than with either para- or ortho-nitrophenol. For
2-acetamido sugars a more pragmatic approach to aryl glyco-
side formation is oxazoline formation, solvent removal by
freeze drying, and then opening of the crude reaction product
by heating in a polar aprotic solvent with an added phenol,
which reduces the quantities of reagents and time required
without affecting the product yield. However, this only works

Fig. 2 pH Profile for the reaction of glucose with DMC 1, Et3N and
pNPOH in water. a pH readings before the additions of DMC. b pH
reading after the second addition of Et3N.

Table 3 Conversion of 2-acetamido sugars into aryl glycosides via oxa-
zoline formation in water and reaction with ArOH in a polar aprotic
solvent

Entry Substrate Product
Isolated
yield

1 GlcNAc 12a 55%

2 GalNAc 13a 46%

3 Manβ(1–4)GlcNAc
14a

51%

4 GlcNAcβ(1–4)GlcNAc
15a

49%

5 GlcNAc 12a 55%

6 GlcNAc 12a 18%
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well for relatively acidic phenols, hinting that the use of an
added acidic catalyst may increase both product yields and the
range of substrates to which this approach may be applied.
Investigations into the use of acid catalysis to effect high yield-
ing opening of unprotected glycosyl oxazolines is currently in
progress, and the results will be published in due course.

Experimental
General methods

Reactions conducted at 0 °C were cooled by means of an ice
bath. Reactions conducted at −10 °C were cooled using a
Julabo FP45 cryostat. Solvent was removed under reduced
pressure using a Buchi™ rotary evaporator. Reagents were
used as supplied without further purification unless otherwise
stated. Thin Layer Chromatography (t.l.c.) was carried out on
Merck Silica Gel 60F254 aluminium-backed plates.
Visualization of the plates was achieved using a UV lamp (λmax

= 254 or 365 nm), and/or ammonium molybdate (5% in 2 M
H2SO4), and/or aniline-diphenylamine-85% phosphoric acid
(4 mL : 4 g : 20 mL) in acetone (96 mL). Flash column chrom-
atography was carried out using Sorbsil C60 40/60 silica.
Melting points were recorded on an Electrothermal® melting
point apparatus. Proton and carbon nuclear magnetic reso-
nance (δH, δC) spectra were recorded on JEOL ECZ400S or JEOL
ECZ600R spectrometers. All chemical shifts are quoted on the
δ-scale in ppm using residual solvent as an internal standard.
1H and 13C spectra were assigned using COSY, DEPT, HSQC,
HMBC and TOCSY. High resolution mass spectra were
recorded on a Bruker maXis 3G UHR-TOF mass spectrometer,
using electrospray ionization (ESI) or chemical ionization (CI)
techniques as stated. M/z values are reported in Daltons.
Optical rotations were measured on a PerkinElmer 241 polari-
meter with a water-jacketed 1 cm3 cell with a path length of 1
dm, and are quoted in units of ° cm2 g−1. Microwave reactions
were carried out using a CEM Discover® Microwave
Synthesizer.

General procedure A. The phenol (12 equiv.) was added to a
stirred solution of the sugar (typically 100 mg, 1 equiv.), and
triethylamine (21 equiv.) in water (typically 3 mL) at room
temperature. The mixture was stirred vigorously for 10 min.
The solution was then cooled to −10 °C using a cryostat. DMC
(3 equiv.) was added, and the mixture was stirred for 30 min at
−10 °C. Then, pre-cooled triethylamine (6 equiv.) and then
DMC (3 equiv.) were added. The solution was then stirred for a
further 30 min at −10 °C. After this time, t.l.c. (typical solvent
system CHCl3 : MeOH, 4 : 1) indicated the consumption of
starting material and the formation of a less polar major
product. The solution was concentrated, and then co-evapor-
ated twice with 35% w/w aqueous ammonium hydroxide (typi-
cally 2 × 25 mL) to remove triethylamine. Purification of the
residue by flash column chromatography (typical solvent
system CHCl3 : MeOH, 8 : 1) gave the pure product.

General procedure B. The phenol (12 equiv.) was added to a
stirred solution of the sugar (typically 90 mg, 1 equiv.), and tri-

ethylamine (21 equiv.) in water (typically 2.2 mL) in a sealed
(35 mL) microwave tube at room temperature. The mixture was
stirred for 10 min until it became clear. The solution was then
cooled to −10 °C using a cryostat. DMC (3 equiv.) was added
and the mixture was stirred for 30 min at −10 °C. Then, the
tube was placed in a microwave synthesizer and the solution
was heated at 80 °C for 30 min (200 W). After cooling to room
temperature, triethylamine (4 equiv.) was added to the solution
before it was cooled to −10 °C using a cryostat. DMC (2 equiv.)
was then added and the mixture was stirred for 30 min at
−10 °C. Then, the tube was placed in a microwave synthesizer
and the solution was heated at 80 °C for 30 min (200 W). The
process was then repeated a third time. After the third iter-
ation, t.l.c. (typical solvent system CHCl3 : MeOH, 2 : 1) indi-
cated the consumption of the starting material and the for-
mation of a less polar product. The solution was concentrated,
and then co-evaporated twice with 35% w/w aqueous
ammonium hydroxide (typically 2 × 20 mL) to remove triethyl-
amine. Purification of the residue by flash column chromato-
graphy (typical solvent system CHCl3 : MeOH, 6 : 1) gave the
pure product.

