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ABSTRACT: C-Glycoside derivatives are found in pharmaceuticals, glycoconjugates, probes, and other functional molecules. 
Thus, C-glycosidation of unprotected carbohydrates is of interest. Here the development of C-glycosidation reactions of unprotect-
ed di- and trisaccharide aldopyranoses with various ketones is reported. The reactions were performed using catalyst systems com-
posed of pyrrolidine and boric acid under mild conditions. Carbohydrates used for the C-glycosidation included lactose, maltose, 
cellobiose, 3'-sialyllactose, 6'-sialyllactose, and maltotriose. Using ketones with functional groups, C-glycosides ketones bearing 
the functional groups were obtained. The pyrolidine-boric acid catalysis conditions did not alter the stereochemistry of non-C-C 
bond formation positions of the carbohydrates and led to the formation of the C-glycosidation products with high diastereoselectivi-
ty. For the C-glycosidation of the carbohydrates under the pyrrolidine-boric acid-catalysis, the hydroxy group at the 6-position of 
the reacting aldopyranose was necessary to afford the product. Our analyses suggest that the carbohydrates form iminium ions with 
pyrrolidine and that boric acid forms B-O covalent bonds with the carbohydrates during the catalysis to forward the C-C bond for-
mation.  

INTRODUCTION 
Carbohydrates play important roles in biological systems 

and thus the synthesis of carbohydrate derivatives is of interest 
for the development of bioactives, probes, and other functional 
molecules.1 C-Glycosidation, the C-C bond formation reaction 
at the anomeric carbon, of unprotected carbohydrates is an 
important reaction for the synthesis of carbohydrate-derived 
pharmaceuticals, glycoconjugates, and other functional carbo-
hydrate derivatives.1-9 However, the direct C-glycosidation 
reactions of unprotected carbohydrates are often difficult,2-10 
and the C-C bond formation reaction of unprotected carbohy-
drates has been considered as a task of enzymes.11 One of dif-
ficulties in reactions of unprotected carbohydrates may be the 
presence of polyhydroxy groups in carbohydrates. In many 
reactions of carbohydrates, hydroxy groups must be protected 
first to avoid that acidic protons of the hydroxy groups react 

with reagents and/or that the hydroxy groups interrupt hydro-
gen bonding necessary for the catalysis and stereocontrol.10 
Another difficulty with direct C-glycosidation reactions of 
unprotected carbohydrates lies in the cyclic hemiacetal form of 
the aldoses.9d Although the aldehyde carbonyl group of the 
aldoses may be a good site to react with nucleophiles, the gen-
eration of the aldehyde group from the cyclic hemiacetal 
forms by opening the hemiacetal ring, especially from 6-
membered hemiacetal forms of aldohexose derivatives, is not 
easy under mild reaction conditions that do not affect the func-
tional groups of the carbohydrates and of the reactants used for 
the C-glycosidation reactions.9d Therefore, many non-
enzymatic, chemical C-glycosidation reactions of carbohy-
drates have been performed on pre-activated forms of carbo-
hydrates with protected hydroxy groups or on specific precur-
sors bearing functional groups for the bond formation at the 
anomeric carbons.10 Considering atom- and step-economy, 
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direct reactions on unprotected carbohydrates are more prefer-
able than are reactions requiring protection and deprotection 
steps and/or strategies requiring the synthesis of pre-activated 
forms for the reactions at the anomeric carbons.12  

Previously reported C-glycosidation reactions of unprotect-
ed carbohydrates include reactions with relatively highly reac-
tive nucleophiles, such as β-diketones,2 β-keto esters and re-
lated molecules,3 nitromethane,4 cyanide,5 and Wittig and re-
lated reagents.6 C-Glycosidation reactions of unprotected car-
bohydrates also include reactions with metal-activated rea-
gents.7 Whereas these reactions have afforded C-glycosidation 
products from certain unprotected carbohydrates, these reac-
tions have limitations. For example, the reactions with β-
diketones can be used only for the synthesis of acetone-
attached and related C-glycosides because of the use of β-
diketones as nucleophiles and because of the use of basic con-
ditions under heating;2b-h functional groups that are not suited 
to the synthesis of the β-diketones and/or to the basic, heating 
C-glycosidation conditions cannot be introduced directly.  

Recently C-glycosidation reactions of unprotected carbohy-
drates with simple ketones have been reported.9 For example, 
the Mahrwald group has reported C-glycosidation of C5-
aldoses or aldopentoses (such as ribose) with simple ketones 
(such as acetones and 2-pentanone) catalyzed by proline-
DBU.9a The Mahrwald group has also reported C-
glycosidation of ketoses via the ketose-aldose rearrangement 
using amine-based catalysts.9b The Shimizu and Kanai group 
has reported C-glycosidation of aldoses using Cu catalysts.9c 
We have reported C-glycosidation of unprotected 2-N-acyl-
aldopyranoses (such as 2-N-acetyl-D-mannosamine and 2-N-
acetyl-D-glucosamine) with simple ketones using amine-based 
catalyst systems.9d These reactions have also limitations. For 
example, reaction conditions for the C-glycosidation of C5-
aldoses (aldopentoses) with ketones9a do not work well for the 
reactions of C6-aldoses (aldohexoses) or C6-aldopyranoses 
(aldohexopyranoses).9d Reactions of unprotected carbohy-
drates have often been performed using carbohydrates that do 
not have hydroxy group at the 2-position to the anomeric car-
bon.7a,b,9c In addition, the reported C-glycosidation reactions of 
unprotected carbohydrates have mostly been performed on 
unprotected monosaccharides with a few examples of reac-
tions of disaccharides.2e,g,h,6b,7h,9c  

There are approximately two or three times more hydroxy 
groups per molecule in di- and trisaccharides, respectively, as 
in monosaccharides. Because of this and/or because of other 
reasons, reaction catalysts and conditions that work for C-
glycosidation of unprotected monosaccharides do not always 
work efficiently for disaccharides. For example, in the report-
ed Cu-catalyzed reactions, the conditions established for the 
reactions of monosaccharides resulted in the formation of the 
product from a disaccharide in a low yield.9c Thus, to directly 
synthesize functionalized C-glycosides from unprotected di- 
and trisaccharides, advances were required. Here we report C-
glycosidation reactions of di- and trisaccharide aldopyranoses 
with ketones using pyrrolidine-boric acid catalyst systems. We 
also report the reaction-based mechanistic investigation and 
the key factors of the catalysis. 

RESULTS AND DISCUSSION 
Design. C-Glycosides bearing ketone groups have been 

used for the synthesis of various C-glycoside derivatives.1c,d 
We designed C-glycosidation of unactivated, unprotected di- 

and trisaccharide aldoses with ketones. In our design, the fol-
lowing points were considered to develop the C-glycosidation 
reactions: (1) in situ-activation of aldopyranoses to enable the 
C-C bond formation at the anomeric center, (2) in situ-
generation of enamines or enolates from ketones that react as 
nucleophiles with aldopyranoses, (3) catalyst systems that 
work in the presence of polyhydroxy-substituted compounds, 
and (4) reaction systems/catalyst systems that provide high 
stereoselectivity for the C-C bond formation without altering 
the carbohydrate stereochemistry. We sought amine-based 
catalysts13 to address these points and to enable the generation 
of desired products under mild conditions. In our design, 
amine catalysts were expected to form enamines of ketones. 
At the same time, the catalyst systems would activate the car-
bohydrates to lead the C-C bond formation. Based on these 
considerations, we searched for catalysts of the C-
glycosidation.  

As described above, we recently reported C-glycosidation of 
unprotected 2-N-acyl-aldopyranoses.9d In these reactions, 
some catalyst systems were efficient for only certain carbohy-
drates; the efficiency of the catalyst systems depended on the 
carbohydrate structure/stereochemistry. For the C-
glycosidation of di- and trisaccharide aldopyranoses with ke-
tones, our focus was on the development of the catalyst sys-
tems that work for a series of carbohydrates, including func-
tionalized carbohydrates, and for various ketones. 

As described below, catalyst systems composed of pyrroli-
dine and boric acid accelerated the C-glycosidation reactions 
of unprotected di- and trisaccharides with ketones.  

C-Glycosidation of Monosaccharide Aldopyranoses. We 
reasoned that catalyst systems that work for the C-
glycosidation of di- and trisaccharide aldopyranoses with ke-
tones should work for C-glycosidation of monosaccharide 
aldopyranoses to some degree. By analyzing the C-
glycosidation products from monosaccharaide aldopyranoses, 
features of the reactions, such as the possibility of isomeriza-
tion at the 2-position of the carbohydrates, would be more 
easily recognized than by analyzing the products from di- and 
trisaccharides. Thus, first, results of the C-glycosidation reac-
tions of monosaccharide aldopyranoses are described. When 
the reaction was performed using pyrrolidine and boric acid as 
catalyst,9d C-glycoside ketone 3aa was obtained (Table 1). 

For the reaction of D-glucose (1a) with acetone (2a), amine-
based catalyst systems that have been commonly used in aldol 
and/or Mannich reactions of ketones with simple aldehydes 
(i.e., not carbohydrates), such as proline13a,b and amino acids,13 
did not give 3aa. As 6-membered hemiacetals are usually sta-
ble as the cyclic forms,14 aldopyranoses, such as D-glucose, are 
more difficult to react with nucleophiles at the anomeric car-
bon (or the aldehyde carbonyl group of the corresponding 
ring-opened form) than are aldopentoses such as ribose.2b,3a-d,9d 
Conditions used for catalyzing the C-glycosidation of ribose 
with simple ketones, such as proline-DBU,9a were also not 
optimal for the C-glycosidation of D-glucose with acetone. 

In the presence of pyrrolidine and boric acid, the reaction of 
D-glucose (1a) with ethyl 5-oxohexanoate (2b) also afforded 
C-glycoside product 3ab (Table 1). The ester group of ketone 
2b was not affected under the pyrrolidine-boric acid catalysis 
conditions. Reaction with acetophenone (2c) also afforded 
corresponding C-glycoside 3ac. The reactions of C6-aldoses 
bearing 2-hydroxy group with acetophenone were previously 
recognized as difficult reactions.9c Reaction of D-mannose 
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(1b) with ketone 2b also afforded C-glycosidation product 
3bb when the pyrrolidine-boric acid combination was used as 
catalyst. 

 
Table 1. C-Glycosidation of monosaccharide aldohexopyra-
noses.a 
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a Conditions: Carbohydrate 1 (0.50 mmol), ketone 2 (2.0 mmol), 

pyrrolidine (0.25 mmol), H3BO3 (1.0 mmol) in DMSO (1.0 mL) 
at room temperature (25 °C) for 48 h. b Acetone (5.0 mmol). c 
Acetone (20 equiv to 1a), boric acid (1.0 equiv to 1a), 24 h; modi-
fied conditions; see Experimental Section.  

Under the pyrrolidine-boric acid catalysis conditions, isom-
erization at the 2-position of the carbohydrates did not occur: 
The reaction of D-glucose affording 3ab did not co-generate 
3bb, and the reaction of D-mannose affording 3bb did not 
form 3ab. 

Isolated products 3 were stable at room temperature (25 °C) 
for at least one month. Acetal formation at the ketone group of 
these products and formation of ring-opened forms were neg-
ligible or were not detected. 

Previously reported C-glycosidation reactions of C6-aldoses 
with ketones (excluding 1,3-diketones and relatively nucleo-
philic ketones) were often performed with aldoses that did not 
have a hydroxy group at the 2-position of the aldoses.7a,b,9c The 
pyrrolidine-boric acid catalyst system allowed the synthesis of 
C-glycoside derivatives of C6-aldopyranoses bearing a hy-
droxy group at the 2-position. Further, in the reactions cata-
lyzed by the pyrrolidine-boric acid system, products were ob-
tained as single diastereomers or with high diastereoselectivity 
with the β-isomer as the major diastereomer (dr (β-anomer/α-
anomer) >10:1 to >20:1).  

C-Glycoside products bearing ketone moieties were previ-
ously synthesized by the reactions of unprotected carbohy-
drates with β-diketones or with Horner-Wadsworth-Emmons 
(HWE) β-carbonyl phosphonate reagents.2,6b These reactions 
were performed at high temperature under basic conditions. 

The reactions of unprotected carbohydrates with ketones using 
pyrrolidine-boric acid catalyst afforded the products under 
mild conditions at room temperature. With the use of pyrroli-
dine-boric acid catalysis system, methyl ketone derivatives 
with the ester group and with the aryl group were able to be 
used as nucleophiles, and the synthesis of β-diketones2 and of 
HWE reagents6 was not required to obtain the C-glycoside 
products. 

C-Glycosidation of Disaccharide Aldopyranoses. C-
Glycosidation reactions of disaccharide aldopyranoses 4 are 
shown in Scheme 1. Under the pyrrolidine-boric acid catalysis 
conditions, reactions of D-lactose (4a) with ketones afforded 
the corresponding C-glycosidation products 5aa-5ah (Scheme 
1). These products were β-isomers (dr (β/α) >10:1) regardless 
of the reaction time lengths. Reactions with various ketones, 
such as acetone, unsymmetrical functionalized alkyl methyl 
ketones (including ketones bearing an ester group, an ethynyl 
group, or a cyclopropane ring), and aryl methyl ketones, af-
forded the desired C-glycosidation products. 

When amine-based catalyst systems were screened to afford 
5aa in the reaction of D-lactose (1a) with acetone, commonly 
used amine-based catalysts such as proline13a,b did not catalyze 
the reaction. Proline with bases such as N,N-
diisopropylethylamine9d also did not efficiently catalyze the 
reaction. Among catalyst systems tested, pyrrolidine-boric 
acid most efficiently catalyzed the reaction. Investigation of 
catalyst systems for the reaction of 4a is further discussed in 
the later part (see below).  

