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Abstract: The last decades have witnessed significant advances in the synthesis of bioactive carbo-
hydrates. As in all fields of organic synthesis, the search for more environmentally friendly alterna-
tive synthetic methods is a current and expanding concern. Consequently, electrochemical organic
synthesis has emerged as an efficient and sustainable methodology. Herein, we present recent de-
velopments in the synthesis of glycosides and other carbohydrate derivatives using electrochemical
methods. Diverse natural and synthetic O-, S-, and C-glycosides were obtained using new ap-
proaches for the electrochemical activation of sugar precursors. The reported derivatives exhibited

wide structural diversity on both the sugar moiety and the aglycone, revealing the great potential of

the electrochemical methods.
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1. INTRODUCTION

Along with proteins and nucleic acids, carbohydrates are
one of the three main families of bioactive natural products,
undoubtedly the most structurally diverse and complex [1-3].
To mention just a few attributes in living systems, sugars act
as the primary source and storage of energy, intervene in
many signaling and trafficking processes, integrate structural
components, such as the cell wall and the extracellular ma-
trix, and modify protein properties [4-7].

In nature, carbohydrates are rarely found in a free state.
They assemble oligo- or polysaccharides or are attached to
other macromolecules, commonly proteins or lipids, forming
glycoconjugates. Through a glycosylation reaction, the sugar
is effectively linked through its anomeric carbon to the rest
of the biomolecule. Hence, mastering glycosylation is man-
datory to elucidate the sugar code as well as to synthesize the
more stable and potentially bioactive glycomimetics [8-11].

Nonetheless, the chemistry that governs the glycosidic
linkage formation is not simple. The main challenges regard-
ing this matter include selectively controlling the configura-
tion of the glycosidic bond (a or B), effectively blocking oth-
er potentially reactive groups of the sugar (regioselectivity),
avoiding degradation under some reaction conditions (nor-
mally acidic), and the appropriate employment of hydroxyl
protecting groups [3,12-14].

In recent decades, electrochemistry has been slowly but
steadily moved from physical-chemical laboratories, where
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the research is primarily focused on the optimization of en-
ergy storage in batteries, to organic synthesis laboratories,
where the electrochemical setup is used to generate relevant
molecules [15]. This migration is sustained in a few simple
changes that must be implemented to incorporate electro-
chemistry into the synthetic chemist workspace.

In a typical electrosynthesis experiment, a conventional
round bottom flask (an undivided cell) or an H-shape cell (a
divided cell) holds inside the electrodes (anode and cathode,
sometimes a reference electrode) connected to a power sup-
ply and a voltmeter to control either current or potential.
This electrochemical reactor, commonly known as “cell”,
contains substrates, reagents, and organic solvent/s mixed
with soluble electrolytes, typically salts with inorganic ani-
ons, and for some transformations, suitable additives. Within
this closed electric circuit, Single Electron Transfer (SET)
occurs, generating radicals, usually from the electrode to the
substrate, in 3 different ways: direct electrolysis (inert elec-
trode), indirect electrolysis (active electrode), or mediated
electrolysis (using additives). Further considerations on
technical features and mechanisms exceed the aims of this
mini-review. Nonetheless, there are excellent works that
cover these topics [16-19].

Multiple facts support the renaissance of the application
of electrochemistry to organic synthesis [20-22]. Electro-
chemical processes fulfill most of the principles of green
chemistry [23-25]. They are normally performed at low or
room temperatures and use green or non-volatile solvents
and mediators instead of metal-based catalysts, strong acids,
or bases. In an electrolytic cell, it is feasible to accurately
tune the potential and current. Thus, toxic or highly reactive
reagents may be generated in situ, avoiding their unsafe ma-
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nipulation. This monitoring also prevents side reactions and
ends all the transformations instantly, without any chemical
quenching, by simply turning the power off [20]. In addition,
the procedure could run on renewable energy sources, mak-
ing it entirely sustainable.

Among all these features, mild reaction conditions and
efficient reaction control specifically circumvent many his-
torically major problems attributed to the synthesis of glyco-
sides. Consequently, the potentially significant benefits from
the implementation of electrochemical methods in the syn-
thesis of glycosides are evident and promising [26-29].

Herein, we present recent advances in the synthesis of
glycosides and other sugar derivatives using electrochemical
methods. As synthetic chemists, we will focus on the mole-
cules that can be obtained inside an electrolytic cell, their
structure, reaction conditions, and reaction selectivity. Our
main purpose in this mini-review is to update the reports
presented by Marra and Scherrmann [26], Manmode et al.
[27], and Nokami et al. [28, 29] since significant progress in
the above-mentioned topic has been accomplished in recent
years. Additionally, a few contributions not covered in the
previously cited works are also included.

