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CONS P EC TU S

G lycosylation of proteins and lipids is critical to many life
processes. Secondary metabolites (or natural products),

such as flavonoids, steroids, triterpenes, and antibiotics, are also
frequently modified with saccharides. The resulting glycosides
include diverse structures and functions, and some of them have
pharmacological significance. The saccharide portions of the
glycosides often have specific structural characteristics that
depend on the aglycones. These molecules also form hetero-
geneous “glycoform” mixtures where molecules have similar
glycosidic linkages but the saccharides vary in the length and
type of monosaccharide unit. Thus, it is difficult to purify homogeneous glycosides in appreciable amounts from natural sources.

Chemical synthesis provides a feasible access to the homogeneous glycosides and their congeners. Synthesis of a glycoside
involves the synthesis of the aglycone, the saccharide, the connection of these two parts, and the overall manipulation of protecting
groups. However, most synthetic efforts to date have focused on the aglycones, treating the attachment of saccharides onto the
aglycones as a dispensable topic. The synthesis of the aglycone and the synthesis of the saccharide belong to two independent
categories of chemistry, and different types of the aglycones and saccharides pose as specific synthetic subjects in their own
disciplines. The only reaction that integrates the broad chemistry of glycoside synthesis is the glycosidic bond formation between
the saccharide and the aglycone. Focusing on this glycosylation reaction in this Account, we string together our experience with the
synthesis of the naturally occurring glycosides.

We briefly describe the synthesis of 18 glycosides, including glycolipids, phenolic glycosides, steroid glycosides, and triterpene
glycosides. Each molecule represents a prototypical structure of a family of the natural glycosides with interesting biological
activities, and we emphasize the general tactics for the synthesis of these diverse structures. We provide a rationale for four tactics
for the synthesis of glycosides, based on the stage at which the glycosidic bond is formed between the saccharide and the aglycone.
This choice of tactic determines the success or failure of a synthesis, and the flexibility and the overall efficiency of the synthesis
as well. Toward the synthesis of heterogeneous glycoform mixtures, we discuss successive and random glycosylation reac-
tions. Finally, we have developed two new glycosylation protocols that address the challenges in the glycosylation of aglycones
that are poorly nucleophilic, extremely acid labile, or extremely electrophilic. One of these new protocols takes advantage of
glycosyl trifluoroacetimidate donors, and a second protocol uses gold(I)-catalyzed glycosylation with glycosyl ortho-alkynyl-
benzoate donors.

Introduction
Most of the secondary metabolites in nature could occur as

glycosides.1,2 These glycosides are derived mostly via post-

modification of the secondary metabolites catalyzed by

glycosyltransferases.3,4 Further modifications on the glyco-

sides, such as acylation, oxidation, and degradation, take

place frequently. In this way, Nature manages to expand

the structural and functional diversity of the metabolites

greatly and efficiently. Naturally, a glycoside is taken for

granted to have two chemically and functionally indepen-

dent parts, that is, the saccharide part and the aglycone part,

of which the aglycone is the part of value while the

saccharide part only increases water solubility. However,

this is not always true. Althoughmanyglycosides are simply
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attached with a glucose or glucose-containing disaccharide

to facilitate in vivo transportation, many others are deco-

rated with sophisticated oligosaccharides to endow peculiar

functions, in which both the aglycone and the saccharide

play the role cooperatively as awhole.1,5 The best examples

are those which have already been developed into thera-

peutic agents, including most importantly the antibiotics,

nucleosides, and cardiac glycosides.

