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Abstract: Glycosylation of small biologically active molecules, either of natural or synthetic origin, has a pro-
found impact on their solubility, stability, and bioactivity, making glycoconjugates attractive compounds as
therapeutic agents or nutraceuticals. A large proportion of secondary metabolites, including flavonoids, occur in
plants as glycosides, which adds to the molecular diversity that is much valued in medicinal chemistry studies.
The subsequent growing market demand for glycosidic natural products has fueled the development of various

chemical and biotechnological methods of glycosides preparation. The review gives an extensive overview of the
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chemical glycosylations as well as glycoconjugates preparation is discussed in some theoretical as well as practi-
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822 them proved suitable for derivatization of polyphenols a new body of evidence has emerged, indicating that sugar

moiety can play a much more significant role, when attached to a pharmacophore, then being a mere “solubi-
lizer”. In many cases, it has been demonstrated that semisynthetic glycoconjugates are much more potent cy-
tostatic and cytotoxic agents than reference isoflavones. Moreover, the newly designed glycosides or glycoside
mimics can act through different mechanisms than the parent active molecule.
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1. INTRODUCTION attention on isoflavones as biologically active plant constituents and
some synthetic analogue molecules, which are capable of influenc-
ing human physiology and therefore interesting from a general per-

spective of improving human well-being.

The crucial role of natural products in drug discovery and de-
velopment, in a historical perspective as well as for contemporary
medicine, has been well documented and remains beyond dispute
[1-3]. Recently, a slightly futuristic notion of whole plants as minia-
turized pharmaceutical factories is becoming popularized in con-
nection with currently available transgenic biotechnology for

2. Structure and Biosynthesis of Isoflavones

Flavonoids (classified as phenylpropanoids for biogenetic rea-

biosimilar pharmaceutics, leading to biosynthesis of therapeutic
proteins, which are designed to function as orally active therapeu-
tics, antibodies or vaccines [4-6]. Nevertheless, an even more clas-
sical approach to plant molecular farming, in which less advanced
products - low molecular weight secondary metabolites - are envis-
aged as chemopreventive agents or active pharmaceutical ingredi-
ents, deserves meticulous investigation, since many of the biologi-
cally active secondary metabolites are present in fruits and vegeta-
bles and therefore may end up in the human diet. The interactions
of secondary metabolites with biological systems are inevitably
complex, since they act as multitarget ligands exerting a variety of
effects and responses [7, 8]. For a reasonably focused discussion on
the biological activity of plant secondary metabolites, either mac-
romolecular targets or low molecular weight ligands (or preferably
both!) have to be defined. In this short review we concentrate our
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sons, and/or as an aryl substituted 1-benzopyran-4-ones from the
point of view of heterocyclic chemistry nomenclature) constitute
one of the largest and most important groups of plant secondary
metabolites because of their widespread occurrence in the plant
Kingdom, which indicates not only their importance for environ-
mental interactions with the vegetable host but also their inevitable
influence on human diet [9-11]. One of the main biogenetic path-
ways in plant physiology, which starts with the condensation of D-
erythrose 4-phosphate and phosphoenolo-pyruvate, leads to such
key intermediates as shikimic acid, phenylalanine and p-
cumaroylCoA, from which a plethora of flavonoids, anthocyanins,
lignans, stilbenes, tannins, coumarins and catechins are formed [12-
15]. Isoflavones were always considered a distinct category within
flavonoids, both for structural and functional reasons. Firstly, their
specific structural feature — a rearranged position in the chromone
heterocyclic scaffold of the aromatic ring B results from the branch-
ing action of isoflavone synthase — flavones and their analogs are 2-
aryl substituted benzopyranes, while isoflavones bear an aromatic
substituent at carbon C-3 (Fig. 1).

© 2017 Bentham Science Publishers
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Fig. (1). Isoflavone general structure, ring connections, and carbon number-
ing.

These regioisomeric plant-derived oxygen heterocycles share a
considerable number of physicochemical characteristics and types
of biological activity, and in many plant families they occur side by
side [16, 17]. However, the second functional distinction of isofla-
vones from other flavonoids, which became evident around 1940,
first manifested itself as a serious veterinary problem when Austra-
lian sheep grazing on subterranean clover (Trifolium subterraneum
L.) became infertile. Subsequent studies on regional cattle forage
revealed the estrogenic action of isoflavones, like formononetin,
daidzein and its metabolite - equol contained in popular clover va-
rieties (Trifolium pretense L and (Trifolium repens L), which also
became associated with reproductive problems in other vertebrates
[18, 19]. After this initial period of isoflavones interaction with
mammalian physiology from a vetinerary standpoint, these func-
tional analogs of steroid estrogens underwent a considerable change
of image. The term “phytoestrogenicity”, coined in response to this,
started a new line of research into possible medicinal, prophylactic,
and cosmetic applications and before long became a hallmark of
isoflavone biological activity [15, 20].

Any historical account of isoflavone research should begin in
the mid-19th century, when ononin (formononetin 7-O-B-D-
glucopyranoside) was first isolated from the medicinal plant Ononis
spinosa, and recognized as a glycoside, although several decades
had elapsed before its complete structure was elucidated. In 1983,
J.L. Ingham presented the first extensive survey of naturally occur-
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ring isoflavones, summarizing over a century of research across 260
printed pages and taking into account results validated with the use
of modern analytical techniques and contemporary spectral methods
of structural analysis [21]. This study listed 510 isoflavone related
structures, supplemented by ca. 130 glycoside derivatives Some 30
years later, book chapters devoted to natural isoflavones refer to
circa 1600 structures with this type of flavonoid skeleton, compris-
ing not just simple isoflavones but also isoflavanones, isoflavenes,
rotenoids, pterocarpans, coumestans, chalcones and deoxybenzoins,
as well as their O- and C- glycosidic derivatives [17, 20, 22]. All
these structures are presently available not only through disclosures
in original scientific literature but also in dictionaries and databases
[23]. Needless to say, many more analogous chemical entities have
supplemented relevant collections of natural products as a result of
multidirectional synthetic efforts. Since this review is focused on
simple isoflavones, which are present in vegetable sources relevant
to agriculture and human nutrition, only a brief alphabetical list of
representative aglycone chemotypes is presented in the Table 1
below.