2. ELECTROSYNTHESIS OF O-GLYCOSIDES AND
OTHER O-LINKED SUGAR DERIVATIVES

O-glycosides are the most common target molecules in
the growing field of carbohydrate electrosynthesis. The
ubiquity of these bioactive molecules in nature and their
consequent relevance to medicine and microbiology [5],[7]
are the basis of the ever-growing interest in reliable methods
to synthesize them. Consequently, several groups have con-
tributed to the search for novel preparations of O-glycosides
and other O-linked sugar derivatives using electrochemical
tools.

Extensive studies on the selective electrochemical build-
ing of cholesterol anomeric and non-anomeric glycosides, as
well as other sterols, have been conducted by Morzycki et al.
In 2010, after developing conditions for the electrochemical
activation of only one of the four cholesterol oxidation sites,
the hydroxyl group at C3 (Fig. 1), Morzycki et al. [30] inves-
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tigated whether carbohydrates could work as suitable nucle-
ophiles in these transformations.

The general method uses an H-cell system (a divided
cell), DCM, cholesterol, and an excess of sugar bearing a
free hydroxyl group either at the C1 or C6 position (Fig. 1).
It must be said that the use of DCM as a solvent instead of
the more conventional polar solvents is unusual but effec-
tive. Tetrabutylammonium tetrafluoroborate (TBABF,4) or
tetrabutylammonium hexafluorophosphate (TBAPFg) are
used as electrolytes, and to complete the cell setting, plati-
num or glassy carbon electrodes are chosen.

Three sugars were tested as nucleophiles (Fig. 1):
2,3,4,6-Tetra-O-acetyl-D-glucopyranose (1), 2,3,4,6-Tetra-
0O-benzyl-D-glucopyranose (2), and 1,2:3,4-Di-O-isopropyli-
dene-a-D-galactopyranose (3). From the first two molecules,
products 5 and 6 were obtained in 28% and 21% yields, re-
spectively, as a mixture of anomers 1:1 (a/fp =1). Even
though these reactions showed no anomeric stereoselectivity
regarding the sterol, both glycosides bear f configuration on
C3. Protected D-Galactose, which links to the sterol through
its OH at C6, afforded product 7 in 20% yield with 3 con-
figuration. Several byproducts were detected, and a portion
of intact cholesterol could be recovered from reaction media.

As the authors stated, the significance of the method re-
lies on the synthesis of glycoconjugates derived from sterols
using non-activated sugars rather than on the synthesis of
glycosides and other conjugates because of the lack of ano-
meric stereoselectivity.

Encouraged by this promising result, Morzicki ef al. con-
tinued their research to optimize this outcome. Hence, three
years later, Tomkiel et al. [31] proposed using aryl thioether
derivatives of cholesterol and other sterols (activated glyco-
syl acceptors) instead of the 3B-hydroxy-AS-steroids (non-
activated glycosyl acceptors) that were used in the previous
work to activate the steroidal skeleton.

Using similar electrolytic settings to the earlier study,
several tests were performed utilizing four sterol thioethers
(C-3 toluyl and phenyl sulfides, 8, 9, and isomeric 3a,5a-
cyclosteroid-6p-yl toluyl and phenyl sulfides 10, 11) and
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Fig. (1). Electrosynthesis of glycoconjugates by Morzycki et al. [30]. Blue arrows indicate the 4 potential electrooxidation sites of cholester-
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1,2:3,4-Di-O-isopropylidene-a-D-galactopyranose  (3) as
nucleophile (Fig. 2). The O-linked glycoconjugate 7 was
obtained in 12-52% yield, but steroidal by-products and, in
some cases, reagent isomerization were detected. 6B-p-
Tolylsulfanyl-3a,5a-steroids (11) proved to give better con-
versions than their analogs, 6B-phenylsulfanyl-3a,5a-
cyclosteroids.

Under optimized conditions, expected glycoconjugates
were prepared with  1,2:5,6-di-O-cyclohexylidene-D-
glucofuranose only in a 12% yield, whereas in the case of
2,3,4,6-Tetra-O-benzyl-D-glucopyranose, a 20% yield was
reported, reaching anomeric selectivity with an o/f ratio=1:4.

Changing the steroid for thioethers derived from diosgen-
in and methyl 3B-hydroxy-5-cholen-24-oate, using 1,2:3,4-
Di-O-isopropylidene-a-D-galactopyranose, glycoconjugates
were prepared in 30% and 17% yields, respectively.

As in the first study from this group, several byproducts
were detected in all the reaction tests and reagent isomeriza-

tion in some cases. Consequently, the authors hypothesized
that this phenomenon is probably linked to the C-3 aryl thi-

Pt(+)|Pt(-) =

Mini-Reviews in Organic Chemistry, -, Vol. -, No. . 3

oether group present in the steroidal molecule, so secondary
reactions that originate these adducts cannot be avoided us-
ing this thioether-activated system.