Under the pyrrolidine-boric acid catalysis conditions, reac-
tions of D-maltose (4b) and of D-cellobiose (4c) also afforded 
the corresponding C-glycosides 5ba and 5ca, respectively 
(Scheme 1). Products 5ba and 5ca were also obtained as β-
isomers (dr (β/α) >10:1).  

The pyrrolidine-boric acid catalysis conditions did not affect 
the stereochemistry of the O-glycosylated carbon of the disac-
charide (i.e., the 1’-position of the disaccharides) (Scheme 1). 
In the reaction of D-maltose (4b) affording 5ba, formation of 
5ca was not observed, and in the reaction of D-cellobiose (4c) 
affording 5ca, formation of 5ba was not detected. For prod-
ucts 5 obtained from D-lactose, in the 1H NMR spectra, the 
coupling constant J value of the proton at the 1’-position indi-
cated that the stereochemistry of the 1’-position of the reactant 
was retained in the products.  

Reactions of disaccharides 4a, 4b, and 4c were faster than 
reactions of monosaccharides 1 under the same pyrrolidine-
boric acid catalysis conditions when the reactions with the 
same ketones were compared. The yields of the disaccharide 
C-glycoside derivatives after 48 h were better than those of 
monosaccharide C-glycoside derivatives when the same ke-
tones were used under the same reaction conditions (Scheme 1, 
5ab versus Table 1, 3ab and 3bb; Scheme 1, 5ac versus Table 
1, 3ac). Yields of products 5 were improved with longer reac-
tion time without increased formation of byproducts (Scheme 
1, for 5aa: 45% after 48 h, 61% after 96 h; for 5ab: 45% after 
48 h, 65% after 96 h; for 5ag: 35% after 48 h, 55% after 96 h). 

In contrast, for D-melibiose (4d), in which the hydroxy 
group at the 6-position of the terminal aldopyranose is glyco-
sylated, corresponding C-glycosidation products were not 
formed under the pyrrolidine-boric acid catalysis conditions.  
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Scheme 1. C-Glycosidation of disaccharides.a 
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a Conditions: Carbohydrate 4 (0.5 mmol, 1.0 equiv), ketone 2 

(2.0 mmol, 4.0 equiv), pyrrolidine (0.25 mmol, 0.5 equiv), H3BO3 
(1.0 mmol, 2.0 equiv) in DMSO (1.0 mL) at room temperature 
(25 °C) for 48 h. b Modified conditions with 4 (1.0 equiv), acetone 
(20 equiv), pyrrolidine (0.5 equiv), and H3BO3 (1.0 equiv); see 
Experimental Section. c 96 h. 
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C-Glycosidation of Trisaccharide Aldopyranoses. Reac-

tions of trisaccharide aldopyranoses 6 were also performed 
using pyrrolidine-boric acid catalysis conditions. With the use 
of the pyrrolidine-boric acid catalyst system, reactions of 3’-

sialyllactose (6a), 6’-sialyllactose (6b), and maltotriose (6c) 
with ketones afforded corresponding C-glycosides 7 (Scheme 
2). Reactions with acetone, alkyl methyl ketones bearing vari-
ous functional group or a cyclopropane ring, and aryl methyl 
ketones all gave the desired C-glycoside ketones 7. Use of the 
pyrrolidine-boric acid catalyst system allowed the direct C-
glycosidation reactions of highly functionalized carbohydrates 
such as N-acetylneuraminic acid-bearing carbohydrates. 

 
Scheme 2. C-Glycosidation of trisaccharides.a 
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a For details, see Experimental Section. 

Transformations of C-Glycoside Ketones. The methyl ke-
tone moiety of monosaccharide C-glycoside ketones and of a 
few disaccharide C-glycosides has been used as reaction site 
for chemical transformations to derivatize the C-glycoside 
ketones.1c,d,15-17 The C-glycoside ketones synthesized using the 
pyrrolidine-boric acid catalysis conditions were transformed to 
C-glycoside derivatives with more complex and/or elongated 
structures (Schemes 3, 4, and 5). The methyl ketone moiety 
was used as nucleophile1d,15 (via the formation of enamines or 
enolates) to generate aldol condensation products 8 (Scheme 
3). The methyl ketone moiety was also used as an electro-
phile1c,d,16 to form hydrazone derivative 9 and oxime derivative 
10 (Schemes 4 and 5).  



5 

Carbohydrate derivatives bearing a 6-methoxynaphthalen-2-
yl-buten-2-one moiety are inhibitors of certain cancer-
associated enzymes.15b Previously, monosaccharide C-
glycoside ketones have been derivatized to afford aldol con-
densation products.1d,15 In our study, di- and trisaccharide C-
glycosides were transformed to the corresponding aldol con-
densation products 8a-e using either proline-N,N-
diisopropylethylamine or pyrrolidine-boric acid catalysis sys-
tems (Scheme 3). No protection of the polyhydroxy groups of 
the C-glycosides was necessary before the transformation. 
Through the formation of 8, formation of 5 and 7 in the C-
glycosidation reactions was further confirmed. 

The C-glycosidation using the pyrrolidine-boric acid cataly-
sis allowed the synthesis of C-glycoside ketones bearing func-
tional groups (such as ethynyl, ester, and aryl ketone groups) 
as described above. These functional groups will also be use-
ful for further derivatization.1c,d 

 
Scheme 3. Transformations of C-glycoside ketones through 
aldol condensation.a 
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Scheme 4. Derivatization through hydrazone formation. 
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Scheme 5. Derivatization through oxime formation followed 
by amide formation. 
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Catalyst Systems in the C-Glycosidation. To understand 

the key factors that result in the generation of the C-glycosides 
from di- and trisaccharide aldopyranoses using pyrrolidine-
boric acid catalysis system, related catalyst systems were also 
evaluated in the reaction of D-lactose (4a) with ketone 2b to 
afford 5ab and with ketone 2c to afford 5ac (Table 2).  

Pyrrolidine alone or boric acid alone did not catalyze the re-
action to form the C-glycosidation product; carbohydrate 4a 
remained unreacted (entries 11 and 12). Substituting boric acid 
with bases, such as NaOH, Na2CO3, or DBU, in the catalyst 
system also did not afford 5ab (entries 3-5). Substituting boric 
acid with NH4Cl, phenol, or acetic acid also did not form the 
product (entries 6-8). On the other hand, the pyrrolidine-
trimethyl borate catalyst system catalyzed the reaction to af-
ford product 5ab (entry 2). These results suggest that boric 
acid in the pyrrolidine-boric acid catalysis in the C-
glycosidation acts not just as a Brønsted acid or base. It is 
likely that boric acid forms B-O covalent bonds with the car-
bohydrate.18 This B-O covalent formation may be key to the 
formation of the C-glycosidation product (see below).  

Further, the use of Et3N or DBU instead of pyrrolidine in 
the pyrrolidine-boric acid catalysis system did not catalyze the 
reaction to give the C-glycosidation product (entries 9 and 10). 
Although DBU has been used to generate enolates from ke-
tones,19 the DBU-boric acid system was not effective for the 
C-glycosidation with ketones. However, substituting pyrroli-
dine with benzylamine in the pyrrolidine-boric acid catalysis 
system did afford C-glycosidation product 5ac (entry 14). 
Benzylamine has been used as an amine component in 
enamine-forming catalyst systems.20 These results indicated 
that both pyrrolidine (or amine, which can form an 
imine/iminium ion/enamine) and boric acid (or borate) have 
functions for catalyzing the C-glycosidation reaction. These 
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results suggest that the pyrrolidine-boric acid catalyst system 
involves both the formation of an iminium ion with the carbo-
hydrate and the formation of an enamine of the ketones during 
the catalysis.  

 
Table 2. Catalyst systems for the C-glycosidation of 4a.a 

O

OH
O

OH

OH

OH

O

HO

HO

HO
OH

O

OH
O OH

OH

O

HO

HO

HO
OH

R

O

4a 5

1'
R

O

2

catalyst 
system

2b, 5ab: R = (CH2)3COOEt
2c, 5ac: R = Ph  

entry catalyst system  product yield (%) 

1 pyrrolidine-H3BO3 5ab 45b 
2 pyrrolidine-B(OMe)3 5ab 39 
3 pyrrolidine-NaOH 5ab -c 
4 pyrrolidine-Na2CO3 5ab -c 
5 pyrrolidine-DBU 5ab <5 
6 pyrrolidine-NH4Cl 5ab -c 
7 pyrrolidine-phenol 5ab <5 
8 pyrrolidine-CH3COOH 5ab <5 
9 Et3N-H3BO3 5ab -c 
10 DBU-H3BO3 5ab -c 
11 pyrrolidine 5ab -c 
12 H3BO3 5ab -c 
13 pyrrolidine-H3BO3 5ac 36b 
14 PhCH2NH2-H3BO3 5ac 30 

a Conditions: For entry 2, carbohydrate 4a (0.25 mmol), ketone 
2b or 2c (2.0 mmol), pyrrolidine (0.13 mmol), B(OMe)3 (0.5 
mmol) in DMSO (0.5 mL) at room temperature (25 °C) for 48 h. 
For entries 3-12 and 14, H3BO3 and/or pyrrolidine were sub-
tracted or replaced as indicated. b Data from Scheme 1. c For-
mation of 5ab was not detected. 

Detection of Intermediates of the C-Glycosidation. De-
tection of intermediates provides information necessary for 
understanding the mechanisms of catalyzed reactions. To de-
tect intermediates (such as iminium ion and hemiaminal that 
would be generated from the carbohydrate and pyrrolidine), 
the reaction mixture was analyzed by mass spectrometry. 
When the reaction mixture containing D-lactose (4a), ketone 
2b, and the catalyst system (i.e., pyrrolidine and boric acid) 
was analyzed at 10 min after the preparation of the mixture, 
mass signals at m/z 396.1869 and m/z 554.2811, assigned to 
C16H30NO10 (calcd 396.1864) and C24H44NO13 (calcd 
554.2807), were observed. These signals likely correspond to 
the protonated forms of 11 and 12, respectively (i.e., [M + H]+, 
in which M = 11 and 12, respectively). Hemiaminal ether 11 is 
a cyclized form of the iminium ion derived from the ring-
opened form of 4a with pyrrolidine. Intermediate 11 may also 
be present as a ring-opened form (i.e., the iminium ion). The 
mass signal assigned as C24H44NO13 may also be the [M + H]+, 
in which M = 13. Compound 11 was also isolated from the 
mixture of D-lactose (4a), pyrrolidine (1.0 equiv to 4a), and 
boric acid (2.0 equiv to 4a) in DMSO.  

To analyze whether 11 is an intermediate, compound 11 was 
subjected to the reaction with ketone 2b in the presence of 
pyrrolidine and boric acid under the conditions similar to those 
used for the reaction of 4a to afford 5ab. In this reaction, 
compound 11 was transformed to 5ab, suggesting that com-
pound 11 is an intermediate of the reaction of 4a. These results 
support the involvement of the iminium ion formation from 
the carbohydrate with pyrrolidine during the C-glycosidation 
in the presence of pyrrolidine and boric acid. 

O

OH
O

N
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HO

HO

HO
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OH
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11 12
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To provide further information about the mechanism and the 

intermediates of the pyrrolidine-boric acid catalysis, 13C NMR 
of D-lactose (4a) was analyzed in the presence of pyrrolidine 
alone, boric acid alone, and pyrrolidine-boric acid (Figure 1, 
see also Supporting Information). In the presence of boric acid 
(2.0 equiv to 4a), some peaks of 13C NMR spectra of D-lactose 
(4a) were shifted from those of 4a in the absence of boric acid 
(Figure 1d versus Figure 1c). No aldehyde group was detected 
in these cases (Supporting Information Figure S1). In the pres-
ence of boric acid, the stereochemistry of the anomeric carbon 
of D-lactose (4a) was unaffected (Figure 1d). That is, lactose 
was present as the α-anomer21 before the addition of boric acid, 
and this α-stereochemistry was retained after addition of boric 
acid. 

When the 13C NMR of D-lactose (4a) was analyzed in the 
presence of pyrrolidine (0.5 equiv to 4a) in (CD3)2SO, 13C 
peaks that were not present in the sample of 4a alone in 
(CD3)2SO appeared (Figure 1e versus Figure 1c). As described 
above, the lactose was present as the α-anomer21 before the 
addition of pyrrolidine. The signals observed after the addition 
of pyrrolidine were in accord with the reported chemical shifts 
of the α- and β-anomers21 of D-lactose. Based on the height of 
the signal corresponding to the 13C at the 1-position (anomeric 
carbon; C1α and C1β, respectively) of 4a, the ratio of α-
anomer/β-anomer was estimated to be approximately 1.0:1.3 
in the presence of pyrrolidine (0.5 equiv to 4a) (Figure 1e). 
The α/β ratio was retained in the presence of an increased 
amount of pyrrolidine (1.0 equiv to 4a; data not shown). The 
signals intensities and the α/β ratio of 4a in the presence of 
pyrrolidine were not altered for at least 1 h. Neither an alde-
hyde group, an iminium ion, nor 11 was detected in the pres-
ence of pyrrolidine without boric acid. Signals that appeared 
by the addition of pyrrolidine to 4a did not correspond to the 
signals of 11. 

