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ABSTRACT

The chemical properties of nucleophile additiveswere investigated in amodulated glycosylation context.N-Formylmorpholine (NFM) was found to
be an effective modulator for glycosylation with less reactive 2-azido-2-deoxythioglucosyl and thiogalactosyl donors.

Different glycosylation approaches havebeendeveloped
to achieve pure and structurally defined oligosaccharide
compounds.1�3 Oligosaccharide synthesis involves regio-
and stereospecific assembly of glycosyl building units.
Such requirements are usually fulfilled by designing gly-
cosyl building blocks with suitable reactivity profiles and
stereodirecting functional groups.4�7

The reactivity of glycosyl building blocks is generally
modified by protecting functions. For example, a glycosyl
donor with acyl-protecting functions is less reactive in gly-
cosylation than a glycosyl donor carrying benzyl ether pro-
tection.8 This electronic effect was elaborated by Frasier-
Reid et al. in relation to the seminal armed-disarmed

glycosylation concept.9 Alternatively, external nucleo-
philes can be used tomodulate the reactivity of the glycosyl
donor. A bromide nucleophile was exploited as a catalyst
in the conversion of R-glycosyl bromide to the more
reactive β-glycosyl bromide for glycosylation coupling.10

β-Glucosyl onium adducts prepared from substitution of
R-glucosyl bromide with dimethyl sulfide (Me2S), triethy-
lamine (Et3N), and phosphine (Ph3P) nucleophiles exhib-
ited different glycosylation reactivity.11 A difference in
reactivity was also observed for glycosyl sulfonium ad-
ducts prepared from different thioether nucleophiles.12,13

In 2011, we described an R-selective glycosylation
method14 that used dimethylformamide (DMF) to trap
glycosyl oxacarbenium ions as glycosyl imidinium ad-
ducts. Nucleophilic displacement of the glycosyl imidi-
nium adducts with an acceptor furnishes a glycosylation
product with good R-selectivity. We coined the term
“DMF-modulated glycosylation” for this method. Later
studies found that this method was impractically slow for
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glycosylations of secondary glycosyl acceptors with
2-azido-2-deoxy-glycosyl donors. Because 2-azido-2-deoxy-
glycosyl donors are widely used for R-glycoside forma-
tion,4,5,15 a more effective modulated glycosylation method
is necessary.
Because glycosyl imidinium adducts are the key in

modulated glycosylation, we speculated that their reactiv-
ity might be tuned by variation of the nucleophile additive.
Accordingly, we designed experiments to evaluate the
properties of different nucleophiles in the modulated gly-
cosylation context using model glycosyl substrates 1, 2,
and 3 (Scheme 1, Table 1). At the outset, thiogalactosyl
donor 1 undertaken in the modulated glycosylation pro-
cedure was coupled with galactosyl acceptor 3.14 In the
present study,N,N-diisopropylformamide (DIPF),N-for-
mylpiperidine (NFP), N-formylmorpholine (NFM), di-
methylacetamide (DMA),16 tetramethylurea (TMU),17 tri-
phenylphosphine oxide (TPP),18 and diphenyl sulfoxide
(DPSO)19 were used as the nucleophiles for evaluation
(Table 1, entries 1�9).
In general, formamide compounds offer higher R-selec-

tivity of glycosylation than do nonformamide compounds
(entries 1�3 vs 4�6). No glycosylation product was ob-
tained when DPSO was applied. Among the formamide
compounds examined, DIPF offered the highest R-selec-
tivity of glycosylation, but the longest reaction time of 6 h
was required (entry 4). In contrast, NFM-modulated
glycosylation could be completed within 2 h, but the
R-selectivity obtained was moderate (entry 6). Next, we
increased the amount of DIPF and NFM to 4.0 equiv
(entries 7 and 8).
Although the DIFP-modulated glycosylation produced

an excellent 36:1 R/β ratio of disaccharide 4, the reaction
yield dropped from74%to68%, and the reaction timewas
prolonged from 6 to >10 h (entry 4 vs 7). In contrast, the
reaction time and yield of the NFM-modulated glycosyla-
tions were similar at 2.0 and 4.0 equiv of NFM, and to
our delight, the R/β ratio of 4 was improved from 5:1 (at
2 equiv) to 13:1 (at 4 equiv). Along this line, we increased
the amount of NFM to 16.0 equiv, and the R/β ratio was
further raised to 39:1 (entry 9).20