Trends and advances in isoflavone research can be conveniently
traced by a survey of literature on genistein, which being a principal
flavonoid constituent of soybean — a global agricultural crop and
basic food component - attracted the attention of biochemists, me-
dicinal chemists, physiologists, and nutritionists, resulting in sev-
eral hundred citations annually in recent scientific literature [24-
28]. The main conclusions which can be drawn from the results of
recent studies can be summarized as follows: A) basic studies on
genistein structure and physicochemical properties, founded on
theoretical calculations and experimental measurements continue,
generating new data on the molecule geometry and electron distri-
bution in the ground state as well as in ionized species or com-
plexes [29, 30]. These data help to eliminate widespread but super-

Table 1. Exemplary isoflavone aglycones representing various substitution patterns.
Isoflavone 5 6 8 2’ 3 4 5
Afromosin H OMe OH H H H OMe H
Betavulgarin OMe Methylendioxy H OH H H H
Biochanin A OH H OH H H H OMe H
Cajanin OH H OMe H OH H OH H
Daidzein H OH H H H OH H
Formononetin H OH H H H OMe H
Genistein OH H OH H H H OH H
Irigenin OH OMe OH H H OH OMe OMe
Irilone OH Methylenedioxy H H H OH H
Irisolidone OH OMe OH H H OMe H
Luteone OH Isoprenyl OH H OH OH H
Orobol OH H OH H H OH OH H
Pratensin OH H OH H H OH OMe H
Prunetin OH H OMe H H H OH H
Pseudobabtigenin H OH H H methylenedioxy H
Sayanedine H OMe H H OMe OH H
Tectorigenin OH OMe OH H H OH H
Texasin H OH OH H H OMe H
Wigheteone OH Isoprenyl OH H H OH H
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ficial opinions concerning the classification of genistein as an anti-
oxidant or an estrogen, based on quoting insufficient evidence, such
as its alleged structural similarity to estrogen as demonstrated by
superimposing 2D structural formulaec. B) Advances in phyto-
chemical, pharmaceutical and clinical analytical techniques and
methods [31-33], which made possible the separation and quantifi-
cation of isoflavones, their complexes, conjugates and metabolites
at nanogram concentrations, allowed their biosynthesis, metabolism
and distribution in plants to be followed, along with the application
of regular pharmaceutical quality requirements to the study of plant
constituents as xenobiotics in humans, when applied as foods, nu-
traceuticals or pharmaceutical preparations [34], and C) Multiple
biological roles of isoflavones for plant hosts in allelopathy and
environmental interactions for root nodulation, pollinator attraction,
herbivore deterrence, UV protection, abiotic stress modulation etc.,
have been listed in the literature as an ex post explanation (justifica-
tion) for previously established pathways of constitutive and induc-
ible biosynthesis and metabolism [9, 15, 22, 35]. Despite consider-
able advances in the genetic engineering of isoflavones’ biosyn-
thetic pathways, chemical synthesis, undertaken as early as the 19th
century, remains the main source of desired structures.

3. MOLECULAR TARGETS RELATED TO BIOLOGICAL
ACTIVITY OF ISOFLAVONES

It has long been postulated that supplementation with phytoes-
trogens should be beneficial for cardiovascular health, treatment of
osteoporosis and the relief of such symptoms as hot flushes in post-
menopausal women. Even more hopeful assumptions concerned the
possible role of phytoestrogens in protection against hormone de-
pendent cancers. Consequently, isoflavones became a popular sub-
ject of research and the list of their validated macromolecular tar-
gets has extended from nuclear receptors and transcription factors,
through phosphorylating enzymes, to ABC transporters, and pro-
inflammatory agents. Recently, the knowledge on biochemistry and
molecular pharmacology of isoflavones accumulated over decades
has been collected in a voluminous dedicated monograph [36].

Soy products are the predominant dietary source of isoflavones
that have long attracted interest as agents beneficial for human
health. Epidemiological studies suggest that in populations where
isoflavones consumption is higher than in western countries, the
incidence of cardiovascular problems, cancer, and diabetes is sig-
nificantly reduced as evident from statistics drawn from Asian
population studies [37, 38].

One of the most commonly studied isoflavones, genistein,
shows weak estrogen-like properties, which has led to the applica-
tion of soy concentrates for hormonal replacement therapy in the
dietary supplements segment of the market [39-41]. However, a
critical evaluation of clinical studies has raised some controversy
regarding its efficacy in alleviating postmenopausal symptoms,
normalizing blood glucose level and insulin sensitivity [42] and
also raises some concerns regarding its safety [43]. Isoflavones
have mild antiosteoporotic effects [44] and weak beneficial effects
on climacteric syndrome [43, 45, 46]; they also show a slight ten-
dency to reduce the risk of type 2 diabetes, especially among post-
menopausal women who did not use hormone replacement therapy
[47]. Genistein is generally perceived as a safe compound [39, 48],
but some authors recommend caution when administering high
doses of genistein to menopausal women not exposed in their youth
to this compound, because of the possible unknown and unpredict-
able risk that phytoestrogen may pose on the endometrium and
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mammary glands [43]. Nevertheless, the positive effects of genis-
tein on human health is well documented, as manifested in the pre-
vention of many other diseases unrelated directly to the estrogen
receptor, including cancer, diabetes, inflammatory diseases, and the
management of some metabolic disorders [37, 49-51]. These effects
are attributed mainly to the interaction of genistein with molecular
targets other than estrogen receptors.