General procedure C. The sugar (typically 60 mg, 1 equiv.)
and triethylamine (9 equiv.) were stirred in water (typically
1.5 mL) at 0 °C using an ice bath. DMC (3 equiv.) was added
and the solution was stirred for 30 min. The solution was then
diluted by the addition of water (typically 2 mL), and freeze-
dried. A solution of p-nitrophenol (12 equiv.) in MeCN/DMF,
10 : 1 (typically 3 mL in total) was then added, and the solution
was transferred into a sealed (7 mL) microwave tube. The tube
was placed in a microwave synthesizer and the solution was
heated at 80 °C for 30 min (200 W). After cooling to room
temperature, the solution was concentrated in vacuo, and then
co-evaporated twice with 35% w/w aqueous ammonium
hydroxide (typically 2 × 10 mL) to remove triethylamine.
Purification by flash column chromatography (typical solvent
system CHCl3 : MeOH, 6 : 1) gave the pure product.

p-Nitrophenyl β-L-fucopyranoside 2b.31 General Procedure A
with p-nitrophenol (933 mg, 6.66 mmol), L-fucose 2a (91 mg,
0.56 mmol), triethylamine (1.6 mL, 11.7 mmol, and then
0.46 mL, 3.32 mmol) and DMC (2 × 273 mg, 2 × 1.66 mmol) in
water (3 mL), and purification by flash column chromato-
graphy (CHCl3 : MeOH, 8 : 1) gave 2b (80 mg, 50%) as a white
solid; as a mixture of anomers [1 : 17 α : β]. Recrystallization
(water) gave p-nitrophenyl-β-L-fucopyranoside as a white solid,
m.p. 182–184 °C [lit 186–189 °C];31a [α]20D –46 (c, 0.5 in MeOH);
δH (600 MHz, D2O)

31 1.24 (3H, d, J 6.2 Hz, CH3), 3.75–3.85 (3H,
m, H-2, H-3, H-4), 3.97–4.03 (1H, m, H-5), 5.14 (1H, d, J1,2 7.0
Hz, H-1), 7.19 (2H, dd, J 8.9 Hz, Ar–H), 8.21 (2H, dd, J 8.8 Hz,
Ar–H).

p-Nitrophenyl 6-O-phospho-α-D-mannopyranoside, diammonium
salt 3b.32 General procedure A, with p-nitrophenol (84 mg,
0.6 mmol), D-mannose 6-phosphate sodium salt 3a (14 mg,
50 µmol), triethylamine (0.15 mL, 1.05 mmol, and then 42 µL,
0.3 mmol) and DMC (2 × 25 mg, 2 × 0.15 mmol) in water
(0.27 mL), and purification by RP HPLC (column: Phenomenex
Luna 5U C18 100 Å (250 × 10 mm × 10 µm); eluent A (H2O)
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and B (MeCN), sample was run at 2.5 mL min−1 with 100% A
for 2 min, followed by gradient 0–10% B over 5 min, 10–70% B
over 21.5 min; column oven: 40 °C; detection: UV 280 nm) gave
3b (13 mg, 62%) as a white solid; HPLC: tR = 13.35 min;
m.p. 152–158 °C; [α]23D +60 (c, 0.1 in H2O); δH (400 MHz, D2O)

32

3.66 (1H, ad, J 9.5 Hz, H-4), 3.78 (1H, ddd, J 12.1 Hz, 4.9 Hz,
2.1 Hz, H-6), 3.94–4.03 (2H, m, H-5, H-6′) 4.05 (1H, dd, J3,4 10.0
Hz, J2,3 3.4 Hz, H-3), 4.15 (1H, J2,3 3.4 Hz, J1,2 1.8 Hz, H-2), 5.73
(1H, d, J1,2 1.8 Hz, H-1), 7.25 (2H, d, J 9.3 Hz, Ar–H), 8.23 (2H,
d, J 9.3 Hz, Ar–H). δC (100 MHz, D2O) 62.2 (t, C-6), 65.5, 69.7,
69.9, 73.3 (4 × d, C-2, C-3, C-4, C-5), 98.0 (d, C-1), 116.6, 126.0
(2 × d, Ar–C), 142.2, 160.9 (2 × s, Ar–C). HRMS (ESI) m/z: [M]−

Calcd for C12H15NO11P 380.0388; found 380.0411.
p-Nitrophenyl 6-O-sulfo-β-D-galactopyranoside, sodium salt

