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Glycosylation

Pre-Activation-Based Stereoselective Glycosylations
Bo Yang,[a][‡] Weizhun Yang,[a][‡] Sherif Ramadan,[a,b] and Xuefei Huang*[a,c,d]

Abstract: Due to the wide presence of carbohydrates in nature
and their crucial roles in numerous important biological proc-
esses, oligosaccharides have attracted a lot of attention in syn-
thetic organic chemistry community. Many innovative synthetic
methods have been developed for oligosaccharide synthesis,
among which the pre-activation-based glycosylation is particu-
larly noteworthy. Traditionally, glycosylation reactions are car-
ried out when the glycosyl donor and the acceptor are both
present when the promoter is added. In comparison, the pre-
activation-based glycosylation is unique, where the glycosyl do-
nor is activated by the promoter in the absence of the acceptor.
Upon complete donor activation, the acceptor is added to the

Introduction
Carbohydrates play important roles in many biological
events.[1,2] To expedite biological studies of carbohydrates,
chemical synthesis is of high current interests. Compared to
peptides and nucleic acids, carbohydrate synthesis has a unique
stereochemical challenge as the anomeric oxygen atom can be
either axial or equatorial relative to the pyranose ring. Since
anomeric configuration can significantly impact the structure
and function of the glycosides, the ability to stereoselectively
form the glycosyl linkage is critical.

The synthesis of the axial linkage typically relies on the ano-
meric effect, as axial glycosides are generally more stable than
the equatorial counterpart (Scheme 1a). To prepare the equato-
rial glycosides, when the neighboring carbon center bears an
equatorial hydroxyl or amine moiety, an acyl type protective
group can be installed (Scheme 1b). Through anchimeric assist-
ance of the neighboring protective group, the equatorial prod-
uct is favored. While many glycosides with the desired stereo-
chemistry have been successfully prepared through these ap-
proaches, anomeric mixtures are often formed especially in the
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reaction mixture enabling glycosylation. The key step in any
oligosaccharide synthesis is the stereoselective formation of the
glycosidic bond. As donor activation and acceptor glycosylation
are temporally separated, pre-activation-based glycosylation
can bestow unique stereochemical control. This review system-
atically discusses factors impacting the stereochemical outcome
of a pre-activation-based glycosylation reaction including sub-
stituents on the glycosyl donor, reaction solvent, and additives.
Applications of pre-activation-based stereoselective glycosyl-
ation in assembly of complex oligosaccharides are also dis-
cussed.

absence of neighboring group participation, requiring tedious
separation to obtain pure products. Thus, new methodologies
enabling stereoselective glycosylation are desired.

Scheme 1. (a) Formation of axial glycoside commonly relies on the anomeric
effect due to the higher thermodynamic stability of the axial product. (b)
Participation by neighboring protective groups on equatorial C-2 of the
glycosyl donor can typically result in high selectivity in forming the equatorial
glycoside.

The majority of glycosylation reactions are performed by
pre-mixing the donor and acceptor together followed by addi-
tion of the promoter for donor activation (Scheme 2a). Recently,
an alternative strategy has been established, which pre-acti-
vates the glycosyl donor first in the absence of the acceptor
(Scheme 2b). Upon complete donor activation, the acceptor is
added for glycoside formation. As the donor activation and ac-
ceptor glycosylation are carried out in two distinct steps using
this protocol, unique stereo- and chemo-selectivity can be
achieved compared to the more classical pre-mixed ap-
proach.[3,4] In this review, we will summarize how pre-activation
can aid in the stereoselective formation of glycosides as well as
the mechanistic investigation of glycosylation.

The substituents on a glycosyl donor can significantly impact
the structures of the reactive intermediates upon pre-activation,
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Scheme 2. (a) Traditional glycosylation typically employs the pre-mixed ap-
proach with both the donor and the acceptor mixed together when the pro-
moter is added. (b) The pre-activation-based glycosylation strategy activates
the glycosyl donor in the absence of the acceptor, which temporally sepa-
rates the donor activation step from acceptor glycosylation.

thus influencing stereochemical outcome of the glycosylation.
With pre-activation, the intermediates can be characterized
spectroscopically prior to acceptor addition, which helps to ra-
tionalize glycosylation results and guide further reaction design.
In addition, additives and reaction solvents can be used to tune
the intermediate structures, bestowing the ability to control
stereoselectivity through reagents rather than substrates.

In this review, we will first systematically discuss the effects
of glycosyl donor substituents on the stereoselectivity of a
glycosylation reaction. This will be followed by the discussions
of the influence of reaction solvent and additives.
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1. The Effect of 4,6-O-Benzylidene Acetal on
Stereoselectivity

The formation of 1,2-cis-�-D-mannopyranosyl linkage had been
viewed as one of the most difficult glycosylation reactions due
to the steric hindrance posed by the cis-2-O substituent and
its lower thermodynamic stability, while the corresponding 1,2-
trans-α-D-mannoside has additional electronic stabilization due
to the anti-bonding orbital of C2–O linkage with the anti-bond-
ing orbital of C1–O.[5] A breakthrough was achieved when the
Crich group discovered that specific 4,6-benzylidene-protected
mannosyl sulfoxides could give excellent �-selectivities under
the pre-activation condition with a wide range of acceptors.[3,6]

As an example, the mannosyl sulfoxide donor 5 was pre-acti-
vated by trifluoromethane sulfonyl anhydride (Tf2O), which was
followed by the addition of acceptor 6 giving disaccharide 7 in
an excellent 90 % yield and good � selectivity (α/� = 1:5)
(Scheme 3). Pre-activation was found to be critical, as pre-mix-
ing the donor and acceptor under otherwise identical reaction
condition led to much lower �-selectivity (α/� = 8:1).[7] The high
�-selectivity from pre-activation was not limited to glycosyl
sulfoxide donors, as 4,6-benzylidene-protected thiomann-
oside,[8] 2-(hydroxycarbonyl)benzyl mannoside[9] or mannosyl
hemiacetal[10] all gave excellent �-selectivities. The presence of
benzylidene on the glycosyl donor was crucial for high �-select-
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Scheme 3. Pre-activation-based glycosylation of 5 and 6 gave high selectivity of �-linked disaccharide 7 (α/� = 1:5). The traditional pre-mixed approach led
to much lower �-selectivity (α/� = 8:1, 80 % yield).

ivity as conformationally more labile mannosyl donors with all
ether type protective groups gave poor stereoselectivity.[11]

Extensive mechanistic studies have been performed to bet-
ter understand the high �-selectivity obtained with benzyl-
idene-protected mannosyl donors (Scheme 4).[6] Upon pre-acti-
vation by Tf2O, donor 5 was converted to 8, which could evolve
into several species including oxocarbenium ion 9 and α-triflate
10. Low temperature NMR analysis of the reaction mixture fol-
lowing pre-activation indicated the α-glycosyl triflate was the
major resting intermediate.[11] This was attributed to the cyclic
benzylidene group locking the C5–C6 bond in trans-gauche
conformation.[12] Consequently, the C6–O6 bond is kept anti-
periplanar to C5–O5 bond, maximizing its electron-withdrawing
effect and destabilizing the electron deficient 9.[3,13] In addition,
the torsional strain bestowed by the benzylidene would favor
the glycosyl triflate 10 further shifting the equilibrium away
from 9.[3,14] Upon addition of the acceptor, nucleophilic attack
of the α-glycosyl triflate through an exploded transition state
with significant oxocarbenium ion character would result in
highly stereoselective formation of �-mannosides.[15,16] In con-

Scheme 4. Proposed mechanism for high �-selectivity in pre-activation of
mannosyl donor 5.

Scheme 5. The 3-O protective group can significantly influence the � selectivity of benzylidene-protected mannosyl donors with the bulky 3-O TBDMS group
significantly reducing the � selectivity. Reagents and conditions: a) Tf2O, –78 °C, 2,6-di-tert-butyl-4-methylpyridine (DTBMP), CH2Cl2, then 14.
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trast, direct nucleophilic attack of the oxocarbenium ion 9 by
the acceptor should yield the α-mannoside 12 as the major
product (Scheme 4).