Depending on the type of the aglycones, the saccharide

parts are always characteristic and conservative in

structures.1 For those complicated glycosides, a mixture of

congeners with a similar pattern of glycosidic linkage but

varied length and units of monosaccharides coexist. This

phenomenon is known in glycoproteins and glycolipids as

“glycoform”.6 The occurrence of amicroheterogeneous “gly-

coform” makes purification of a homogeneous glycoside

component, especially in an appreciable amount, extremely

difficult. Studies on the structure�activity relationships and

the mechanisms of biological action of these glycosides are

thus hampered. In fact,many glycosides are still remained at

the folkloric usage, such as the saponin extracts from gin-

seng, licorice, ivy leaves, primula roots, and senega roots.7

Access to the homogeneous glycosides and analogues in

these cases could only resort to chemical8,9 or enzymatic

synthesis.3,4

Chemical synthesis of glycosides involves particularly the

incorporation of saccharides onto aglycones. This might be

extremely challenging, because the structures of the agly-

cones are extremely diverse, which include all of the natural

product scaffolds with enormous ways of functional groups

arrangement. To tackle the synthesis of the complicated

glycosides would provide not only practical accesses to

these biologically significant chemical entities but also op-

portunities to develop new glycosylation chemistry. The

excellent works from the laboratories of Danishefsky,10

Nicolaou,11 and many other prominent chemists have well

illustrated this point.12,13 Herein we account our own ex-

perience in this topic with a focus on the formation of the

O-glycosidic bonds between saccharides and aglycones.

Representative Glycosides We Have
Synthesized
Within the last 15 years, we have accomplished the synth-

eses of a number of the complicated glycosides with inter-

esting structural features and biological activities. Listed in

Figure 1 are those representative examples, including gly-

colipids (1 and 2), phenolic glycosides (3�8), steroid glyco-

sides (9�13), and triterpene glycosides (14�18).

Tricolorin A (1),14 showing allelopathic and antitumor

activities, is a prototype member of the plant resin glyco-

sides, which bears characteristically a hydroxy fatty acid

aglycone forming typically amacrolactonewith the sacchar-

ide backbone decorated with acyl moieties. Both our and

Heathcock's synthesis employed conventional macrolacto-

nization to construct the cyclic ester,15�17while F€urstner and

M€uller were inspired to explore ring-closing olefin metathe-

sis to build up flexibly the resin glycosides with varied size of

the macrolactones.18,19

Caminoside A (2),20 a bacterial type III secretion inhibitor

isolated from amarine sponge, possesses a hydroxymethyl

ketone lipid as aglycone and a novel tetrasaccharide glycan

with a fully substituted glucose residue in themiddle and the

rare 6-deoxy-D-talose and L-quinovose, both in the 1,2-cis-

glycosidic linkage, at the terminals. A total of 57 steps were

required to assemble this glycolipid with D-glucose, D-galac-

tose, L-rhamnose, and 9-decenal as starting materials.21

The synthesis of phenol glycosides poses as a special

subject.22 Phenols with electron-withdrawing groups or

ortho-substituents are reluctant to be O-glycosylated, while

electron-rich phenols are prone to undergo C-glycosylation.

CRM646-A (3)23 is an unusual fungal glucuronide with a

dimeric 2,4-dihydroxy-6-alkyl-benzoic acid (orcinol para-

depside) as aglycone, which shows significant heparinase

and telomerase inhibition activities. To secure the formation

of the phenolic glycoside, an early stage glycosylation was

performed.24

Flavonoid glycosides, mostly from higher plants, consti-

tute the biggest family of the natural glycosides with several

thousands of congeners that have been identified.25

A-76202 (4),26 a typical isoflavone 7-O-glycoside, is isolated

from a Rhodococcus species, which shows very potent in-

hibitory activity against the R-glucosidases of rat livermicro-

some (IC50 = 0.46 ng/mL). A later-stage glycosylation

enabled us to attach a variety of the saccharides onto the

isoflavone 7-OH.27 In contrast, employing a later-stage ela-

boration of the isoflavone B ring, we were able to prepare

isoflavone 7-O-R-D-arabinofuranosides with varied B rings

divergently.28

Quercetin 3-O-(200-galloyl)-R-L-arabinopyranoside (5)29 is

a typical acylated flavonol 3-O-glycoside, which shows anti-

bacterial, antioxidant, and inhibitory activity against HIV-1

integrase. The flavonol 3-O-glycosidic linkage was con-

structed by a conventional method,30 which employs gly-

cosyl bromides as donors under phase-transfer-catalyzed

conditions or under the promotion of a silver salt. A recent

finding that the flavonol 3-OH derivatives can be glycosylated
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FIGURE 1. Representative glycosides synthesized by Yu and co-workers.
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effectively with glycosyl ortho-alkynylbenzoates as donors

under the catalysis of a gold(I) complex has greatly facili-

tated the synthesis of this big family of the glycosides.31

Clemahexapetoside A (6)32 is a member of a small group

of the cyclic dimers of 4-(glycosyloxy)benzoates fromplants.