When the 13C NMR of D-lactose (4a) was analyzed in the 
presence of pyrrolidine (0.5 equiv to 4a) and boric acid (2.0 
equiv to 4a) in (CD3)2SO, signals assigned as the 13C at the 1-
position of the α- and β-anomers of 4a described above were 
observed only in trace amounts (Figure 1f). The signal corre-
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sponding to the C1 was at a chemical shift similar to that of 11 
(Figure 1f versus Figure 1h) and was different from those of 
the α- and β-anomers of 4a in the presence of pyrrolidine 
without boric acid and from that in the presence of boric acid 
without pyrrolidine (Figure 1f versus Figure 1e and 1d). Other 
signals of the carbohydrate moiety in the presence of pyrroli-
dine and boric acid were also different from those of the sig-
nals in the presence of pyrrolidine alone and in the presence of 
boric acid alone. There were two main sets of signals for the 
carbohydrate moiety in the presence of pyrrolidine and boric 
acid (Figure 1f). One set was similar to that of the peaks of 11 
(Figure 1f versus Figure 1h), although slightly shifted (these 
shifts may be attributed to the fact that boric acid was also 
present in the mixture). In addition, there were four 13C signals 
(or two sets of 13C signals) for the pyrrolidine moiety in Figure 
1f, indicating that that there were two-types of pyrrolidine 
moieties. One set of peaks would correspond to free pyrroli-
dine (or a pyrrolidine-boric acid adduct) and another to 11. 
That is, in the presence of pyrrolidine and boric acid, 11 
and/or 11 covalently bound with boric acid were formed at a 
detectable level. In the NMR spectrum of 4a in the presence of 
pyrrolidine and boric acid, no signals corresponding to the 
aldehyde and to the iminium ion (excluding cyclized form 11) 
were observed. 

In the presence of pyrrolidine, the carbohydrate hemiacetal 
ring may be opened, but the open-chain form may be rapidly 
closed, resulting in α/β-isomerization. This may be because 
the 6-membered cyclic forms are stable compared to the open-
chain forms.14 The hemiacetal ring opening in the presence of 
pyrrolidine may provide chances for pyrrolidine to react with 
carbohydrate to form an iminium ion. However, the iminium 
ion may be quickly hydrolyzed even if formed.  

In the presence of pyrrolidine and boric acid, cyclization 
may be slowed by the formation of B-O bonds between boric 
acid and the carbohydrate 6- and 5- positions. In addition, the 
water molecule generated by the formation of the iminium ion 
from the carbohydrate and pyrrolidine may react with boric 
acid and/or boric acid-carbohydrate covalently attached deriv-
atives instead of reacting to hydrolyze the iminium ion. As a 
result, the iminium ion may be able to exist and is used for the 
C-C bond-formation or for the formation of hemiaminal ether 
11.  

13C NMR spectra of the reaction mixture containing 4a, 4’-
methylacetophenone, pyrrolidine, and boric acid in (CD3)2SO 
also showed signals correlated to the formation of 11 (Figure 
1g). 

NMR spectra of D-maltose (4b) and of D-cellobiose (4c) 
were also analyzed in the presence of pyrrolidine alone, boric 
acid alone, and pyrrolidine-boric acid, respectively (Support-
ing Information Figures S4 and S5, respectively). Although 4b 
and 4c were presented as β-anomers initially, observations in 
the NMR analyses of 4b and of 4c were similar to those ob-
served in the lactose case. That is, in the presence of pyrroli-
dine, both α- and β-anomers were generated. In the presence 
of pyrrolidine and boric acid, new signals were observed for 
the carbohydrate moiety including the signal corresponding to 
the carbon originally at the 1-position of the carbohydrates. 
Further, there were four 13C signals for the pyrrolidine moiety, 
indicating that there were two-types of pyrrolidine moieties. 

11B NMR of D-lactose (4a) in the presence of pyrrolidine 
and boric acid was also analyzed (Supporting Information 
Figure S3). The boron NMR of boric acid in (CD3)2SO 

showed a broad peak.22 The 11B NMR of a mixture of pyrroli-
dine and boric acid in the same solvent showed the broad peak 
and a sharp peak. On the other hand, the 11B NMR of a mix-
ture of D-lactose (4a), pyrrolidine, and boric acid in (CD3)2SO 
showed multiple signals. These boron NMR analyses results 
support that boric acid forms covalent B-O bonds with the 
carbohydrate. 7f,18,22 

Catalysis Systems for the Ketone Activation. To assess 
the efficiency of the pyrrolidine-boric acid catalysis for the 
ketone activation (or for the formation of enamines/enolates 
from the ketones that act as nucleophiles in the C-C bond for-
mation of the C-glycosidation), the pyrrolidine-boric acid cata-
lyst system and related catalyst systems were evaluated in the 
reaction of acetone with 4-nitrobenzaldehyde.13a,b Because of 
the electron-withdrawing nitro group, this aldehyde would 
readily react with the enamines/enolates generated in situ. 
When the reaction of acetone with 4-nitrobenzaldehyde was 
performed in the presence of pyrrolidine (0.2 equiv to the al-
dehyde) and acetic acid (0.2 equiv),19a the conversion of the 
aldehyde was 60% (i.e., 40% of the aldehyde remained unre-
acted) after 1 h. When the reaction of the same substrates was 
performed in the presence of pyrrolidine (0.2 equiv) and in the 
presence of pyrrolidine (0.2 equiv) and boric acid (0.2 equiv), 
the conversion was more than 90% and 95%, respectively, 
after 1 h, and the main product was the aldol product in both 
cases. With the use of pyrrolidine (0.5 equiv) and boric acid 
(2.0 equiv), the reaction afforded the aldol product, aldol con-
densation products 4-(4-nitrophenyl)but-3-en-2-one, and more 
complex products.23 On the other hand, boric acid alone did 
not catalyze the reaction. In the reactions catalyzed by the 
pyrrolidine-boric acid catalysis system, enamines of ketones 
with pyrrolidine may be formed to act as nucleophiles.13,19 The 
efficiency in the enamine/enolate formation using pyrrolidine-
boric acid was superior to that using pyrrolidine-acetic acid 
based on the conversion yields. Increased loading of pyrroli-
dine and boric acid led the formation of aldol condensation 
product; this may be attributed to the involvement of the Man-
nich reaction route that uses the iminium ions generated from 
the aldehyde and pyrrolidine.9d,24  

Pyrrolidine alone also catalyzed the aldol reaction of ace-
tone and 4-nitrobenzaldehyde, indicating that acetone 
enamine/enolate was formed in the presence of pyrrolidine. 
However, pyrrolidine alone did not catalyze the C-
glycosidation of carbohydrates with ketones (including ace-
tone). Thus, the ketone activation alone does not lead the C-
glycosidation with the ketone. For the C-glycosidation of car-
bohydrates with ketones, activation of both the carbohydrates 
and the ketones is necessary. 

In the reactions of carbohydrates with ketones, including ke-
tones for which formation of enamines/enolates is relatively 
difficult (such as 4’-methylacetophenone), the use of the pyr-
rolidine-boric acid catalyst system afforded the C-
glycosidation products. As the pyrrolidine-boric acid catalyst 
system efficiently formed nucleophiles from ketones, this cata-
lyst system was also useful for the transformation of the C-
glycoside ketones as shown in Scheme 3. 

Plausible Mechanisms. A plausible mechanism of the C-
glycosidation reaction of di- and trisaccharide aldopyranoses 
in the presence of pyrrolidine and boric acid is shown in 
Schemes 6 and 7. In the presence of pyrrolidine and boric acid, 
the carbohydrate forms B-O bonds with boric acid and also 
forms an iminium ion with pyrrolidine (Scheme 6, A). Imini-
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um ion A reacts with the enamine generated from the ketone 
with pyrrolidine via a Mannich reaction route to generate in-
termediate B. Elimination of pyrrolidine from B, through the 
protonation of the nitrogen, results in the formation of C. Cy-
clization of C leads the formation of D. Intermediate B may 
also be cyclized directly to lead the formation of D. After hy-
drolysis, product E is generated. As no isomerization at the 2-
position was observed, formation of enamine F does not occur. 
Formation of cyclized form G from A may suppress the for-
mation of F. Alternatively, formation of enamine F may be 
significantly slow because of the hydroxy group-substituent at 
the 2-position (compared to the formation of the enamine of 
the corresponding non-hydroxy group-substituted com-
pound).19a G is a resting state intermediate for providing active 
intermediate A. Compound 11 that was isolated (see above) is 
a boric acid-dissociated form of G. Cyclized, hemiaminal eth-
er form G may also be present as nitrogen-protonated form H. 
H may also react with the enamine of the ketone to give D via 
an SN2 reaction route or via an oxonium ion. Based on the 
previously reported Mannich reaction route,24 the route via B 
may be more favored than the route via H. In the presence of 
pyrrolidine-boric acid, the cyclic forms may be in the equilib-
rium with the open-chain forms. The equilibrium between C 
and D may be a reason for resulting in the formation of the 
stable β-isomer as the major product. The β-isomer may also 
be formed kinetically at the oxa-Michael addition step (C to 
D) through chair form transition state G. 

The aldehyde group generated from the cyclic hemiacetal of 
the carbohydrates may directly react with the enamine gener-
ated from the ketone with pyrrolidine. But, as described above, 

the DBU-boric acid did not catalyze the C-glycosidation of 
lactose with a ketone, indicating that the formation of an imin-
ium ion of the carbohydrate is required for the generation of 
the C-glycosidation product. Thus, the reaction with the imini-
um ion of the carbohydrates (i.e., the Mannich reaction route) 
is more likely used than the reaction with the aldehyde group 
(i.e., aldol reaction route).   

When the 6-position of the hydroxy group was glycosylated, 
(such as in melibiose (4d)), the C-glycosidation of the carbo-
hydrate with ketones in the presence of pyrrolidine-boric acid 
did not occur. Thus, the B-O bond formation with the hydroxy 
group at the 6-position is necessary for the formation of the B-
O bond at the hydroxy group at the 5-position in the presence 
of pyrrolidine. That is, the B-O bond formation with both 6- 
and 5-hydroxy groups of the carbohydrates in the presence of 
pyrrolidine is key to forwarding the C-glycosidation via the 
generation of an aldehyde group from the hemiacetal and the 
formation of an iminium ion of the aldehyde with pyrrolidine 
(Scheme 7). Hydroxy groups at positions other than the 6- and 
5-positions of the carbohydrates may also form B-O bonds 
with boric acid, but these do not result the generation of the 
aldehyde group, and thus do not result in the formation of the 
C-glycosidation product. B-O bonds are easily exchanged (the 
boron atom of a B-O bond is easily liberated from the oxygen 
atom and the boron atom easily reacts with hydroxy groups 
and other oxygen species to form a new B-O bond);25 because 
of this, the use of only 1 or 2 equivalents of boric acid relative 
to the carbohydrate in the presence of pyrrolidine functioned 
to catalyze the reaction to afford the C-glycosidation product.  

 

 

Figure 1. 13C NMR spectra of (a) pyrrolidine, (b) pyrrolidine and boric acid, (c) D-lactose, (d) D-lactose and boric acid, (e) D-lactose and 
pyrrolidine, (f) D-lactose, pyrrolidine, and boric acid, (g) D-lactose, 4'-methylacetophenone, pyrrolidine, and boric acid (i.e., the C-
glycosidation reaction of D-lactose with 4'-methylacetophenone using the pyrrolidine-boric acid catalysis), after 24 h, (h) compound 11, in 
(CD3)2SO. For (a)-(f), the NMR was analyzed at 5 min after the preparation of the solution.  
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Scheme 6. Plausible mechanism of the C-glycosidation reaction. 
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Scheme 7. Plausible mechanism of the formation of interme-
diate A. 
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The pyrrolidine-boric acid catalysis system did not alter the 

stereochemistry of the 1’-position of disaccharide aldopyra-
noses 4 (see Scheme 1). This result indicates that the catalyst 
system does not open the carbohydrate acetal ring (or does not 
open the carbohydrate hemiacetal ring when the hydroxy 
group at the anomeric carbon is glycosylated). That is, the B-O 
bond formation with the hydroxy group at the 6’-position 
alone does not forward the B-O formation with the hydroxy 
group at the 5’-position in the presence of pyrrolidine. The 
result indicates that the B-O bond formation with both the 
hydroxy groups at the 6- and 5-positions occurs in the presen-
ce of pyrrolidine only when the anomeric carbon (1-position) 
has a hydroxy group (i.e., when the hydroxy group at the ano-
meric carbon is not glycosylated) (Scheme 7). The result also 
suggests that the deprotonation of the hydroxy group at the 
anomeric carbon is the trigger for the formation of intermedia-
te A (Scheme 7). 

The reaction of lactose was faster than that of glucose when 
the same ketone was used as the nucleophile. In lactose, the 
hydroxy group at the 4-position is glycosylated. Thus, in the 
presence of pyrrolidine, when boric acid forms a covalent B-O 
bond with the oxygen of the hydroxy group at the 6-position 
of lactose, the boron may also form a covalent B-O bond with 
the oxygen of the hydroxy group at the 5-position. For glucose, 
however, when boric acid forms a covalent B-O bond with the 
oxygen of the hydroxy group at the 6-position, the boron may 
also form a bond with the hydroxy group at the 4-position. The 
covalent B-O bond formation with the 4-position-hydroxy 
group may slow the B-O bond formation with the 5-position-
hydroxy group and may result in the slow C-glycosidation of 
glucose.  

CONCLUSION 
We have developed C-glycosidation reactions of unprotect-

ed di- and trisaccharide aldopyranoses with ketones catalyzed 
by pyrrolidine and boric acid. The reactions afforded C-
glycoside ketones under mild conditions. With the developed 
reaction methods, polyhydroxylated di- and trisaccharide car-
bohydrates, including functionalized carbohydrates (such as 
3'-sialyllactose and 6'-sialyllactose), were directly transformed 
to the corresponding C-glycoside ketones. With using ketones 
bearing functional groups in the reactions, C-glycoside ke-
tones bearing functional groups were obtained. The C-
glycosidation reactions catalyzed by the pyrrolidine-boric acid 
catalyst system did not alter the stereochemistries at the 2-
position and at the O-glycosylated anomeric carbons of the 
carbohydrates.  