Protective groups on other positions of glycan rings can im-
pact the stereoselectivity of 4, 6-O-benzylidene directed �-
mannosylation. The reaction of the 3-O-TBDMS-4,6-O-benzyl-
idene-protected (see the list in Table 3 for TBDMS and other
abbreviations) mannosyl donor 13 with acceptor 14 using the
pre-activation protocol gave the desired disaccharide 15 in
77 % yield with a low anomeric selectivity (α/� = 1.8:1)
(Scheme 5).[17,18] This was attributed to the steric buttressing
effect due to the presence of the bulky TBDMS substituent on
O-3 position. It was hypothesized that the TBDMS group could
push the 2-O-benzyl (Bn) towards the anomeric center of the
α-glycosyl triflate intermediate thus shielding the �-face from
nucleophilic attack and reducing �-selectivity. This was sup-
ported by the observation that replacing the 3-TBDMS with 3-
OBn led to the �-linked disaccharide 17 as the sole anomer.[18]

The understanding of the steric impact of protective groups
was applied to the synthesis of a mannohexaose, which is the
partial structure of cell surface mannan from Rhodotorula
glutinis.[19,20] In this synthesis, coupling of disaccharide donor
18 with acceptor 19 led to trisaccharide 20 with no �-selectivity
(Scheme 6).[21] This lack of selectivity is most likely due to the
bulky glycan on 3-O of the reducing end glycan of the donor
resulting in an unfavorable steric buttressing effect. To over-
come this hurdle, the less bulky propargyl ether group was util-
ized as the 2-O protective group. The new disaccharide donor
21 with the 2-O propargyl ether gave a much enhanced �-
selectivity (�/α = 5:1).[21]

In contrast to the excellent �-selectivity from the mannosyl
series, the corresponding 4,6-O-benzylidene-protected glucosyl
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Scheme 6. Installation of the less sterically encumbered 2-O propargyl group on the disaccharide donor significantly enhanced the �-selectivity in mannosyl-
ation reactions. Reagents and conditions: a) Tf2O, 1-benzenesulfinyl piperidine (BSP), 2,4,6-tri-tert-butylpyrimidine (TTBP), CH2Cl2, –60 °C, then 19, –60 °C to
0 °C.

donors gave high α-selectivity with a variety of acceptors
(Scheme 7).[22] Low-temperature NMR studies following pre-ac-
tivation identified the α-glucosyl triflate as the dominant inter-
mediate formed.

Scheme 7. In contrast to �-selective mannosylation reaction with benzyl-
idene-protected mannosyl donors, high α-selectivities were obtained using
the corresponding benzylidene bearing glucosyl donors. Reagents and condi-
tions: a) PhSOTf, DTBMP, CH2Cl2, –78 °C, then ROH, –78 °C to 0 °C.

The opposing stereoselectivity to the mannosyl series was
rationalized by the influence of O2–C2–C3–O3 interaction during
transformation of the glycosyl triflate (Scheme 8).[23] For the
mannose series, when the α-triflate 29 converts to the oxo-
carbenium ion, which should be either in the 4H3 chair 30 or
the B2,5 conformer 31 based on computation studies,[13] the
O2–C2–C3–O3 torsional angle decreases while O2–C2–C1–O5 tor-
sional angle increases. As a result, the C2–O2 electron-withdraw-
ing effect would be enhanced resulting in higher barrier for
conversion for the covalent glycosyl triflate to the oxo-

Scheme 8. Torsional angle values for reactive intermediates from mannosyl
and glucosyl donors respectively.
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carbenium ion. In comparison, the O2–C2–C3–O3 torsional angle
increases during the transition of covalent glycosyl triflate to
the oxocarbenium ion in the gluco series. Therefore, with the
α-mannosyl triflate, the acceptor glycosylation would be more
SN2 like leading to higher �-selectivity. The important roles of
O2–C2–C3–O3 torsion in influencing �-selectivity were further
confirmed with 2-deoxy donor 35, 3-deoxy donor 36, 2-deoxy-
2-fluoro and 3-deoxy-3-fluoro donors 38–40. As these donors
lack the important O2–C2–C3–O3 interactions, they gave only
modest �-selectivity for both mannosyl and glucosyl do-
nors.[23,24]

Inspired by the profound influence of 4,6-O-benzylidene
acetal on stereoselectivity, Crich and co-workers tested the ef-
fect of 4,6-O-phenylboronate ester on the stereoselectivity in
galacto-, gluco- and mannopyranosyl thioglycosides.[25] Similar
to the 4,6-O-benzylidene acetal, the 4,6-O-phenylboronate gave
high �-selectivity in mannosylation. This enabled the attach-
ment of mannosyl donors to solid phase via the styrylboronate
ester 41 (Figure 1). Successful diastereoselective �-mannosyl-
ation reactions were performed on solid phase with a range of
primary, secondary, and tertiary glycosyl acceptors.

Figure 1. Styrylboronate ester linked mannosyl donor 41 for diastereoselec-
tive �-mannosylation on solid phase.
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2. The Effects of 3,4-O- and 2,3-O-Cyclic
Carbonate

Cyclic carbonate can bestow unique influences on stereoselect-
ivity.[26] When the 2,3-O-carbonate 4,6-O-benzylidene bearing
mannosyl donor 42 was pre-activated followed by the addition
of acceptor 43, the α-glycoside product 44 was formed in 60 %
yield with no corresponding �-glycoside observed (Scheme 9).
In this case, the α-directing effect of 2,3-O-carbonate group
overrode the �-directing effect of 4,6-O-benzylidene acetal. To
explain this stereoselectivity, it was suggested that the α-
glycosyl triflate formed after pre-activation of donor 42 would
adopt 0H5 conformation as indicated by NMR of similar sub-
strates.[26] This would lower the barrier converting the α-triflate
and the half chair shaped reactive oxocarbenium ion, thus shift-
ing the equilibrium toward the oxocarbenium ion, favoring the
formation of the more thermodynamic stable α-glycoside. Simi-
lar high α selectivity was also observed with 2,3-O-carbonate-
protected rhamnosyl donors.[27]

Scheme 9. Stereo-directing effect of 2,3-O-carbonate protecting group. Rea-
gents and conditions: a) AgOTf, PhSCl, TTBP, CH2Cl2, –60 °C, then 43, –60 °C
to 0 °C.

With 3,4-O-carbonate-protected donors, completely different
stereoselectivity was obtained from those bearing 2,3-O-carb-
onate.[27] Coupling of 3,4-O-carbonate donor 45 to glucose
acceptor 46 under the pre-activation condition gave disacchar-
ide 47 in 77 % favoring the �-isomer and glycosylation of 1-
adamantanol 48 led to �-linked 49 exclusively (Scheme 10a).
The 3,4-O-carbonate protecting group may exert its directing
effects by conformational and/or electron-withdrawing effect.
To decipher the dominant factor, the 3,4-O-carbonate group in
45 was replaced with 3,4-O-isopropylidene acetal group (donor
50), which should only bestow the conformational effect. The
same pre-activation protocol led to the isolation of disaccharide
51 only in α-form (Scheme 10b). These results suggest that the

Scheme 11. Stereo-directing effect of the 2,3-O-carbonate protecting group. Reagents and conditions: a) Tf2O, BSP, CH2Cl2, –60 °C, then ROH, –60 °C to 0 °C.
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�-stereoselectivity most likely results from electron-withdraw-
ing effect of the 3,4-O-cyclic carbonate, which can stabilize the
α-glycosyl triflate intermediate for SN2 like reaction to give �-
isomer. The detailed knowledge on how the position of the
carbonate group can influence stereoselectivity can enable judi-
cious choice of suitable protective group patterns to achieve
the desired stereochemistry of target molecules.