The previous supposition encouraged the group to ex-
plore more efficient glycosyl acceptors that reduce both the
number and proportion of by-products. In the next two sub-
sequent studies, other activated steroids were tested. Suitable
alternatives for the synthesis of glycoconjugates were the
readily accessible diphenylphosphate derivative 12 [32],
30,5a-Cyclocholestan-6f3-ol (i-cholesterol) 13, and its tert-
butyldimethylsilyl (TBDMS) ether 14, [33] since they dis-
played moderate yields and produced only low proportion of
isomerization and secondary products (Fig. 3).

Interestingly, the authors clearly exposed the value of
their synthetic method by performing a conventional chemi-
cal-promoted preparation of a steroid-derived glycoconjugate
[33]. No coupling between the steroid and the carbohydrate
was detected, stressing the importance of the proposed elec-
trochemical setting (steroidal ethers electrochemical activa-
tion) as a relevant and unique method to achieve glycocon-
jugates of steroids.
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Fig. (3). Alternatives for the synthesis of glycoconjugates by Tomkiel et al. [32, 33].
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After examining the structural diversity and activation of
steroids, the next focus of this group was on how differences
in the carbohydrate counterpart affect the electrochemical
system outcome. Tomkiel ef al. [34] examined the coupling
of cholesteryl diphenylphosphate (the best steroid glycosyl
acceptor tested previously) with several fully and partially
protected sugars.

In this reaction, the real electrophile is the carbocation
derived from cholesteryl diphenylphosphate, which has two
resonance structures bearing the positive charge at positions
C3 or C6 (Fig. 4). Under the reaction conditions, the most
stable steroidal carbocation is the one charged on C3 and
originates the thermodynamic reaction product. Conversely,
the one that holds a greater positive charge on C6 produces
the kinetic reaction product. Most of the sugars tested by the
group in the present and previous works originated gly-
coconjugates from the steroidal carbocation charged on C3
17 (the most stable carbocation, thermodynamic product).
However, interestingly, with an S-glycoside, 1-thio-p-D-
glucose tetraacetate, the major product was the 3a,5 a-cyclo-
bcholestan-6B-yl-thio-B-D-glucoside tetraacetate 18 (6-B-
substituted, major product 40% yield), a 6-substituted gly-
coconjugate, which is the kinetic product. Since the electro-
chemical system is the same, this effect is clearly due to the
glycoside. The authors claimed that sulfur attacks the carbo-
cation faster than oxygen because the latter shows more ten-
dency to be protonated than sulfur and, in consequence,
moves towards the carbocation slower.

As aforementioned, all the oxygen nucleophiles gave on-
ly 3B-substitution products showing regioselectivity regard-
ing the steroid. Several simple alcohols were tested, showing
10-67% yields according to the complexity of the alcohol
19a-d (alcohols with higher steric effects exhibit lower
yields). Partially protected carbohydrates were also tested,
reaching yields of 40% and 46% in the case of glucofuranose
and 2,3,4,6-tetrabenzyl-glucopyranose, respectively, with no
anomeric selectivity in the latter (Fig. 4).

Finally, experiments on the preparation of polycholester-
ylated products were conducted using sugars with 3-4 free

CgHy4

y 8
, 1
.
PhO . P,,O ——  pho. P«,O
P s 12 L 15

PhO 347 6 PhO 3 6

Santiago et al.

OH and reaction ratios of 1:3/4 cholesteryl diphe-
nylphosphate/free OH on the carbohydrate. Electrochemical
reactions of 1,6-anhydro-B-D-glucopyranose and O-methyl-
a-D-glucopyranoside afforded mixtures of products. In the
first case, the major product was the tricholesterylated ad-
duct (21% yield), which could be easily isolated from the
mixture by column chromatography due to being the less
polar compound. This also applies to the O-methyl-a-D-
glucopyranoside case, although the tetracholesterylated
product (6% yield) was not the major product. On the at-
tempt of a coupling reaction with cholesteryl diphe-
nylphosphate and a disaccharide, 2,3,4,3’,4’-penta-O-
benzylsucrose, only cleavage of the glycosidic bond was
found.

So far, this is the only method reported that introduces
several cholesteryl groups through a single-step reaction to
assemble polycholesterylated compounds. These are relevant
to creating materials that might be used as biocompatible
nanocarriers [34]. Although several adducts are produced in
the process, the polycholesterylated products are easily sepa-
rated by column chromatography.

The group of Itoh has been largely involved with electro-
glycosylation towards the obtention of O-glycosides. Their
research has been particularly centered on the automated
assembly of oligosaccharides. Manmode et al. thoroughly
reviewed the methods used in Itoh’s laboratory and close
collaborators over several years of work until 2018 [27].
Therefore, only the most recent discoveries will be discussed
here: two works from Manmode et al. [35,36], Isoda et al.
[37], Yano et al. [38], Liu et al. [39], and Shibuya et al. [40].