We have also uncovered the key factors of the C-
glycosidation and proposed the mechanisms for the C-
glycosidation under the pyrrolidine-boric acid catalysis. For 
the C-glycosidation reactions catalyzed by pyrrolidine-boric 
acid, both pyrrolidine and boric acid were required to forward 
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the reactions. The hydroxy group at the 6-position of the react-
ing aldopyranoses was required for carbohydrates to be trans-
formed to the C-glycoside ketones under the pyrrolidine-boric 
acid catalysis. The analyses performed suggest that the hy-
droxy group at the 6-position forms a B-O bond with boric 
acid to allow the B-O bond formation with the hydroxy group 
at the 5-position and also to allow the generation of an imini-
um ion intermediate with pyrrolidine, which is used for the C-
C bond formation to lead the formation of the C-glycosidation 
products. The analyses also suggest that the deprotonation of 
the hydroxy group at the anomeric carbon is required to form 
the iminium ion intermediate. Pyrrolidine was involved in the 
activation of both the carbohydrates and ketones in the presen-
ce of boric acid. Pyrrolidine and boric acid worked coopera-
tively to form the iminium ion intermediate and to afford the 
C-glycosidation products.  

Our developed C-glycosidation reaction methods that use 
the pyrrolidine-boric acid catalyst system allow access to di- 
and trisaccharide-derived C-glycosides derivatives including 
those that are previously difficult to synthesize. Insights ob-
tained from our investigation on the mechanisms of the pyrrol-
idine-boric acid catalysis for the C-glycosidation will be useful 
for the development of related catalyzed reactions. 

EXPERIMENTAL SECTION 
General. For thin layer chromatography (TLC), Merck sili-

ca gel 60 F254 aluminum sheets were used. Flash column 
chromatography was performed using Merck silica gel 60 
(230-400 mesh) or Yamazen flash column (60 Å, 40 µm). 1H 
NMR and 13C NMR were recorded on a Bruker Avance 400. 
11B NMR was recorded on a Jeol ECZ600R. Proton chemical 
shifts are reported in ppm downfield from tetramethylsilane or 
from the residual solvent as internal standard in CDCl3 (δ 7.26 
ppm), in CD3OD (δ 3.31 ppm), and in (CD3)2SO (δ 2.50 ppm). 
Carbon chemical shifts were internally referenced to the deu-
terated solvent signals in CDCl3 (δ 77.0 ppm), in CD3OD (δ 
49.0 ppm), and in (CD3)2SO (δ 39.5 ppm). High-resolution 
mass spectra were recorded on a Thermo Scientific LTQ Or-
bitrap ESI ion trap mass spectrometer. 

1. C-Glycosidation of Monosaccharide Aldopyranoses 
(Table 1) 

General procedure for the synthesis of C-glycosides 3. A 
mixture of carbohydrate (0.50 mmol, 1.0 equiv) and ketone 
(2.0 mmol, 4.0 equiv) in DMSO (1.0 mL) was stirred at room 
temperature (25 °C) for 5 min to solubilize the carbohydrate. 
To the solution, pyrrolidine (0.25 mmol, 0.5 equiv) and boric 
acid (1.0 mmol, 2.0 equiv) were added and the mixture was 
stirred at the same temperature for 48 h. The mixture was puri-
fied by silica gel flash column chromatography 
(CH2Cl2/MeOH or CHCl3/MeOH) to give corresponding C-
glycoside 3. 

Additional information. In our observation, after 48 h reac-
tion time, starting material carbohydrate 1 remained signifi-
cantly, and thus the moderate yields of 3 were obtained. The 
corresponding hemiketal forms2b were possibly generated as a 
portion during the reactions depending on reaction conditions 
and also depending on carbohydrates and ketones used in the 
reactions, although they were not isolated or confirmed. 

Compound 3aa. Synthesized by the general procedure from 
D-glucose (90 mg, 0.50 mmol) but using 10 equiv of acetone 
(368 µL, 5.0 mmol), purified by flash column chromatography 

(CHCl3/MeOH = 88:12 to 85:15), colorless gum, 27 mg, 25%. 
Compound 3aa is a known compound.2b,6b,17  

Rf = 0.37 (CH2Cl2/MeOH = 5:1). 1H NMR (400 MHz, 
CD3OD): δ 3.78 (dd, J = 12.0 Hz, 1.7 Hz, 1H), 3.66 (td, J = 
9.2 Hz, 2.9 Hz, 1H), 3.61 (dd, J = 12.0 Hz, 5.0 Hz, 1H), 3.36-
3.29 (m, 1H), 3.28-3.20 (m, 2H), 3.06 (t, J = 9.2 Hz, 1H), 2.88 
(dd, J = 16.0 Hz, 2.9 Hz, 1H), 2.59 (dd, J = 16.0 Hz, 9.2 Hz, 
1H), 2.20 (s, 3H). 13C NMR (100 MHz, CD3OD): δ 210.2, 81.6, 
79.6, 77.2, 75.1, 71.7, 62.8, 47.1, 30.6. HRMS (ESI): calcd for 
C9H17O6 ([M + H]+) 221.1020, found 221.1023. 

Procedure using pyrolidine (0.5 equiv) and boric acid (1.0 
equiv). To a mixture of pyrrolidine (28.0 µL, 0.34 mmol) in 
DMSO (1.0 mL), acetone (1.0 mL, 13.6 mmol) and boric acid 
(42.0 mg, 0.68 mmol) were added at room temperature (25 °C), 
and the mixture was stirred for 5 min. To this mixture, glucose 
(150 mg, 0.68 mmol) was added and the resulting mixture was 
stirred at the same temperature for 24 h. The mixture was puri-
fied by silica gel flash column chromatography 
(CH2Cl2/MeOH = 86:14 to 78:22) to give 3aa (19.1 mg, 12%) 
with the 5-membered ring isomers2b,6b and the further cyclized 
forms2b through hemiketal formation. 

Procedure using L-proline and triethylamine. To a mixture 
of L-proline (192 mg, 1.67 mmol) in PEG (5.0 mL), acetone 
(4.90 mL, 66.6 mmol) and triethylamine (116 µL, 0.833 
mmol) were added at room temperature (25 °C), and the mix-
ture was stirred for 5 min. To this mixture, glucose (600 mg, 
3.33 mmol) was added and the resulting mixture was stirred at 
the same temperature for 24 h. The mixture was purified by 
silica gel flash column chromatography (CH2Cl2/MeOH = 
86:14 to 78:22) to give a mixture of product including 3aa 
with the 5-membered ring isomers2b,6b and further cyclized 
forms2 through hemiketal formation (93.0 mg, 88%). Based on 
further purification by silica gel flash column chromatography 
(CH2Cl2/MeOH = 86:14 to 78:22) and 1H NMR analyses of 
fractions containing 3aa, the yield of 3aa was estimated to be 
18%. 

Compound 3ab. Synthesized by the general procedure, 
from D-glucose (90 mg, 0.50 mmol) and ethyl 5-oxohexanoate 
(320 µL, 2.0 mmol), purified by flash column chromatography 
(CH2Cl2/MeOH = 88:12 to 80:20), pale yellow gum, 59 mg, 
37%.  

Rf = 0.25 (CH2Cl2/MeOH = 5:1). 1H NMR (400 MHz, 
CD3OD): δ 4.08 (q, J = 7.2 Hz, 2H), 3.75 (dd, J = 11.9 Hz, 2.2 
Hz, 1H), 3.63 (td, J = 9.2 Hz, 2.8 Hz, 1H), 3.59 (dd, J = 11.9 
Hz, 5.8 Hz, 1H), 3.33-3.28 (m, 1H), 3.25 (dd, J = 9.2 Hz, 9.0 
Hz, 1H), 3.21-3.16 (m, 1H), 3.04 (t, J = 9.2 Hz, 1H), 2.81 (dd, 
J = 15.6 Hz, 2.8 Hz, 1H), 2.60-2.52 (m, 3H), 2.30 (t, J = 7.2 
Hz, 2H), 1.81 (quint, J = 7.2 Hz, 2H), 1.21 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, CD3OD): δ 211.1, 175.1, 81.6, 79.6, 77.3, 
75.1, 71.6, 62.7, 61.4, 46.4, 43.0, 34.0, 19.7, 14.5. HRMS 
(ESI): calcd for C14H25O8 ([M + H]+) 321.1544, found 
321.1543. 

Compound 3ac. Synthesized by the general procedure, 
from D-glucose (90 mg, 0.50 mmol) and acetophenone (233 
µL, 2.0 mmol), purified by flash column chromatography 
(CH2Cl2/MeOH = 86:14 to 80:20), pale yellow gum, 24 mg, 
17%.  Compound 3ac is a known compound.2e  

Rf = 0.29 (CH2Cl2/MeOH = 5:1). 1H NMR (400 MHz, 
CD3OD): δ 8.01-7.99 (m, 2H), 7.60 (tt, J = 7.4 Hz, 1.2 Hz, 
1H), 7.52-7.47 (m, 2H), 3.86 (td, J = 9.0 Hz, 2.5 Hz, 1H), 3.74 
(dd, J = 11.9 Hz, 2.4 Hz, 1H), 3.61 (dd, J = 11.9 Hz, 5.0 Hz, 
1H), 3.42 (dd, J = 16.4 Hz, 2.5Hz, 1H), 3.41-3.30 (m, 2H), 
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3.25-3.17 (m, 3H). 13C NMR (100 MHz, CD3OD): δ 200.6, 
138.5, 134.3, 129.7, 129.3, 81.5, 79.7, 77.3, 75.1, 71.6, 62.7, 
42.4. HRMS (ESI): calcd for C14H19O6 ([M + H]+) 283.1176, 
found 283.1176. 

Compound 3bb. Synthesized by the general procedure, 
from D-mannose (90 mg, 0.50 mmol) and ethyl 5-
oxohexanoate (320 µL, 2.0 mmol), purified by flash column 
chromatography (CH2Cl2/MeOH = 88:12 to 80:20), pale yel-
low gum, 32 mg, 20%.  

Rf = 0.27 (CH2Cl2/MeOH = 5:1). 1H NMR (400MHz, 
CD3OD): δ 4.11 (q, J = 7.2 Hz, 2H), 3.92 (ddd, J = 7.6 Hz, 5.3 
Hz, 0.9 Hz, 1H), 3.80 (dd, J = 11.8 Hz, 2.4 Hz, 1H), 3.72 (dd, 
J = 3.2 Hz, 0.8 Hz, 1H), 3.65 (dd, J = 11.8 Hz, 5.6 Hz, 1H), 
3.54 (t, J = 9.4 Hz, 1H), 3.48 (dd, J = 9.4 Hz, 3.2 Hz, 1H), 
3.18 (ddd, J = 9.4 Hz, 5.6 Hz, 2.4 Hz, 1H), 2.87 (dd, J = 16.6 
Hz, 7.6 Hz, 1H), 2.65 (dd, J = 16.6 Hz, 5.3 Hz, 1H), 2.58 (t, J 
= 7.2 Hz, 2H), 2.33 (t, J = 7.2 Hz, 2H), 1.84 (quint, J = 7.2 Hz, 
2H), 1.24 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CD3OD): δ 
210.5, 175.1, 82.0, 76.3, 75.7, 72.4, 68.5, 62.9, 61.4, 44.9, 
42.9, 34.1, 19.8, 14.5. HRMS (ESI): calcd for C14H24O8Na ([M 
+ Na]+) 343.1363, found 343.1364. 
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2. C-Glycosidation of Di- and Trisaccharide Aldopyra-

noses (Schemes 1 and 2) 
Procedures for the synthesis of C-glycosides 5 and 7 
Procedure A.  To a solution of pyrrolidine (0.15 mmol, 0.5 

equiv) in DMSO (1.0 mL), acetone (5.8 mmol, 20 equiv) and 
boric acid (0.29 mmol, 1.0 equiv) were added at room temper-
ature (25 °C) and the mixture was stirred for 5 min. To this 
mixture, carbohydrate (0.28~0.29 mmol, 1.0 equiv) was added 
and the mixture was stirred at the same temperature for 24 h. 
The mixture was purified by silica gel flash column chroma-
tography (CH2Cl2/MeOH) to give corresponding C-glycoside 
5 or 7. 

Procedure B.  To a solution of pyrrolidine (0.15 mmol, 0.5 
equiv) in DMSO (0.35 mL), acetone (5.8 mmol, 20 equiv) and 
boric acid (0.29 mmol, 1.0 equiv) were added at room temper-
ature (25 °C) and the mixture was stirred for 5 min. To this 
mixture, carbohydrate (0.28~0.29 mmol, 1.0 equiv) was added 
and the mixture was stirred at the same temperature for 96 h. 
The mixture was purified by silica gel flash column chroma-
tography (CH2Cl2/MeOH) to give corresponding C-glycoside 
5 or 7. 

Procedure C.  A mixture of carbohydrate (0.50 mmol, 1.0 
equiv) and ketone (2.0 mmol, 4.0 equiv) in DMSO (1.0 mL) 
was stirred at room temperature (25 °C) for 5 min to solubilize 
the carbohydrate. To the solution, pyrrolidine (0.25 mmol, 0.5 
equiv) and boric acid (1.0 mmol, 2.0 equiv) were added and 
the mixture was stirred at the same temperature for 48 h. The 
mixture was purified by silica gel flash column chromatog-
raphy (CH2Cl2/MeOH) to give corresponding C-glycoside 5 or 
7. 

Compound 5aa. Synthesized by procedure A, from D-
lactose and acetone.  To a solution of pyrrolidine (12.0 µL, 
0.146 mmol) in DMSO (1.0 mL), acetone (429 µL, 5.84 

mmol) and boric acid (18.0 mg, 0.292 mmol) were added at 
room temperature (25 °C) and the mixture was stirred for 5 
min. To this mixture, D-lactose monohydrate (100 mg, 0.278 
mmol) was added and the mixture was stirred at the same 
temperature for 24 h. The mixture was purified by silica gel 
flash column chromatography (CH2Cl2/MeOH = 71:29 to 
63:37) to give 5aa (48.1 mg, 45%, dr >10:1) as a colorless 
solid. Compound 5aa is a known compound.6b 

Synthesized by procedure B.  To a solution of pyrrolidine 
(12.0 µL, 0.146 mmol) in DMSO (350 µL), acetone (429 µL, 
5.84 mmol) and boric acid (18.0 mg, 0.292 mmol) were added 
at room temperature (25 °C) and the mixture was stirred for 5 
min.  To this mixture, D-lactose monohydrate (100 mg, 0.278 
mmol) was added and the mixture was stirred at the same 
temperature for 96 h.  The mixture was purified by silica gel 
flash column chromatography (CH2Cl2/MeOH = 71:29 to 
63:37) to give 5aa (64.5 mg, 61%, dr >10:1) as a colorless 
solid. 