Scheme 10. (a) �-Directing effect of the 3,4-carbonate protecting group. (b)
Reversal of stereoselectivity in the case of 3,4-isopropylidene acetal group.
Reagents and conditions: a) Tf2O, BSP, CH2Cl2, –60 °C, then 46 or 48, –60 °C
to 0 °C.

The impacts of cyclic carbonate have also been examined in
glucosyl donors.[28] For 2,3-O-carbonate-protected glucose do-
nor, moderate to good �-selectivity was obtained, in contrast
to the high α-selectivity observed in the mannose series
(Scheme 11). For 3,4-O-carbonate-protected glucose donor, the
stereoselectivity was lost. As shown in Scheme 12, coupling of
donor 57 to acceptor 55 gave an α/� mixture (1:1) of glycoside
products 58. Low-temperature NMR studies showed that gluc-

Scheme 12. Loss of stereoselectivity for 3,4-O-carbonate-protected glucosyl
donor. Reagents and conditions: a) Tf2O, BSP, CH2Cl2, –60 °C, then 55, –60 °C
to 0 °C.
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Scheme 13. Stereoselective glycosylation of 2-deoxygalactose/glucose. Reagents and conditions: a) Tf2O, BSP, TTBP, CH2Cl2, –72 °C, then ROH, –72 °C to 0 °C.

osides also formed the α-glycosyl triflate intermediate upon ac-
tivation. Further work is needed to better understand this
change of selectivity of glucosyl donors.

The stereoselective assembly of 2-deoxyglycosyl linkages can
be challenging since 2-deoxyglycosyl donors lack a substituent
at the C-2 position that can be used to direct stereochemistry.
Utilizing the cyclic carbonate, Ye and co-workers reported a
new method for highly α-selective constructions of 2-deoxy
and 2,6-dideoxy glycosides.[29] Under the pre-activation proto-
col, donor 59 was coupled to various acceptors in high yields
and α-stereoselectivities (Scheme 13). Similar results were
achieved for 2,6-dideoxysugars. In contrast, pre-mixing the do-
nor and acceptor followed by addition of the promoter resulted
in much lower α-selectivity, highlighting the advantage of pre-
activation. In a later study by the same group, per-acetylated
thioglycosyl 2-deoxy and 2,6-dideoxy glycosyl donors were
found to give good α selectivities,[30] which suggests the high
α-selectivity bestowed by the cyclic carbonate in these deoxy
sugar series were likely due to the electron withdrawing proper-
ties of the substituents rather than through conformation rigidi-
fying effects.

3. 3,4-Bis(acetal) Effect
3,4-Bis(acetal) is another type of trans-fused bicyclic protecting
group, which can selectively protect 3,4-hydroxyl groups of
mannosides and glucosides and affect the stereochemical out-
come of glycosylation. For instance, the mannosyl donor 64
bearing 3,4-bis(acetal) coupled with acceptor 43 leading to di-
saccharide 65 in a highly α-selective manner (Scheme 14).[26]

Similarly, donor 66 also gave high α-selectivity in glycosylating
acceptor 43, suggesting the two axial methoxy groups in 67
do not have much influence on stereoselectivity (Scheme 15).

Scheme 14. α-Selective glycosylation with 3,4-bis(acetal)-protected donor 64.
Reagents and conditions: a) PhSOTf, DTBMP, CH2Cl2, –78 °C, then 43, –78 °C
to 0 °C.

The dichotomy between glucose-mannose continued for the
3,4-bis(acetal) protecting group. Pre-activation-based glycosyl-
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Scheme 15. α-Selective glycosylation with 3,4-bis(acetal)-protected donor 66.
Reagents and conditions: a) PhSOTf, DTBMP, CH2Cl2, –78 °C, then 43, –78 °C
to 0 °C.

ation of glucosyl donor 68 containing the 3,4-bis(acetal) with
acceptors gave high �-selectivity (Scheme 16).[31] Interestingly,
glucosyl donor 70 without the two axial methoxy groups on its
bis(acetal) group was coupled to acceptor 61 producing a 1:1
α/� mixture of disaccharide products 71 (Scheme 17). These
results could be explained as the following: pre-activation of
donor 68 would produce the α-glycosyl triflate, which is in
equilibrium with the oxocarbenium ion. The preferred confor-
mation of the oxocarbenium ion was 4H3 half-chair, resulting in
a steric clash between the axial methoxy group and the 2-
OBn.[32,33] This would shift the equilibrium towards the α-glyc-
osyl triflate, thus favoring the SN2 like glycosylation pathway for
�-glycoside formation. The removal of the axial methoxy group

Scheme 16. �-Selective glycosylation of donor 68. Reagents and conditions:
a) Tf2O, BSP, TTBP, CH2Cl2, –60 °C, then ROH, –60 °C to 0 °C.

Scheme 17. Loss of stereoselectivity in the case of glycosylation of glucosyl
donor 70 as compared to donor 68. Reagents and conditions: a) Tf2O, BSP,
TTBP, CH2Cl2, –60 °C, then 61, –60 °C to 0 °C.
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in donor 70 would reduce this unfavorable steric interaction,
shifting the equilibrium towards the oxocarbenium ion and
leading to a loss of stereoselectivity.

4. 2,3-Oxazolidinone Effect
Similar to the cyclic carbonate group, oxazolidinone group in-
stalled on glycosyl donors can significantly affect stereochemi-
cal outcome of glycosylation reactions.[34–45] Pre-activation of
2,3-oxazolidinone-protected glucosamine thioglycosyl donor
72 in the presence of a bulky base 2,4,6-tri-tert-butyl pyrimidine
(TTBP) followed by addition of the acceptor produced �-glyc-
oside in high yields.[46] This protocol was applied to a wide
range of acceptors as shown in Scheme 18. Interestingly, in the
absence of TTBP, the stereochemistry of the glycoside product
was completely reversed giving α-linked glycoside products.
The effect of the base on stereochemical outcome was found
to be dependent upon the N-substituent of the oxazolidinone
and protective group on the glycan ring.[47,48] In addition to

Scheme 18. Reagent controlled stereoselective glycosylation of oxazol-
idinone-protected donor 72. Reagents and conditions: a) Tf2O, BSP, TTBP,
CH2Cl2, –73 °C, then ROH, –73 °C to 0 °C.

Scheme 19. Pre-activation-based glycosylation using sialyl donor 81 gave high α-selectivity. Reagents and conditions: a) pTolSCl (1 equiv.), CH2Cl2/CH3CN,
–75 °C, then 82.
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TTBP, other additives such as tetrabutylammonium bromide
(TBAB), tetrabutylammonium iodide (TBAI) and thiophene had
been investigated to modulate stereoselectivity in pre-activa-
tion of oxazolidinone-protected amino sugar thioglycoside do-
nors.[49] Excellent α-anomeric selectivities were acquired with
thiophene as the additive. For TBAI, the amount of the reagent
added controlled stereoselectivity with catalytic amount of TBAI
giving α-selectivity while stoichiometric amount favoring �-se-
lectivity. Reagent control is an attractive strategy for stereose-
lective glycosylation as it enables the desired anomeric configu-
ration without the need to synthesize multiple sets of building
blocks. The generality of these stereochemical modulation ef-
fects remained to be established beyond the oxazolidinone-
protected amino sugar thioglycoside donors.

Sialic acid is a common motif at the non-reducing end of
many naturally existing glycans.[50] Formation of the α-sialyl
linkage is a challenging task due to the low reactivity of the
sialyl donors and the lack of substituents on C-3 of sialic acid
for stereochemical control. Oxazolidinone protection of the 4-O
and 5-N groups of sialyl donors has been found to significantly
enhance both the yield and the stereoselectivity of sialyl-
ation.[37–39,43,44] The Sun group has applied the pre-activa-
tion protocol to oxazolidinone-protected sialyl donor 81
(Scheme 19).[51] A wide range of thioglycosyl acceptors could
be glycosylated in high yields and α-selectivity with donor 81.
The resulting thioglycosyl disaccharide could be directly used
as donors for further chain elongation without the need for
anomeric leaving group adjustment.