4b.33 General procedure A with p-nitrophenol (65 mg,
0.47 mmol), D-galactose-6-O-sulphate sodium salt 4a (11 mg,
39 µmol), triethylamine (113 µL, 0.82 mmol, and then 32 µL,
0.23 mmol) and DMC (2 × 19 mg, 2 × 0.12 mmol) in water
(0.21 mL), and purification by RP HPLC (column: Phenomenex
Luna 5U C18 100 Å (250 × 10 mm × 10 µm); eluent A (H2O)
and B (MeCN), sample was run at 2.5 mL min−1 with 100% A
for 2 min, followed by gradient 0–10% B over 5 min, 10–70% B
over 21.5 min; column oven: 40 °C; detection: UV 280 nm) gave
4b (10 mg, 63%) as a white solid; HPLC: tR = 11.79 min;
m.p. 144–146 °C; [α]23D –55 (c, 0.2 in H2O) [lit. [α]D −64.4 (c, 3.1
in H2O)];

33 δH (400 MHz, D2O)
33 3.78 (1H, dd, J2,3 10.0 Hz, J3,4

3.2 Hz, H-3), 3.84 (1H, dd, J2,3 10.0 Hz, J1,2 7.4 Hz, H-2), 4.03
(1H, ad, J 3.2 Hz, H-4), 4.12–4.25 (3H, m, H-5, H-6, H-6′), 5.18
(1H, d, J1,2 7.4 Hz, H-1), 7.23 (2H, d, J 9.3 Hz, Ar–H), 8.24 (2H,
d, J 9.3 Hz, Ar–H). HRMS (ESI) m/z: [M]− Calcd for
C12H14NO11S 380.0293; found 380.0303.

p-Nitrophenyl 6-O-phospho-2-acetamido-2-deoxy β-D-glucopyra-
noside, diammonium salt 9b.34 General procedure B with
p-nitrophenol (53 mg, 0.38 mmol), N-acetyl-D-glucosamine-6-
phosphate disodium salt 9a (11 mg, 32 µmol), triethylamine
(90 µL, 0.67 mmol, and then 2 × 18 µL, 2 × 0.13 mmol) and
DMC (16 mg, 0.1 mmol, and then 2 × 10 mg, 2 × 61 µmol) in
water (0.17 mL) in a sealed (7 mL) microwave tube and purifi-
cation by RP HPLC (column: Phenomenex Luna 5U C18 100 Å
(250 × 10 mm × 10 µm); eluent A (H2O) and B (MeCN), sample
was run at 2.5 mL min−1 with 100% A for 2 min, followed by
gradient 0–10% B over 5 min, 10–70% B over 21.5 min;
column oven: 40 °C; detection: UV 280 nm) gave 9b (4.1 mg,
28%) as a white solid; HPLC: tR = 12.55 min; m.p. 216–222 °C;
[α]23D –20 (c, 0.1 in H2O); δH (400 MHz, D2O)

34 1.97 (3H, s, CH3),
3.63–3.71 (2H, m, H-3, H-4), 3.71–3.80 (1H, m, H-5), 3.95–4.15
(3H, m, H-2, H-6, H-6′), 5.29 (1H, d, J1,2 8.4 Hz, H-1), 7.17 (2H,
d, J 9.3 Hz, Ar–H), 8.22 (2H, d, J 9.3 Hz, Ar–H).

p-Nitrophenyl 6-O-sulfo-2-acetamido-2-deoxy β-D-glucopyrano-
side, sodium salt 10b.34 General procedure B with p-nitrophenol
(57 mg, 0.41 mmol), N-acetyl-D-glucosamine-6-sulphate
sodium salt 10a (11 mg, 34 µmol), triethylamine (98 µL,
0.71 mmol, and then 2 × 19 µL, 2 × 0.14 mmol) and DMC
(17 mg, 0.1 mmol, and then 2 × 11 mg, 2 × 68 µmol) in water
(0.18 mL) in a sealed (7 mL) microwave tube and purification
by RP HPLC (column: Phenomenex Luna 5U C18 100 Å (250 ×

10 mm × 10 µm); eluent A (H2O) and B (MeCN), sample was
run at 2.5 mL min−1 with 100% A for 2 min, followed by gradi-
ent 0–10% B over 5 min, 10–70% B over 21.5 min; column
oven: 40 °C; detection: UV 280 nm) gave 10b (9.2 mg, 61%) as
a white solid; HPLC: tR = 13.62 min; m.p. 154–158 °C; [α]23D –40
(c, 0.1 in H2O); δH (400 MHz, D2O)

34 1.98 (3H, s, CH3), 3.58
(1H, at, J 9.4 Hz, H-4), 3.66 (1H, dd, J2,3 10.3 Hz, J3,4 9.0 Hz,
H-3), 3.91 (1H, ddd, J4,5 9.7 Hz, J5,6 5.8 Hz, J5,6′ 1.8 Hz, H-5),
4.02 (1H, dd, J2,3 10.3 Hz, J1,2 8.6 Hz, H-2), 4.21 (1H, dd, J6,6′
11.5 Hz, J5,6 5.8 Hz, H-6), 4.37 (1H, dd, J6,6′ 11.5 Hz, J5,6′ 1.8 Hz,
H-6′), 5.28 (1H, d, J1,2 8.6 Hz, H-1), 7.16 (2H, d, J 9.3 Hz, Ar–H),
8.22 (2H, d, J 9.3 Hz, Ar–H).