Synthesized by procedure C but using 10 equiv of acetone 
(368 µL, 5.0 mmol), from D-lactose monohydrate (180 mg, 
0.50 mmol), purified by flash column chromatography 
(CH2Cl2/MeOH = 70:30 to 65:35), colorless solid, 57 mg, 30%. 

Rf = 0.28 (CH2Cl2/MeOH = 2:1).  1H NMR (400 MHz, 
CD3OD): δ 4.36 (d, J = 7.6 Hz, 1H), 3.85-3.75 (m, 3H), 3.75-
3.63 (m, 2H), 3.62-3.46 (m, 6H), 3.39-3.34 (m, 1H), 3.15 (t, J 
= 8.8 Hz, 1H), 2.90 (dd, J = 16.4 Hz, 2.2 Hz, 1H), 2.61 (dd, J 
= 16.4 Hz, 9.2 Hz, 1H), 2.20 (s, 3H).  13C NMR (100 MHz, 
CD3OD): δ 210.0, 105.1, 80.8, 80.2, 77.9, 77.1, 74.81, 74.78, 
72.6, 70.3, 62.5, 62.0, 47.0, 30.6.  HRMS (ESI): calcd for 
C15H27O11 ([M + H]+) 383.1548, found 383.1530. 
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Compound 5ab. Synthesized by procedure C, from D-
lactose and ethyl 5-oxohexanoate.  A mixture of D-lactose 
monohydrate (180 mg, 0.50 mmol) and ethyl 5-oxohexanoate 
(320 µL, 2.0 mmol) in DMSO (1.0 mL) was stirred at room 
temperature (25 °C) for 5 min to solubilize the carbohydrate. 
To the solution, pyrrolidine (21 µL, 0.25 mmol) and H3BO3 
(61 mg, 1.0 mmol) were added and the mixture was stirred at 
the same temperature for 48 h. The mixture was purified by 
silica gel flash column chromatography (CH2Cl2/MeOH = 
70:30 to 64:36) to give 5ab (109 mg, 45%, dr >20:1) as a col-
orless solid. 

Synthesized by modified procedure C, from D-lactose and 
ethyl 5-oxohexanoate, with reaction time for 96 h. A mixture 
of D-lactose monohydrate (180 mg, 0.50 mmol) and ethyl 5-
oxohexanoate (320 µL, 2.0 mmol) in DMSO (1.0 mL) was 
stirred at room temperature (25 °C) for 5 min to solubilize the 
carbohydrate. To the solution, pyrrolidine (21 µL, 0.25 mmol) 
and H3BO3 (61 mg, 1.0 mmol) were added and the mixture 
was stirred at the same temperature for 96 h. The mixture was 
purified by silica gel flash column chromatography 
(CHCl3/MeOH = 65:35 to 60:40) to give 5ab (156 mg, 65%, 
dr >10:1) as a colorless solid. 

Rf = 0.27 (CH2Cl2/MeOH = 2:1).  1H NMR (400 MHz, 
CD3OD): δ 4.35 (d, J = 7.5 Hz, 1H), 4.11 (q, J = 7.1 Hz, 2H), 
3.82-3.75 (m, 4H), 3.72-3.65 (m, 2H), 3.60-3.46 (m, 5H), 
3.36-3.32 (m, 1H), 3.14 (dd, J = 9.4 Hz, 8.8 Hz, 1H), 2.85 (dd, 
J = 15.7 Hz, 2.9 Hz, 1H), 2.62-2.56 (m, 3H), 2.32 (t, J = 7.2 
Hz, 2H), 1.84 (quint, J = 7.2 Hz, 2H), 1.24 (t, J = 7.1 Hz, 3H).  
13C NMR (100 MHz, CD3OD): δ 211.0, 175.1, 105.0, 80.8, 
80.1, 77.9, 77.2, 77.0, 74.8, 72.5, 70.2, 62.4, 61.9, 61.4, 46.3, 
43.1, 34.0, 19.8, 14.5.  HRMS (ESI): calcd for C20H35O13 ([M 
+ H]+) 483.2072, found 483.2062. 

Compound 5ac. Synthesized by procedure C, from D-
lactose monohydrate (180 mg, 0.50 mmol) and acetophenone 
(233 µL, 2.0 mmol), purified by flash column chromatography 
(CH2Cl2/MeOH = 74:26 to 65:35), colorless solid, 80 mg, 36%, 
dr >10:1. 

Rf = 0.27 (CH2Cl2/MeOH = 2:1).  1H NMR (400 MHz, 
(CD3)2SO): δ 7.96 (d, J = 7.0 Hz, 2H), 7.63-7.61 (m, 1H), 
7.54-7.50 (m, 2H), 5.25 (d, J = 5.7 Hz, 1H), 5.09 (d, J = 4.1 
Hz, 1H), 4.77 (d, J = 4.8 Hz, 1H),  4.70 (d, J = 0.9 Hz, 1H), 
4.64 (t, J = 5.2 Hz, 1H), 4.51 (d, J = 4.5 Hz, 1H), 4.37 (t, J = 
6.0 Hz, 1H), 4.21 (d, J = 7.2 Hz, 1H), 3.73 (td, J = 9.3 Hz, 2.4 
Hz, 1H), 3.64-3.59 (m, 2H), 3.57-3.44 (m, 4H), 3.37-3.27 (m, 
5H), 3.23-3.18 (m, 1H), 3.16-3.05 (m, 2H).  13C NMR (100 
MHz, (CD3)2SO): δ 198.0, 136.9, 133.0, 128.6, 128.0, 103.8, 
80.9, 78.6, 76.2, 75.57, 75.52, 73.25, 73.22, 70.5, 68.1, 60.5, 
60.3, 41.0.  HRMS (ESI): calcd for C20H29O11 ([M + H]+) 
445.1704, found 445.1700. 

Compound 5ad. Synthesized by procedure C, from D-
lactose monohydrate (180 mg, 0.50 mmol) and cyclopropyl 
methyl ketone (198 µL, 2.0 mmol), purified by flash column 
chromatography (CH2Cl2/MeOH = 7:3 to 6:4), colorless solid, 
92 mg, 45%. 

Rf = 0.27 (CH2Cl2/MeOH = 2:1).  1H NMR (400 MHz, 
CD3OD): δ 4.36 (d, J = 7.5 Hz, 1H), 3.86-3.63 (m, 5H), 3.60-
3.46 (m, 6H), 3.38-3.32 (m, 1H), 3.17 (dd, J = 9.2 Hz, 8.8 Hz, 
1H), 3.02 (dd, J = 16.0 Hz, 2.6 Hz, 1H), 2.72 (dd, J = 16.4 Hz, 
9.2 Hz, 1H), 2.15-2.09 (m, 1H), 1.00-0.89 (m, 4H).  13C NMR 
(100 MHz, CD3OD): δ 212.0, 105.0, 80.7, 80.1, 77.9, 77.0, 
76.8, 74.7, 74.6, 72.5, 70.2, 62.4, 61.9, 46.6, 21.7, 11.5, 11.2.  

HRMS (ESI): calcd for C17H29O11 ([M + H]+) 409.1704, found 
409.1698. 

Compound 5ae. Synthesized by procedure C, from D-
lactose monohydrate (180 mg, 0.50 mmol) and benzyl 5-
oxohexanoate (440 mg, 2.0 mmol), purified by flash column 
chromatography (CH2Cl2/MeOH = 70:30 to 64:36), colorless 
gum, 95 mg, 35%. 

Rf = 0.27 (CH2Cl2/MeOH = 2:1).  1H NMR (400 MHz, 
CD3OD): δ 7.36-7.30 (m, 5H), 5.10 (s, 2H), 4.36 (d, J = 7.6 
Hz, 1H), 3.83 (dd, J = 3.1 Hz, 0.7 Hz, 1H), 3.81-3.65 (m, 5H), 
3.62-3.48 (m, 5H), 3.36-3.32 (m, 1H), 3.16 (dd, J = 9.2 Hz, 
8.8 Hz, 1H), 2.84 (dd, J = 15.8 Hz, 2.9 Hz, 1H), 2.61-2.54 (m, 
3H), 2.38 (t, J = 7.2 Hz, 2H), 1.85 (quint, J = 7.2 Hz, 2H).  13C 
NMR (100 MHz, CD3OD): δ 211.0, 174.7, 137.5, 129.5, 129.1, 
105.0, 80.8, 80.0, 77.7, 77.1, 76.9, 74.76, 74.70, 72.4, 70.2, 
67.1, 62.4, 61.9, 46.2, 43.0, 34.0, 19.7.  HRMS (ESI): calcd 
for C25H37O13 ([M + H]+) 545.2229, found 545.2210. 

Compound 5af. Synthesized by procedure C, from D-
lactose monohydrate (180 mg, 0.50 mmol) and 5-hexyn-2-one 
(192 mg, 2.0 mmol), purified by flash column chromatography 
(CH2Cl2/MeOH = 75:25 to 70:30), colorless solid, 44 mg, 21%. 

Rf = 0.27 (CH2Cl2/MeOH = 2:1).  1H NMR (400 MHz, 
CD3OD): δ 4.35 (d, J = 7.6 Hz, 1H), 3.84-3.80 (m, 3H), 3.80-
3.75 (m, 1H), 3.72-3.64 (m, 2H), 3.60-3.46 (m, 6H), 3.36-3.32 
(m, 1H), 3.15 (dd, J = 9.6 Hz, 8.8 Hz, 1H), 2.87 (dd, J = 16.0 
Hz, 2.8 Hz, 1H), 2.82-2.74 (m, 2H), 2.62 (dd, J = 16.0 Hz, 9.1 
Hz, 1H), 2.39 (td, J = 7.1 Hz, 2.6 Hz, 2H), 2.20 (t, J = 2.6 Hz, 
1H).  13C NMR (100 MHz, CD3OD): δ 209.2, 105.0, 84.0, 
80.7, 80.1, 77.9, 77.1, 77.0, 74.8, 72.5, 70.3, 69.6, 62.5, 61.9, 
46.2, 43.1, 13.3.  HRMS (ESI): calcd for C18H29O11 ([M + H]+) 
421.1704, found 421.1698. 

Compound 5ag. Synthesized by procedure C, from D-
lactose monohydrate (180 mg, 0.50 mmol) and 4’-
methylacetophenone (267 µL, 2.0 mmol), purified by flash 
column chromatography (CH2Cl2/MeOH = 74:26 to 65:35), 
colorless solid, 80 mg, 35%. 

Synthesized by procedure C, but for 96 h, from D-lactose 
monohydrate (180 mg, 0.50 mmol) and 4’-
methylacetophenone (267 µL, 2.0 mmol), purified by flash 
column chromatography (CH2Cl2/MeOH = 74:26 to 65:35), 
colorless solid, 126 mg, 55%. 

Rf = 0.27 (CH2Cl2/MeOH = 2:1).  1H NMR (400 MHz, 
CD3OD): δ 7.90 (d, J = 8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 
4.36 (d, J = 7.5 Hz, 1H), 3.86-3.73 (m, 6H), 3.71 (dd, J = 11.6 
Hz, 4.8 Hz, 1H), 3.62-3.51 (m, 5H), 3.49 (dd, J = 10.0 Hz, 3,6 
Hz, 1H), 3.37-3.33 (m, 1H), 3.28-3.20 (m, 1H), 2.40 (s, 3H).  
13C NMR (100 MHz, CD3OD): δ 200.2, 145.5, 136.0, 130.2, 
129.5, 105.0, 80.7, 80.1, 78.0, 77.2, 77.0, 74.79, 74.76, 72.5, 
70.3, 62.5, 61.8, 42.1, 21.6.  HRMS (ESI): calcd for C21H31O11 
([M + H]+) 459.1861, found 459.1852. 

Compound 5ah. Synthesized by procedure C, from D-
lactose monohydrate (180 mg, 0.50 mmol) and 4’-
nitroacetophenone (330 mg, 2.0 mmol), purified by column 
chromatography (CH2Cl2/MeOH = 68:32 to 60:40), colorless 
solid, 61 mg, 25%. 

Rf = 0.27 (CH2Cl2/MeOH = 2:1).  1H NMR (400 MHz, 
(CD3)2SO): δ 8.32 (d, J = 8.9 Hz, 2H), 8.17 (d, J = 8.9 Hz, 2H), 
5.32 (d, J = 5.6 Hz, 1H), 5.11 (d, J = 3.7 Hz, 1H), 4.81 (s, 1H), 
4.73 (s, 1H), 4.68-4.67 (m, 1H), 4.55 (d, J = 4.5 Hz, 1H), 4.42 
(t, J = 5.9 Hz, 1H), 4.21 (d, J = 7.3 Hz, 1H), 3.70 (td, J = 9.1 
Hz, 2.7 Hz, 1H), 3.65-3.58 (m, 2H), 3.57-3.44 (m, 4H), 3.41-
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3.28 (m, 5H), 3.23-3.15 (m, 2H), 3.13-3.06 (m, 1H). 13C NMR 
(100 MHz, (CD3)2SO): δ 197.6, 149.8, 141.7, 129.5, 123.8, 
103.8, 80.8, 78.7, 76.1, 75.6, 75.5, 73.3, 73.2, 70.6, 68.1, 60.5, 
60.3, 41.8.  HRMS (ESI): calcd for C20H28NO13 ([M + H]+) 
490.1555, found 490.1557. 

