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Photoinitiated Thiol-ene Reactions of Enoses: A Powerful Tool for
Stereoselective Synthesis of Glycomimetics with Challenging
Glycosidic Linkages
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Abstract: Thioglycosides and C-glycosides represent phar-

macologically useful classes of glycomimetics that possess
a high degree of biological stability. One emerging tool

for the stereoselective synthesis of thioglycosides is the
photoinitiated addition of thiols to unsaturated sugars.

Moreover, thiyl radical-mediated reactions of exo-glycals

and 1-substituted endo-glycals offer facile routes to b-C-
glycosidic structures. This Concept article summarizes the

thiol-ene coupling strategies developed recently by our
group and Soms#k’s group for the synthesis of several

kinds of glycomimetics which are difficult to synthesize by
conventional methods. One unusual characteristic of the

thiol-ene reactions of endo-glycals is that heating inhibits,

whereas cooling promotes the reaction. This unique tem-
perature dependence as well as the effects of the enose

structures and thiol configurations on the efficacy and ste-
reoselectivity of the reactions are also discussed.

Introduction

Synthetic oligosaccharides and their mimetics are widely used
for elucidating the essential roles that carbohydrates play in

living organisms. Thio-linked oligosaccharides and glycoconju-
gates are valuable glycomimetics, able to resist enzymatic and

acidic hydrolysis, which significantly potentiate their applica-
tion not only in molecular recognition studies but also in drug

development.[1–6] Consequently, thioglycosides are favorable

synthetic targets and many methodologies have been devel-
oped for their synthesis.[7,8] However, the stereoselective S-gly-

cosylation particularly the selective formation of the 1,2-cis-a-
S-glycosidic bond still poses a major challenge.

The most common approaches for S-glycosylation include
nucleophilic displacement of the anomeric leaving group of

glycosyl donors by thiol nucleophiles (Scheme 1 A)[7–10] and uti-
lization of glycosyl thiols in various base-promoted reactions

(Scheme 1 B, a–c).[11–14] The classical nucleophilic substitution

reaction at the anomeric carbon often proceeds, at least partly,
through an oxocarbenium ion, resulting in complete loss of

anomeric integrity of the donor, and leading to the formation
of a mixture of a- and b-glycosides (Scheme 1 A).[7,15] The a/b-

stereoselectivity in these reactions fundamentally depends on

the identity and protecting groups of the donor and can be af-
fected by the steric and stereoelectronic effects around the

anomeric center. Although 1,2-trans glycosides can be efficient-
ly prepared by anchimeric assistance of the carbonyl-based C2

protecting groups, this method has only limited efficacy in the
stereoselective synthesis of 2-deoxy glycosides and 1,2-cis gly-
cosides. Moreover, the anomeric effect, which can be exploited

for the axial a-O-glycosylation, is subtle for S-glycosides and its
impact on the stereochemical outcome of the glycosylation is

hardly to predict, further complicating the formation of the
1,2-cis a-S-glycosidic bond.

Glycosyl thiols (1-thiosugars) has been widely used in the

synthesis of thioglycosides due to its high anomeric stability
and the high nucleophilicity of sulfur.[7, 8] Unlike saccharide

hemiacetals which undergo mutarotation, glycosyl thiols retain
their anomeric configuration under neutral and basic condi-

tions,[16] ensuring full steroselectivity in the thiolate-mediated
S-glycosylation,[11] conjugate addition,[12] and epoxide or thiir-
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Scheme 1. Approaches for S-glycosylation.
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ane ring-opening reactions,[13,14] as well as in the recently
emerged thiyl radical-mediated thiol-ene[17,18] and thiol-yne[19]

processes (Scheme 1 B, a–d). However, whereas the equatorial
thiols are readily accessible by the treatment of acetohalo

sugars with a sulphur nucleophile,[20] stereoselective synthesis
of the axial thiol congeners still remains a challenge. Existing

methods for the synthesis of 1,2-cis a-thiols including treat-
ment of 1,2- or 1,6-anhydro sugars or glycosyl trichloroacetimi-
dates with bis-trimethylsilyl sulfide[21] and epimerizations of b-
glycosyl thiols[22] are generally characterized by narrow sub-
strate scope or low efficacy.

The radical-mediated addition of thiols to non-activated
double bonds[23,24] has been used in organic syntheses for a

long time and with the advent of click chemistries[25] this trans-
formation has its renaissance in glycochemistry as a robust li-

gation tool.[17,18] However, it has become evident only in recent

years that unsaturated sugars can efficiently be applied as the
alkene partners in the thiol-ene coupling reactions to provide

a new, radical pathway for the stereoselective synthesis of a
broad variety of thio-linked glycomimetics (Scheme 1 C). We

have demonstrated that photoinduced addition of thiols to 2-
substituted hexoglycals led to exclusive formation of 1,2-cis-a-

S-glycosides independently of the sugar identity and the pro-

tecting groups applied (Scheme 1 C, a).[26–30] Further studies by
our group and Soms#k’s group revealed that radical-mediated

hydrothiolation of exo-glycals[31–33] or 1-substituted endo-gly-
cals[34] enabled stereoselective formation of C-b-d-glycosidic

thiodisaccharides, including the highly challenging b-mannosi-
dic and 2-deoxy b-C-glycosidic structures (Scheme 1 C, b–c).

These results show, that the thiyl radical-mediated reactions of

glycals represent a useful complementary strategy of the classi-
cal ionic thioglycosylation approaches. The mild conditions,

high protecting group tolerance and the insensitivity to air
and water further increase the practical utility of the thiol-ene

reactions.
During our optimization studies on endo-glycals, we discov-

ered that the reaction temperature plays a crucial role in the

reaction efficacy in the hexose series and exerts great influence
on both the efficacy and stereoselectivity in the pentose series.