p-Nitrophenyl β-D-glucopyranoside 11b.35 General procedure A
with p-nitrophenol (933 mg, 6.67 mmol), D-glucose 2a (100 mg,
0.56 mmol), triethylamine (1.6 mL, 11.6 mmol, and then
0.46 mL, 3.32 mmol) and DMC (2 × 273 mg, 2 × 1.66 mmol) in
water (3 mL), and purification by flash column chromato-
graphy (CHCl3 : MeOH, 6 : 1) gave p-nitrophenyl β-D-glucopyra-
noside 2b (131 mg, 78%) as a white solid, m.p. 158–160 °C
[lit. 164–166 °C];35a [α]25D –93 (c, 0.5 in MeOH) [lit. [α]25D −80
(c, 1.0 in MeOH)];35b δH (600 MHz, D2O)

35c,d 3.46 (1H, at,
J 9.0 Hz, H-4), 3.55–3.59 (2H, m, H-2, H-3), 3.62–3.65 (1H, m,
H-5), 3.69–3.72 (1H, dd, J6,6′ 12.5 Hz, J5,6 5.7 Hz, H-6),
3.87–3.90 (1H, dd, J6,6′ 12.5 Hz, J5,6′ 2.3 Hz, H-6′), 5.19 (1H,
d, J1,2 7.3 Hz, H-1), 7.15 (2H, d, J 9.1 Hz, Ar–H), 8.16 (2H, d,
J 9.1 Hz, Ar–H).

p-Methoxyphenyl β-D-glucopyranoside 11.36 General procedure
A with p-methoxyphenol (826 mg, 6.7 mmol), D-glucose 11a
(100 mg, 0.56 mmol), triethylamine (1.6 mL, 11.7 mmol, and
then 0.46 mL, 3.32 mmol) and DMC (2 × 273 mg, 2 ×
1.66 mmol) in water (3 mL), and purification by flash column
chromatography (CHCl3 : MeOH, 6 : 1) gave 11c (82 mg, 52%)
as a white solid m.p. 174–176 °C [lit. 177 °C];36b [α]23D –70 (c, 0.2
in H2O) [lit. [α]20D –64.1 (c, 0.2 in 1 : 1 H2O :MeOH)];36a δH
(400 MHz, D2O)

36a 3.40–3.46 (1H, m, H-4), 3.49 (1H, dd, J2,3 9.1
Hz, J1,2 7.6 Hz, H-2), 3.51–3.58 (2H, m, H-3, H-5), 3.70 (1H, J6,6′
12.5 Hz, J5,6 5.7 Hz, H-6), 3.76 (3H, s, CH3), 3.88 (1H, J6,6′ 12.5
Hz, J5,6′ 2.2 Hz, H-6′), 4.97 (1H, d, J1,2 7.6 Hz, H-1), 6.94 (2H, d,
J 9.2 Hz, Ar–H), 7.07 (2H, d, J 9.2 Hz, Ar–H).

Phenyl β-D-glucopyranoside 11d.36a,37 Method 1: General pro-
cedure A with phenol (626 mg, 6.7 mmol), D-glucose 11a
(100 mg, 0.56 mmol), triethylamine (1.6 mL, 11.7 mmol, and
then 0.46 mL, 3.32 mmol) and DMC (2 × 273 mg, 2 ×
1.66 mmol) in water (3 mL), and purification by flash column
chromatography (CHCl3 : MeOH, 8 : 1) gave 11d (84 mg, 59%)
as a white solid, m.p. 171–180 °C [lit. 173.5–174.5 °C];37 [α]23D –

60 (c, 0.1 in H2O) [lit. [α]18D –62 (c, 1.0 in MeOH)];36a δH
(400 MHz, D2O)

36a 3.30–3.49 (1H, m, H-4), 3.50–3.59 (2H, m,
H-2, H-3), 3.61 (1H, atd, J 5.6 Hz, 2.3 Hz, H-5), 3.72 (1H, dd,
J6,6′ 12.5 Hz, J5,6 5.7 Hz, H-6), 3.89 (1H, dd, J6.6′ 12.5 Hz, J5,6′ 2.3
Hz, H-6′), 5.11 (1H, d, J1,2 7.4 Hz, H-1), 7.09–7.15 (3H, m, Ar–
H), 7.34–7.40 (2H, m, Ar–H).

Method 2: General procedure A with sodium phenolate
(386 mg, 3.33 mmol), D-glucose 11a (50 mg, 0.28 mmol), tri-
ethylamine (0.35 mL, 2.5 mmol, and then 0.23 mL,
1.66 mmol) and DMC (2 × 136 mg, 2 × 0.83 mmol) in water
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(1.5 mL), and purification by flash column chromatography
(CHCl3 : MeOH, 8 : 1) gave 11d (38 mg, 54%) as a while solid
identical to the material described above.