Compound 5ba. Synthesized by modified procedure A, 
from D-maltose monohydrate and acetone.  To a solution of 
pyrrolidine (11.0 µL. 0.134 mmol) in DMSO (1.0 mL), ace-
tone (408 µL, 5.55 mmol) and boric acid (17.0 mg, 0.277 
mmol) were added at room temperature (25 °C) and the mix-
ture was stirred for 5 min. To this mixture, D-maltose mono-
hydrate (100 mg, 0.277 mmol) was added and the mixture was 
stirred at the same temperature for 96 h. The mixture was puri-
fied by silica gel flash column chromatography 
(CH2Cl2/MeOH = 70:30 to 63:37) to give 5ba (49.1 mg, 46%, 
dr >10:1) as a pale yellow gum.  Compound 5ba is a known 
compound.2g 

Rf = 0.38 (CH2Cl2/MeOH = 2:1).  1H NMR (400M Hz, 
CD3OD): δ 5.16 (d, J = 3.6 Hz, 1H), 3.86-3.74 (m, 3H), 3.72-
3.58 (m, 5H), 3.52 (t, J = 9.2 Hz, 1H), 3.45 (dd, J = 9.8 Hz, 
3.8 Hz, 1H), 3.35-3.24 (m, 2H), 3.13 (t, J = 9.2 Hz, 1H), 2.88 
(dd, J = 16.0 Hz, 2.8 Hz, 1H), 2.61 (dd, J = 16.0 Hz, 9.0 Hz, 
1H), 2.21 (s, 3H).  13C NMR (100 MHz, CD3OD): δ 210.2, 
102.8, 81.4, 80.3, 79.4, 77.2, 75.0, 74.69, 74.66, 74.2, 71.5, 
62.7, 62.2, 47.0, 30.6.  HRMS (ESI): calcd for C15H27O11 ([M 
+ H]+) 383.1548, found 383.1538. 

Compound 5ca. Synthesized by procedure A, from D-
cellobiose and acetone.  To a solution of pyrrolidine (12.0 µL. 
0.146 mmol) in DMSO (1.0 mL), acetone (429 µL, 5.84 
mmol) and boric acid (18.0 mg, 0.292 mmol) were added at 
room temperature (25 °C) and the mixture was stirred for 5 
min. To this mixture, D-cellobiose (100 mg, 0.292 mmol) was 
added and the mixture was stirred at the same temperature for 
48 h. The mixture was purified by silica gel flash column 
chromatography (CH2Cl2/MeOH = 76:24 to 66:34) to give 5ca 
(58.7 mg, 53%, dr >10:1) as a pale yellow solid.  Compound 
5ca is a known compound.2g,17 

Rf = 0.43 (CH2Cl2/MeOH = 2:1). 1H NMR (400 MHz, 
CD3OD): δ 4.10 (d, 1H, J = 8.0 Hz), 3.88 (dd, J = 11.6 Hz, 2.0 
Hz, 1H), 3.85-3.78 (m, 2H), 3.72-3.63 (m, 2H), 3.54 (t, J = 9.0 
Hz, 2H), 3.49 (t, J = 8.6 Hz, 1H), 3.41-3.28 (m, 4H), 3.24 (dd, 
J = 8.8 Hz, 8.0 Hz, 1H), 3.15 (dd, J = 9.2 Hz, 8.8 Hz, 1H), 
2.89 (dd, J = 16.4 Hz, 2.8 Hz, 1H), 2.61 (dd, J = 16.4 Hz, 9.2 
Hz, 1H), 2.20 (s, 3H).  13C NMR (100 MHz, CD3OD): δ 210.4, 
104.5, 80.8, 80.1, 78.0, 77.8, 77.7, 76.9, 74.9, 74.8, 71.3, 62.4, 
61.9, 47.0, 30.7.  HRMS (ESI): calcd for C15H27O11 ([M + H]+) 
383.1548, found 383.1548. 

Compound 7aa. Synthesized by modified procedure C, 
from 3’-sialyllactose sodium salt and acetone.  To a solution 
of pyrrolidine (13.0 µL, 0.158 mmol) in DMSO (370 µL), 
acetone (448 µL g, 6.09 mmol) and boric acid (38.0 mg, 0.614 
mmol) were added at room temperature (25 °C) and the mix-
ture was stirred for 5 min. To this mixture, 3’-sialyllactose 
sodium salt (200 mg, 0.305 mmol) was added and the mixture 
was stirred at the same temperature for 96 h. The mixture was 
purified by silica gel flash column chromatography 
(CH2Cl2/MeOH = 61:39 to 45:55) to give 7aa (151.4 mg, 74%, 
dr >10:1) as a pale yellow gum. 

Rf = 0.53 (CH2Cl2/MeOH = 1:1).  1H NMR (400 MHz, 
CD3OD): δ 4.43 (d, J = 7.6 Hz, 1H), 4.05 (dd, J = 9.6 Hz, 3.2 
Hz, 1H), 3.95-3.91 (m, 1H), 3.89-3.47 (m, 16H), 3.39-3.34 (m, 
1H), 3.14 (t, J = 9.0 Hz, 1H), 2.89 (dd, J = 16.0 Hz, 2.8 Hz, 

1H), 2.86 (d, J = 12.4 Hz, 4.0 Hz, 1H), 2.61 (dd, J = 16.0 Hz, 
9.2 Hz, 1H), 2.20 (s, 3H), 2.01 (s, 3H), 1.79-1.68 (m, 1H).  13C 
NMR (100 MHz, CD3OD) δ 210.2, 175.5, 174.9, 105.1, 101.1, 
81.3, 80.2, 77.8, 77.6, 77.2, 77.0, 74.9, 74.8, 73.0, 70.8, 70.1, 
69.4, 69.0, 64.6, 62.7, 62.2, 54.0, 47.1, 42.1, 30.6, 22.6.  
HRMS (ESI): calcd for C26H44NO19 ([M + H]+) 674.2502, 
found 674.2493. 
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Compound 7ab. Synthesized by procedure C in a 0.25 

mmol-scale for 42 h, from 3’-sialyllactose sodium salt (164 
mg, 0.25 mmol) and ethyl 5-oxohexanoate (160 µL, 1.0 mmol), 
purified by column chromatography (CHCl3/MeOH = 45:55 to 
30:70), colorless gum, 80 mg, 40%. 

Rf = 0.27 (CH2Cl2/MeOH = 1:1).  1H NMR (400 MHz, 
CD3OD): δ 4.42 (d, J = 7.9 Hz, 1H), 4.11 (q, J = 7.1 Hz, 2H), 
4.04 (dd, J = 9.7 Hz, 3.1 Hz, 1H), 3.92 (brd, J = 2.8 Hz, 1H), 
3.87-3.55 (m, 14H), 3.53-3.47 (m, 2H), 3.37-3.33 (m, 1H), 
3.14 (t, J = 9.1 Hz, 1H), 2.87-2.80 (m, 2H), 2.67-2.53 (m, 3H), 
2.32 (t, J = 7.1 Hz, 2H), 2.01 (s, 3H), 1.84 (quint, J = 7.1 Hz, 
2H), 1.77-1.69 (m, 1H), 1.24 (t, J = 7.1 Hz, 3H).  13C NMR 
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(100 MHz, CD3OD): δ 211.1, 175.4, 175.1, 174.9, 105.0, 
101.0, 81.0, 80.1, 77.7, 77.5, 77.2, 76.9, 74.9, 74.8, 72.9, 70.7, 
70.0, 69.2, 68.9, 64.4, 62.6, 62.0, 61.4, 53.9, 46.3, 43.1, 42.0, 
34.0, 22.6, 19.7, 14.5.  HRMS (ESI): calcd for C31H52O21N 
([M + H]+) 774.3026, found 774.3020. 

Compound 7ba. Synthesized by modified procedure C, 
from 6’-sialyllactose sodium salt and acetone.  To a solution 
of pyrrolidine (13.0 µL, 0.158 mmol) in DMSO (370 µL), 
acetone (448 µL g, 6.09 mmol) and boric acid (38.0 mg, 0.614 
mmol) were added at room temperature (25 °C) and the mix-
ture was stirred for 5 min. To this mixture, 6’-sialyllactose 
sodium salt (200 mg, 0.305 mmol) was added and the mixture 
was stirred at the same temperature for 96 h. The mixture was 
purified by silica gel flash column chromatography 
(CH2Cl2/MeOH = 54:46 to 33:67) to give 7ba (164.4 mg, 80%, 
dr >10:1) as a pale yellow gum. 

Rf = 0.23 (CH2Cl2/MeOH = 1:1).  1H NMR (400 MHz, 
CD3OD): δ 4.33 (d, J = 7.2 Hz, 1H), 4.06 (dd, J = 9.8 Hz, 7.8 
Hz, 1H), 3.94-3.46 (m, 17H), 3.42-3.36 (m, 1H), 3.24-3.17 (m, 
1H), 2.93 (dd, J = 16.0, 2.8 Hz, 1H), 2.80 (dd, J = 12.0 Hz, 4.4 
Hz, 1H), 2.63 (dd, J = 16.0 Hz, 8.8 Hz, 1H), 2.21 (s, 3H), 2.01 
(s, 3H), 1.66 (t, J = 12.0 Hz, 1H).  13C NMR (100 MHz, 
CD3OD) δ 210.3, 175.0, 174.6, 105.2, 101.5, 81.8, 80.1, 77.8, 
76.8, 75.7, 75.0, 74.7, 74.2, 73.2, 72.4, 70.6, 70.3, 69.7, 64.63, 
64.55, 62.2, 53.9, 47.0, 42.3, 30.7, 22.9.  HRMS (ESI): calcd 
for C26H44NO19 ([M + H]+) 674.2502, found 674.2491. 

Compound 7ca. Synthesized by modified procedure A, 
from D-maltotriose and acetone.  To a solution of pyrrolidine 
(8.0 µL, 0.097 mmol) in DMSO (1.0 mL), acetone (292 µL g, 
3.97 mmol) and boric acid (12.0 mg, 0.194 mmol) were added 
at room temperature (25 °C) and the mixture was stirred for 5 
min. To this mixture, D-maltotriose (100 mg, 0.198 mmol) 
was added and the mixture was stirred at the same temperature 
for 96 h. The mixture was purified by silica gel flash column 
chromatography (CH2Cl2/MeOH = 70:30 to 63:37) to give 7ca 
(37.9 mg, 35%, dr >10:1) as a pale yellow gum. 

Rf = 0.20 (CH2Cl2/MeOH = 2:1).  1H NMR (400 MHz, 
CD3OD): δ 5.165 (d, J = 3.6 Hz, 1H), 5.159 (d, J = 3.6 Hz, 
1H), 3.90-3.59 (m, 12H), 3.54-3.43 (m, 4H), 3.35-3.24 (m, 
2H), 3.13 (t, J = 9.4 Hz, 1H), 2.88 (dd, J = 16.2 Hz, 2.8 Hz, 
1H), 2.61 (dd, J = 16.2 Hz, 9.2 Hz, 1H), 2.21 (s, 3H).  13C 
NMR (100 MHz, CD3OD): δ 210.2, 102.8, 102.6, 81.4, 81.2, 
80.2, 79.3, 77.2, 75.0, 74.9, 74.71, 74.65, 74.2, 73.8, 73.3, 
71.4, 62.7, 62.3, 62.1, 47.0, 30.7. HRMS (ESI): calcd for 
C21H37O16 ([M + H]+) 545.2076, found 545.2067. 

Compound 7cc. Synthesized by procedure C in a 0.25 
mmol-scale, from D-maltotriose (126 mg, 0.25 mmol) and 
acetophenone (117 µL, 1.0 mmol), purified by flash column 
chromatography (CH2Cl2/MeOH = 60:40 to 50:50), colorless 
gum, 33 mg, 22%. 

Rf = 0.27 (CH2Cl2/MeOH = 1:1).  1H NMR (400 MHz, 
CD3OD): δ 8.01 (d, J = 7.2 Hz, 2H), 7.60 (tt, J = 7.4Hz, 1.2 
Hz, 1H), 7.49 (t, J = 7.4 Hz, 2H), 5.18 (d, J = 4.0 Hz, 1H), 
5.16 (d, J = 3.7 Hz, 1H), 3.91-3.80 (m, 5H), 3.79-3.73 (m, 3H), 
3.72-3.43 (m, 9H), 3.41-3.19 (m, 4H).  13C NMR (100 MHz, 
CD3OD): δ 200.5, 138.5, 134.3, 129.7, 129.3, 102.8, 102.6, 
81.4, 81.2, 80.1, 79.4, 77.2, 75.0, 74.9, 74.7, 74.6, 74.2, 73.8, 
73.2, 71.4, 62.7, 62.1, 42.2.  HRMS (ESI): calcd for C26H39O16 
([M + H]+) 607.2233, found 607.2216. 

Compound 7cd. Synthesized by procedure C in a 0.25 
mmol-scale, from D-maltotriose (126 mg, 0.25 mmol) and 
cyclopropyl methyl ketone (100 µL, 1.0 mmol), purified by 

flash column chromatography (CH2Cl2/MeOH = 65:35 to 
50:50), colorless gum, 42 mg, 30%. 

Rf = 0.27 (CH2Cl2/MeOH = 1:1).  1H NMR (400 MHz, 
CD3OD): δ 5.19-5.15 (m, 2H), 3.89-3.81 (m, 4H), 3.81-3.60 
(m, 8H), 3.58-3.44 (m, 4H), 3.35-3.25 (m, 2H), 3.16 (td, J = 
9.0 Hz, 2.4 Hz, 1H), 3.02 (d, J = 16.2 Hz, 1H), 2.76-2.69 (m, 
1H), 2.15-2.09 (m, 1H), 0.98-0.93 (m, 4H).  13C NMR (100 
MHz, CD3OD): δ 212.1, 102.7, 102.6, 81.3, 81.2, 80.1, 79.3, 
76.9, 75.0, 74.9, 74.7, 74.5, 74.1, 73.7, 73.2, 71.4, 62.6, 62.1, 
62.0, 46.6, 21.7, 11.6, 11.3.  HRMS (ESI): calcd for C23H39O16 
([M + H]+) 571.2233, found 571.2231. 