The synthetic approach toward this natural glycoside also

enabled the quick assembly of the macrocyclic trimeric,

tetrameric, and pentameric congeners.33

Cassiaside C2 (7)34 is a unique naphtho-R-pyrone glyco-

side identified from the cassia seeds, which shows anti-

inflammatory activity. The construction of the glycosidic

linkage with the hydrogen-bonded poorly nucleophilic

naphthol derivatives turned out to be extremely difficult.

This taskwas finally realized at themonosaccharide level by

sacrifice of 6.0 equiv of a glucosyl imidate donor.35

Besides the poor nucleophilicity, the vulnerability of both

the aglycone and the sugar linkage makes landomycins,

which feature a benz[a]anthraquinone aglycone with a

dearomatized B ring and deoxyoligosaccharide chains of

varied length attached at C8-OH,36 much more formidable

synthetic targets. Landomycin A (8), the longest and the

most potent antitumor active congener, has been synthe-

sized only recently.37

Steroid glycosides (e.g., 9�13) can be categorized into

four major subfamilies basing on the steroid aglycone,

including spirostane, furostane, cholestane, and cardiac

glycosides.7 Polyphillin D (9)38 is a prototypical spirostane

glycoside which occurs widely in plants and shows potent

antitumor activities. The synthetic route toward this repre-

sentative glycosidehas beenadopted to the preparation of a

large number of the spirostane glycosides.8,39 Methyl pro-

todioscin (10)40 represents a furostane glycoside, which was

prepared conveniently from the corresponding spirostane

saponin dioscin.41

OSW-1 (11)42 and Candicanoside A (12),43 from two

taxonomically related plants, are novel cholestane glyco-

sides, of which OSW-1 and congeners show exceptionally

high antitumor activities. Taking advantage of the innate 20-
O-acetyl substituent, a disaccharide donor was attached

stereoselectively to the aglycone derivatives to achieve

the synthesis of OSW-1 and analogues.44,45 In contrast, the

(1f2)-linked disaccharide in Candicanoside A discouraged a

direct glycosylation with a disaccharide donor, that would

lead to R/β anomers in the absence of a neighboring

participation group. Thus, a stepwise glycosylation was

carried out in the succeeded total synthesis.46

Digitoxin (13), a prototype of the cardenolide-type car-

diac glycosides, is a widely prescribed drug for treating

congestive heart failure and cardiac arrhythmia.1 The as-

sembly of this deoxytrisaccharide with conventional glyco-

sylation methods was compromised with moderate stereo-

selectivity and yields.47 Thus, de novo approaches via

tungsten-catalyzed endoselective alkynol cyclomerization

or palladium-catalyzed glycosidation of pyranone deriva-

tives were applied to the synthesis.48,49 Our recent synthe-

sis employed 3,4-di-O-tert-butyldiphenylsilyl-D-digitoxosyl

ortho-cyclopropylethynylbenzoate as donor and Ph3PAuOTf

as catalyst; the formation of the β-digitoxosidic linkageswas

achieved in excellent yields and β/R selectivity.50

The most complicated and diverse glycosides in plants

are triterpene glycosides.7 Ciwujianoside C3 (14),51 isolated

from a Chinese medicinal plant with oleanolic acid as the

aglycone and two sugar moieties on the C3-OH and C28-

COOH, belongs to the most common type of the triter-

pene saponins. This is also the first such saponin being

synthesized.52

Betavulgaroside III (15),53 from sugar beet, is a congener

of a small group of the triterpene seco-glycosides featuring

virtually an oxidative fragmentation of a terminal mono-

saccharide unit. The introduction of this seco-glycoside re-

sidue was a major concern in the synthesis.54

Anemoclemoside A (16),55 isolated from the roots of

a folk medicinal plant distributed at an altitude of 1600�
3000m in the Yangtse River valley region, is one of the two

glycosides disclosed so far to have an open-chain cyclic

acetal glycosidic linkage. This unique linkage was synthesized

stereoselectively in an excellent yield via condensation of a

hederagenin3,23-diol derivativewith adisaccharide aldehyde

under the promotion of TMSOTf at low temperature.56

Lobatoside E (17)57 is the most potent antitumor active

congener of a small group of the plant triterpene saponins

named cyclic bisdesmosides, which have two oligosaccharides

flankedonapentacyclic triterpene andbridgedwith 3-hydroxy-

3-methyl glutarate. The synthesis of this complex cyclic bisdes-

moside employed a highly modular approach, with a total of

73 steps starting with cheap starting materials.58

Betulinic acid trisaccharide 1859 is a usual lupane-type

saponin. Acidic conditions were avoided to glycosylate the

betulinic acid derivatives, which could undergo easily

Wagner-Meerwein rearrangement.60

Tactics for the Synthesis of Glycosides
Syntheses of saccharides and aglycones are two categories

of chemistry, which are evolved and practiced separately.