5. Effect of Protective Group on C-2 Position

As discussed in the introduction, the most classical method in
facilitating 1,2-trans glycosyl linkage formation in glycosylation
reaction is the installation of a participating neighboring group
such as carboxylic ester on 2-O and amide/imide for 2-amino
sugars. This approach has been widely applied in pre-activa-
tion-based glycosylation method in total synthesis of complex
glycans.[52,53]

Besides the desired glycoside, a side product that can form
from a donor bearing a C-2 carboxylic ester is the ortho ester.
This results from nucleophilic attack by the acceptor on the
partially positively charged bridging carbon in the dioxolenium
ion rather than the anomeric carbon (Scheme 20). Aided by low
temperature NMR, Crich and co-workers found that the
presence of a base in pre-activation-based glycosylation of xylo-
side donors was the determining factor in ortho ester forma-
tion.[54] Pre-activation of the xyloside donor 89 produced the
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Scheme 20. Possible pathway for the formation of ortho ester.

dioxalenium ion 91 as observed by low temperature NMR
(Scheme 21). Upon addition of an acceptor to the reaction mix-
ture, ortho ester 90 was formed when an exogenous base
DTBMP was added. In the absence of the base, �-xyloside 92
was exclusively formed presumably due to the conversion of
ortho ester to glycoside catalyzed by the acid produced during
the reaction.

In the case of 2-amino sugar donors, oxazoline can form as
a major side product (Scheme 22). In pre-activation-based syn-
thesis of hyaluronan oligosaccharides using TCA-protected thio-
glycosyl donor 99,[55] even without a base in the reaction mix-
ture, oxazoline 102 was found to be a major side product
(40 %) (Scheme 23). Various acids were examined to improve
the yield of glycosylation and TMSOTf was found to be the most
effective, leading to the desired glycoside 101 in 82 % yield.
Presumably TMSOTf activates oxazoline 102 in situ for glycosyl-
ation, enhancing the yield of the desired glycoside.

To avoid the ortho ester formation during glycosylation,
Yamago and co-workers reported dialkylphosphates such as
2,2-dimethyltrimethylene (DMTM) phosphate as the stereodi-
recting group for 1,2-trans glycoside formation (Scheme 24).[56]

Glycosyl phosphate donor 103 was pre-activated by BSP/Tf2O,
followed by the addition of cyclohexanol to produce 104 with
excellent �-selectivity. The phosphate ester could be depro-
tected by base treatment. Low temperature NMR analysis

Scheme 21. The addition of a base in glycosylation favor ortho ester formation. Reagents and conditions: a) Tf2O, DTBMP, CH2Cl2, –78 °C, then ROH.

Scheme 22. Formation of oxazoline upon pre-activation.
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Scheme 23. Synthesis of fully protected tetrasaccharide 101. Addition of
TMSOTf to the reaction mixture suppressed the amount of oxazoline side
product. Reagents and conditions: a) AgOTf, pTolSCl, TMSOTf, CH2Cl2, –78 °C,
then 100.

showed that the dominant resting intermediate following pre-
activation was the α-triflate 106, which underwent “SN2-like”
attack by the acceptor to afford glycoside 104 (Scheme 25).[57]
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Scheme 24. The usage of dialkylphosphate DMTM in glycosylation to favor the formation of 1,2-trans glycosides. Reagents and conditions: a) BSP, Tf2O, CH2Cl2,
–60 °C, then cyclohexanol; (b) NaOH, EtOH/H2O, 60 °C, 1 h.

Scheme 25. Plausible reaction mechanism using dialkylphosphate as the 2-O protective group.

While neighboring group participation has been traditionally
utilized to favor 1,2-trans linkage, Boons group reported a novel
strategy using chiral auxiliary such as ethyl mandelate[58] and
phenyl-2-(phenylsulfanyl)ethyl[59] to protect C-2 hydroxyl group
and assist the creation of 1,2-cis glycosyl linkages. Upon pre-
activation by TMSOTf, the (1S)-phenyl-2-(phenylsulfanyl)ethyl
bearing donor 108 was converted to a reactive intermediate
(Scheme 26).[59] Based on NMR analysis, the intermediate was
consistent with the structure of 109 with a trans-decalin system.
Addition of the acceptor 110 following pre-activation led to
disaccharide 111 in 94 % yield with a high 1,2-cis selectivity
from SN2 like opening of the trans-decalin like moiety in 109.
The configuration of the auxiliary played an important role in
determining selectivity. Switching the configuration from S to
R resulted in loss of α-selectivity. This was rationalized by the
unfavorable steric strain of the axial substituent in the auxiliary
bearing R configuration.

Scheme 26. Chiral auxiliary assisted stereoselective glycosylation via pre-acti-
vation. Reagents and conditions: a) TMSOTf, CH2Cl2, –78 °C to - 10 °C. b) 110,
DTBMP.
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Besides the chiral auxiliary, other substituents on the glycan
ring could also affect the stereochemical outcome of glycosyl-
ation.[60] When donor 112 bearing phenyl-2-(phenylsulfan-
yl)ethyl auxiliary and multiple electron donating groups reacted
with acceptor 61, disaccharide 113 was isolated in 70 % with
no stereoselectivity (Scheme 27). Although the �-sulfonium ion
116 was the only detectable resting intermediate by NMR, small
amount of oxocarbenium ion 115 could exist upon pre-activa-
tion, which may be the reactive intermediate undergoing SN1
like reaction leading to anomeric mixtures upon addition of
the acceptor (Scheme 28). In contrast, for donor with electron-
withdrawing groups such as 108, oxocarbenium ion 115 was
destabilized so that the reaction would presumably go through
SN2 like attack on the sulfonium ion 116 to generate α-glyc-
oside. These results highlight the subtlety of building block de-
sign and the impact of the nature of remote protective groups
on stereoselectivity.

Scheme 27. Low anomeric selectivity from donor 112. Reagents and condi-
tions: a) TMSOTf, CH2Cl2, –78 °C to 0 °C; then 61, DTBMP, –78 °C to room
temp.

The utility of this innovative chiral auxiliary method has been
demonstrated in total synthesis, including solid phase sup-
ported synthesis. Targets successfully produced include the
branched α-glucan 121, which bears 1,2-cis linkage between
each sugar unit (Scheme 29).[61]
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Scheme 28. Protective groups on glycosyl donor 114 can significantly impact stereoselectivity with more electron rich donors giving lower α selectivity than
the corresponding electron poor donors. Reagents and conditions: a) TMSOTf, CH2Cl2, –78 °C to 0 °C; then acceptor R1OH, –78 °C to room temp.

Scheme 29. Stereoselective solid phase supported synthesis of pentasaccharide 121 with all α linkages. Reagents and conditions: a) 2, TMSOTf, CH2Cl2, MS
4 Å, 15 min, –40 °C then added to 119, DTBMP, CH2Cl2, MS 4 Å, 16 h, –40 °C to room temperature, double coupling.

Inspired by the power of chiral auxiliary to control stereo-
selectivity, the Boltje group investigated its applicability to �-
mannosylation. Carboxybenzyl (CB)[9] donor 122 was designed
with a locked 1C4 conformation through a 3,6-lactone bridge
(Scheme 30a).[62] It was envisioned that upon pre-activation,
the 1C4 conformation of the ring would enable the participation
of the C-2 auxiliary to form the trans-decalin bearing intermedi-
ate. Subsequent SN2-like attack by the acceptor would lead to
the �-mannoside. Indeed, glycosylation of donor 122 with ac-
ceptor 110 gave excellent selectivities of �-mannoside products
(Scheme 30a). As a control, donor lacking the lactone ring re-
sulted in mainly α-mannosides. Interestingly, glycosylation reac-
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tions using the 3,6-lactone bearing donor 124 without the aux-
iliary turned out to be highly �-selective as well (Scheme 30b).
To investigate the reaction mechanism, 124 was pre-activated,
which formed 126 and benzyl triflate (Scheme 30c). This result
suggested the remote participation of C4-O-benzyl group in the
activation step, which would lead to the formation of 1,2-cis-�-
mannoside upon nucleophilic attack by the acceptor.