The molecules of genistein and daidzein resemble the structure
of estradiol and initially, many of the biological effects of isofla-
vonoids were attributed to their interactions with estrogen receptors.
Later, other molecular targets of isoflavonoids were discovered,
among them tyrosine kinases [52] and topoisomerase II [53].
Meanwhile, isoflavones in general, and genistein in particular, have
been identified as ligands of many more proteins belonging to many
different families, including nuclear receptors (estrogen receptor o
and B, androgen receptors, estrogen related receptors a, B, , and
LXR a and B) [54-61], tyrosine kinases (v-src, Mek-4, ABL, PKC,
Syk, EGFR, FGFR) [52, 62-65], ion channels (CFTR) [66], mem-
brane transporters (Glutl, Glut4, ABCG2) [67-72], and topoi-
somerases (Topol, Topoll a and B, bacterial gyrase, and bacterial
topoisomerase V) [53, 73-76]. A list of macromolecular targets
able to bind to genistein is growing [77]. More recently added are:
DNA polymerase, thymidylate synthetase, farnesyltransferase,
guanylyl cyclase, cyclophilin A, inosine dehydrogenase, purine
nucleoside phosphorylase, dihydrofolate reductase, phospholipase
A2, carbonic anhydrase I, and protein kinase C.

From many studies on the oral bioavailabilities of genistein it is
clear that in vivo plasma concentrations of genistein could attain
0.1-8 uM at a dose of 16 mg/kg of body weight [78, 79]. Reason-
able doubts have been expressed, as to whether dietary doses are
relevant for the biological activities observed in model experiments.
Nevertheless, a certain set of genes involved in cell growth, cell
cycle, apoptosis, angiogenesis, tumor cell invasion and metastasis,
cholesterol synthesis and lipid metabolism are indicated for more
detailed investigation [80-86]. Among the genes regulated by genis-
tein there is a group with a mechanism of regulation mediated by
nuclear receptors: estrogen receptors [86] and androgen receptor
[85]. The expression profiles of cells treated with estradiol and
genistein show a considerable overlap in the genes, not only in
reproductive organs but also in other tissues influenced by estro-
gens. The next line of study for genistein exerting an estrogenic
action extends to bones [84], liver and adipose tissue [80], the thy-
mus [86], lymphocytes [83], the brain [87], endothelial cells [50],
the cardiovascular system and muscles [88]. The regulation of an-
drogen receptor mediated gene expression is potentially relevant to
the chemopreventive activity of genistein administered at a physio-
logical level against prostate cancer [85, 89]. The epigenetic influ-
ence of genistein on gene expression should also be considerd; in
this line of inquiry there is growing evidence for the chemo preven-
tive potential of genistein against the development of prostate and
mammary cancer [90, 91]. In the other study, genistein significantly
altered the methylation status in mice prenatally exposed to genis-
tein, measured in terms of the hyper methylation of certain repeti-
tive elements, which coincided with a significant down-regulation
of estrogen-responsive genes [90]. Other areas where isoflavones
may exert some desirable influence are carbohydrate and lipid me-
tabolism [80]. Thus, for example, genistein normalized the expres-
sion of 84 genes affected by the high fat diet. Genes connected with
oncogenesis, cell proliferation, protein phosphorylation, and tran-
scription were often observed to be down-regulated by genistein.
Concomitantly, genistein caused up-regulation of genes which were



Isoflavones, their Glycosides and Glycoconjugates

CN
HO OH HO
a
+ _—
OH OH

1 2

6 Genistein

l OH

OH NH,'
cr

Current Organic Chemistry, 2017, Vol. 21, No. 3 221

R =0=CH- or Ac-

Scheme 1. Synthesis of genistein via deoxybenzoin route. Reagents and conditions: a) ZnCl,, DME/HCI; b) HCI aq; ¢) Ac,0, HCOOH, Et;N; d) 36% HCl aq.

related to protein dephosphorylation, heat shock response, and
inactivation of mitogen-activated protein kinase (MAPK), apoptosis
and cell cycle arrest [92, 93].

The study of isoflavones’ biological activity in different mo-
lecular and cellular models, as well as after systemic administration
to the organism, including in human clinical trials, is being contin-
ued for various therapeutic indications, particularly cancer, osteopo-
rosis, cardiovascular ailments, and neurodegeneration [94]. Consid-
ering genistein’s role in nutrition and the epidemiological data on
cancer incidence in Asian countries, a possible role for this isofla-
vone in chemoprevention has been a subject of prolonged discus-
sion. After long debate on the safety of soy based infant formula
and phytoestrogenic dietary supplements, more detailed discussions
have taken place on the possible human health effects of isoflavone
metabolism, both reductive and oxidative, particularly in view of
the considerable polymorphism of all the enzymes concerned [95].
Another topic which further complicates the discussion is the possi-
ble influence of xenobiotics like genistein (and other isoflavones)
on other metabolic processes of normal physiological processes as
well as on pathologies like tumorigenesis, through competition for
receptor sites, signaling pathways and active sites of cytochromes
or conjugative enzymes [96]. The success of all these studies is, to a
certain extent, dependent on the availability of new chemical enti-
ties derived from natural active substances, serving as signaling
molecules that are more selective than parent isoflavones and
showing improved bioavailability profiles.

The pleiotropic activity of isoflavones, especially genistein, as
presented above, along with many possibilities for molecular func-
tionalization, offers numerous opportunities for a remarkable im-
provement in isoflavones’ pharmacological properties. In the fol-
lowing chapters we will present glycosylation as a means of obtain-
ing new isoflavone-based chemical entities, exhibiting altered bio-
logical activity when compared to genistein, and thereby emerging
as new drug candidates.