Synthesis of a glycoside requires integration of these two

categories of chemistry, in that the attachment of the
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saccharide onto the aglycone is a major concern. The stage

for performing this glycosidic bond formation reaction is

decisive for a retrosynthetic consideration of the synthesis

of a glycoside. Accordingly, four basic tactics are evolved

(Figure 2).

Themost straightforward and convergent tactic is a direct

later-stage glycosylation of the aglycone with a prefabri-

cated saccharide donor followed by global deprotection

(Tactic I). The synthesis of Betavulgaroside III (15) illustrates

the application of this tactic (Scheme 1).54 Thus, assembly of

the fully elaborated saccharide donor 20 onto oleanolic acid

28-O-glucoside 19 provided the advanced precursor 21,

which was subjected to the final removal of benzyl and acyl

protecting groups to provide the triterpene seco-glycoside.

Otherwise, elaboration of the seco-sugar unit after formation

of the 3-O-glycosidic linkage was found troublesome.

Tactic I is especially advantageous when the aglycone is

precious or contains functional groups labile to the condi-

tions for glycan elongation. However, glycosylation of the

aglycone with a fully developed oligosaccharide donor is

often problematic. When the required glycan contains a

(1f2)-linkage at the reducing end (e.g., the glycans in glyco-

sides 1, 2, 9, 10, 12, 17, and 18), in that no neighboring group

participation can beexploited, the glycosylation usually leads

to a pair of the R, β anomers which are difficult to separate.61

Alternatively, the sugar moiety can be attached to the

aglycone in a linear manner (Tactic II). This tactic warrants a

stereospecific and high-yielding formation of the glycosidic

bond to the aglycone. However, subsequent elongation of

the glycan, which demands the manipulation of temporary

protecting groups in between each glycosylation step, in the

presence of a multifunctional aglycone becomes trouble-

some. In the synthesis of Landomycin A (8), construction of

the 2-deoxy-β-glycosidic linkage with the poorly nucleophi-

lic hydrogen-bonded C8-phenol of landomycinone is extre-

mely difficult (Scheme 2). This task was finally realized at

the monosaccharide level by an SN2 type substitution

of the 2,6-dideoxy-R-D-glucopyranosyl iodide (23) with

a naphthol anion derived from landomycinone 22.37

FIGURE 2. General tactics for the synthesis of a glycoside based on the
stage at which the glycosidic bond with the aglycone is constructed.

SCHEME 1. Tactic I for the Synthesis of Betavulgaroside III (15)

SCHEME 2. Tactic II for the Synthesis of Landomycin A (8)
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Then, elongation of the glycan can be proceeded sequen-

tially after removal of the temporary 40-O-tert-butyldimethyl-

silyl protecting group. Glycosylation of the monosaccharide

25 with pentasaccharide donor 26, after global deprotec-

tion, afforded Landomycin A (8). Glycosylation of 25 with

shorter saccharide donorswould lead to the short congeners

of the landomycin family.

When glycosylation of the aglycone, even with a com-

promised monosaccharide donor, is unsuccessful, then this

glycosidic linkage should be built before elaboration of the

full aglycone (Tactic III). In the synthesis of CRM646-A (3),

attempts at direct glycosylation of the depside aglycone

derivatives were not successful.24 Therefore, the phenol

glucuronidic linkage was synthesized via coupling of the

orsellinate derivative 29 with glucuronate bromide 28 be-

fore assembly of the phenolic ester linkage in the depside

aglycone (Scheme 3).