o-Methoxycarbonylphenyl β-D-glucopyranoside 11e.38 General
procedure A with methyl salicylate (1.02 g, 6.7 mmol),
D-glucose 11a (100 mg, 0.56 mmol), triethylamine (1.6 mL,
11.7 mmol, and then 0.46 mL, 3.32 mmol) and DMC (2 ×
273 mg, 2 × 1.66 mmol) in water (3 mL), and purification by
flash column chromatography (CHCl3 : MeOH, 8 : 1) gave 11e
as a colourless syrup (26 mg, 15%); [α]23D –60 (c, 0.2 in H2O) [lit.
[α]20D –64.5 (H2O)];

38b δH (400 MHz, D2O)
38a 3.47 (1H, at, J 9.3

Hz, H-4), 3.53–3.62 (3H, m, H-2, H-3, H-5), 3.72 (1H, dd, J6,6′
12.4 Hz, J5,6 5.4 Hz, H-6), 3.87 (3H, s, CH3), 3.88 (1H, dd, J6,6′
12.4 Hz, J5,6′ 2.2 Hz, H-6′), 5.13 (1H, d, J1,2 7.4 Hz, H-1), 7.18
(1H, dt, J 7.6 Hz, 1.0 Hz, Ar–H), 7.28 (1H, ad, J 8.4 Hz, Ar–H),
7.57 (1H, ddd, J 8.8 Hz, 7.6 Hz, 1.8 Hz, Ar–H), 7.77 (1H, dd, J
7.8 Hz, 1.8 Hz, Ar–H).

m-Chlorophenyl β-D-glucopyranoside 11f.39 General procedure
A with m-chlorophenol (428 mg, 3.3 mmol), D-glucose 11a
(50 mg, 0.28 mmol), triethylamine (0.8 mL, 5.9 mmol, and
then 0.23 mL, 1.66 mmol) and DMC (2 × 136 mg, 2 ×
0.83 mmol) in water (1.5 mL), and purification by flash
column chromatography (CHCl3 : MeOH, 8 : 1) gave 11f (32 mg,
40%) as a white solid m.p. 170–172 °C [lit. 176 °C];39 [α]23D –70
(c, 0.2 in H2O) [lit. [α]20D –79.8];39 δH (400 MHz, D2O) 3.47 (1H,
at, J 9.2 Hz, H-4), 3.50–3.57 (2H, m, H-2, H-3), 3.60 (1H, ddd,
J4,5 9.8 Hz, J5,6 5.7 Hz, J5,6′ 2.2 Hz, H-5), 3.72 (1H, dd, J6,6′ 12.4
Hz, J5,6 5.7 Hz, H-6), 3.90 (1H, dd, J6,6′ 12.4 Hz, J5,6′ 2.2 Hz,
H-6′), 5.09 (1H, d, J1,2 7.3 Hz, H-1), 7.03 (1H, m, Ar–H), 7.14
(2H, m, Ar–H), 7.31 (1H, t, J 8.2 Hz, Ar–H); δC (100 MHz, D2O)
60.4 (t, C-6), 69.3, 72.8, 75.5, 76.1 (4 × d, C-2, C-3, C-4, C-5),
100.0 (d, C-1), 114.9, 116.8, 123.2, 130.8 (4 × d, Ar–C), 134.4,
157.2 (2 × s, Ar–C). HRMS (ESI) m/z: [M + Na]+ Calcd for
C12H15ClO6Na 313.0449; found 313.0453.

o-Nitrophenyl β-D-glucopyranoside 11g.40 General procedure A
with o-nitrophenol (466 mg, 3.3 mmol), D-glucose 11a (50 mg,
0.28 mmol), triethylamine (0.8 mL, 5.9 mmol and then
0.23 mL, 1.66 mmol) and DMC (2 × 136 mg, 2 × 0.83 mmol) in
water (1.5 mL) and purification by flash column chromato-
graphy (CHCl3 : MeOH, 6 : 1) gave 11g (64 mg, 75%) as a white
solid m.p. 133–134 °C [lit. 132–134 °C];40a [α]23D –80 (c, 0.1 in
H2O) [lit. [α]20D –94 (c, 1 in H2O];

40a δH (400 MHz, D2O)
40b 3.47

(1H, at, J 9.3 Hz, H-4), 3.53–3.64 (3H, m, H-2, H-3, H-5), 3.71
(1H, dd, J6,6′ 12.4 Hz, J5,6′ 5.6 Hz, H-6), 3.88 (1H, dd, J6,6′ 12.4
Hz, J5,6′ 2.3 Hz, H-6′), 5.20 (1H, d, J1,2 7.5 Hz, H-1), 7.21 (1H,
ddd, J 8.4 Hz, 7.5 Hz, 1.1 Hz, Ar–H), 7.38 (1H, dd, J 8.6 Hz, 1.1
Hz, Ar–H), 7.63 (1H, ddd, J 8.6 Hz, 1.5 Hz, 1.7 Hz), 7.89 (1H,
dd, J 8.2 Hz, 1.7 Hz, Ar–H).