Another type of C2-protective group to facilitate 1,2-cis glyc-
oside formation was the 2-O-cyanobenzyl ether developed by
the Liu group.[63] Pre-activation of thioglycoside 127 containing
the 2-cyanobenzyl ether moiety on 2-O followed by addition of
an acceptor bearing electron withdrawing groups formed 1,2-
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Scheme 30. 3,6-Lactone bridged mannosyl donors can lead to high selectivities in �-mannoside formation.

cis linked α-glycosides selectively (Scheme 31). Interestingly,
when electron rich thus more nucleophilic acceptor was em-
ployed, complete reversal of anomeric preference was observed
with �-linked glycoside as the major product. From computa-
tion analysis and low temperature NMR studies, it was proposed
that the more nucleophilic acceptor could directly attack in SN2-
like fashion the nitrilium ion b formed through neighboring
group participation, leading to �-glycoside (Scheme 32). In con-
trast, due to the decreased nucleophilicity, the acceptor with
electron-withdrawing groups reacts with the oxocarbenium ion
instead. The presence of the cyano moiety was found to be
critical for 1,2-cis product formation, which was proposed to
form hydrogen bonding with the acceptor hydroxyl group for
intramolecular delivery favoring the generation of α glycoside.
The nucleophilicities of acceptors have also been found by
Codée and co-workers to directly influence the stereoselectivi-
ties of glycosylations without 2-cyanobenzyl ether moiety espe-
cially for benzylidene-protected glucose donors.[64]

Scheme 31. Acceptor nucleophilicity can direct the stereoselectivities of 2-O-cyanobenzyl ether bearing donor 127.
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Scheme 32. Mechanism of acceptor directed stereoselective glycosylation by
2-O-cyanobenzyl ether bearing donor 127.
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6. The Impact of Anomeric Groups on
Stereoselectivities
The Bennett group developed �-specific glycosylation with 2-
deoxy sugars.[65] Hemiacetal donors of 2-deoxy sugars were
treated with N-toluenesulfonyl imidazole, which presumably
formed α-glycosyl tosylate in situ. The intermediate could
glycosylate phenolic acceptors or thiols, forming �-aryloxy glyc-
osides and thioglycosides. However, glycosylation with carbo-
hydrate acceptors under this protocol was unsuccessful. To
overcome this obstacle, the more potent sulfonylating agent p-
toluenesulfonic anhydride was utilized to favor the formation
of α-glycosyl tosylates (Scheme 33), which was detected via low
temperature NMR spectroscopy.[66] With this new protocol, both
primary and secondary carbohydrate acceptors were glycosyl-
ated by 2-deoxy hemiacetal donors with exclusive �-selectivi-
ties likely through a SN2 like substitution of the α-glycosyl tosyl-
ate.

Instead of converting the anomeric hydroxyl group to tosyl-
ate as a leaving group, the Zhu group reversed the polarities of
coupling partners by deprotonating deoxy-glycosyl hemiacetal
and using the resulting alkoxide ion as a nucleophile to displace
the triflate leaving group on the acceptor.[67] As shown in
Scheme 34, treatment of disaccharide hemiacetal 134 with NaH
followed by addition of triflate 135 gave tetrasaccharide 136 in
an excellent 95 % yield. The 3-OH of donor 134 needed to be
kept free to reduce elimination side product from the donor
under the strong basic condition. While the glycosyl donor 134
contained a mixture of anomeric hydroxyl groups, the glycoside
product 136 was exclusively �, which was attributed to the
rapid equilibration of α- and �-hemiacetal under the reaction
condition and the higher nucleophilicity of �-alkoxide formed
due to the kinetic anomeric effect.

The umpolung approach was also applied to stereoselective
synthesis of both α- and �-S-linked 2-deoxyglycosides.[68] The
2-deoxy phenyl thioglycoside 137 was reductively pre-activated
with lithium 4,4′-di-tertbutylbiphenyl (LiDBB), which afforded α-
glycosyllithium 138 at –78 °C (Scheme 35a). This nucleophile
can attack asymmetric disulfide 139 producing the desired α-
product 140 in excellent stereoselectivity. To obtain �-product
142, the reaction temperature was raised to –20 °C following
reductive pre-activation. The led to epimerization of the inter-

Scheme 33. Pre-activation of a 2-deoxy hemiacetal donor to glycosyl tosylate favored the formation of �-linked 2-deoxy glycoside. Reagents and conditions:
a) TTBP, KHMDS, THF, –78 °C; b) Ts2O; c) Acceptor 132, –78 °C to room temp.
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Scheme 34. Umpolung approach for the formation of 2-deoxy �-glycosides.
Reagents and conditions: a) 3 equiv. NaH, 1.5 equiv. 15-C-5,1,4-dioxane, r.t,
24 h.

mediate, resulting in the thermodynamically more stable equa-
torial glycosyllithium species 141, which reacted with disulfide
139 to form the S-linked 2-deoxy-�-glycoside 142. Thus, both
α- and �-deoxyglycosides may be conveniently obtained from

Scheme 35. Umpolung approach for the stereoselective formation of S-linked
2-deoxy �-glycosides. Reagents and conditions: a) LiDBB, THF, –78 °C, 15 min;
– 20 °C, 144, 45 min; then –78 °C, overnight; b) LiDBB, THF, –100 °C, 15 min,
then 146, –85 °C, overnight.
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the same thioglycosyl donor. In addition, this umpolung based
S-glycosylation method worked well with thioglycoside ac-
ceptor. This opened up a new strategy for stereoselective itera-
tive glycosylation. As an example, reductively activated donor
143 glycosylated phenyl glycoside acceptor 144 producing S-
linked disaccharide 145 in 52 % yield with excellent �-selectiv-
ity (Scheme 35b). Disaccharide 145 then underwent α-selective
glycosylation leading to tetrasaccharide 147 containing both α

and � linkages en route to S-linked hexasaccharide analog of
Landomycin A.[69]

7. Remote Neighboring Group Participation
Besides C-2 protective groups, substituents on other positions
of the glycan ring have often been suggested to participate
in glycosylation and contribute to stereoselectivity under the
traditional pre-mixed glycosylation condition.[70–80] However, di-
rect evidence for participation has been scarce. Pre-activation
approach provides an opportunity to investigate this type of
participation since it is possible to trap and characterize the
reactive intermediate prior to addition of acceptor.

The Crich group systematically probed remote participation
using tert-butoxycarbonyl (Boc) as an acyl type participating
group since the loss of a tert-butyl-cation would lead to the
formation of a stable cyclic carbonate.[81] Pre-activation of do-
nor 148 with axial 3-O-Boc gave cyclic carbonate 149
(Scheme 36). When an acceptor was added following pre-acti-

Scheme 36. Participation of axial 3-O-Boc group. Reagents and conditions: a)
BSP, Tf2O, CH2Cl2, –60 °C.

Scheme 37. Isotopic labeling experiment suggests the 4-O acyl moiety on galactosyl donor does not undergo remote participation in glycosylation. Reagents
and conditions: a) BSP, Tf2O, CH2Cl2, –60 °C; b) Ac2O, pyridine; c) BF3·Et2O, PhSH.
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vation, the desired glycoside with high �-selectivity was iso-
lated, which supported the participation of axial 3-O-Boc. In
contrast, when a donor with an equatorial 3-O-Boc was pre-
activated, no cyclic carbonate formed. Instead a complex mix-
ture of products retaining 3-O-Boc was found, ruling out the
possibility of participation by this group. Similarly, little evi-
dence was observed for 6-O-Boc or equatorial 4-O-Boc group
to participate in this glycosylation.