4. CHEMICAL SYNTHESIS

At the turn of the 20th century, a group of plant pigments was
isolated, chiefly by S. Kostanecki and his co-workers, their struc-
ture was studied and determined as containing the chromenone (2-
phenyl-4H-1-benzopyran-4-one) ring system as a common struc-
tural feature, which eventually led to the collective generic name —

flavones, given by association with the yellow color of many indi-
vidual compounds belonging to this class [97, 98]. Soon after, prin-
cipal flavones structures (apigenin, chrysin, fisetin, morin, quer-
cetin) were confirmed by syntheses in which a three carbon linker
between two phenolic residues underwent cyclization to form the
desired condensed heterocyclic chromenone system [99, 100]. The
remarkable ease of such cyclizations, leading to flavones, were
observed in particular for 1,3-diaryl-1,3-propandiones and corre-
sponding chalcones. On the other hand, isoflavones (the term
coined by R. Robinson), which are regioisomeric to flavones (con-
taining 3-phenyl-4H-1-benzopyran-4-one framework), would re-
quire an aryl migration or alternative intermediate for successful
cyclization [101, 102]. Among many syntheses eclaborated for
isoflavone preparation, the majority utilize the deoxybenzoin (chain
arylated acetophenone) type intermediate with an appropriately
situated phenolic group. Such a substrate requires one carbon chain
extension in the vicinity of the carbonyl group, preferably in the
form of an aldehyde or methylene function. Formylation of an acti-
vated carbon atom can be achieved in many ways, but for multi-
functional polyphenolics side reactions, particularly O-formylation,
has to be taken into account, hence phenolic group protection may
become inevitable [101, 102]. Genistein, an isoflavone discovered
as a constituent of Dyer’s Broom plants towards the end of the 19th
century, was synthesized by 1928 [103, 104] and has remained a
principal target for new synthetic pathways ever since. Initial inter-
est in genistein as a biologically active secondary metabolite
stemmed from the discovery of its estrogenic (and anti-estrogenic)
properties, which exerted detrimental effects on the breeding of
domesticated and captive animals [15]. Modern molecular pharma-
cology identified many targets beside nuclear estrogen receptors for
the isoflavone, including enzymes, transcription factors and signal-
ing pathways. Since many of these targets are therapeutically rele-
vant, genistein acquired the status of a molecular probe and even a
drug lead (candidate), which enhanced interest in its synthetic
availability as well as in obtaining its structural analogs [36]. Ex-
amples of methods which proved suitable for preparation of variety
of isoflavone structures are presented below, in the following order:
a) deoxybenzoin C-formylation, followed by cyclization; b) 3-
halogenated chromenone ring formation, followed by Suzuki-type
arylation; c) chalcone oxidative rearrangement accompanied cycli-
zations; d) miscellaneous methods. Scheme 1 illustrates approach a,
which has been successfully realized in many variants, in applica-
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Scheme 2. Exemplary rearrangement of chalcone epoxide to isoflavone. Reagents and conditions: a) BF;.Et,O; b) HCI, AcOH.
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Scheme 3. Synthesis of glycitein via chalcone route. Reagents and conditions: a) KOH, EtOH; b) TI(NO;),; ¢) H,/Pd, HC1, MeOH.

tion to syntheses of genistein. Its particular value consists in its
applicability to unprotected phenolic substrates (Scheme 1).

The first step — deoxybenzoin formation from floroglucinol — is
frequently carried out with phenylacetic acid derivatives under
Friedel-Crafts acylation conditions [104, 105]. In the case of genis-
tein preparation, 4-hydroxyphenylacetonitrile (2) turned out to be
the reagent of choice, with a Houben-Hoesch reaction variant [50]
securing formation of intermediate iminohydrochloride (3) in high
yield. The deoxybenzoin C-formylation step, which proceeds with a
concomitant heterocyclic ring closure, is depicted in Scheme 1 as a
reaction with C; synthon, since it has been carried out with great
variety of reagents. Apart from the Vilsmeyer reagent generated
from dimethylformamide (DMF) and phosphorous oxychloride (or
phthaloyl dichloride), other formamide functional equivalents have
been used and activated with acidic reagents as methanesulfonyl
chloride or boron trifluoride etherate. Alternatively, C; synthon can
take the form of zinc cyanide, carbon disulfide, formate esters, or-
thoesters or anhydrides, and also active methylene groups as, for

example, in 1,3,5-triazines [106-112]. The latter condensative trans-
formations require basic catalysis, which can be exercised by a
variety of organic or inorganic bases. It should be stressed that de-
oxybenzoin C-acylation is also possible in chain extended versions,
leading to C-2 alkylated derivatives of isoflavones [113]. Notewor-
thy, formylated deoxybenzoins are also involved as intermediates in
rearrangement of 2-benzyloxy chalcone epoxides (7), driven by BF;
as depicted in Scheme 2 below [114].

More typically, the chalcone route is applied without exercising
intermediate epoxidation. (Scheme 3) [115, 116]. Thalium (III)
nitrate in methanolic solution is capable of rearranging chalcones to
C-formylated ethanone intermediates (13), which undergo further
ring closure as illustrated by the synthesis of glycitein (14).

Another general approach to isoflavone synthesis consists of
Suzuki type coupling of 3-halogenated chromenones with arylbo-
ronic acids. In the case of genistein synthesis via 3-iodo-4H-1-
benzopyran-4-one (18) (presented in Scheme 4), which starts from
(2,4,6-trihydroxyphenyl) ethanone (15), the elaborated procedure
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Scheme 4. Synthesis of genistein with application of Suzuki coupling. Reagents and conditions: a) MOMCI, DIPEA; b) Me,NCH(OMe),, DMF; ¢) I,, MeOH;

d) 4- HO-C¢H,-B(OH),, Pd(OAc),, HCI.

requires partial protection of phenolic functions, preferably as
methoxymethyl (MOM) ethers (16). The acetophenone chain exten-
sion is executed by action of (dimethoxymethyl) dimethylamine
(DMF dimethyl acetal), affording intermediate enaminoketone (17),
which undergoes smooth cyclization upon treatment with iodine in
methanol. The resulting iodinated benzopyranone (18) constitute a
favorable substrate for a variety of transition metal catalysed cou-
pling reactions [117, 118]. In the particular coupling reaction used
for completion of genistein synthesis, palladium diacetate in the
presence of PEG 4000 was used as a catalyst in reaction with (4-
hydroxyphenyl)boronic acid, in methanol solution [119, 120].

Rearrangement, which parallels biogenetic 2,3-aryl migration
catalyzed by isoflavone synthase, is well known in flavonoid chem-
istry. Thus, flavanones are converted to isoflavones under influence
of thallium (III) nitrate in the presence of hyperchloric acid
(Scheme 3) [121]. The synthesis of glycytein outlined above
(Scheme 3) exemplifies isoflavone synthesis via the chalcone route,
which involves a skeletal rearrangement, promoted by thalium (I1I)
salts. This type of transformation was applied repeatedly, despite
the obvious inconvenience connected with use of a toxic catalyst
and it proved particularly useful for isotopic labeling [122, 123].
Some more elaborate ways for the heterocyclic ring closure have
been designed with use of a catalytic olefin metathesis reaction, as
illustrated in Scheme 5 [124].