Manmode et al. [35] studied an efficient way to control
the stereoselectivity of the glycosidic bond to develop the
automated electrochemical assembly of B-Glucans. To this
end, the authors first designed and optimized the selective
electrochemical preparation of both B-(1,3) and B-(1,6)-
disaccharides (69-86% yield). Their strategy consisted of
pre-activating B-thioglycosides by turning them into a-
glucosyl triflates in situ and then coupling them to a methyl
glucoside acceptor (Fig. 5). Through this technique, a variety
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0" : E
19a-d 19¢, 40%
) Ho)\;(i7”° o BnO"’ “'OBn
-,)‘< OBn

CsHyp

191, 46%, 1:1



Electrosynthesis of Sugar Derivatives

of B-(1,3) and B-(1,6)-disaccharides were obtained in good
yields (45-83% and 69-86%, respectively). Next, an auto-
mated electrochemical assembly protocol with temperature
control was used to synthesize a B-(1,6)-trisaccharide in 61%
yield (Fig. 6).

With these promising results in hand, the authors decided
to focus on building biologically important oligosaccharides
that contain these bonds: a cyclic f-dodecaglucan bearing
both B-(1,3)- and B-(1,6)-linkages present in the fungal cell
wall. Trisaccharide 22 obtained with their automated electro-
chemical assembly protocol was used as a substrate, and they
initially proposed two strategies to build a hexasaccharide
unit 23: a [3+1+2] strategy and a [3+2+1] (Fig. 6). Unfortu-
nately, the [3+1+2] strategy generates only a tetrasaccharide
(the second step failed), whereas the [3+2+1] one generates
only traces of the hexasaccharide 23. Therefore, a third plan
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was implemented, the [3+3], a coupling of two different tri-
saccharides. This approach led to the desired hexasaccharide
23 with an 18% yield.

Recently, Shibuya ef al. [40] modified the preparation of
a precursor B-1,6-glucan trisaccharide 24 and improved the
same automated production of electrochemical hexasaccha-
ride 23. The researchers were able to modify the reaction
conditions for the trisaccharide 24 through a mechanistic
study of the trisaccharide synthesis reaction using low-
temperature NMR and variable-temperature NMR experi-
ments (VT-NMR), increasing the hexasaccharide 23 yield to
46% (1.5 times higher than that obtained using the original
methodology).

The automated electrochemical assembly technique de-
veloped by Manmode ef al. in 2018 [35] was used again in
2019 [36] for the stereoselective synthesis of cyclic oligo-
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Fig. (5). Electrochemical synthesis of $-(1,6)-disaccharides by Manmode et al. [35].
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saccharides. After careful electrolyte selection, glucosamine-
containing cyclic tetra-, penta-, and hexa-saccharides were
selectively produced (only B-(1,6) glycosidic bonds between
monosaccharides) in very good yields (81%, 93%, and 78%,
respectively, as can be seen in Fig. 7). Additionally, the au-
thors successfully synthesized a cyclic tetrasaccharide from a
tetrasaccharide containing primary and secondary unprotect-
ed OH in 84% yield. Considering that this process uses more
straightforward linear structures for being cyclized, this al-
ternative would represent an initial step in the large-scale
synthesis of cyclic oligosaccharides. In this way, it was
demonstrated that in addition to electrochemical glycosyla-
tion, the automated technique is also effective for intramo-
lecular glycosylation, enabling the preparation of cyclic
products (Fig. 7).

In order to expand the scope of a system proposed by
Manmode et al. [35], Isoda et al. [37] proposed the utiliza-
tion of two mixed electrolytes: tetrabutylammonium triflate
(BusNOTf) and tetrabutylammonium bis(trifluoromethane-
sulfonyl-amide) (Buy,NNTY,), instead of using only the for-
mer as in the original technique. This change in the reaction
medium allows a highly selective preparation (ratio
a/B=6:94) of B-(1-6) disaccharides from p-thioglucosides
lacking a stereocontrolling group linked to C2 with 69%
yield. It is worth noting that this is the first example of an
organic electrochemical reaction, where the stereoselectivity
is enhanced by the use of mixed electrolytes and not by sub-

OBn OH

CHIPt(-)=8
mA, Bu,NOT,
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strate modification. Regarding the cause of this phenome-
non, the researchers theorized that BuyNOTT is essential to
form in situ a more reactive reaction intermediate, which
probably governs the selectivity of the glycosidic bond. In
contrast, the BuyNNTf, contributes only as a supporting elec-
trolyte.