p-Nitrophenyl 2-acetamido-2-deoxy-β-D-glucopyranoside 12b.41

Method 1: General procedure B with p-nitrophenol (690 mg,
4.93 mmol), N-acetyl-D-glucosamine 12a (90 mg, 0.41 mmol),
triethylamine (1.17 mL, 8.46 mmol, and then 2 × 0.23 mL, 2 ×
1.64 mmol) and DMC (201 mg, 1.23 mmol, and then 2 ×
134 mg, 0.82 mmol) in water (2.2 mL) in a (35 mL) microwave
tube and purification by flash column chromatography
(CHCl3 : MeOH, 6 : 1) gave 12b (88 mg, 63%) as a while solid,

m.p. 205–206 °C (MeOH) [lit. 207–208 °C]41a [α]20D –8.4 (c, 0.3 in
H2O) [lit. [α]22D –14.7 (c, 0.3 in H2O)];

41a δH (600 MHz,
CD3OD)

41b 1.98 (3H, s, CH3), 3.43 (1H, dd, J3,4 8.8 Hz, J4,5 9.7
Hz, H-4), 3.52 (1H, ddd, J4,5 9.7 Hz, J5,6 5.9 Hz, J5,6′ 2.2 Hz,
H-5), 3.59 (1H, dd, J2,3 10.4 Hz, J3,4 8.8 Hz, H-3), 3.72 (1H, dd,
J6,6′ 12.2 Hz, J5,6 5.9 Hz, H-6), 3.93 (1H, dd, J6,6′ 12.2 Hz, J5,6′ 2.2
Hz, H-6′), 3.96 (1H, dd, J2,3 10.4 Hz, J1,2 8.5 Hz, H-2), 5.21 (1H,
d, J1,2 8.4 Hz, H-1), 7.18 (2H, d, J 9.3 Hz, Ar–H), 8.21 (2H, d, J
9.3 Hz, Ar–H).

Method 2: General procedure C with N-acetyl-D-glucosamine
12a (60 mg, 0.27 mmol), triethylamine (0.34 mL, 2.44 mmol)
and DMC (133 mg, 0.81 mmol) in water (1.5 mL) at 0 °C, fol-
lowed by p-nitrophenol (456 mg, 3.26 mmol) in MeCN (2.7 mL)
and DMF (0.27 mL), and purification by flash column chrom-
atography (CHCl3 : MeOH, 6 : 1) gave 12b (51 mg, 55%) as a
while solid identical to the material described above.

p-Methoxy phenyl 2-acetamido-2-deoxy-β-D-glucopyranoside
12c.42 General procedure B with 4-methoxy phenol (608 mg,
4.9 mmol), N-acetyl-D-glucosamine 12a (90 mg, 0.4 mmol), tri-
ethylamine (1.17 mL, 8.4 mmol, and then 2 × 0.23 mL, 2 ×
1.63 mmol) and DMC (201 mg, 1.2 mmol, and then 2 ×
134 mg, 2 × 0.8 mmol) in water (2.2 mL) and purification by
flash column chromatography (CHCl3 : MeOH, 6 : 1) gave 12c
(19 mg, 14%) as a colourless solid m.p. 238–240 °C [lit.
243 °C];42a [α]23D 0 (c, 0.1 in H2O) [lit. [α]23D –6.2 (c, 1 in
DMSO)];42b δH (400 MHz, D2O)

42c 2.00 (3H, s, CH3), 3.46–3.55
(2H, m, H-4, H-5), 3.59 (1H, dd, J2,3 10.3 Hz, J1,2 8.5 Hz, H-3),
3.70–3.78 (4H, m, H-6, OCH3), 3.86–3.95 (2H, m, H-2, H-6′)
5.00 (1H, d, J1,2 8.5 Hz, H-1), 6.93 (2H, d, J 9.1 Hz, Ar–H), 7.01
(2H, d, J 9.1 Hz, Ar–H).

Phenyl 2-acetamido-2-deoxy-β-D-glucopyranoside 12d.38b,43

General procedure B with phenol (463 mg, 4.9 mmol),
N-acetyl-D-glucosamine 12a (90 mg, 0.4 mmol), triethylamine
(1.17 mL, 8.4 mmol, and then 2 × 0.23 mL, 2 × 1.63 mmol) and
DMC (201 mg, 1.2 mmol, and then 2 × 134 mg, 2 × 0.8 mmol)
in water (2.2 mL) and purification by flash column chromato-
graphy (CHCl3 : MeOH, 6 : 1) gave 12d (22 mg, 18%) as a white
solid m.p. 244–245 °C [lit. 246–247 °C];38b [α]23D –4 (c, 0.1 in
H2O) [lit. [α]30D –6.8 in H2O];

38b δH (400 MHz, D2O)
43 1.99 (3H,

s, CH3), 3.51 (at, J 9.4 Hz, H-4), 3.56–3.65 (2H, m, H-3, H-5),
3.75 (1H, dd, J6,6′ 12.5 Hz, J5,6 5.4 Hz, H-6), 3.87–3.97 (2H, m,
H-2, H-6′) 5.12 (1H, d, J1,2 8.5 Hz, H-1), 7.00–7.05 (2H, m, Ar–
H), 7.11 (1H, t, J 7.4 Hz, Ar–H), 7.35 (2H, dd, J 8.6 Hz, 7.4 Hz,
Ar–H).