These evaluation studies convinced us to apply NFM as
the modulator for glycosylations with 2-azido-2-deoxy-
thioglycosyl donors. To validate the reaction procedure,
2-azido-2-deoxythiogalactosyl donor 2 was activated with
NIS and TMSOTf in the presence of 2.0, 4.0, 8.0, and
16.0 equiv of NFM, followed by coupling with the

galactosyl acceptor 3 (entries 10�13). The glycosylations
were complete in ca. 5�6 hwith excellent 91%yield despite
the stoichiometric amount of NFM, and the highest 13:1
R/β ratio of glycosylation product 5 was obtained with
16.0 equiv of NFM.
After validating the glycosylation procedure, we applied

the low-temperature NMR spectroscopy method to probe
the glycosyl imidinium adducts. Thus, 2-azido-2-deoxy
thiogalactoside 6 in CDCl3 was activated with NIS and
TMSOTf promoters in the presence of 2.0 equiv of the
DMF, DIPF, or NFM nucleophile, and the preactivation
mixture was taken for NMR analysis.
A set of signals at chemical shifts (δ) of 6.18, 6.30, and

6.26 ppm were found in the 1H NMR spectra of the
preactivation mixture (Figure 1). Referring to spectro-
scopic data of known R-imidinium adducts,14 the signals
were assigned to the R-anomeric 1H signals (H1R) of the

Table 1. Results of Glycosylation of Galactosyl Acceptor 3with
Thiogalactoside 1 or 2-Azido-2-deoxythiogalactoside 2

entry donor

nucleophile

(equiv) time (h) product, yield (%),R/βa

1 1 DMA (2) 5 4, 77, 3:1

2 1 TMU (2) 6 4, 70, 1:1

3 1 TPP (2) 2 4, 83, 1.2:1

4 1 DIPF (2) 6 4, 74, 10:1

5 1 NFP (2) 3 4, 77, 8:1

6 1 NFM (2) 2 4, 85, 5:1

7 1 DIPF (4) >10b 4, 68, 36:1

8 1 NFM (4) 2 4, 92, 13:1

9 1 NFM (16) 2 4, 92, 39:1

10 2 NFM (2) 2 5, 90, 4:1

11 2 NFM (4) 5 5, 92, 8.5:1

12 2 NFM (8) 5 5, 90, 11:1

13 2 NFM (16) 6 5, 91, 13:1

aR/β of 4 and 5 were determined by HPLC analysis. bThe reaction
was not complete, and ca. 10�20% of acceptor 3 was recovered.

Scheme 1. Glycosylation with Nucleophile (Nu) Additives
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DMF�, DIPF�, and NFM�imidinium adducts 7, 8, and
9, respectively (Scheme 2). From HSQC- and HMBC-
NMR analysis, the corresponding R-anomeric 13C signals
of 7, 8, and 9 were also identified (see the Supporting
Information).

Closer examination of the 1H spectrum of the DIPF�
imidinium adduct 8 revealed a smaller signal at chemical
shifts (δ) of 5.56 ppm (Figure 1b). Driven by curiosity, we
magnified the spectra of DMF� and NFM�imidinium
adducts 7 and 9. As such, two tiny but distinctive signals
emerged at chemical shifts (δ) of 5.47 and 5.50 ppm
(Figure 1a and c). The 3JH/H coupling constants of these
signals lie between 7.0 and 8.5 Hz, implicating a β-config-
uration if they were anomeric protons.21 In addition, the
corresponding 13C signals of these protons were also
identified through HSQC- and HMBC-NMR analysis.22

On the basis of the NMR data and the literature,23

we assigned these 1H and 13C signals as the anomeric
1H and 13C signals of the β-imidinium adducts 7�9.
Additional support of the assignment was given by the
formyl 1H signals of R/β-imidinium adducts (at ca.
δ = 9 ppm).
From the ratio of the R/β-anomeric 1H signals, the

equilibrium constants (Keq) of 0.07, 0.34, and 0.01 were
determined for formamide�imidinium adducts 7, 8, and 9,
respectively.12,13,24 The concentration of β-imidinium ad-
duct 9 was the lowest among the three β-imidinium
adducts, implying that the β-imidinium adduct 9 is also
the least stable species in modulated glycosylation.
With this new NMR information, we propose the fol-

lowingmechanismof the formamide-modulatedglycosylation

(see Scheme S1 in the Supporting Information). In pre-
activation, glycosyl donor is activated to form glycosyl
oxacarbenium ions, which are trapped by formamide
molecules and converted to a mixture of R- and β-glycosyl
imidinium adducts.25 The subsequent reaction of the
β-imidinium adduct with the acceptor furnishes the
R-glycosylation product. Such a mechanism is consistent
with Curtin�Hammett kinetics.26