For the axial 4-O moiety, 4-O-acyl-galactosyl donors have
been shown to give much higher α-selectivity compared to
those bearing 4-O-ether protective groups, which hinted the
possibility of remote participation by the 4-O-acyl group.[77] To
probe this, a new isotopic labeling probe approach was devel-
oped (Scheme 37). Donor 150 was pre-activated by BSP/Tf2O.
If the 4-benzoyl ester could participate, 152 would be the major
intermediate, which upon quenching with 18O labeled water
would generate 156 with 18O incorporated to the ester carb-
onyl on C-4. In the absence of 4-O-Bz participation, 18O incorpo-
ration would only be expected at the anomeric center. Further
chemical derivatization and mass spectrometry (MS) and nu-
clear magnetic resonance (NMR) analysis of the reaction prod-
uct failed to detect any isotopic incorporation to the benzoyl
carbonyl group. These results strongly suggest the absence of
remote participation by 4-O-Bz under the reaction condition.
The reason for the enhancement of α-selectivity observed with
4-O-acyl-galactosyl donor requires further investigation.

8. Inductive Effect from Electron
Withdrawing Protective Groups to Enhance
1,2-cis Selectivity
As discussed earlier, 4,6-O-benzylidene acetal protection of
mannosyl donors could lead to high �-selectivity. However, sim-
ilar approach is not directly applicable to �-rhamnoside forma-
tion as rhamnose lacks a 6-OH group. Schuerch and co-workers
found that 2-O-sulfonyl group could stabilize α-mannosyl and
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Scheme 38. (a) Stereo-directing effect of 2-O-sulfonate group. (b) Installation of a second electron-withdrawing group besides the sulfate ester on rhamnosyl
donor 160 led to enhanced �-selectivity. Reagents and conditions: a) Tf2O, BSP, TTBP, CH2Cl2, –60 °C; then 3�-cholestanol, 46 or 61, –60 °C to 0 °C.

α-rhamnosyl glycosyl sulfonate esters for �-selective glycosyl-
ation.[82,83] Inspired by this pioneering work, Crich group tested
the possibility of direct formation of �-L-rhamnopyranosides by
inductively disarming thio-rhamnosyl donor using 2-O-sulfon-
ate ester as a protective group.[84] For example, coupling of
donor 158 to 3�-cholestanol under the pre-activation condition
gave glycoside 159 with moderate �-selectivity (Scheme 38a).
The �-selectivity could be enhanced by installing a second elec-
tron-withdrawing group, e.g. a Bz ester onto the donor
(Scheme 38b). This was rationalized that upon pre-activation,
the α-glycosyl triflate intermediate would be in equilibrium
with the oxocarbenium ion. The installation of electron
withdrawing groups onto the glycan ring would shift the equi-
librium away from the electron deficient oxocarbenium ion and
favor the covalent α-glycosyl triflate, thus forming more �-glyc-
osides. However, with secondary carbohydrate acceptor such as
61, the �-selectivity decreased suggesting further improve-
ments are needed (Scheme 38b).

While the 4,6-O-benzylidene protection of mannosyl donor
can lead to high �-selectivity, the requirement of the benzyl-
idene can restrict building block design for total synthesis of
complex glycans. It would provide a useful alternative if high
selectivity can be achieved to form �-mannoside without re-
sorting to benzylidene protection. The influence of electron
withdrawing groups on 2-O of mannosyl donors was examined
for this purpose. Among various electron-withdrawing groups
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such as vinylogous esters, phosphates, cyanates and sulfonate
ester on donors, the 2-O-sulfonate ester containing donors gave
the best �-selectivity (Scheme 39).[85] A 10:1 �/α selectivity was
achieved when acceptor 55 was coupled to sulfonate ester-
protected donor 167, although α-isomer was the major product
in the case of acceptor 61 even in the presence of a second
electron-withdrawing acetyl group in donor 167.

Scheme 39. Stereoselectivity for sulfonate ester-protected mannoside donor
167. Reagents and conditions: a) Tf2O, BSP, TTBP, CH2Cl2, –60 °C; then 55 or
61, –60 °C to 0 °C.
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1,2-cis-Linked N-acetyl-D-mannosaminuronic acid (ManNAcA)
is a common motif in many microbial glycans.[86–88] It is chal-
lenging to form this linkage as it is thermodynamically less sta-
ble than the corresponding 1,2-trans linkage due to the ano-
meric effect and the steric hindrance posted by the C2 substitu-
ent in glycosylation. The van der Marel group developed a
series of 2-azido mannosyluronate donors bearing various
anomeric leaving groups including thioether, sulfoxide and tri-
fluoroacetimidate (donors 170–176).[89] Under the pre-activa-
tion protocol, all these glycosyl donors gave good 1,2-cis selec-
tivities. Low temperature NMR studies following pre-activation
of the mannuronic ester donors 170 showed the presence of
two main conformers of α-anomeric triflates 177 and 178 with
the equatorial triflate in 1C4 chair conformation as the main
product (Scheme 40). The unexpected observation of equatorial
triflate despite the strong anomeric effect of triflate was attrib-
uted to stabilization by the electron withdrawing carboxylic
ester at C-5. The excellent �-selectivity in glycosylations is pos-
tulated to be due to a combination of SN2 like pathway with
the glycosyl triflate and stereoselective attack on the 3H4 oxo-
carbenium ion.

Scheme 40. Pre-activation-based glycosylation of donor 170 with acceptor
46 gave high �-selectivity of disaccharide 179.

Scheme 41. Stereoselective synthesis of arabinofuranoside. Reagents and conditions: a) Tf2O, DTBMP, CH2Cl2, –78 °C, then n-octanol, –60 °C to 0 °C.
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9. 2,3-Anhydrosugar Donor on
Stereoselectivity
Arabinofuranoside is an important structural motif in the cell
wall of Mycobacterium tuberculosis.[90] The 1,2-cis-�-arabino-
furanosyl linkage is challenging to synthesize. The Lowary
group developed a synthetic strategy using epoxy thioglycoside
or glycosyl sulfoxide 180 as the donor (Scheme 41).[91] Pre-acti-
vation of donor 180 followed by addition of the acceptor led
to �-arabinofuranoside 181 exclusively. Similarly, pre-activation
of donor 182 resulted in α-arabinofuranoside 183 as the sole
anomer. A possible mechanistic pathway has been proposed
to rationalize the stereochemical outcome of these reactions
(Scheme 42). Reaction of 184 with Tf2O led to the formation of
intermediate 185, which would evolve to oxocarbenium ion
186. This species would be in equilibrium with α-triflate 187
and �-triflate 188. Once the acceptor was added, it could attack
186 to give α and � mixture in a SN1-like manner or attack 187
or 188 in a SN2-like manner to yield �-arabinofuranoside 189
or α-arabinofuranoside 190 respectively. Computation analysis
determined that the α-triflate was lower in energy compared
to the �-triflate by several kcal/mol. Low temperature NMR anal-
ysis of the reaction mixture right after pre-activation at
–78 °C showed a complex mixture of intermediates, which
eventually evolved into one major species consistent with the

Scheme 42. Proposed mechanism for arabinofuranosylation.
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Scheme 43. Stereoselective synthesis of arabinofuranoside. Reagents and conditions: a) Tf2O, DTBMP, CH2Cl2, –78 °C, then acceptor 61, –78 °C to room temp.
b) Tf2O, DTBMP, CH2Cl2, –78 °C to –40 °C, then acceptor 61, –40 °C to room temp.

characteristics of α-glycosyl triflate 187 upon warming up to
–40 °C. Subsequent addition of an acceptor produced �-anomer
glycoside possibly from SN2 like reaction with the α-glycosyl
triflate. The major intermediate generated by pre-activating do-
nor 182 was identified as �-glycosyl triflate from computational
and low-temperature NMR studies, thus consistent with the α-
selectivity observed in glycosylation products from 182. The
knowledge on reactive intermediates led to modification of the
reaction protocol. The original operation was to add the ac-
ceptor 61 to the reaction mixture right after pre-activation of
donor 184, which produced disaccharide product 191 in 71 %
yield with a �/α ratio of 5:1. In the revised protocol, following
pre-activation, the reaction was warmed to –40 °C for the inter-
mediates to converge on the α-glycosyl triflate as the resting
state. Addition of the acceptor to reaction produced pure �-
glycoside 192 in 77 % yield (Scheme 43). These results high-
lighted the importance of mechanistic understanding.