m-Chlorophenyl 2-acetamido-2-deoxy-β-D-glucopyranoside 12f.44

General procedure B with m-chlorophenol (627 mg, 4.9 mmol),
N-acetyl-D-glucosamine 12a (90 mg, 0.4 mmol), triethylamine
(1.17 mL, 8.4 mmol, and then 2 × 0.23 mL, 2 × 1.63 mmol) and
DMC (201 mg, 1.2 mmol, and then 2 × 134 mg, 2 × 0.8 mmol)
in water (2.2 mL) and purification by flash column chromato-
graphy (CHCl3 : MeOH, 8 : 1 to 6 : 1) gave 12f (11 mg, 8%)
m.p. 218–222 °C [lit. 227 °C]44 [α]23D –10 (c, 0.1 in H2O) [lit. [α]23D
0 (c, in H2O)];

44 δH (600 MHz, D2O) 1.98 (3H, s, CH3), 3.50–3.54
(1H, m, H-4), 3.57–3.64 (2H, m, H-3, H-5), 3.75 (1H, dd, J6,6′
12.5 Hz, J5,6 5.5 Hz, H-6), 3.89–3.96 (2H, m, H-2, H-6′), 5.11
(1H, d, J1,2 8.5 Hz, H-1), 6.94–6.98 (1H, m, Ar–H), 7.07–7.10
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(1H, m, Ar–H), 7.10–7.13 (1H, m, Ar–H), 7.29 (1H, t, J 8.2 Hz,
Ar–H). δC (100 MHz, D2O) 22.0 (q, CH3), 55.4 (d, C-2), 60.4 (t,
C-6), 69.6, 73.4, 76.1 (3 × d, C-3, C-4, C-5) 99.4 (d, C-1), 115.0,
116.9, 123.3, 130.8 (4 × d, Ar–C), 134.4, 157.3 (2 × s, Ar–C),
174.9 (s, CvO). HRMS (ESI) m/z: [M + Na]+ Calcd for
C14H18ClNO6Na 354.0715; found 354.0717.

o-Nitrophenyl 2-acetamido-2-deoxy-β-D-glucopyranoside 12g.45

General procedure B with o-nitrophenol (684 mg, 4.9 mmol),
N-acetyl-D-glucosamine 12a (90 mg, 0.4 mmol), triethylamine
(1.17 mL, 8.4 mmol, and then 2 × 0.23 mL, 2 × 1.63 mmol) and
DMC (201 mg, 1.2 mmol, and then 2 × 134 mg, 2 × 0.8 mmol)
in water (2.2 mL) and purification by flash column chromato-
graphy (CHCl3 : MeOH, 8 : 1) gave 12g (89 mg, 64%) as a white
solid m.p. 165–168 °C [lit. 176–177 °C];45 [α]23D –13 (c, 0.3 in
H2O) [lit. [α]23D –34.7 (c, 0.52 in H2O)];

45b δH (400 MHz, D2O)
45

1.99 (3H, s, CH3), 3.50–3.66 (3H, m, H-3, H-4, H-5), 3.78 (1H,
dd, J6,6′ 12.5 Hz, J5,6 5.4 Hz, H-6), 3.94 (1H, dd, J6,6′ 12.5 Hz,
J5,6′ 2.3 Hz, H-6′), 3.99 (1H, dd, J2,3 10.0 Hz, J1,2 8.6 Hz, H-2),
5.16 (1H, d, J1,2 8.6 Hz, H-1), 7.23 (1H, ddd, J 8.6 Hz, 7.5 Hz,
1.2 Hz, Ar–H), 7.41 (1H, dd, J 8.5 Hz, 1.2 Hz, Ar–H), 7.62 (1H,
ddd, J 8.6 Hz, 7.5 Hz, 1.7 Hz, Ar–H), 7.83 (1H, dd, J 8.2 Hz, 1.7
Hz, Ar–H).

p-Nitrophenyl 2-acetamido-2-deoxy-β-D-galactopyranoside 13b.46

General procedure C with N-acetyl-D-galactosamine 13a
(60 mg, 0.27 mmol), triethylamine (0.34 mL, 2.44 mmol) and
DMC (133 mg, 0.81 mmol) in water (1.5 mL) at 0 °C, followed
by p-nitrophenol (456 mg, 3.26 mmol) in MeCN (2.7 mL) and
DMF (0.27 mL), and purification by flash column chromato-
graphy (CHCl3 : MeOH, 6 : 1) gave 13b (43 mg, 46%) as a while
solid, m.p. 208–210 °C [lit. 205 °C];46a [α]20D +9.4 (c, 0.1 in H2O)
[lit. [α]20D +19 (c 0.12, in H2O)];

46a δH (600 MHz, DMSO-d6)
46b

1.79 (3H, s, CH3), 3.48–3.64 (4H, m, H-3, H-5, H-6, H-6′), 3.74
(1H, at, J 3.7 Hz, H-4), 4.03 (1H, adt, J 10.4 Hz, J1,2 8.8 Hz, H-2),
4.73 (1H, t, J 5.5 Hz, OH), 4.75 (1H, d, J 4.4 Hz, OH), 4.87 (1H,
d, J 6.3 Hz, OH), 5.13 (1H, d, J1,2 8.5 Hz, H-1), 7.16 (2H, d, J 9.3
Hz, Ar–H), 7.79 (1H, d, J 9.0 Hz, NHAc), 8.20 (2H, d, J 9.3 Hz,
Ar–H).