Next, we investigated the scope of the NFM-modulated
glycosylation. The 2-azido-2-deoxythioglucoside (GlcN3)
11 and 2-azido-2-deoxythiogalactosides (GalN3) 2 and 10

were coupled with glycosyl acceptors 12�14, and serine
acceptor 15 using the NFM-modulated glycosylation
procedure (Scheme 3, Table 2). For comparison, the
NFM-modulated glycosylation (method A) and the low-
concentration glycosylation (LCG) procedures (method B)
were performed in parallel.27 In the LCG method, a 1:2:1
CH2Cl2�CH3CN�EtCN solvent mixture was used to
obtain a high β-selectivity in glycosylation.
The glycosylations of the acceptors 12a�15 with the

GlcN3 donor 11 under the NFM modulation conditions
furnished thedisaccharides16�19 in yieldsof 70�80%.The
R/β ratios of the glycosylation products spanned from 11:1
to 19:1 (entries 1, 3, 5, and 7). Note that the disaccharide 18
is a repeating unit in heparin sulfate oligomers.28 With the
exception of the acceptor 14, under theLCGconditions, the
glycosylations of the acceptors12a, 13, and 15with the same
GlcN3 donor gave the β-anomers of the disaccharides 16,
17, and 19 with high selectivity (entries 2, 4, and 8).

Scheme 2. Production and NMR Detection of Formamide
Imidinium Adducts 7�9

Figure 1. (a) Selected 1H spectrum of DMF�imidinium adduct
7. (b) Selected 1H spectrum of DIPF�imidinium adduct 8. (c)
Selected 1H spectrum of NFM�imidinium adduct 9.
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Concerning the glycosylations of the acceptors 12a�15

with GalN3 donors 2 and 10, the disaccharides 20, 21, 22,
and 23 were furnished with high R-selectivity under the
NFM modulation conditions (entries 9, 11, 13, and 15).
The R/β ratios of the disaccharides spanned from 13:1 to
R-exclusive. Under LCG conditions, the glycosylations of
the samesetofglycosyl acceptorswith theGalN3donorspro-
duced the disaccharides 20, 21, 22, and 23 in good yields,
but the selectivity of the reactions was reversed (entries 10,
12, 14, and 16). We also examined the glycosylation of
thioglucosyl acceptor 12bwith 2-azido-2-deoxythioglycosyl
donors 10 and 11 (entries 17 and 18). The glycosylation
furnished the disaccharide thioglycosides 24 and 25 in
acceptable yields with high R-selectivity.
We observed that the R-selectivity of glycosylation is

generally higher for the GalN3 donor than for the GlcN3

donor. For example, inmodulated glycosylation of 13with
GalN3 10, 4.0 equiv of NFM was enough to afford an
excellent R/β ratio of 32:1 (entry 11). However the glyco-
sylation of 13 with GlcN3 donor 11 required 16.0 equiv of
NFM, although the R/β ratio of the product was slightly
lower (entry 3). Thus far, the selectivity of glycosylation of

primary glycosyl acceptors withGlcN3 donor is inadequate
under the NFM modulation conditions (unpublished
data).
In this study, we evaluated the chemical properties of

nucleophiles in a modulated glycosylation context and
identifiedN-formyl morpholine (NFM) as a reactive mod-
ulator for less reactive 2-azido-2-deoxythioglycosyl donors.
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Scheme 3. Glycosylation Studies of Donors 2, 10, and 11 with
Acceptors 12�15

Table 2. NFM-ModulatedGlycosylation andLowConcentration
Glycosylation (LCG) with 2-Azido-2deoxythioglycosyl Donors
2, 10, and 11

entry donor/acceptor

methoda

(NFM equiv)

time (h),

T (�C)
product, yield (%),

R:βb

1 11/12a A (16) 18, �5 16, 70, 19:1

2 11/12a B 2, �60 16, 76, 1:16

3 11/13 A (16) 12, �10 17, 84, 19:1

4 11/13 B 1.5, �60 17, 60, 1:16

5 11/14 A (16) 12, �5 18, 75, 16:1

6 11/14 B 5, �60 18, 74, 1:2

7 11/15 A (16)c 12, �5 19, 81, 11:1

8 11/15 Bc 1, �60 19, 74, 1:9

9 10/12a A (16) 17, 0 20, 83, 13:1

10 10/12a B 1, �60 20, 80, 1:19

11 10/13 A (4) 3, �10 21, 82, 32:1

12 10/13 B 2.5, �60 21, 70, 1:19

13 2/14 A (16) 24, �10 22, 89, R only

14 2/14 B 1, �60 22, 85, 1:10

15 2/15 A (16) 18, �10 23, 90, R only

16 2/15 B 1.5, �60 23, 79, 1:12

17 11/12b A (8) 18, �10 24, 60, 15:1

18 10/12b A (16) 7, �5 to 0 25, 65, R-only

aMethod A refers to NFM-modulated glycosylation, and method
B refers to LCG. bThe R/β ratios of 16�23 were determined by
HPLC analysis except for 24 and 25. cTfOH was used as an acid
promoter.29
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