The final alternative for the assembly of a glycoside

involves elaboration of both the aglycone and the glycan

after construction of the glycosidic linkage (Tactic IV). Thus,

the synthesis of Caminoside A (2) commenced with the

glycosylation of 1-nonadecen-10-ol with glucopyranosyl

imidate 36, that led to β-glucoside 37 in an excellent yield.21

The 20-O-acetyl group on 37was removed. At this stage, the

methyl ketone function in the aglyconewas elaborated by a

Wacker oxidation. Glycosylation of the 20-OH of 38 with

disaccharide trifluoroacetimidate 39 afforded trisaccharide

40. The difficult problemof 1,2-cis-glycosidic bond formation

was solved at the disaccharide level (i.e., 39). Protection

of the remaining 2000-OH with a benzyl group, followed

by selective removal of the 200-O-2-(azidomethyl)benzoyl

(AZMB) group provided 41. The resulting 200-OH was then

glycosylated with perbenzyl L-quinovopyranosyl trifluoroa-

cetimidate 42 to provide the desired tetrasaccharide 43.

Finally, hydrogenolysis of the benzyl groups furnished the

target glycolipid 2 (Scheme 4).

SyntheticAccess to the “Glycoform”ofGlycosides
The succeeded approaches to the synthesis of the represen-

tative glycosides can be adopted easily to the synthesis of

the corresponding congeners with varied saccharides. It is

especially convenient to apply the divergent Tactic II for this

purpose. For example, we have synthesized several dozens

of the Polyphillin D (9) congeners via stepwise elongation of

the glycan.39,62 Thus the structure�activity relationships on

the antitumor and hemolytic activities of spirostane sapo-

nins have been well recorded.63

Special approaches have also been developed for the

glycoform-oriented synthesis. When the monosaccharide

donors in the linear synthesis (Tactic II) are designed to have

SCHEME 3. Tactic III for the Synthesis of CRM646-A (3) SCHEME 4. Tactic IV for the Synthesis of Caminoside A (2)
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distinguishable reactivities, sequential glycosylation can be

performed to furnish the glycosides in a “one-pot” fashion.64

The manipulation of temporary protecting groups and pur-

ification of intermediates are avoided. An extremely suc-

cessful example has been provided for the synthesis of

triterpene saponin 14 (Scheme 5).52 In that, the assembly

of the fully protected oleanane tetrasaccharide 49 was

realized by four successive glycosylation steps (with mono-

saccharide donors45�48 sequentially), taking advantageof

the orthogonal activation of the glycosyl imidate 47 and

thioglycoside 48 and the selective in situ deprotection of the

trityl ester and trityl ether under the glycosylation condi-

tions. Employing a variety of the monosaccharide donors in

analogous synthesis would access quickly to a large number

of the congeners with varied monosaccharide units.
Synthesis of a targeted glycoside requires sequential

manipulation of protecting groups to achieve the “complete

regioselectivity”. In contrast, “random glycosylation” directs

toward the “completely-no-regioselectivity” to produce a

library of glycosides that contains all the possible glycosylation

products,65 ideally in nearly equal amounts. Such tailor-made

“glycoform” libraries might expedite the screen of active com-

ponents. As shown inScheme6, an ideal randomglycosylation

of the steroid glucoside 50with amonosaccharide donor (e.g.,

51) would provide 16 glycosides in equal amount. However,

the reactivity difference of the four hydroxyl groups on 50

prohibited the ideal randomglycosylation. Thus,wecarriedout

a random acylation before the random glycosylation. This

“double random” strategy, after a deprotection step, enabled

the synthesis of the desired “glycoform” library with all the

possible congeners in nearly statistical distribution.66

New Glycosylation Protocols
Construction of the glycosidic linkages with those multi-

functional and topologically complicated aglycones is often

challenging. In some cases, the challenge is expected. As in

the synthesis of landomycins, the landomycinonederivative

(e.g, 22) is poorly nucleophilic and prone to aromatize in the

presence of acid.37 In others, the problems arise unexpect-

edly. For example, coupling of spirostane glycoside 52 with

thioglycoside 53 in the presence of NIS/AgOTf led to dis-

accharide54 in∼30%yield, in that the iodination took place

on the CH2 next to the ketal function in the aglycone

(Scheme 7).62,67 It should bear in mind that promoters in

the glycosylation reaction, which are often electrophilic and

used in stoichiometric amounts, could be detrimental to the

aglycones.