Compound 7cg. Synthesized by procedure C in a 0.25 
mmol-scale, from D-maltotriose (126 mg, 0.25 mmol) and 4’-
methylacetophenone (134 µL, 1.0 mmol), purified by flash 
column chromatography (CH2Cl2/MeOH = 60:40 to 50:50), 
colorless gum, 39 mg, 25%. 

Rf = 0.27 (CH2Cl2/MeOH = 1:1).  1H NMR (400 MHz, 
CD3OD): δ 7.90 (d, J = 8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 
5.17 (d, J = 3.8 Hz, 1H), 5.15 (d, J = 3.8 Hz, 1H), 3.91-3.80 
(m, 5H), 3.78-3.72 (m, 3H), 3.70-3.67 (m, 2H), 3.66-3.63 (m, 
1H), 3.63-3.56 (m, 2H), 3.54-3.52 (m, 1H), 3.51-3.48 (m, 1H), 
3.45 (dd, J = 9.7 Hz, 3.7 Hz, 1H), 3.39 (dd, J =16.4 Hz, 2.3 Hz, 
1H), 3.34-3.31 (m, 1H), 3.30-3.23 (m, 2H), 3.19 (dd, J = 16.4 
Hz, 8.9 Hz, 1H), 2.40 (s, 3H).  13C NMR (100 MHz, CD3OD): 
δ 200.2, 145.5, 135.9, 130.3, 129.5, 102.8, 102.6, 81.4, 81.3, 
80.1, 79.4, 77.2, 75.0, 74.9, 74.7, 74.6, 74.2, 73.8, 73.2, 71.5, 
62.6, 62.13, 62.10, 42.1, 21.6.  HRMS (ESI): calcd for 
C27H41O16 ([M + H]+) 621.2389, found 621.2374. 

Compound 7ci. Synthesized by procedure C in a 0.25 
mmol-scale, from D-maltotriose (126 mg, 0.25 mmol) and 4’-
cyanoacetophenone (145 mg, 1.0 mmol), purified by flash 
column chromatography (CH2Cl2/MeOH = 60:40 to 49:51), 
colorless gum, 35 mg, 22%. 

Rf = 0.27 (CH2Cl2/MeOH = 1:1).  1H NMR (400 MHz, 
CD3OD): δ 8.08 (d, J = 8.2 Hz, 2H), 7.81 (d, J = 8.2 Hz, 2H), 
5.14-5.11 (m, 2H), 3.85-3.76 (m, 5H), 3.73-3.66 (m, 3H), 
3.64-3.54 (m, 5H), 3.52-3.35 (m, 5H), 3.26-3.21 (m, 3H).  13C 
NMR (100 MHz, CD3OD): δ 199.2, 141.6, 133.6, 129.9, 118.9, 
117.1, 102.7, 102.5, 81.2, 81.1, 80.1, 79.3, 77.0, 74.9, 74.8, 
74.6, 74.5, 74.0, 73.7, 73.1, 71.3, 62.5, 62.08, 62.04, 42.2. 
HRMS (ESI): calcd for C27H38NO16 ([M + H]+) 632.2185, 
found 632.2174. 

3. Transformations of the C-Glycoside Ketones 
(Schemes 3, 4, and 5) 

Compound 8a. To a mixture of L-proline (8.0 mg, 0.069 
mmol) in DMSO (0.5 mL), 6-methoxy-2-napthaldehyde (24.4 
mg, 0.131 mmol) and N,N-diisopropylethylamine (11.0 µL, 
0.063 mmol) were added at room temperature (25 °C), and the 
mixture was stirred for 5 min. To this mixture, compound 5aa 
(50.0 mg, 0.131 mmol) was added and the resulting mixture 
was stirred at the same temperature for 96 h. The mixture was 
purified by silica gel flash column chromatography 
(CH2Cl2/MeOH = 86:14 to 79:21) to give 8a (38.0 mg, 53%) 
as a pale yellow solid. 

To a solution of pyrrolidine (5.0 µL, 0.061 mmol) in DMSO 
(1.0 mL), 6-methoxy-2-napthaldehyde (24.4 mg, 0.131 mmol) 
and boric acid (4.0 mg, 0.065 mmol) were added at room tem-
perature (25 °C) and the mixture was stirred for 5 min. To this 
mixture, compound 5aa (50.0 mg, 0.131 mmol) was added 
and the mixture was stirred at the same temperature for 96 h.  
The mixture was purified by silica gel flash column chroma-
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tography ((CH2Cl2/MeOH = 86:14 to 79:21) to give 8a (27.3 
mg, 38%) as a pale yellow solid. 

Rf = 0.32 (CH2Cl2/MeOH = 4:1).  1H NMR (400 M Hz, 
CD3OD): δ 7.98 (s, 1H), 7.82-7.71 (m, 4H), 7.24 (d, J = 2.4 
Hz, 1H), 7.15 (dd, J = 9.0 Hz, 2.6 Hz, 1H), 6.96 (d, J = 16.4 
Hz, 1H), 4.39 (d, J = 7.2 Hz, 1H), 3.91 (s, 3H), 3.91-3.45 (m, 
11H), 3.43-3.37 (m, 1H), 3.31-3.25 (m, 1H), 3.17 (dd, J = 16.0 
Hz, 2.4 Hz, 1H), 2.96 (dd, J = 16.0 Hz, 8.8 Hz, 1H).  13C NMR 
(100 MHz, CD3OD) δ 201.1, 160.5, 145.5, 137.5, 131.7, 
131.23, 131.16, 130.1, 128.7, 126.5, 125.2, 120.5, 107.1, 
105.1, 80.8, 80.1, 77.9, 77.3, 77.0, 74.8, 74.7, 72.5, 70.3, 62.5, 
61.9, 55.9, 44.1.  HRMS (ESI): calcd for C27H35O12 ([M + H]+) 
551.21230, found 551.21002. 
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Compound 8b. To a solution of pyrrolidine (5.0 µL, 0.061 

mmol) in DMSO (1.0 mL), 6-methoxy-2-napthaldehyde (24.4 
mg, 0.131 mmol) and boric acid (4.0 mg, 0.065 mmol) were 
added at room temperature (25 °C) and the mixture was stirred 
for 5 min. To this mixture, compound 5ba (50.0 mg, 0.131 
mmol) was added and the mixture was stirred at the same 
temperature for 96 h.  The mixture was purified by silica gel 
flash column chromatography (CH2Cl2/MeOH = 90:10 to 
82:18) to give 8b (30.1 mg, 42%) as a pale yellow gum. 

Rf = 0.47 (CH2Cl2/MeOH = 4:1).  1H NMR (400 MHz, 
CD3OD): δ 8.00 (s, 1H), 7.82-7.77 (m, 2H), 7.80 (d, J = 16.4 
Hz, 1H), 7.74 (dd, J = 8.8 Hz, 1.6 Hz, 1H), 7.25 (d, J = 2.0 Hz, 
1H), 7.16 (dd, J = 8.8 Hz, 2.6 Hz, 1H), 6.97 (d, J = 16.4 Hz, 
1H), 5.18 (d, J = 4.0 Hz, 1H), 3.92 (s, 3H), 3.86-3.75 (m, 4H), 
3.75-3.53 (m, 5H), 3.46 (dd, J = 9.2 Hz, 4.0 Hz, 1H), 3.37-
3.31 (m, 1H), 3.30-3.22 (m, 2H), 3.16 (dd, J = 15.6 Hz, 2.6 Hz, 
1H), 2.95 (dd, J = 15.6 Hz, 9.2 Hz, 1H).  13C NMR (100 MHz, 
CD3OD) δ 201.1, 160.6, 145.5, 137.6, 131.6, 131.3, 130.2, 
128.7, 126.5, 125.3, 120.5, 107.2, 102.9, 81.5, 80.3, 79.5, 77.6, 
75.1, 74.81, 74.75, 74.3, 71.1, 62.8, 62.2, 55.9, 44.3.  HRMS 
(ESI): calcd for C27H35O12 ([M + H]+) 551.21230, found 
551.21008. 

Compound 8c. To a mixture of L-proline (8.0 mg, 0.069 
mmol) in DMSO (1.0 mL), 6-methoxy-2-napthaldehyde (24.0 
mg, 0.129 mmol) and N,N-diisopropylethylamine (11.0 µL, 
0.063 mmol) were added at room temperature (25 °C), and the 
mixture was stirred for 5 min. To this mixture, compound 5ca 
(50.0 mg, 0.131 mmol) was added and the resulting mixture 
was stirred at the same temperature for 96 h. The mixture was 
purified by silica gel flash column chromatography 
(CH2Cl2/MeOH = 86:14 to 79:21) to give 8c (19.0 mg, 27%) 
as a pale yellow solid. 

Rf = 0.66 (CH2Cl2/MeOH = 4:1).  1H NMR (400 MHz, 
CD3OD): δ 7.99 (s, 1H), 7.81-7.77 (m, 2H), 7.80 (d, J = 16.2 
Hz, 1H), 7.74 (dd, J = 8.8 Hz, 1.6 Hz, 1H), 7.25 (d, J = 2.4 Hz, 

1H), 7.16 (dd, J = 8.8 Hz, 2.4 Hz, 1H), 6.97 (d, J = 16.2 Hz, 
1H), 4.43 (d, J = 8.0 Hz, 1H), 3.92 (s, 3H), 3.92-3.77 (m, 4H), 
3.68 (dd, J = 12.0 Hz, 5.6 Hz, 1H), 3.60 (t, J = 8.8 Hz, 1H), 
3.54 (t, J = 8.8 Hz, 1H), 3.41-3.31 (m, 4H), 3.30-3.21 (m, 2H), 
3.15 (dd, J = 15.8 Hz, 2.6 Hz, 1H), 2.96 (dd, J = 15.8 Hz, 9.0 
Hz, 1H).  13C NMR (100 MHz, CD3OD) δ 201.1, 160.6, 145.5, 
137.6, 131.7, 131.3, 131.2, 130.2, 128.7, 126.5, 125.3, 120.5, 
107.1, 104.6, 80.8, 80.2, 78.1, 78.0, 77.8, 77.4, 74.9, 71.4, 
62.4, 61.9, 55.9, 44.2.  HRMS (ESI): calcd for C27H35O12 ([M 
+ H]+) 551.21230, found 551.21227. 

Compound 8d. To a solution of pyrrolidine (3.0 µL, 0.037 
mmol) in DMSO (1.0 mL), 6-methoxy-2-napthaldehyde (14.0 
mg, 0.075 mmol) and boric acid (5.0 mg, 0.081 mmol) were 
added at room temperature (25 °C) and the mixture was stirred 
for 5 min. To this mixture, compound 7aa (50.0 mg, 0.074 
mmol) was added and the mixture was stirred at the same 
temperature for 48 h.  The mixture was purified by silica gel 
flash column chromatography (CH2Cl2/MeOH = 69:31 to 
51:49) to give 8d (24.6 mg, 40%) as a pale yellow solid. 

Rf = 0.16 (CH2Cl2/MeOH = 2:1).  1H NMR (400 MHz, 
CD3OD): δ 7.99 (s, 1H), 7.82-7.76 (m, 2H), 7.80 (d, J = 16.0 
Hz, 1H), 7.74 (dd, J = 8.8 Hz, 1.6 Hz, 1H), 7.25 (d, 1H, J = 
2.4 Hz), 7.16 (dd, J = 8.8 Hz, 2.4 Hz, 1H), 6.96 (d, J = 16.0 Hz, 
1H), 4.45 (d, J = 8.0 Hz, 1H), 4.06 (dd, J = 9.6 Hz, 3.2 Hz, 
1H), 3.94-3.46 (m, 17H), 3.92 (s, 3H), 3.42-3.37 (m, 1H), 3.26 
(dd, J = 9.6 Hz, 8.8 Hz, 1H), 3.15 (dd, J = 15.6 Hz, 2.4 Hz, 
1H), 2.95 (dd, J =15.6 Hz, 9.0 Hz, 1H), 2.89-2.83 (m, 1H), 
2.01 (s, 3H), 1.79-1.68 (m, 1H).  13C NMR (100 MHz, 
CD3OD) δ 201.1, 175.5, 174.9, 160.6, 145.4, 137.5, 131.6, 
131.2, 130.2, 128.7, 126.5, 125.3, 120.5, 107.1, 105.0, 101.1, 
81.1, 80.2, 77.9, 77.6, 77.5, 77.0, 74.9, 74.8, 73.0, 70.8, 70.1, 
69.3, 69.0, 64.5, 62.7, 62.0, 55.9, 53.9, 44.2, 42.1, 22.6.  
HRMS (ESI): calcd for C38H52NO20 ([M + H]+) 842.3077, 
found 842.3051. 
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Compound 8e. To a solution of pyrrolidine (3.0 µL, 0.037 

mmol) in DMSO (1.0 mL), 6-methoxy-2-napthaldehyde (14.0 
mg, 0.075 mmol) and boric acid (5.0 mg, 0.081 mmol) were 
added at room temperature (25 °C) and the mixture was stirred 
for 5 min. To this mixture, compound 7ba (50.0 mg, 0.074 
mmol) was added and the mixture was stirred at the same 
temperature for 48 h.  The mixture was purified by silica gel 
flash column chromatography (CH2Cl2/MeOH = 69:31 to 
51:49) to give 8e (21.5 mg, 35%) as a pale yellow solid. 