10. 2-Deoxyglycoside and 2,6-Dideoxy-
glycoside Donors on Stereoselectivity
2-Deoxy- and 2,6-dideoxyglycosides are essential to the func-
tions of many biologically active compounds including anti-
biotics and they can exist in both α and � linkages.[92–95] Due
to the lack of C2 functionality, stereoselective synthesis of 2-
deoxy-glycosides is challenging.[96] �-Linked 2-deoxy glycosides
could be formed through judicious choice of anomeric group
as discussed earlier.[65–67] For stereoselective α-linked 2-deoxy-
glycosyl bond formation, Wang group applied the pre-activa-
tion-based glycosylation approach[97] (Scheme 44).[98] They pre-
activated donor 131 with pTolSCl/AgOTf followed by the addi-
tion of acceptor 193 leading to α-deoxyglycoside 194 exclu-
sively (Scheme 44). Similarly, pre-activation of 2,6-dideoxy do-
nor 195 with pTolSCl/AgOTf followed by addition of the ac-
ceptor 193 yielded dideoxyglycoside 196 with high α-stereo-
selectivity (α/� = 12:1) (Scheme 44). A variety of acceptors in-

Scheme 45. Proposed reaction mechanism of α-selective 2-deoxy glycosylation mediated through glycosyl chloride intermediate.
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cluding primary and secondary acceptors can be coupled with
both 2-deoxy donors and 2,6-dideoxy donors to yield desired
product with high α-stereoselectivity.

Scheme 44. Stereoselective synthesis of deoxyglycosides. Reagents and con-
ditions: a) AgOTf, pTolSCl, –78 °C, 15 min, then 193, –78 °C, 2–3 h.

To better understand the reaction outcome, the structure of
the intermediate was analyzed.[98] Rather than glycosyl triflate,
glycosyl chloride 197 was identified as the major resting state
upon donor activation (Scheme 45). This is presumably due to
the de-activation of AgOTf by the presence of Lewis basic mo-
lecular sieves in the reaction mixture.[97] As a result, the deoxy
thioglycosyl donor 131 was presumably directly activated by
pTolSCl, leading to the formation of glycosyl chloride 197.
AgOTf could promote the reaction of 197 with the acceptor,
which possibly went through SN1-like reaction with oxocarb-
enium ion 198. The high α-selectivity of product might be due
to the anomeric effect or through equilibria between �-glycosyl
triflate, �-contact ion pair and solvent separated ion pair.[16]

11. Effects of Reaction Solvents and
Additives on Stereoselectivity

Solvents can significantly impact stereochemical outcome of
glycosylation reactions.[99] Nitrile based solvent is well known to
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favor the formation of equatorial glycosyl linkage.[100–103] This
is also the case for pre-activation-based glycosylation. As shown
in Table 1, addition of a small amount of nitrile (< 10 %) can
help moderately improve the �-stereoselectivity,[104] while reac-
tion ran in pure nitrile solvent gave much reduced yield. Inter-
estingly, when glycosylation of donor 160 with acceptor 46 was
performed in a mixed solvent of CH2Cl2/CH3CN (7:3), compound
202 was isolated in 30 % yield (Scheme 46). This reaction pre-
sumably went through intermediate 203, resulting from nucleo-
philic addition of CH3CN to the anomeric center. The formation

Table 1. Effect of nitrile solvent ratio on stereoselectivity.

Scheme 46. Evidence for acetonitrile participation of glycosylation reaction.

Scheme 47. Effect of solvent on stereoselective glycosylation.

Scheme 48. Effect of AgOTf on stereoselective glycosylation.
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of compound 202 is one of the few direct evidences supporting
the participation of CH3CN in glycosylation.

Huang and co-workers investigated the effect of a variety of
solvents in pre-activation of thioglycoside donors in the ab-
sence of neighboring group participation.[105] CH2Cl2 and di-
ethyl ether gave the highest yields, while tetrahydrofuran (THF),
toluene, toluene/1,4-dioxane, and neat acetonitrile did not re-
sult in productive coupling. When the reaction of donor 204
and acceptor 82 was carried out in CH2Cl2 using the pre-activa-
tion protocol, disaccharide 205 was isolated in 90 % yield favor-
ing the � anomer. In contrast, when diethyl ether was used as
the solvent, 205 was isolated in 69 % yield favoring α product
(Scheme 47). This trend was found applicable to a wide range
of donor/acceptor pairs.[100,103,104] Increasing the amount of
AgOTf in the reaction led to a mixture of α and � anomers
(Scheme 48). The effects of solvent and AgOTf were rationalized
based on the α-glycosyl triflate formed as the major intermedi-
ate upon pre-activation with pTolSCl/AgOTf (Scheme 49).[53]

When diethyl ether was used as the solvent, it would act as a
nucleophile to afford intermediate 207, and subsequent dis-
placement of the ether molecule by the acceptor in SN2-like
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Scheme 49. Proposed mechanism for effects of solvents and AgOTf on stereoselectivity.

fashion would lead to α-glycoside as the major product (Path-
way a, Scheme 49). When CH2Cl2 is used as the solvent, the
reaction would directly go through SN2-like pathway to afford
�-glycoside as the major product (Pathway b). In the presence
of excess AgOTf, it is possible that AgOTf would coordinate with
the oxygen atom of the triflate, leading to its activation to favor
the formation of oxocarbenium ion 211 leading to SN1 like
pathway and a mixture of anomers as products (Pathway c).

To construct 1, 2-cis linkages, Mong and co-workers devel-
oped a novel strategy using N,N-dimethylformamide (DMF) as
a modulating molecule.[106] For the reaction of 212 and 43
under the pre-activation condition, as the amount of DMF
increased from 1.5 equiv. to 6.0 equiv., the α/� selectivity in-
creased from 1:1 to 19:1 (Table 2). The pre-activation method
gave higher α-selectivity than the traditional pre-mixed ap-
proach with donor and acceptor mixed together during pro-
moter addition (Entries 2 vs. 3). The modulating effect of DMF
was found to be general for a wide range of donor/acceptor
pairs. The effect is specific to DMF as N,N-dimethylacetamide
(DMA) gave lower α-selectivity. However, later this method was
shown to be impractically slow for glycosylations of secondary
acceptors with 2-azido-2-deoxythioglucosyl donors. To over-
come this limitation, a variety of additives were screened and
N-formylmorpholine (NFM) was identified as the most effective
modulator leading to high yields and α-selectivities.[107]

Table 2. Modulating effect of DMF on stereoselectivity.

[a] Entries 1 and 2: No pre-activation. [b] Entries 3, 4, and 5: Pre-activation.

A mechanism has been proposed to explain the DMF effect
(Scheme 50). Pre-activation of the thioglycoside donor in the
presence of DMF would form the α- and �-glycosyl imidate
intermediates 216 and 217 through addition of DMF to the
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oxocarbenium ion. Similar to the in situ anomerization protocol
pioneered by Ray Lemieux, the α- and �-anomers of glycosyl
imidates could exist in dynamic equilibrium with the latter be-
ing more reactive toward the acceptor to form α-glycoside 219
preferentially. Low temperature NMR analysis of the reaction
mixture upon pre-activation suggested the α-glycosyl imidate
being the major resting state. Although no �-glycosyl imidate
was detected by NMR, it is possible that the acceptor preferen-
tially reacts with more reactive �-glycosyl imidate existing in
small amounts. This would shift α/�-glycosyl imidate toward
the �-anomer leading to α-glycoside as the major product. The
utility of the DMF-modulated glycosylation has been demon-
strated in iterative one pot synthesis of multiple oligosacchar-
ides, which include α-selective assembly of 2- and 6-deoxy-
sugar oligosaccharides 220 and 221.[106,108–110]

Scheme 50. Possible mechanism for DMF-modulated stereoselective glycosyl-
ation.