Taking advantage of this improvement done by Isoda on
Manmode’s procedure, Yano et al. [38] performed the total
synthesis of a natural glycolipid, Myc-IV (C16:0, S) 31, in a
33% yield. Myc-IV (C16:0, S) is a Myc-lipochitooligo-
saccharide (LCO), a plant glycolipid identified as a signal
molecule from Arbuscular Mycorrhiza, an organism product
of a symbiotic relationship between a fungus and a plant.
Myc-1V (C16:0, S) is made of a B-(1,4)- tetrasaccharide 30
attached to a fatty acid tail of 16 carbons. The sugar unit of
B-(1,4)-tetrasaccharide 30 was obtained through a [2+1+1]
automated electrochemical assembly (AEA) with high  se-
lectivity in 47% yield (Fig. 8) and using the mixture of elec-
trolytes BuuNOT{/Buy;NNTf,. This total synthesis was rapid
and stereoselective, thus proving the potential of the system
AEA for the preparation of biologically active molecules.

Itoh ef al. recently started to work on glycals [39], which
are unsaturated glycosyl donors. These compounds are suita-
ble for accessing 2-deoxysugars, a common synthetic target,
since these are often found in many biologically active natu-
ral products and drugs [41-43]. However, a significant chal-
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Fig. (7). Glucosamine-containing cyclic tetra-, penta-, and hexa-saccharides by Manmode ef al. [36].
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lenge in working with glycals is effectively controlling the
selectivity of the newly formed glycosidic bond since they
lack a directing group on C2.

To prepare 2-deoxysugars, Liu et al. [39] developed a
highly stereoselective and broad functional group tolerant
system that uses an undivided cell and 2-bromoacetonitrile
(BrCH,CH,CN) as an additive (Fig. 9). An interesting li-
brary of more than a dozen 2-deoxyglycosides and their gly-
coconjugates, mainly D-galactal derivatives, has been ob-
tained in short times (1-2 h) and good yields (75-92%).
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Digoxigenin derivative
Fig. (9). Liu’s system and scope [39] a. Standard reaction condi-
tions, b. DCM solvent., c. With pinene as an additive.

Moreover, an iterative electroglycosylation of a trisac-
charide and a scalable production were achieved. Under sim-
ilar reaction conditions, the trisaccharide was synthesized in
an isolated yield of 75% by iterative electroglycosylation.
Considering several mechanistic experiments conducted to
study this transformation, the authors proposed a plausible
mechanism, in which the involvement of bromine derivatives
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is crucial. Whereas, the scalable preparation of podophyllo-
toxin-derivative, a leading antiviral, was performed at a 1 g-
scale with a yield of 75% approximately.

A study by Liu et al. [39] is the first to describe an elec-
trochemical method for producing valuable 2-deoxy sugars.
With further glycal transformations (refer to the Miscellane-
ous section), the authors continue to investigate the scope of
this technique.

3. ELECTROSYNTHESIS OF C-GLYCOSIDES

The structural similarity between O- and C-glycosides is
a well-known fact that explains the ever-increasing interest
in the latter as O-glycoside mimetics [44]. The presence of
the C-C bond instead of the highly labile O-C bond makes
these compounds more resistant to both chemical and enzy-
matic degradation and more suitable for their use as pharma-
ceutics [45]. Moreover, many inhibitors and antibiotics are
based on C-glycosides, such as dapagliflozin, the inhibitor
against type II diabetes [46, 47]. Additionally, many natural
products containing C-branched sugars have been described,
such as Altromycin B, C-glucosylxanthones, and the well-
studied laxative Aloin.

Several groups have recently contributed to exploring the
scope of electrochemical methods applied to the research on
innovative preparations of these bioactive carbohydrates. In
2010, innovating a well-known C-glycosylation approach via
olefination—cyclization, Xu and Moeller [48] developed a
convenient Wittig reaction-anodic oxidation synthetic se-
quence. The authors aimed to produce aldehyde-containing
C-glycosides (see 34 and 35, Fig. 10) suitable for further
modifications and applications.

9 o
RO ° H /\Q}(
RO H
RO OR
OR RO OR
34 35

Fig. (10). Xu and Moeller’s target scaffolds [48].

The presented two-step procedure (Fig. 11) starts with a
conventional double bond-building reaction that opens the
sugar ring, adding through the phosphonium ylide a new
carbon moiety containing a good leaving group X 11 (-OMe,
-SMe). The strategic incorporation of the X group would be
critical in the final deprotection of the carbonyl group to-
wards the obtention of the C-glycoside targets. As expected,
this traditional Wittig olefination works well for both pyra-
nose and furanose carbohydrates demi-protected with Bn or
Me as protecting groups. An important finding is that during
the cyclization step, along with the leaving group X, a me-
thyl ether (OMe) moiety is added to the aglycone. This is
probably due to a radical mechanism reaction in which the
OMe group is incorporated from one of the reaction solvents,
as explained in the group's subsequent work [49].

