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ABSTRACT

Substituted glucopyranose 1,2-orthobenzoate undergoes β-selective glycosylation. The developed orthobenzoate derivative was stable under
standard workup conditions and efficiently provided a variety of glycosides by EGA (electrogenerated acid), produced by anodic oxidation of
cyclohexanol. Upon comparison with Lewis and Brønsted acids, EGA superiorly affected activation of the orthoester to afford desired glycosides
possessing such aglycons as sugars, steroids, and adamantanes.

Carbohydrates play central roles in a wide variety of
biological systems and as components of important bioac-
tive natural products. Because of the importance of these
substances, elucidation of their complex biological proper-
ties requires extensive structure�activity relationship stu-
dies. As a result, methods for the structural derivatization
of sugar chains have received widespread attention in
recent years.1 Also, methods for creating glycoside lin-
kages and glycans have been devised as ameans to uncover
the biological roles played by carbohydrates and to pre-
pare derivatives for biological testing.2

In this regard, pioneering efforts from several labora-
tories have shown that electrochemistry provides a pow-
erful tool for functionalizing sugars.3 Electrochemical
methods for the synthesis of complicated glycosides
have several meritorious features including the environ-
mentally benign conditions that are required and the
ability to control reactivity by adjusting electric potentials.
Although a few examples have beendescribed inwhich this
technique has been applied to the synthesis of natural
products, further investigations aimed at optimizing the
conditions for the chemical selectivity of the process are
required.
During the course of investigations into the synthesis of

biologically active substances, we observed that anodic or
DDQoxidations of benzyl ethers generate the correspond-
ing benzaldehydes (eq 1, Figure 1).4 Inanaga described a
similar reaction of 3,4-dimethylbenzyl 2-deoxyglycosides
that leads to glycosylation through alcohol capture of an
oxocarbenium ion intermediate X (eq 2, Figure 1).5
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These earlier studies prompted us to develop a new
electrochemical glycosylation. By utilizing the Koenig�
Knorr reaction for benzyl glycoside synthesis, benzyl
2,3,4,6-tetra-O-benzoyl-β-D-glucopyranoside derivatives
and the corresponding orthoesters were produced by
reaction of a benzoyl protected 1-bromo-sugarwith benzyl
alcohols in the presence of Ag2CO3, and in moderate-to-
good yields. Although several glycosylation procedures

employing orthoesters have been described,6 1,2-O-(1-N-
1-phenylethylidene-amino-oxy)-2,2-dimethylpropyridene-
3,4,6-tri-O-pivaloyl-R-D-glucopyranose (oximate ortho-
ester) was stable and used for glycosylation with alcohols
involving steroids.7 Similarly, the orthoester 2F, prepared
in this investigation, was easy to handle even when stan-
dard workup procedures and silica gel chromatography
were utilized.When benzyl glycosides 1 or the correspond-
ing orthoesters 2 were submitted to the constant current
electrolysis conditions (C.C.E., 3 mA/cm2, 1 F/mol) in the
presence of cyclohexanol, only the latter substances re-
acted to generate the expected cyclohexyl-glycoside 3 in
moderate yield. Benzyl glycosides, produced by the stan-
dard migration of the benzyloxy group in the orthoester
moiety to the corresponding anomeric position, were not
obtained (Table 1).

Figure 1. Oxidation of benzyl derivatives.

Table 1. Oxidation Reactions of Benzyl Glycoside and
Orthoesters

aConditions: Cell, undivided; substrate, 0.01 M; supporting salt
(Bu4NClO4), 1 M concentration; anode, GC plate; cathode, Pt wire.

Table 2. Comparison of Reactivity of 2F under Several
Conditions

yield (%)

entry promoter base

temp

(�C) 3 2F

1 C.C.E.a 40 54 �
2 BF3OEt2 � r.t. 68 �
3 TfOH � r.t. 58

(β:R = 10:1)

�

4 DDQ � 40 � �
5 CAN � r.t. � 89

6 C.C.E.a 2,6-litidine 40 � 67

7 DIPA � 85

aConditions: Cell, undivided; substrate, 0.01 M; supporting salt, 1 M
concentration; anode,GCplate; cathode, Ptwire; current, 3mA; 1F/mol.