Rf = 0.16 (CH2Cl2/MeOH = 2:1).  1H NMR (400 MHz, 
CD3OD): δ 7.99 (s, 1H), 7.82-7.72 (m, 3H), 7.80 (d, J = 16.0 
Hz, 1H), 7.25 (d, J = 2.4 Hz, 1H), 7.16 (dd, J = 8.8 Hz, 2.4 Hz, 
1H), 6.97 (d, J = 16.0 Hz, 1H), 4.33 (d, J = 7.6 Hz, 1H), 4.07 
(dd, J = 10.0 Hz, 8.0 Hz, 1H), 3.92 (s, 3H), 3.92-3.45 (m, 
17H), 3.43-3.37 (m, 1H), 3.36-3.30 (m, 1H), 3.19 (dd, J = 16.0 
Hz, 2.4 Hz, 1H), 2.96 (dd, J = 16.0 Hz, 8.8 Hz, 1H), 2.82 (dd, 
J = 12.0 Hz, 4.8 Hz, 1H), 2.00 (s, 3H), 1.68 (t, J = 12.0 Hz, 
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1H).  13C NMR (100 MHz, CD3OD) δ 201.2, 174.9, 174.5, 
160.6, 145.5, 137.6, 131.7, 131.3, 131.2, 130.2, 128.7, 126.5, 
125.3, 120.5, 107.1, 105.2, 101.5, 81.7, 80.0, 77.9, 77.2, 75.8, 
75.0, 74.6, 74.2, 73.2, 72.5, 70.6, 70.3, 69.8, 64.64, 64.61, 
62.1, 55.9, 53.8, 44.2, 42.5, 22.8.  HRMS (ESI): calcd for 
C38H52NO20 ([M + H]+) 842.3077, found 842.3055. 

Compound 9. A mixture of 4a (50 mg, 0.13 mmol) and p-
toluenesulfonyl hydrazide (32 mg, 0.17 mmol) in EtOH (1.0 
mL) was stirred at room temperature (25 °C) for 18 h. The 
mixture was purified silica gel flash column chromatography 
(CH2Cl2/MeOH = 87:13 to 80:20) to give 9 (41 mg, 57%) as a 
light brown solid. 

Rf = 0.26 (CH2Cl2/MeOH (5:1).  1H NMR (400MHz, 
CD3OD) δ 7.82 (d, J = 8.0 Hz, 2H x 2/5), 7.80 (d, J = 8.0 Hz, 
2H x 3/5), 7.39-7.34 (m, 2H), 4.35 (d, J = 7.6 Hz, 1H), 3.85-
3.37 (m, 11H), 3.34-3.26 (m, 1H x 2/5), 3.21-3.16 (m, 1H x 
3/5), 3.09 (t, J = 8.8 Hz, 1H x 3/5), 3.07 (t, J = 8.8 Hz, 1H x 
2/5), 2.73 (dd, J = 14.8 Hz, 2.8 Hz, 1H x 3/5), 2.65-2.55 (m, 
2H x 2/5), 2.42 (s, 3H), 2.27 (dd, J = 14.8 Hz, 9.2 Hz, 1H x 
3/5), 1.94 (s, 3H x 2/5), 1.86 (s, 3H x 3/5).  13C NMR (100 
MHz, CD3OD) δ 159.3, 159.1, 145.2, 145.1, 137.6, 137.3, 
130.5, 130.4, 129.1, 129.0, 105.0, 80.8, 80.4, 80.2, 80.0, 78.5, 
77.9, 77.6, 77.1, 77.0, 74.84, 74.79, 74.76, 74.6, 72.52, 72.48, 
70.3, 62.49, 62.46, 62.0, 61.6, 41.6, 34.7, 23.9, 21.5, 17.2.  
HRMS (ESI): calcd for C22H35O12N2S ([M + H]+) 551.1905, 
found 551.1871. 

Compound 10. A mixture of 7aa (100 mg, 0.148 mmol) 
and (aminooxy)acetic acid hemihydrochloride (H2N-O-
CH2COOH • 1/2 HCl) (24.0 mg, 0.220 mmol) in DMSO (1.0 
mL) was stirred at room temperature (25 °C) for 18 h. The 
mixture was purified by silica gel flash column chromatog-
raphy (CH2Cl2/MeOH = 54:46 to 26:74) to give the corre-
sponding oxime ether derivative (110 mg, 99%). A mixture of 
the oxime ether (100 mg, 0.134 mmol), dansylcadaverine 
(49.0 mg, 0.146 mmol), and 4-(4,6-dimethoxy-1,3,5-triazin-2-
yl)-4-methylmorpholinium chloride (56.0 mg, 0.200 mmol) in 
MeOH (1.0 mL) was stirred at room temperature (25 °C) for 
18 h. The mixture was purified by silica gel flash column 
chromatography (CH2Cl2/MeOH = 82:18 to 50:50) to give 10 
(81.8 mg, 57%) as a pale yellow solid. 

Rf = 0.38 (CH2Cl2/MeOH (3:1).  1H NMR (400 MHz, 
CD3OD): δ 8.55 (d, J = 8.8 Hz, 1H), 8.36 (d, J = 8.4 Hz, 1H), 
8.19 (dd, J = 7.2 Hz, 0.8 Hz, 1H), 7.62-7.55 (m, 2H), 7.27 (d, 
J = 7.6 Hz, 1H), 4.44 (d, J = 8.0 Hz, 1H x 1/3), 4.43 (d, J = 8.0 
Hz, 1H x 2/3), 4.39 (s, 2H × 2/3), 4.38 (s, 2H x 1/3), 4.08-4.03 
(m, 1H), 3.95-3.92 (m, 1H), 3.90-3.46 (m, 16H + 1H x 1/3), 
3.46-3.39 (m, 1H x 2/3), 3.34 – 3.30 (m, 1H), 3.18-3.11 (m, 
1H), 3.09-3.00 (m, 2H), 2.95 (dd, J = 14.4 Hz, 3.2 Hz, 1H x 
1/3), 2.88 (s, 6H), 2.88-2.80 (m, 3H), 2.71 (dd, J = 14.4 Hz, 
2.8 Hz, 1H x 2/3), 2.58 (dd, J = 14.4 Hz, 8.8 Hz, 1H x 1/3), 
2.28 (dd, J = 14.4 Hz, 9.2 Hz, 1H x 2/3), 2.01 (s, 3H), 1.96 (s, 
3H × 2/3), 1.90 (s, 3H x 1/3), 1.78-1.70 (m, 1H), 1.38-1.25 (m, 
4H), 1.20-1.10 (m, 2H).  13C NMR (100 MHz, CD3OD) δ 
175.5, 174.9, 172.5, 172.4, 160.3, 160.2, 153.2, 137.2, 131.2, 
131.1, 131.0, 130.1, 129.1, 124.3, 120.6, 116.4, 105.1, 101.1, 
81.4, 80.22, 80.17, 78.5, 78.2, 77.9, 77.6, 77.0, 75.5, 75.1, 
74.9, 73.1, 73.0, 72.9, 70.8, 70.1, 69.3, 69.0, 64.6, 62.7, 62.3, 
54.0, 45.8, 43.7, 42.1, 39.8, 39.7, 30.1, 29.8, 24.7, 22.6, 20.7, 
15.1.  HRMS (ESI): calcd for C45H70N5O22S ([M + H]+) 
1064.4228, found 1064.4231. 

4. Evaluation of Catalyst Systems 

Procedure for the evaluation of the catalyst systems for 
the C-glycosidation (Table 2) 

Entries 2-8. A mixture of D-lactose monohydrate (90 mg, 
0.25 mmol, 1.0 equiv) and ethyl 5-oxohexanoate (160 µL, 1.0 
mmol, 4.0 equiv) in DMSO (0.5 mL) was stirred at room tem-
perature (25 °C) for 5 min to solubilize the carbohydrate. To 
the solution, pyrrolidine (10.5 µL, 0.13 mmol, 0.5 equiv) and 
the other component listed in the entry (0.50 mmol, 2.0 equiv) 
were added and the mixture was stirred at the same tempera-
ture for 48 h. Formation of product 5ab was monitored by 
TLC analyses (CH2Cl2/MeOH = 5:1). When formation of 5ab 
was observed on the TLC, the mixture was purified by silica 
gel flash column chromatography (CH2Cl2/MeOH = 70:30 to 
64:36) to give 5ab to determine the yield. 

Entries 9 and 10. The reaction was performed by the same 
procedure as that of entries 2-8 described above except using 
Et3N or DBU (0.13 mmol, 0.5 equiv) as indicated instead of 
pyrrolidine. 

Entries 11 and 12. The reaction was performed by the same 
procedure as that of entries 2-8 described above except using 
pyrrolidine (0.13 mmol, 0.5 equiv) or boric acid (0.5 mmol, 
2.0 equiv) alone as catalyst, as indicated. 

Entry 14. The reaction was performed by the same proce-
dure as that of entries 2-8 described above except using aceto-
phenone (1.0 mmol, 4.0 equiv) and benzylamine (0.13 mmol, 
0.5 equiv) instead of ethyl 5-oxohexanoate and pyrrolidine. 

Procedure for the evaluation of the catalyst systems for 
the ketone activation 

To a solution of acetone (0.4 mL) and 4-nitrobenzaldehyde 
(30 mg, 0.2 mmol, 1.0 equiv) in DMSO (1.6 mL), the catalyst 
was added at room temperature (25 °C) and the mixture was 
stirred for 1 h. The mixture was diluted with EtOAc, added to 
aqueous 1 N HCl solution, and extracted with EtOAc. Organic 
layers were combined, washed with brine, dried over MgSO4, 
filtered, concentrated, and analyzed by 1H NMR to determine 
the conversion and the products distributions. Catalyst systems 
tested in this reaction were pyrrolidine (3.3 µL, 0.04 mmol, 
0.2 equiv), pyrrolidine (3.3 µL, 0.04 mmol, 0.2 equiv)-boric 
acid (2.5 mg, 0.04 mmol, 0.2 equiv), pyrrolidine (8.2 µL, 0.10 
mmol, 0.5 equiv)-boric acid (31 mg, 0.40 mmol, 2.0 equiv), 
pyrrolidine (3.3 µL, 0.04 mmol, 0.2 equiv)-acetic acid (2.3 µL, 
0.04 mmol, 0.2 equiv), and boric acid (2.5 mg, 0.04 mmol, 0.2 
equiv). 

5. Synthesis of Intermediate 11 and the Reaction of 11 
Compound 11. A mixture of D-lactose monohydrate (180 

mg, 0.50 mmol), pyrrolidine (42 µL, 0.50 mmol), and H3BO3 
(61 mg, 1.0 mmol) in DMSO (1.0 mL) was stirred at room 
temperature (25 °C) for 24 h. The mixture was purified by 
silica gel flash column chromatography (CHCl3/MeOH = 2:3) 
to give 11 (β-anomer, 29 mg, 15%) as a pale yellow gum. 
Based on the NMR, the obtained 11 was β-isomer. By TLC 
analyses, the conversion was estimated >90% after 24 h and 
the main spot on the TLC had the same Rf value as that of 
isolated 11. It seems that compound 11 was decomposed (hy-
drolyzed) in the presence of silica gel or was not fully eluted 
from the silica gel column. 

Rf = 0.21 (CH2Cl2/MeOH = 5:2). 1H NMR (400MHz, 
CD3OD): δ 4.36 (d, J = 7.5 Hz, 1H), 4.07 (d, J = 8.9 Hz, 1H), 
3.91-3.86 (m, 1H), 3.85-3.80 (m, 2H), 3.78-3.76 (m, 1H), 
3.72-3.68 (m, 1H), 3.61-3.57 (m, 2H), 3.57-3.47 (m, 4H), 
3.45-3.37 (m, 1H), 3.03-2.94 (m, 2H), 2.92-2.85 (m, 2H), 
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1.82-1.74 (m, 4H).  13C NMR (100 MHz, CD3OD) δ 105.1, 
92.1, 81.2, 77.7, 77.6, 77.0, 74.8, 72.8, 72.5, 70.3, 62.4, 62.3, 
47.4, 25.3.  HRMS (ESI): calcd for C16H30NO10 ([M + H]+) 
396.1864, found 396.1860. 

Reaction of compound 11 with ketone 2b under the pyr-
rolidine-boric acid catalysis system 

A mixture of compound 11 (β-isomer, 15.0 mg, 0.038 
mmol), ketone 2b (24.3 µL, 0.15 mmol), pyrrolidine (1.6 µL, 
0.019 mmol), and H3BO3 (61 mg, 1.0 mmol) in (CD3)2SO (0.3 
mL) was stirred at room temperature (25 °C). Formation of 
5ab was observed (>50% at 48 h). 

6. NMR Analyses of the Reaction Mixtures and Related 
Mixtures 

Procedure of the preparation of the mixture used for the 
NMR analyses (Figure 1) 

A mixture of D-lactose monohydrate (180 mg, 0.50 mmol) 
in (CD3)2SO (1.0 mL) was stirred at room temperature (25 °C) 
for 5 min to solubilize the carbohydrate. To the solution, pyr-
rolidine (21 µL, 0.25 mmol) and/or H3BO3 (61 mg, 1.0 mmol) 
were added as indicated and the mixture was stirred at the 
same temperature. After 5 min, a portion was taken from the 
mixture and was analyzed by NMR. For the analysis of pyrrol-
idine and boric acid alone in (CD3)2SO, the mixture was pre-
pared without the carbohydrate. For the analysis of the reac-
tion mixture containing 4'-methylacetophenone, the reaction 
mixture was prepared according to procedure C but using 
(CD3)2SO and was analyzed by NMR. The spectra were of 13C 
NMR (100 MHz). 13C NMR signal assignments of D-lactose 
shown in Figure 1 are based on the previously reported data.21 

13C NMR spectra (range 220 ppm to –20 ppm) of the solu-
tions shown in Figure 1(a)-(f) are shown in Figure S1; the 
analyzed time is indicated.  13C NMR spectra at 5 min, 24 h, 
and 48 h of the reaction mixture shown in Figure 1(g) are 
shown in Figure S2.  11B NMR spectra of the same mixture as 
that of Figure 1(b) and of Figure 1(f) are shown in Figure S3. 

NMR analyses similar to Figure 1 using D-maltose and D-
cellobiose instead of D-lactose are shown in Figures S4 and S5, 
respectively. 13C NMR signal assignments of D-maltose and D-
cellobiose shown in Figures S4 and S5 are based on the previ-
ously reported data.26 
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