More considerable challenges were faced in the second
step, the innovative one: anodic oxidation. Several reaction
conditions were tested, including various solvents (MeOH
and MeOH/THF mixtures), electrolytes, and different ap-
plied currents. An open-cell equipped with reticulated vitre-
ous carbon (RVC) anode and a platinum wire cathode, anhy-
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drous MeOH as the solvent, LiC1O4 as the electrolyte, a con-
stant current of 8.0 mA, and the additive 2,6-lutidine were
selected as optimal settings.

X
O, OH Wittig OH__
RO —> RO
RO OR RO OR
36 37
X =0OMe,
SMe
C(#)|Pt(-)=8.0mA OMe
LiOCl,, 2,6-lutidine 0
X
MeOH/THF, rt RO OR
undivided cell 38

38a, X=0, up to 70 %
38b, X=S and O, up to 73%

Fig. (11). Xu and Moeller's method for synthesis of target
furanoses and pyranoses derivatives [48].

The described electrochemical procedure worked
smoothly to produce furanose-derived C-glycosides 38.
However, the technique encountered some difficulties when
pyranose substrates were used. Several fragments of the
products were found, probably because of pyranoses' slower
rates of cyclization. After trying a few unsuccessful changes
to the cyclization procedure, the researchers finally succeed-
ed in producing the pyranose product in good yields (71%)
by employing pyranose substrates with X=SMe instead of
those with X=0OMe. It should be noted that even though a
mixture of acetal products is created (X=SMe/OMe=4), both
compounds would lead to the same aldehyde-containing fi-
nal product since the next reaction step requires the hydroly-
sis of these acetals.

Also, from Moeller’s group, Smith [49] continued ex-
panding the C-glycosides synthetic strategy introduced by
Xu and Moeller [48] but varying the targeted C-glycosides
for analogs of inhibitors of type 1 fimbrial adhesin FimH
(Fig. 12, 39), an adhesive protein of Escherichia coli. This is
a mannose-binding adhesin that facilitates the bacteria instal-
lation along the whole urinary tract, actively contributing to
the development of urinary tract infections (UTIs) [50].

RZ
0_ .0
HO - O o)
HO OH O R!
39 OH
07 "R!
OR? R?

Fig. (12). Potential FimH inhibitors (R', R® alkyl and phenyl
groups).
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The initial synthetic approach for the construction of this
family of C-glycosides 40 consisted of replacing the X group
with a biaryl structure on the C-glycoside precursor that was
prepared in the previous work from the group [48]. Unfortu-
nately, this strategy was unsuccessful. The authors next sug-
gested an approach that resembled the one in the former pa-
per: a two-step Wittig olefination-anodic oxidation from a
reducing sugar, followed by biaryl system synthesis. In this
modification, an aromatic ring-containing aglycone bearing
an OMe/SMe group is attached to the sugar during the Wittig
reaction step, and then this aglycone is modified to form the
desired biphenyl structure (a similar reaction path in Fig.
13). These oxidation studies were conducted testing different
potentials (1,17-1,34 V), using several substituted aryl rings
at different positions (aryl positions 4, 3, and 2), and replac-
ing the additive 2,6-lutidine for LiOMe.

Although yields (up to 86%) of several conditions stud-
ied were favorable, some substituted phenyl and aryl systems
were problematic to prepare. The authors theorized that this
is due to a decomposition reaction pathway after the cycliza-
tion step that sensibly lowers reaction yields. After rational-
izing the proposed reaction mechanism and further assays,
the authors concluded that altering the chosen aryl structure
in the aglycone would enable a more efficient biaryl system
building. Accordingly, a bromostyrene derivative ylide is
used in the Wittig olefination to assemble a mannose-based
biaryl system (Fig. 13).

Three years later, Smith ef al. used their expertise in pre-
paring C-glycoside derivatives to synthesize a C-glycoside
functionalized microelectrode array [51]. Microelectrode
arrays are important tools to monitor the interactions that
take place when a biological receptor, normally a protein,
binds to a carbohydrate substrate. The arrangement typically
consists of many components, including a functionalized
microelectrode coated in a porous polymer with easily modi-
fiable functional groups that serve as handles for a spacer
linker, which is then attached to the ligand. This ligand
shares structural similarities with a natural protein-ligand (an
O-glycoside) and generally has an extra functional group that
enables monitoring of the binding by an optical method.

By changing the final step of the previously optimized
method, Smith et al. assembled a novel pair of potential
FimH C-glycoside antagonists (Fig. 14). The former bromo-
styrene C-glycoside precursor was modified by adding a
pyrene-derived (47) chain instead of an additional aromatic
ring in the original procedure. This highly conjugated hydro-
carbon chain serves two purposes. One is facilitating the
complete glycoside's attachment to the electrode surface by
straightforward reactions between its final OH group and the
polymer functional handling that has been previously applied
to the electrode's surface. The other function is to allow opti-
cal measurements to confirm the occurrence of electrode-
glycoside bonds.