5. CHEMICAL GLYCOSYLATION OF ISOFLAVONES
5.1. General Principles

A considerable number of the secondary metabolites found in
nature occur as glycosides [125]. Their formation usually follows
the main line of biogenetic transformations, leading to a secondary
metabolite, and is catalyzed by a separate class of enzymes - glyco-
syltransferases [126, 127]. Further modifications on thus formed
glycosides, due to the inherent multifunctional character of saccha-
rides, serve to expand the structural diversity of the metabolites.
The importance of the complex glycosides for molecular recogni-

tion, and consequently for modern medicinal chemistry, makes
stereoselective formation of a glycosidic bond in the case of com-
plex and multifunctional aglycones one of the most challenging
aspects of contemporary carbohydrate chemistry [128]. Although
innumerable studies were devoted to stereocontrolled formation of
the glycosidic bond in the past, this field still attracts the attention
of synthetic chemists and sustains considerable interest [129]. The
most commonly used strategies for glycosylation involve coupling
by nucleophilic substitution, in which a protected donor, bearing a
leaving group (LG) at its anomeric center, reacts with the glycosyl
acceptor. The anomeric leaving group displacement can occur by
either an Sy2 type mechanism, usually under basic conditions, or an
Syl type mechanism under acidic conditions, while additional
stereodirecting effects can be exerted by participating C-2 substitu-
ents such as the O-acyl group (Scheme 6), which stabilize oxacar-
benium ion by formation of a cyclic dioxolenium ion shielded by a
protecting group on one side. A nucleophile can attack the anomeric
center from only one face to provide a 1,2-trans-glycoside. Conse-
quently, PB-D-glucosides, [B-D-galactosides, as well as oa-D-
mannosides are easily synthesized. A list of conditions for activa-
tion of different specific donors has been thoroughly discussed
[129].

In contrast to alcohols, phenols exhibit versatile activity, easily
undergoing all types of hydrogen atom transfer as well as electron
transfer, which requires much more subtle selection of the reaction
conditions.

While the list of the principal glycosylating reagents remains
the same for all O-nucleophiles, preferences for phenolic substrates
may vary considerably [130-132]. Traditionally, glycosyl halides
are the most used carbohydrate donors for aromatic O-
glycosylation. They are especially valuable for glycosylation under
basic conditions and for phenols bearing electron-withdrawing
groups. Thioglycosides are also of interest for such reasons as their
versatility in donor activation conditions, which extends to higher
oxidation states (sulfoxides and sulfones) [133]. The Schmidt imi-
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Scheme 5. Synthesis of formononetin with applications of olefin metathesis. Reagents and conditions: a) POCl;, DMF, MeCN,0-50° C, then H,0, 50° C; b)
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methoxyacetophenone, reflux,1h; d) MTPPB, t- BuOK, 0°C, 2h; ¢) Grubbs 2nd, CH,Cl,, 40°C, 8 h; f) BH;—SMe,, THF, 0°C, 4 h, then H,0, 10% NaOH, 37%

H,0,, 30 min; g) DDQ, 1,4-dioxane, reflux, 8 h; h) Pd(OH),, EtOH, cyclohexene, reflux, 1 h.

(O LG
on—\j + ROH
‘OP,

Glycosyl donor Glycosyl acceptor

Py, P,= protecting group

LG=Leaving group, (Cl, Br, J, RS, 0

Scheme 6. Synthesis of glycosides. Reagents: a) BF;.OEt,; TMSOTT; T1,0.

date glycosylation procedures seem to be particularly popular. They
use glycosyl trichloroacetimidates as donors, a Lewis acid (e.g.,
TMSOT{f and BF; OEt,) as catalyst, and are effective under mild
reaction conditions [134, 135]. When the phenols intended for gly-
cosylation are poorly nucleophilic, trichloroacetamide could com-
pete for the C-glycosylation. To avoid this problem, the glycosyl N-
phenyltrifluoroacetimidates were introduced as donors [136, 137].

(0 OR
PZO_\J/
'0oP,

Pl=Acetyl

P1= Benzyl

N( H, Ph)

(CCly, CFy)

5.2. Exemplary Glycosylations

Glycosylation experiments with genistein were, as in the case of
other flavonoids, performed initially with application of acylated
halogenose. In the early 1940’s Zemplen et al. published results on
the synthesis of flavone glycosides. However, glycosylation of
daidzein, genistein, formononetin, and biochanin A with per-O-
acetyl glucosyl bromide (28), in the presence of potassium hydrox-
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29-32

R,= R,=H, Daidzin( 29) [9%], (40%)

R,= OH; Ry= H, Genistin (30) [17%], (42%)
R,= H; R,= Me, Ononin (31) [5-22%], (48%
R,= OH; Ry= Me, Sissotrin (32) [13%], (52%)

Scheme 7. Synthesis of isoflavone O-glycosides in the presence of a base. Reagents and conditions: a) acetone, KOH aq (9%), rt, [138, 139]; b) CH,CL,

BusNBr/ NaOH aq (2.5%), rt [140].

R=H, Daidzein (25)
R=0H Genistein (6)

. \OAc
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33

34

Scheme 8. Regioselective glycosylation of isoflavonoids. Reagents and conditions: a) t-BuOK, acetonitrile, 18-crown-6; b) MeONa, MeOH, rt

ide aqueous solution, led to the isoflavone-O-glucosides (29-32) in
a low yields [138, 139]. The simple, regioselective and stereoselec-
tive method for the direct glycosylation of the unprotected isoflavon
was proposed by Wihila et al. [140]. The phase transfer catalyzed
synthesis of isoflavone O-glucosides, by treatment of unprotected
isoflavone with per-O-acetyl glucosyl bromide, provide the 7-O-
glucosides with a moderate yield (Scheme 7). Under proposed con-
ditions, the more acidic 7-OH group was ionized and preferentially
glycosylated. As one can expect, the high stereoselectivity of the
glycosylation is due to the presence of the neighboring, participat-
ing acetyl group of the acetyl bromo sugar.

