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ABSTRACT: β-Stereoselective mannosylations were con-
ducted using a 1,2-anhydromannose donor and mono-ol
acceptors in the presence of a glycosyl-acceptor-derived
borinic ester. Reactions proceeded smoothly under mild
conditions to provide the corresponding β-mannosides with
high stereoselectivity in moderate to high yields. In addition,
the present glycosylation method was applied successfully to
the total synthesis of acremomannolipin A.

β-Mannosides are components of biologically active natural
products and natural glycans, such as mannans, glycolipids, and
N-linked glycoproteins, which play important roles in biological
activities that include cell signaling, protein folding, and
immune responses. Therefore, efficient syntheses of these
glycosides have attracted much attention.1 However, the
stereoselective synthesis of β-mannosides is difficult due to
both the anomeric effect and steric effect of the axial substituent
at the C2 position.2 To overcome these obstacles, efficient
indirect3 and direct4 methods have been developed. The
intramolecular aglycon delivery (IAD) introduced by Hindsgaul
et al.5 is an example of the indirect method that was extended
by Stork et al.,6 as well as Ito and Ogawa.7 An example of the
direct method is the 4,6-O-benzylidene method reported by
Crich et al.8 Detailed mechanistic studies9 suggested that β-
mannosylation proceeds via SN2-like displacement of the triflate
anion from α-triflate by a glycosyl acceptor or the functionally
indistinguishable β-face attack by a glycosyl acceptor on a
transient contact ion pair (CIP). Subsequently, several 4,6-O-
benzylidene-protected mannosyl donors10 and a 4,6-O-silylene-
protected thiomannosyl donor11 were used successfully for the
stereoselective synthesis of β-mannosides. Recently, Demchen-
ko et al. reported β-stereoselective mannosylation involving
hydrogen-mediated aglycon delivery (HAD) with 3- and/or 6-
O-picoloyl thiomannosyl donors that did not have 4,6-O-
benzylidene protection.12

A recent report13 described regioselective and 1,2-cis-α-
stereoselective glycosylations using 3,4,6-tri-O-benzyl-1,2-anhy-
droglucose (1) and diol glycosyl acceptors in the presence of
the corresponding glycosyl-acceptor-derived boronic ester
catalyst 2. In this study, the reactions proceeded smoothly to
provide the corresponding α-glucoside 4 with high stereo- and
regioselectivity in high yield without any further additives under
mild conditions (Scheme 1A). On the basis of previous work,
the mono-ol glycosyl-acceptor-derived borinic ester 6 was
expected to act as an activator of 1,2-anhydromannose 514 to
generate β-mannoside 8 with high stereoselectivity. The present

report describes a novel direct and β-stereoselective man-
nosylation of 5 and a mono-ol glycosyl acceptor utilizing a
glycosyl-acceptor-derived borinic ester 6 and its application to
the total synthesis of the natural product. The borinic ester 6
was expected to activate 5 without any further additives to
afford the tetracoordinate borinate ester 7 involving an
oxonium cation moiety. Concomitant glycosylation from the
boron-bound oxygen atom in the borinate ester from the same
face should provide β-mannoside 8 (Scheme 1B). This is the
first example of a direct and highly β-stereoselective
mannosylation method using a 1,2-anhydromannose donor.
To investigate the hypothesis, 3,4,6-tri-O-benzyl-1,2-anhy-

dromannose (5) and diphenylborinic acid (9a),15 bis(4-
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Scheme 1. (A) Regio- and α-Stereoselective Glucosylation
Using a Glycosyl-Acceptor-Derived Boronic Ester; (B) β-
Stereoselective Mannosylation Using a Glycosyl-Acceptor-
Derived Borinic Ester
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methoxyphenyl)borinic acid (9b),16 and bis(4-fluorophenyl)-
borinic acid (9c)16 were selected as the glycosyl donor and
arylborinic acids, respectively. First, glycosylations of 5 and 6-
O-benzyl-1-hexanol (10) were attempted using catalytic
amounts of 9a-c under different reaction conditions. The
results show that the glycosylation of 5 and 10 using 9a in THF
at −40 °C for 24 h proceeded to give glycoside 12 in 60% yield
with a 42:58 α/β ratio (Table 1, entry 1). To improve β-