Thus, glycosylation protocols with a catalytic amount of

the promoter under mild conditions are favorable for the

synthesis of naturally occurring glycosides. The Schmidt

glycosylation stands out as the most favorable one, which

uses glycosyl trichloroacetimidates as donors, a Lewis acid

(e.g., TMSOTf and BF3 3OEt2) as catalyst, and proceeds at low

temperature.68 However, when the aglycone derivatives to

be glycosylated are very poorly nucleophilic or highly steric

hindered, then trichloroacetamide, the leaving entity from

the donors, could compete for the glycosidation. To solve

SCHEME 5. Synthesis of Ciwujianoside C3 (14) via Successive
Glycosylation

SCHEME 6. Synthesis of a Library of Saponins via a Double-Random
Strategy
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this problem, we developed the glycosyl N-phenyltrifluor-

oacetimidates as donors, in that the leaving N-phenyltri-

fluoroacetamide is much less competitive as a nucleophile

(Scheme 8).69,70

In other cases, even a catalytic amount of the Lewis acid

promoter at low temperature becomes detrimental to the

aglycone derivatives. The 3-O-substituted betulin and betu-

linic acid derivatives are such substrates, which underwent

Wagner-Meerwein rearrangement under the glycosylation

conditions with imidate donors (Scheme 9).60,71 This prob-

lem is solved by our newly developed glycosylation protocol

with glycosyl ortho-alkynylbenzoates as donors and a gold(I)

complex as catalyst, which proceeds under neutral condi-

tions (Scheme 10).72�74 Other acid-labile aglycones, such as

the N-Boc protected purine derivatives and dammarane

derivatives, have also been glycosylated effectively with

this method.75,76

Conclusion
Naturally occurring glycosides are extremely diverse in

structures. Each type of the glycosides poses as a specific

synthetic subject, in that approaches to the synthesis of the

specific aglycone, the glycan, the connection of these two

parts, and the overall protecting group strategy need to be

implemented. Focusing on the glycosylation chemistry

which connects the saccharide and the aglycone, we have

pieced together our own experiences to provide herein an

overview on this broad topic. Four tactical considerations for

the synthesis of glycosides are suggested to facilitate the

formation of the glycosidic linkages with the aglycones.

Nevertheless, formation of the glycosidic linkages with

those aglycones which are poorly nucleophilic or extremely

labile to acid or electrophiles has demanded for innovative

glycosylation devices. The challenges have provided us

opportunities to develop two new glycosylation protocols.

Thus, the glycosylation method with glycosyl trifluoro-

acetimidates as donors has shown advantageous for

glycosylation of poorly nucleophilic aglycones, while the

gold(I)-catalyzed glycosylation method with glycosyl ortho-

alkynylbenzoates as donors is superior for glycosylation of

aglycones extremely labile to acid or electrophiles.

Shown in the depicted examples but not yet discussed is

the protecting group chemistry77 which is also critically

SCHEME 7. Unexpected Side Reaction during Glycosylation of Steroid
Derivative 52 with Thioglycoside 53

SCHEME 8. Glycosylation Protocol with Glycosyl N-Phenyltrifluoroa-
cetimidates as Donors

SCHEME 9. Glycosylation of the Acid-Labile Lupane Derivatives

SCHEME 10. Glycosylation Protocol with Glycosyl ortho-Alkynyl-
benzoates as Donors and a Gold(I) Complex as Catalyst
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important to the success of a glycoside synthesis. The protect-

ing groups are employed not only to secure the chemo-

and regioselectivity but also to secure the stereoselectivity

(especially for the glycosidic bond formation) and tomodulate

the physical properties of the intermediates for easy handling

and characterization. The overall protecting group arrange-

ment in the synthesis of a multifunctional glycoside could be

very subtle and complicated. In fact, shortage of a single

protecting group often ruins the whole synthetic plan.

Although many glycosides have been successfully syn-

thesized (our own examples discussed here represent only a

very few of them), numerous others are still waiting for new

chemistry to solve their synthetic challenges. The emerging

demand for large-scale synthesisofglycosideswhichare found

of industrial value calls for re-evaluation of the established

glycosylation and protection�deprotection methods, which

are mostly not suitable yet for practical synthesis. With these

challengesahead, thebittersweet journey toward thesynthesis

of the naturally occurring glycosides will continue.
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