4. ELECTROSYNTHESIS OF S-GLYCOSIDES

Thioglycosides are not common in nature [52] and struc-
turally differ from native O-glycosides [53, 54]. Nonetheless,
thioglycosides have emerged as the most widely used start-
ing material in electrochemical glycosidation reactions. Spe-
cifically, aryl thiols have been the most commonly used sub-
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Fig. (13). Preparation of biaryl-containing C-glycosides by Smith [49].

strates in the last few decades due to their significantly lower
oxidation potentials than other glycoside types, as reported
by most of the works reviewed here. This broad preference
for S-glycosides as glycosylation donors is supported by sev-
eral factors, such as their enzymatic and chemical resistance
compared to O-glycosides [45] and facile attainability since
they can be stereoselectively prepared from free sugars
through various known methods [1,55,56].

As opposed to their popularity as substrates and interme-
diates, the electrochemical synthesis of this type of chalco-
genglycosides has not drawn significant attention. To the
best of our knowledge, in the last decade, only one group has
reported these compounds as synthetic targets of its electro-
chemical method. Zhu et al. [57] prepared several S-
glycosides through an electrochemical nickel-catalyzed Mig-
ita cross-coupling (Fig. 15).

Microelectrode array

¢ Polymer functional handling A

Porous Spacing
polymer  linker
coating

C-glycoside ligand

m
O OH

Pyrene

47a, n=1, m=2

47b, n=2, m=1
Fig. (14). Parts of a C-glycoside functionalized electrode array (A)
and C-glycoside ligands (B) prepared by Smith et al. [51].

This mild procedure generates a selective S—C glycosidic
bond from protected and even unprotected glycosyl thiols, as
well as functionalized aryl bromides and iodides. It is con-
ducted at room temperature for only 3 hrs and gives yields
up to 95%. The chosen halides bring variety to the resulting
S-glycosides since their groups include many different moie-

ties, such as aryls with electron-withdrawing and electron-
donating groups, heterocycles like quinoline and pyridine,
and even unsaturated groups, such as alkenyl and alkynyl
(Fig. 15). Also, for the glycoside part diversity, other mono-
saccharides and oligosaccharides are used, and high anomer-
ic selectivity is achieved in all cases. Finally, extending the
scope of the method, unprotected glycosyl thiols and pro-
tected cysteine (amino acid) are successfully used in aryla-
tion assays. To date, the presented strategy is the only Pd-
free and electrochemical alternative to the arylation of cyste-
ine that can develop a new route to the bioconjugation of
peptides.

5. MISCELLANEOUS

N-glycosides are also an important family of glycosides
to review. Nonetheless, there is not much information re-
garding the synthesis of glycosylamines by electrochemical
methods. Similar cases found were directly orientated to the
building of nucleosides that bear a furanose unit, which is
clearly a nucleotide precursor [58-60].

Regarding other types of carbohydrate derivatives
(pseudoglycosides or non-anomeric glycosides), it is worth
mentioning the advances achieved with glycals, a topic that
Itoh’s group has also contributed to. In 2021, Liu et al. [61]
synthesized regioselectively trifluoromethylated glycals 71.
The developed electrolytic system works well with a variety
of protecting groups, utilizes an undivided cell using
CF;SO,Na as the trifluoromethyl source and MnBr, as the
redox mediator, and gives up to 90% yield (Fig. 16). Moreo-
ver, the authors discussed a hypothesis that proposes a radi-
cal mechanism for this reaction.

The versatility of the former procedure was demonstrated
by Luo et al. [62], who used this method to afford a series of
2-bromoglycals 72 from different carbohydrate scaffolds
with several protective groups (up to 96% yield, Fig. 16).
The quaternary ammonium salt BusNBr (tetrabutylammoni-
um bromide, TBAB), which is convenient, cheap, nontoxic,
and easily handleable, acts as the source of bromine in metal-
catalyst-free and oxidant-free reaction conditions. The au-
thors also suspected that the nature of the transformation is
radical, as reported in the research by Liu et al. [61], due to
analysis with cyclic voltammetry and radical trapping. To
demonstrate the potential for the bromo-enol bond, several
reactions were tested on one of the compounds obtained un-
der the technique, the tri-O-benzyl-2-bromogalactal. So-
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Fig. (15). Electrochemical nickel-catalyzed Migita cross-coupling by Zhu et al. [57] (RI:aryl, alkenyl, alkynyl, heterocycles).

nogashira coupling (with phenylacetylene), Suzuki coupling
(with potassium phenyltrifluoroborate), and a Ferrier rear-
rangement reaction were also performed efficiently.