Figure 2. Comparison of LSV spectrum.
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If these reactions proceed by a plausible pathway,
involving oxidative conversion of the benzylic moiety as
depicted in Figure 1, benzaldehyde derivatives should be
generated as side products. However, production of cyclo-
hexyl-glycoside 3 indicated that oxocarbenium ion X

(Figure 1, eq 2) served as intermediates in these processes,
although no benzaldehyde derivatives were formed. To
determine if this finding was a consequence of overoxida-
tion to polymers, the benzaldehydes were submitted to the
electrochemical oxidation conditions for time periods over
3 h. In each case, the aldehyde was recovered and only
deprotection of the silyl group was observed to occur,
when contained in substrates.
These observations indicated that an acid generated in

the electrolytic reaction systempromoted the glycosylation
reaction, rather than the anodic oxidation process.8 To
confirm this possibility, electrochemical and typical che-
mical reactions of orthoester 2F were examined (Table 2).
The results demonstrated that no desired reaction took
place when either DDQ or CAN was used as the chemical
oxidant (entries 4, 5) and that the desired glycosyla-
tion product 3 was smoothly produced when Lewis or
Brønsted acids were utilized as promoters (entries 2, 3).

Furthermore,2F remained unreactivewhenbaseswere pre-
sent in the electrochemical reaction mixture (entries 6, 7).
Thus, it appeared that acid generated in situ in the electro-
chemical oxidation reactionmixture served as a catalyst for
the glycosylation reaction.
The electrochemical behavior of the glycosyl donor 2F

and cyclohexanol were inspected usingLSVmeasurements
(Figure 2). The results showed that oxidation of cyclohex-
anol took place preferentially in contrast to the glycosyl
donor 2F at ca. 40 �C. Consequently, oxidation of cyclo-
hexanol rather than 2F occurs to generate an acid catalyst.
This proposal was supported by the observation that
glycosylationwith 2F did not take place under the reaction
conditions without cyclohexanol.
Thus, the glycosylation reactions were promoted by an

electrochemically generated acid (EGA),9 which might be
anhydrousHClO4, produced via the reaction of the proton
generated at the anode, and ClO4

� from the supporting
salt. To understand the effect of the EGA, glycosylation of
2Fwas carried out by addition of theEGA, prepared in ad-
vance by using electrolysis conditions (Table 3, entries 1�6)
in a divided cell to avoid the effect of the amine generated
by reduction of a quaternary ammonium cation at the
cathode.9,10 EGA, carrying the ClO4 anion (entries 1, 2),
effected better results than others (entries 3�6). In com-
parisonwithLewis andBrønsted acids (entries 7�10), even
a catalytic amount of EGA (entry 2) promoted a more
effective reaction (Table 3). In addition, no glycosylation
took place in the absence of cyclohexanol, when the EGA
was prepared under the pre-electrolysis conditions.
To explore the utility of this process, the glycosyla-

tion protocol was applied to various alcohols (Scheme 1).

Table 3. EGA Activation of Glycosylation Reaction

yield (%)

entry promotor equiv

supporting

salt 3 2F

1 EGAa 3 Bu4NClO4 71 �
2 0.3 65 �
3 EGAa 3 Bu4NPF6 52 �
4 0.3 12 27

5 EGAa 3 Bu4NBF4 39 �
6 0.3 � 26

7 HClO4 3 � 54 �
8 (ref 11) 0.3 18 36

9 BF3OEt2 3 � 68 �
10 0.3 12 16

aPreparation: Cell, divided; substrate, 0.01 M; supporting salt, 1 M
concentration; anode,GCplate; cathode, Ptwire; current, 3mA; 1F/mol.

Scheme 1. Glycosylation Promoted by EGA Using Various
Alcohols

aPreparation: Cell, undivided; substrate, 0.01M; supporting salt, 1 M
concentration; anode,GCplate; cathode, Ptwire; current, 6mA; 3F/mol.
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With the exception of adamantanol 3I, which is a sterically
encumbered alcohol, the other alcoholsG�L participated
in successful glycosylation reactions with 2F to afford
the corresponding glycosides 3G�L in moderate to high
yields.
In conclusion, the study described above has uncovered

novel electrochemically induced glycosylation reactions of
the glucopyranose orthobenzoate 2F with a variety of
glycosyl acceptors that were promoted by an alcohol-
derived EGA. Moreover, the results showed that the
orthoester prepared is stable under standard purification
conditions. Although the mechanistic details about how it
is generated in this process are still unresolved, the EGA

serves as a superior catalyst thanLewis and Brønsted acids
for this process.
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