In the next publication, the first stercospecific synthesis of
isoflavone 4’-O-B-glucosides from unprotected isoflavone agly-
cones was proposed [141]. The procedure, involving a solid/liquid
crown ether catalyzed phase transfer method has been used for the
synthesis of daidzin (29), genistin (30) (Scheme 8).

A number of derivatives of isoflavone glycosides exhibit plei-
otropic biological activity when isolated from the biological mate-
rial, evoking interest from medicinal chemists and pharmacologists
alike. These compounds were as a rule obtained only in small
amounts, limiting the possibility for enhancing the evaluation of its

biological activity. Thus, developing the route for the synthesis of
natural compounds and related derivatives is a challenge. It has
become increasingly important to develop syntheses yielding glyco-
sylated isoflavonoids possessing improved pharmacological proper-
ties, and especially those that are not available in larger quantities
from natural sources. An example is the glycosylation of 4°,7,8-
trihydroxyisoflavone (A-76202), an inhibitor of the enzymes a-
glucosidases I and II (Scheme 9) [142]. The synthesis started with
an isoflavone, with selectively protected 4’-OH and 8-OH groups
(36). The desired glycoside (39) was prepared in low yield (26 %)
by treatment of lithium salt with 2,3,5-tri-O-benzoyl-a-D-arabino-
furanosyl bromide (37). As one can expect, the main product was
the 1,2-trans glycoside (o —D-anomer).

It was reported that other variants of glycosylation, coupling
with pyranosyl bromide in the presence of silver carbonate and
silver triflate [143], or reaction of isoflavone with 2,3,5-tri-O-
acetyl-D- arabinofuranosyl fluoride using bis(cyclopentadienyl)haf-
nium dichloride and silver trifluoromethanesulfonate according to
Suzuki’s method [144] were unsuccessful.

Although A-76202 has strong inhibitory activity for o-
glucosidases I and 11 in vitro, its activity is very weak in vivo. Syn-
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R: CH,=CH-CH, -

39 (A 76202))

Scheme 9. Synthesis of A-76202. Reagents and conditions: a) RBr, DBU, MeOH, rt then reflux, 3h, 41%; b) n-BuLi, THF, rt then reflux, 6h, 26%; c¢) RhCl;

hydrate, EtOH, reflux, 3h; d) NaOH aq, MeOH, rt, 3h, 76%.

36

R: CH,=CH-CHj -

40 13%

41 73%

Scheme 10. Glucosylation of selectively protected isoflavone. Reagents and conditions: a) Ag,CO;, pyridine, rt, 18h; b) RhCl;, EtOH, reflux, 15h; ¢) KOH,

EtOH, rt, 4h.

thesis of hexopyranosides analogs of A-76202 was performed to
overcome this defect (Scheme 10). In a convenient procedure (us-
ing 2,3,4,6-tetra-O-acetyl-D-glucopyranosyl bromide (28) and acid
acceptor, silver carbonate) B-D-glucoside was obtained in low
yield. The reaction is stereoselective and 1,2-trans glucoside is the
main product, due to the neighboring acetyl group participation.
However, the A-76202 analog (41) was practically inactive in vivo
toward rat liver a- glucosidase.

There are a number of publications describing the comparison
of glycosylation methods applied to different acceptors. However,

only a few of them are applied in laboratory practice. The Schmidt
method, reaction of glycosyl trichloroimidates and glycosyl donors
catalyzed with strong acids (e.g. TMSOT{, TMSOH, BF;.Et,0)
were found superior for the synthesis of oligosaccharides [134,
135]. However, it was found that due to unfavorable steric interac-
tions that occur between the glycosyl donor and acceptor, or poor
nucleophilicity of the hydroxyl group, the Schmidt glycosylation of
isoflavones is ineffective. The limitations of the imidoether method
were overcome by the application of a more reactive donor, N-4-
methoxy-phenyl trifluoroacetimidate (42) [145]. This methodology
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Scheme 11. Synthesis of genistin. Reagents and conditions: a) hexanoyl chloride, pyridyne, DMAP, CHCL, 0°C, 91%; b) PhSH, NMP, Im ,78%; c) BF;.Et,0,

CH,Cl,, 4A MS, rt, 6h, 78%; d) K,COs, MeOH, THF, H,0, 40°C, 5h, 94%.

A
AcO AcO

OAc

Glucal 43

Lactal 44

HO

Scheme 12. Synthesis of genistein 7-O- per-O-acetyl-2,3-dideoxy-hex-2-en-pyranosides. Reagent and conditions: a) Dioxane, H,O (90°C), 45 min; b)
o}

U o THF, E6N, 1t; o) THE, Pd(PhsP),, rt, 12h.
/
Cl (6]

was used to prepare the 7-O-glycosides (Scheme 11) and 7-O-
glucuronides of daidzein, genistein and glycitein. Using lipophilic
hexanoyl derivatives of isoflavones that are well soluble in organic
solvent, the desired compounds were prepared in high yields. This
new synthesis will provide access to large quantities of these com-
pounds and enable further study of their biological properties.

One of the most investigated compounds is genistein. The inter-
est in this molecule as a potential anticancer drug emerged with the
discovery of its chemopreventive properties [39-41]. Genistein is a
good drug candidate but due to the low bioavailability it is not used
as a chemotherapeutic agent. In order to enhance the intrinsic activ-
ity of genistein and to explore its pharmacophoric potential, the
sugar derivatives were synthesized [146]. The methodology of syn-
thesis of conjugates of unsaturated sugars and genistein was pro-
posed by polish chemists. In our study genistein reacts sluggishly
with glycals using a convenient methodology, probably due to the

low nucleophilicity of the 7-OH group. An alternative method [147-
149] involves the conversion of 1,2-unsaturated sugar to isobuty-
loxycarbonyl per-O-acetyl-2,3- dideoxy-hex-2-en-pyranoside (45)
and then reaction with genistein, catalyzed by tetrakis(triphenyl-
phosphine) palladium (Scheme 12). The 7-O-substituted deriva-
tives, genistein per-O-acetyl-2,3-dideoxy-hex-2-en-pyranosides
(46,47), were obtained in low yield. The in vitro cytostatic and
cytotoxic studies showed that lipophilic glycosides G21 (46) and
G30 (47) were significantly more active than the parent isoflavone.
The results of in vitro studies indicate that the most active com-
pound of the symbol G21 (46) inhibited tumor cell proliferation at a
concentration ten times lower than genistein and is stable in a cul-
ture medium [146].