stereoselectivity, the electrostatic effect of the substituents on
the benzene ring in the borinic esters was investigated using 9b
and 9c. When 9b, which possesses an electron-donating
methoxy group, was used, undesired α-stereoselectivity was
observed (Table 1, entry 2). In contrast, when 9c, which
possesses an electron-withdrawing fluorine group, was used,
glycoside 12 was obtained in 64% yield with good β-
stereoselectivity, along with recovered 10 in 20% yield (Table
1, entry 3). The anomeric configuration of 12α and 12β was
determined by 1JCH coupling constants, 171 and 155 Hz,
respectively.17 These results suggest that the electron-donating
group in 11b reduces the Lewis acidity of the boron atom,
which causes weak activation of 5 by 11b, and intermolecular
SN2 type substitution of 10 from the α-face of 5 (Figure 1a).
However, the electron-withdrawing group in 11c increases the
Lewis acidity of the boron atom, which causes activation of 5 by
11c, formation of the oxonium cation, and SN1 type
intramolecular nucleophilic attack of the boron-bound oxygen
atom in the borinate ester from the same β-face of the oxonium
cation (Figure 1b).
Next, the solvent effect on glycosylation of 5 and 10 was

examined in the presence of 9c using toluene, CH2Cl2, and
MeCN. The results indicated that complete α-stereoselectivity
occurred when toluene and CH2Cl2 were used (Table 1, entries
4 and 5). In contrast, the reaction proceeded smoothly to
provide 12 in 73% yield with high β-stereoselectivity, along
with recovered 10 in 19% yield, when MeCN was used (Table
1, entry 6). These results indicate that MeCN is the best
solvent for this reaction. Next, the reaction time and reaction
temperature were optimized. When glycosylation was con-

ducted at 0 °C for 24 h, the chemical yield of 12 was greater
than those obtained at −20 and −40 °C (Table 1, entries 6−8).
In addition, a reaction time of 24 h gave the greatest yield of 12
with complete β-stereoselectivity (Table 1, entries 8−11).
Thus, glycosylaton of 5 and 10 using 9c in MeCN at 0 °C for
24 h provided the best result, producing 12β in 90% yield as a
single isomer (Table 1, entry 8). These results led to the
proposal of the reaction mechanism shown in Scheme 2. First,

arylborinic acid 9c reversibly binds to mono-ol acceptor 10.
The resulting glycosyl acceptor-derived borinic ester 11c
activates the 1,2-anhydromannose 5 without any further
additives. The oxonium cation intermediate 13c involving a
tetracoordinate borinate ester moiety increases the nucleophil-
icity of the boron-bound oxygen atom, and concomitant
glycosylation from the B−O moiety in the borinate ester affords
the corresponding borinic ester 14c. Finally, an alcohol
exchange reaction between 14c and 10 regenerates the borinic
ester catalyst 11c and provides β-mannoside 12β.
Next, the scope and limitations of this glycosylation method

was investigated using several alcohols. The results indicate that
use of the primary alcohols 15−19 and the secondary alcohol
20 allowed glycosylation to proceed smoothly under mild
conditions to provide the corresponding β-mannosides 23−28
in high yields with excellent β-stereoselectivity in the absence of
any additives (Table 2, entries 1−6). However, when the
secondary alcohol 21 was used, the chemical yield of the

Table 1. Glycosylations of 5 and 10 Using Borinic Acids 9a−
c under Several Reaction Conditions

entry
borinic
acid solvent

temp
(°C)

time
(h)

yield of 12
(%)

α/β ratio of
12

1 9a THF −40 24 60 42:58
2 9b THF −40 24 68 81:19
3 9c THF −40 24 64 17:83
4 9c toluene −40 24 38 α only
5 9c CH2Cl2 −40 24 54 α only
6 9c MeCN −40 24 73 8:92
7 9c MeCN −20 24 81 β only
8 9c MeCN 0 24 90 β only
9 9c MeCN 0 3 73 β only
10 9c MeCN 0 6 77 β only
11 9c MeCN 0 12 82 β only

Figure 1. Electrostatic effect of the substituents on the benzene ring in
9b and 9c in the glycosylation of 5 and 10.