p-Nitrophenyl 2-acetamido-2-deoxy-4-O-(β-D-mannopyranosyl)-
β-D-glucopyranoside 14b.24 General procedure C with 2-acetamido-
2-deoxy-4-O-(β-D-mannopyranosyl)-β-D-glucosamine 14a47 (12 mg,
31 µmol), triethylamine (40 µL, 0.28 mmol) and DMC (15 mg,
91 µmol) in water (0.17 mL) at 0 °C, followed by p-nitrophenol
(53 mg, 0.38 mmol) in MeCN (0.3 mL) and DMF (30 µL), and puri-
fication by RP HPLC (column: Phenomenex Luna 5U C18 100 Å
(250 × 10 mm × 10 µm); eluent: linear gradient of MeCN using a
gradient method, 10–100% MeCN; flow rate: 2.5 mL min−1 over
20 min; column oven: 40 °C; detection: UV 280 nm) gave 14b
(8.0 mg, 51%) as a white solid; HPLC: tR = 10.11 min;
m.p. 197–198 °C; [α]20D –3 (c, 0.1 in H2O); δH (600 MHz, D2O)

24 1.94
(1H, s, CH3), 3.37 (1H, ddd, J4b,5b 9.4 Hz, J5b,6b 6.7 Hz, J5b,6b′ 2.2 Hz,
H-5b), 3.51 (1H, at, J 9.7 Hz, H-4b), 3.60 (1H, dd, J3b,4b 9.7 Hz, J2b,3b
3.2 Hz, H-3b), 3.66 (1H, dd, J6b,6b′ 12.3 Hz, J5b,6b 6.7 Hz, H-6b),
3.71–3.84 (4H, m, H-3a, H-4a, H-5a, H-6a), 3.84–3.90 (2H, m, H-6a′,
H-6b′), 3.98–4.05 (2H, m, H-2a, H-2b), 4.74 (1H, d, J1b,2b 1.0 Hz,
H-1b), 5.27 (1H, d, J1a,2a 8.4 Hz, H-1a), 7.11 (2H, d, J 9.3 Hz, Ar–H),
8.18 (2H, d, J 9.3 Hz, Ar–H).

p-Nitrophenyl β-D-N,N-diacetylchitobioside 15b.48 General pro-
cedure C with N,N-diacetylchitobiose 15a (8 mg, 19 µmol)
(12 mg, 31 µmol), triethylamine (24 µL, 0.17 mmol) and DMC
(9 mg, 55 µmol) in water (0.1 mL) at 0 °C, followed by p-nitro-
phenol (32 mg, 0.23 mmol) in MeCN (0.2 mL) and DMF
(20 µL), and purification by RP HPLC (column: Phenomenex
Luna 5U C18 100 Å (250 × 10 mm × 10 µm); eluent: linear gra-
dient of MeCN using a gradient method, 10–100% MeCN; flow
rate: 2.5 mL min−1 over 20 min; column oven: 40 °C; detection:
UV 280 nm) gave 15b (5.1 mg, 49%) as a white solid; HPLC: tR
= 10.29 min; m.p. 216–220 °C [lit. 226–227 °C];48a [α]20D –25 (c,
0.1 in H2O) [lit. [α]27D –21 (c, 0.24, 70% MeOH in H2O)];

48a δH
(600 MHz, D2O)

48b 1.93 (3H, s, CH3), 2.01 (3H, s, CH3), 3.40
(1H, dd, J4b,5b 9.8 Hz, J3b,4b 8.5 Hz, H-4b), 3.44 (1H, ddd, J4b,5b
9.8 Hz, J5b,6b 5.6 Hz, J5b,6b′ 2.2 Hz, H-5b), 3.50 (1H, dd, J2b,3b
10.4 Hz, J3b,4b 8.6 Hz, H-3b), 3.63 (1H, dd, J6a,6a′ 12.1 Hz, J5a,6a
4.7 Hz, H-6a), 3.66–3.72 (4H, m, H-4a, H-5a, H-2b, H-6b), 3.76
(1H, dd, J2a,3a 10.6 Hz, J3b,4b 8.3 Hz, H-3a), 3.82 (1H, ad, J 12.5
Hz, H-6a′), 3.86 (1H, dd, J6b,6b′ 12.4 Hz, J5b,6b′ 2.2 Hz, H-6b′),
3.99 (1H, dd, J2a,3a 10.5 Hz, J1a,2a 8.6 Hz, H-2a), 4.54 (1H, d,
J1b,2b 8.5 Hz, H-1b), 5.24 (1H, d, J1a,2a 8.5 Hz, H-1a), 7.09 (2H,
d, J 9.3 Hz, Ar–H), 8.18 (2H, d, J 9.3 Hz, Ar–H).
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