These findings led to further extension of genistein glycosida-
tion projects in the direction of structurally diversified glycoconju-
gates. A simple and efficient method was developed for obtaining
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Scheme 13. Synthesis of genistein glycoconjugates. Reagents and conditions: a) BuyNOH, MeOH; b) HO-(CH,);-Br, DMF; c¢) t-BuOK, DMF, HO-(CH,);-Br;
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the 7-O-, and 4'-O-hydroxyalkyl ether derivatives of genistein ac-
ceptors in the reaction of glycosylation [150] (Scheme 13). Sub-
strates, 7-O-ethers (48) were obtained by alkylation of a tetra-n-
butyl ammonium salt of genistein. 4’-O-alkylations can be per-
formed selectively but require either temporary protection of phe-
nolic 7-OH or double deprotonation of the isoflavone substrate with
a strong base [151]. Products, hydroxyalkyl ethers (48 or 50) react
with acylated glycals (hex-1-enitols) under Lewis acid catalysis,
undergoing Ferrier rearrangement (Scheme 13). The reaction is
highly regio— and stereoselective, affording glycosides (49, 51)
with an a—configuration [152].

The antiproliferative potential of “through spacer glycosylated”
genistein derivatives, 7-O-Gen and 4°’-O-Gen, was assessed in hu-
man cell lines of different origin: glioblastoma, breast, colon, pros-

tate, lung and stomach cancers. We found that the most active with
respect to tumor cell lines is a compound 49 of the symbol Ram-3.
In all the lines tested we observed stronger inhibition of cell growth
by 49 than by genistein (6). In vitro, this compound impairs the
bipolar structure of the mitotic spindle, resulting in polyploidization
of cells and induced apoptosis of tumor cells or aging. The cyto-
toxic mechanism of action of Ram-3 is related to its interaction with
tubulin. Inhibition of tumor cell proliferation by Ram-3 was con-
firmed in tumor cells of different origin: glioma, breast, colon, pros-
tate, lung and gastric cancer. In all examined lines, we observed a
much stronger inhibition of the growth of cells treated with 3-Ram,
compared to cells treated with genistein [152]. Unique among de-
rivatives of isoflavones, the ability of G21 and Ram-3 to disrupt
microtubules of the mitotic spindle demonstrates that lipophilic
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Scheme 14. Coupling of sugar moiety and isoflavone derivative by C-glycosidic bond. Reagents and conditions: a) BF;. OEt,, CH,Cl,, -30°C overnight; b)
CAN (ceric ammonium nitrate), 10 min, 0°C, H,O/MeCN1/4); ¢) Ph;PBr,, 5 min, CH,Cl , 1t; d) H;O/CH,Cl,, TBAB, NaN;, rt; ¢) DMF, propargyl bromide,

45-50°C, 1 h; f) Cu(OAc),, MeOH, overnight, rt.

sugars (pseudoglycals) are not only carriers of genistein facilitating
its transport into cells but also they are important parts of the mole-
cule, necessary for antimitotic activity of a molecule. By studying
the biological properties of pseudoglycal genistein glycosides, it
was found that the synthesized compounds are inhibitors of tyrosine
kinases including EGFR [153]. Due to the key role of kinases in the
processes of proliferation, 7-O-glycosidic derivatives of genistein
may be useful in therapy. Screening studies of another series of
genistein derivatives where the 4'-OH group of isoflavone under-
went functionalization allowed to indicate some compounds able to
inhibit proliferation of cells as effectively as their 7-OH analogs
[154]. It was found, however, that the antiproliferative activity of
genistein derivatives modified at the C-4’ is different than the
mechanism of action of their regioisomers substituted at C-7. Anti-
proliferative effect of genistein derivatives substituted at C-4'
stems, at least in part, from cell cycle arrest in the G1 phase. The
observation described in [154] is also worthy of note, indicating
that genistein derivatives, in which the sugar is present on the car-
bon C-4' are able to induce autophagy.

Isoflavones, likewise flavones, normally accumulate in plants
as O-glycosylated derivatives, but C-glycosides are also identified
in plant material or may be obtained by synthetic means [155].
Although information on biological activity of synthetic C-
glycosides are scarce, basing on the properties and metabolism of
natural genistein C-glucoside puerarin, one may expect increased
resistance of these compounds to degradation by bacterial flora in
the gastrointestinal tract [156]. In general, O-glycosylation reduces

flavone bioactivity, while C-glycosylation can enhance some of the
benefits of flavones on human health, including their antioxidant
and anti-diabetic potential [157].

Genistein is usually metabolized to its aglycone in the lower gut
by intestinal glycosidases [158, 159], although its partial absorption
without previous hydrolysis in the rat small intestine has also been
documented [160]. A glycon moiety can be considered either a
protecting group which influences metabolic pathways or a vehicle
for an active transport, as demonstrated for the flavonoid quercetin
4-O-B-glycoside, transported by the sodium dependent glucose
transporter in Caco-2 and G63 cells [79, 161]. The notion that fla-
vone-C-glycosides are more stable to hydrolysis and they show
better activity profile than their O-glycosidic counterparts has initi-
ated an attractive idea of synthesizing semisynthetic glycosides,
with the O—glycosidic bond replaced by the C—glycosidic bond, in
order to improve biological stability, lipophilicity, and target affin-
ity of isoflavones.