The Bennett group reported selective synthesis of 1,2-cis-α-
linked glycosides with TBAI as the additive for iterative oligosac-
charide synthesis (Scheme 51).[111] Pre-activation of thioglycos-
ide donor 204 with Ph2SO/Tf2O followed by TBAI (5 equiv.) led
to the formation of glycosyl iodide intermediate, which under-
went glycosylation with thioglycoside acceptor 222 to afford
disaccharide 223 in high α-selectivity. Subsequently, compound
223 was directly used as donor to glycosylate acceptor 46 gen-
erating trisaccharide 224 in moderate yield and excellent α-
selectivity. The mechanism of TBAI facilitating α-glycoside for-
mation was most likely going through the in situ anomerization
of α-glycosyl iodide to the more reactive �-glycosyl iodide for
SN2 like nucleophilic displacement by the acceptor similar to
DMF modulation effect.

The Taylor group developed a series of innovative borinic
acid reagents to effect regio- and stereoselective glycosyl-
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Scheme 51. TBAI mediated α-selective glycosylation. Reagents and conditions: a) Ph2SO, Tf2O, TTBP (3 equiv.), N-methylmaleimide, CH2Cl2, –78 °C, then TBAI
(5 equiv.), then 222 or 46, 1,4-dioxane, –78 °C to room temp.

Scheme 52. Addition of a borinic acid catalyst 229 can reverse the stereoselectivity of pre-activation-based dehydrative glycosylation of hemiacetal donor
225. Reagents and conditions: a) Ms2O (1.88 equiv.), 1,2,2,6,6-pentamethylpiperidine (4 equiv.), CH2Cl2, 23 °C.

ations.[112,113] Pre-activation of the hemiacetal donor 225 with
methanesulfonic anhydride (Ms2O) and an amine base 1,2,2,6,6-
pentamethylpiperidine presumably formed the glycosyl mesyl-
ate 226 in situ.[112] Addition of the partially protected acceptor
227 led to disaccharide 228 with α anomer as the major
product (α: � = 2:1) (Scheme 52). Interestingly, addition of the
borinic acid catalyst 229 with the acceptor significantly
changed the stereoselectivity, favoring the �-linked disacchar-
ide 228 as the major product (α: � = 1:10). The reversal of
stereoselectivity was attributed to the formation of borinic acid/
acceptor complex 230. The sterically hindered nature of the
tetracoordinate borinic ester nucleophile led to the selective
acceleration of the 1,2-trans-selective pathway.

Lewis acids are known to induce the anomerization from 1,2-
trans glycosides to 1,2-cis glycosides for pyranosides protected
with 2,3-oxazolinidone or 2,3-carbonate groups.[42,114–116] The
isomerization was believed to go through an endocyclic cleav-
age pathway.[117] Recognizing this, the Ye group investigated
Lewis acid as useful additives to mediate α-selective glycoside
formation.[118] When the 2,3-O-carbonate-protected donors re-
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acted with acceptors under the pre-activation condition with-
out an additive, only slight α selectivities were obtained
(Scheme 53a). However, the addition of a Lewis acid such as

Scheme 53. Addition of a Lewis acid to the reaction mixture helped enhance
α selectivity. Reagents and conditions: a) Ph2SO, Tf2O, CH2Cl2, –72 °C; b)
BF3·OEt2 (0.2 equiv.).
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Scheme 54. Tributyl phosphine oxide mediated α-selective glycosylation.

0.2 equiv. BF3OEt2 to the reaction significantly enhanced α se-
lectivities (Scheme 53b). This α-selective effect induced by
BF3OEt2 could also be extended to 2,3-oxazolidinone-protected
glucosamine and galactosamine thioglycoside donors.[119]

Phosphine-oxide has been utilized as an additive to facilitate
1,2-cis-ribofuranoside formation.[120] Pre-activation of donor
233 with tributylphosphine oxide (Bu3P=O) and Tf2O would
presumably generate oxyphosphonium adduct 234
(Scheme 54). Subsequent coupling with acceptors afforded the
α-ribofuranosides as major products. A similar strategy was ap-
plied to the pyranose hemiacetal donors,[121] glycosyl acetate
donors,[122] as well as glycosyl iodides.[123]

12. Summary and Outlook
High stereochemical control is critical for glycosylation reac-
tions. Glycosylations are typically performed by pre-mixing the
glycosyl donor and acceptor together followed by donor activa-
tion. As the acceptor is present while the reactive intermediate
is generated, the reactive intermediate may be quickly con-
sumed by the acceptor. In comparison, the pre-activation-based
glycosylation temporally separates the donor activation and ac-
ceptor glycosylation steps. As a result, the structures of the re-
active intermediates can be tuned more easily by the protective
group on the glycan ring, additives or solvents present in the
reaction mixture. This enables the possibilities to analyze and
characterize structures of the intermediates, providing better
understanding of glycosylation reactions and factors governing
stereochemical control.

Glycosylation reactions commonly generate intermediates
with electron deficient anomeric centers, which undergoes nu-
cleophilic substitution reactions with the acceptor. The reaction
pathway can range from more SN1 like with oxocarbenium ion
intermediates to SN2 like reactions with covalent intermediates
such as glycosyl triflate. The protective groups present on the
glycosyl donor can tune the intermediate structures by restrict-
ing conformational flexibility or through electron withdrawing
properties of the substituents. In addition, exogenous additives
and solvents can be utilized to favor the formation of intermedi-
ates that can lead to the desired stereoisomer product. The
possibility of reagent control of stereochemistry is attractive as
it reduces the need to synthesize multiple building blocks, thus
improving synthetic efficiencies.

During the past two decades, significant progress has been
made in pre-activation-based stereoselective glycosylation.
Some challenging linkages such as �-mannoside can now be
synthesized in a straightforward manner through pre-activa-
tion. However, glycosylation reactions are intrinsically sensitive
to subtle influences of structural features of the building blocks,
including structure of the sugar, and conformational rigidity,
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size and electron withdrawing properties of the protective
groups, as well as the presence of exogenous additives and
solvents. Further studies are needed to more thoroughly under-
stand the nuances of structural impacts on stereoselectivity, so
that automated glycan synthesis can be realized with efficien-
cies reaching the levels of solid phase supported peptide and
nucleic acid synthesis.

A list of abbreviations is given in Table 3.

Table 3. List of abbreviations.

Alloc Allyloxycarbonyl
Bn Benzyl
Boc tert-Butoxycarbonyl
BSP 1-Benzenesulfinyl piperidine
tBu tert-Butyl
CB Carboxybenzyl
DMA N,N-Dimethylacetamide
DMF N,N-Dimethylformamide
DMTM 2,2-Dimethyltrimethylene
DTBMP 2,6-Di-tert-butyl-4-methylpyridine
Fmoc Fluorenylmethyloxycarbonyl
KHMDS Potassium bis(trimethylsilyl)amide
LiDBB Lithium 4,4′-di-tert-butylbiphenyl
ManNAcA N-acetyl-D-mannosaminuronic acid
MS Mass spectrometry
Ms2O Methanesulfonic anhydride
NAP 2-Naphthylmethyl
NFM N-Formylmorpholine
NIS N-Iodosuccinimide
NMR Nuclear magnetic resonance
PMB p-Methoxybenzyl
PMP p-Methoxybenzylidine
TBAB Tetrabutylammonium bromide
TBAI Tetrabutylammonium iodide
TBDMS tert-Butyldimethylsilyl
TCA trichloroacetamide
Tf Trifluoromethanesulfonate
Tf2O Trifluoromethane sulfonyl anhydride
THF Tetrahydrofuran
TMSOTf Trimethylsilyl trifluoromethanesulfonate
TTBP 2,4,6-Tri-tert-butylpyrimidine
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