So far, this review has covered several methods for the
electrosynthesis of complex carbohydrate targets. Herein, we
have discussed these procedures for preparing extremely
specific carbohydrate-based structures on a laboratory scale.
However, one interesting aspect of electrosynthesis is to
produce sugar commodities in large quantities.

Mass, clean, and efficient production of commodity
chemicals from biomass is a promising area in green chemis-
try. As electrochemical techniques have several inherent
benefits for sustainable processes, including moderate oper-
ating conditions and customizable selectivity, several re-
search groups are currently working on this aspect. Consid-
ering that there are excellent works that cover this topic [63],
it is worth briefly mentioning some representative articles.

Glucaric acid is one of the most valuable compounds that
can be obtained from this renewable natural resource [64].
This carboxylic diacid is commonly used as an additive on
food and drugs [65] and serves as a building block in the
synthesis of polymers, detergents, and chelating agents [66,
67], among other uses. Chemical and biological oxidation
are the two main methods used in industry to prepare D-
glucaric acid. Both methods have drawbacks, including toxic
oxidation reagents, low selectivity, secondary products and
high working pressures for the former method, large reaction
times, lower yields, and difficult purification procedures for
the latter.

Liu et al. [68] developed an efficient method to produce
D-glucaric acid via the electrolysis of glucose from biomass.
Using NiFe-layered double hydroxide (LDH) nanosheet ar-
rays as precursor material, their method introduced two nov-
el nanostructured electrodes: a NiFeNx nickel foam cathode
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Fig. (16). Electrochemical transformations on glycals by Itoh et al. [61, 62]

and a NiFeOx nickel foam anode, both in KOH solution. At
a potential of 1.39 V, an 83% yield was achieved. Moreover,
as the oxidation of glucose to glucaric acid progresses in the
anode, hydrogen is produced in the cathode. Thus, by pro-
ducing two value-added compounds, glucaric acid and H,,
this electrochemical system highly valorizes biomass feed-
stock.

One of the main difficulties in glucose electrooxidation
from biomass is reaction selectivity towards a particular
product. Numerous works have studied the electrooxidation
and degradation mechanism of glucose and other compounds
normally found in biomass [69, 70, 71, 72, 73]. Finding op-
timal electrolysis conditions is crucial for achieving the de-

sired transformation, but it is also important to prevent com-
pound degradation, which is generally promoted by the pH
medium and temperature.

Regarding this, the production of high-added-value com-
pounds with aldehyde and ketone groups, which are vulnera-
ble under basic conditions, is challenging. Zhou et al. [74]
tried to tune the extent of biomass oxidation towards alde-
hyde and ketone groups-containing valuable chemicals, such
as formate (potassium formate is a common additive for an-
imal feed) and 2,5-furandicarboxylic acid (FDCA, a relevant
building block for polymers). Through an extensive study on
the degradation pathway, the authors developed a scalable
single-pass continuous flow reactor (SPCFR) system to en-
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hance the electrooxidation selectivity of formate (81.8%
yield, 76.5% selectivity), particularly for large concentra-
tions and volumes.

CONCLUSION

Organic electrosynthesis is a promising and growing
field. Nowadays, it is not unusual to find at least one publi-
cation presenting novel electrochemical methods in every
issue of traditional organic chemistry journals. Nonetheless,
evidently, most of the electrosynthesis applied to the prepa-
ration of glycosides is still unexplored. A large number of
carbohydrate transformations are waiting for alternative elec-
trochemical methods to make the synthetic process greener.

In this mini-review, we have discussed that although
there are already a reasonable number of electrochemical
techniques enabling the building of O-glycosides, the con-
struction of glycomimetics (C-, N-, S-glycosides, and others)
and more complex structures, such as oligosaccharides, re-
mains mostly undeveloped.

Despite the long way ahead towards a more extended
methodology for carbohydrate electrosynthesis, encouraging
advances have undoubtedly been achieved, such as automat-
ed oligosaccharide electrosynthesis, utilization of the sun-
light directly as a power source for the cells, exploration of
other glycosyl donors as starting material (glycals), success-
ful preparation of steroids-derived O-glycosides, and the
targeting of S-glycosides, among others.

On the other hand, as some authors [75] suggest, it is
necessary to include descriptions of the product/s isolation
and purification steps in the discussion section of the paper.
With a few exceptions, these parts are normally relegated to
the Supporting Information, and there is not a single mention
or comment related to them in the discussion part of the pa-
pers. As organic chemists, we always expect some details
related to the experimental issues to be faced in these stages.
We strongly believe that this small change would encourage
more chemists to incorporate electrochemical tools in their
laboratories.

Finally, we are aware that the development of a universal
electrochemical technique to obtain different classes of gly-
cosides using the same system is an ambitious and naive
expectation. However, the prospects for the next decade are
encouraging, and undoubtedly, there will be many interest-
ing contributions to the rising field of carbohydrate electro-
synthesis.
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