Following this concept, C-glycosidic derivatives of daidzein
have been prepared in order to extend a collection of metabolically
stable hexenose conjugates [162]. Further structural diversification
by exploiting chemical ligation based on 1,3— dipolar cycloaddition
was completed, as illustrated in Scheme 14. These new compounds
performed (60) considerably better in the cytotoxicity test carried
out in the HCT 116 cancer cell lines than genistein [163].

A synthetic approach allows compounds naturally occurring in
plants to be obtained with chemical tools. Recent work shows syn-
thesis and analysis of biological activity of 8-B-D-glucopyranosyl
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Scheme 15. Synthesis of genistein sugar derivatives. Reagents and conditions: a) K,CO;, DMF, tt, 1h; 80°C,48h; b) NaOMe, MeOH, rt, 24h; ¢) TFA, CH,Cl,,

H,0, rt, 24h.

genistein, a promising probe for study of amyloid related events
associated with Alzheimer’s disease [164]. Genistein derivatives
influence the course of immune processes by modulating 1L-12,
TNF-a, and NO production by macrophages and lung cancer cell
lines [165].

Since the O-glycosides of isoflavones are easily hydrolyzed by
glycosidases, the synthesis of glucopyranose and galactopyranose
derivatives containing genistein at C-6 sugar was proposed [166].
The treatment of genistein with potassium carbonate, followed by
the addition of alkylated agents, 6-deoxy-6-iodo-1,2:3,4-di-O-
isopropylidene-a-D-galactopyranose (64), or methyl 2,3,4-tri-O-
acetyl-6-deoxy- 6-iodo-o-D-glucopyranoside (61), enabled the
mono- and di-ether to be obtained in small yields. The conventional
method of removing protective groups resulted in the formation to
the conjugates of sugars and genistein (62-67) (Scheme 15).

Studies of the biological activity of the compounds prepared in-
dicates that the structure of the sugar affect biological activity.
Thus, genistein substituted with galactose (67) inhibits the NO and
TNF production, without affecting cell viability [166].

Better bioavailability is a common target of numerous efforts in
genistein structure modification, aimed at higher efficiency and
better specificity [167-169].

The examples focused on the designed substitution of the hy-
droxyl group in position 7 demonstrated a significant influence of
such modifications of genistein and its analogs on the permeability
of lipid bilayers [170], in a study performed by the calcein-leakage
method. Interactions of flavonoids with lipids may be important for
their stability, as these polyphenols may be involved in the mecha-
nism of prevention of lipid oxidation.
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Scheme 16. Synthesis of 7-O-glycosides, derivatives of daidzein and genistein. Reagents and conditions: a) pH 8.3, DMSO (15%), OD660 cells, 30°C, 84h.
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Scheme 17. Enzymatic synthesis of maltosides from genistin by TS4RGTase. Reagents and conditions: a) pH 8.3, DMSO (15%),0D660 cells, 30°C, 84h.

6. BIOCATALYTIC GLYCOSYLATIONS

It is generally expected that various new methods of glycosyla-
tion of secondary metabolites, including flavonoids, based on en-
zymatic catalysis, will take over from chemical glycosylations,
which in most cases require meticulous elaboration of protecting
group application and deliberate choice of an activation method. It
is obvious that hypothetical transformation of a secondary metabo-
lite drug lead, aimed at improving its bioavaibility and pharma-
codynamic properties and based on the one-step enzymatic reaction,
would be a desirable solution. However, relatively few examples of
such transformations can be found in literature. One example of the
effective use of biotechnology methods in synthetic carbohydrate
chemistry is transglucosylation of daidzein (25) using sucrose as a
glycosyl donor, catalyzed by Staphylococcus saprophyticus CQ16.
[171]. The product (29), 7-O-glucoside of daidzein, was obtained
with a very good yield carrying out the reaction in an aqueous me-
dium containing DMSO (Scheme 16). Glucosyltransferase from
strain CQ16 is highly regioselective and preferential glycosylation
of the flavonoids 7-OH group was found.

Isoflavones are characterized by limited solubility in water,
which adversely affects the bioavailability, inter alia, and practical
application. These restrictions can be removed by forming chemical
conjugates with oligosaccharides. An example of this approach is
enzymatic transglycosylation of genistin carried out in the presence
of soluble starch, catalyzed by the enzyme Thermus scotoductus

4-R-glucanotransferase (TS4RGTase) [172]. The enzyme transfers
a glucosyl unit from starch to genistin (30) and a mixture of glyco-
conjugates was obtained (Scheme 17). As can be expected, the
solubility of the resulting glycoconjugates increases in proportion to
the number of sugar units in a molecule.

7. CONCLUSIONS

Isoflavones and their glycosides constitute a group of natural
products which became linked to the area of healthcare primarily
through incidence of animal breeding problems, coinciding with
their presence in human diet, which is quite significant in selected
geographical regions, but also through the increasing interest of
contemporary medicinal chemistry and experimental pharmacol-
ogy, which indicated for them many prospectively useful macromo-
lecular targets. Although paradigms of drug discovery seem to have
switched in the 21st century from traditional targets like receptors
and enzymes to regulation of gene expression and epigenetics, there
has been no essential change in the list of molecular descriptors
differentiating collections of natural products from libraries of syn-
thetic chemicals, consistently pointing to the advantage of the for-
mer. Such evolutionary validated small molecules with proven bio-
compatibility, as secondary metabolites, will remain valuable also
for novel biological activity models, as set by systems biology [173,
174]. Glycoconjugates carrying flavone aglycons are interesting
biologically active compounds and therefore key synthetic targets.
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Unfortunately, owing to the presence of electron-withdrawing
groups and the inherently low nucleophilicity of the phenolic hy-
droxyl groups, isoflavones are difficult to glycosylate by chemical
methods. Nevertheless, some successful examples of direct, as well
as through spacer, glycosylations were presented. It appears that
regioselective hydroxyalkylation of isoflavones followed by glyco-
sylation is the method of choice for synthesis of glycoconjugates. In
our opinion, intensified exploration of synthetic chemistry of
isoflavone glycosides and glycoconjugates will help to achieve sets
of new molecular probes and new drug leads, for the advancement
of the ideas and trends described in this review.
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