Scheme 2. Proposed Catalytic Cycle for Glycosylation of 5
and 10 Using 9c
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corresponding β-mannoside 29 was less than those of 23−28.
In addition, when 22 was used, only a trace amount of 30 was
obtained, probably due to the low binding affinities of the
relatively hindered 21 and 22 toward 9c (Table 2, entries 7 and
8). Thus, after mixing 21 and a stoichiometric amount of 9c in
toluene at reflux for 3 h, followed by concentration in vacuo,
glycosylation of 5 in the presence of MS 5 Å in MeCN at 0 °C
for 24 h was examined. The glycosylation proceeded smoothly
to give 29 in 85% yield with complete β-stereoselectivity (Table
3, entry 1). This favorable result led to the application of the

same reaction conditions to the secondary alcohols 22 and 31−
33. The results showed that the corresponding β-mannosides
30 and 34−36 were obtained in moderate yields with complete
β-stereoselectivity (Table 3, entries 2−5). In all cases, the
anomeric configuration of the products was determined by 1JCH
coupling constants. These results indicate that (i) the 1,2-cis-β-
stereoselectivity obtained from this method was consistently
very high and (ii) for secondary alcohols the chemical yield
depended on the chemical structure of the glycosyl acceptor,
probably because of the binding affinity of the glycosyl acceptor
to 9c and because the reactivity of the glycosyl-acceptor-derived
borinic ester toward 5 was strongly influenced by the steric
effects of the glycosyl acceptor.
Finally, the present glycosylation method was applied to the

synthesis of the biologically active natural product, acre-
momannolipin A. Acremomannolipin A has been isolated20

from the extract of the filamentous fungus Acremonium strictum,
as a potential Ca2+ signaling modulator, and two total syntheses
have been reported.21 The synthetic scheme of acremomanno-
lipin A is summarized in Scheme 3. Known mannitol derivative

37 was prepared from D-mannitol according to the reported
procedure22 in three steps. Silylation of 37 followed by removal
of benzyl group gave 38, which was used as a glycosyl acceptor.
Next, the glycosylation of 38 and 5 was carried out using a

catalytic amount of 9c in MeCN at 0 °C for 6 h, which resulted
in a 99% yield of the desired β-mannoside 39 (1JCH = 157 Hz)
with excellent β-stereoselectivity. These results also demon-
strate the high efficiency and generality of the glycosylation
method. In addition, acylation with octanoyl chloride in
pyridine gave 40. Removal of the benzyl groups in 40 followed
by acylation with hexanoyl chloride gave 42. Finally,
deprotection of TBS and the acetonide groups in 42 furnished
acremomannolipin A. The 1H NMR, 13C NMR, optical
rotation, and HRMS (ESI-TOF) data for an analytical sample

Table 2. Glycosylations of 5 and Alcohols Using a Catalytic
Amount of 9c

entry acceptora time (h) product yield (%) α/β ratio

1 15 4 2318 99 β only
2 16 4 24 83 β only
3 17 3 25 99 β only
4 18 2 2619 96 β only
5 19 3 27 86 β only
6 20 24 28 95 β only
7 21 24 29 64 β only
8 22 24 30 trace β only

aThe acceptors are shown below.

Table 3. Glycosylations of 5 and Several Alcohols Using a
Stoichiometric Amount of 9c

entry acceptor
time
(h)

temp
(°C)

product
(yield, %)

α/β
ratio

recovery yield
(%) of acceptor

1 21 24 0 29 (85) β only −
2 22 24 0 30 (61) β only 39
3 31 6 −40 34 (58) β only 40
4 32 24 0 35 (57) β only 23
5a 33 24 0 36 (56) β only 31

aMeCN/THF = 4/1 was employed as a solvent.

Scheme 3. Total Synthesis of Acremomannolipin A
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of synthetic acremomannolipin A were identical to those
reported.
In conclusion, the first direct and highly β-stereoselective

mannosylation of 1,2-anhydromannose and mono-ol acceptors
was developed utilizing a glycosyl-acceptor-derived borinic ester
under mild conditions. The use of di(4-fluoro)phenylborinic
acid (9c) in MeCN was effective for glycosylations with several
mono-ol acceptors. Furthermore, this glycosylation method was
applied successfully to the total synthesis of acremomannolipin
A. Detailed mechanistic studies of this method, application to
other types of acceptors, and synthetic studies of other
biologically active compounds using the present method are
now in progress.
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