This Concept article summarizes the thiol-ene coupling strat-
egies developed so far for the easy and stereoselective synthe-
sis of biologically important carbohydrate mimetics which are
otherwise very difficult to prepare. The effects of reaction tem-
perature and the enose structures on the efficacy and stereo-

chemical outcome of the reactions are discussed in detail and
a plausible explanation for the exquisite stereoselectivities ob-
served in most cases is provided.

Photoinduced Hydrothiolation of 2-Substitut-
ed Glycals

Hydrothiolation of terminal alkenes was discovered by Posner
in 1905[23] and the free free-radical chain mechanism of the re-

action was first described by Mayo and co-workers in 1938.[24]

The process begins with the generation of a thiyl radical from

the thiol by light-irradiation and/or the presence of a radical
initiator then the addition reaction proceeds in two steps. In

the first, reversible propagation step the thiyl radical formed
adds to the alkene, generating a carbon-centered radical inter-
mediate which then, in the chain transfer step, abstracts a hy-
drogen from another thiol to result in the formation of the thi-
oether product along with a new thiyl radical.

The first application of glycals as alkene partners in the pho-

toinduced thiol-ene reaction was described by Kushida and co-
workers in 1973 (Scheme 2 A).[35] The acetone-sensitized photo-

chemical addition of ethanethiol and propanethiol to 2-ace-

toxy-d-glucal 1 proceeded efficiently to result in the 1-thio-a-
glucopyranosides 2 and 3 with full selectivity. However, the
high thiol excess required prevented a wider application of the
reaction, therefore, it has long been forgotten.

Over the last 15 years the radical-mediated addition of thiols
to terminal alkenes initiated by low-energy UV-light (365 nm)

in the presence of the cleavable photoinitiator 2,2-dimethoxy-

2-phenylacetophenone (DPAP), referred as thiol-ene coupling
(TEC) or thio-click reactions, have been intensively studied in

various fields of chemistry as a robust metal-free click pro-
cess.[36] Dondoni, Marra and co-workers were the first who ap-

plied this mild and efficient method for the synthesis of thiodi-
saccharides (Scheme 2 B).[37] They reported that reactions of fur-

anoside- and pyranoside-derived alkenes such as 4, 7 and 9
with a slight excess of 1-thiosugar (e.g. 5) provided the corre-
sponding S-linked disaccharide mimetics with high yields and

most cases with excellent diastereoselectivity.
On the basis of the above results, we envisaged that the

thiol-ene coupling of 2-substituted glycals under the mild,
DPAP-mediated conditions can function as a powerful and

Scheme 2. First results on photoinduced additions of thiols to unsaturated
sugars : A) hydrothiolation of 2-acetoxy glycal 1 with alkyl thiols, B) synthesis
of thiodisaccharides by thiol-ene click reaction using DPAP.
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generally applicable method for stereoselective formation of
the challenging 1,2-cis-a-S-glycosidic bond. (Scheme 3).[26] Ini-
tially, addition of ethanethiol to 2-acetoxy-glycals 1, 11 and 13
under UV-light irradiation in the presence of DPAP were stud-

ied at room temperature in a glass vial by irradiation with a
mercury lamp using different solvents, thiol excess and reac-
tion time. It has been found that several short irradiation
cycles, adding a new dose of initiator to the reaction mixture
before each cycle, are more effective than longer term continu-

ous irradiation. The best results were obtained in toluene
using 3 V 5 equivalents of EtSH, 3 V 0.1 equivalents of initiator

and 3 V 15 min irradiation. Under these conditions almost com-
plete conversion of the glycals was observed resulting in the
1,2-cis-a 1-ethylthio-glycosides 2, 12 and 14 in full diastereose-

lectivity, independently of the configuration of the starting 2-
acetoxy glycal.

The viability of the method in the synthesis of S-linked gly-
coconjugates and disaccharides was demonstrated by reacting

2-acetoxy-d-glucal 1 with a range of thiols including various
sugar thiols (e.g. 5, 16, 18), amino acids (e.g. 20) and peptides

using 1.2-2:1 thiol :ene ratio.[26] In all cases very clean reactions
and exclusive formation of the corresponding 1,2-cis-a-gluco-

side were observed. (In some cases, a small amount of disul-
fide formed from the thiol was observed as the only by-prod-

uct.) If only moderate yield was observed (e.g. 19 and 21), it
was due to moderate conversion of the alkene which could be

recovered from the reaction mixture. We have found that pro-

longed irradiation and the use of higher excess of sugar thiols
hardly increase the conversion of the glycal. Moreover, the

high excess of thiol can even be disadvantageous, since the
unreacted thiol and the disulfide formed from the thiol make

the chromatographic purification very difficult.
Our further study revealed that the nature of thiols greatly

influences the efficacy of the reactions and some thiols exhibit

no or very low reactivity towards the acetylated glycal 1
(Scheme 4).[27] It was found that the high stability of a thiyl rad-

ical was detrimental to the conversion by shifting the equilibri-
um of the reversible propagation step backwards. As the thiol-

ene reaction is an electrophilic addition, the electron-with-

Scheme 3. Hydrothiolation of 2-acetoxy glycals proceeds with exclusive dia-
stereoselectivity to provide 1,2-cis-a-S-glycosides and -S-disaccharides (All re-
actions were performed under the A conditions).

Scheme 4. Effects of nature of thiols, solvents and protecting groups on the
reaction efficacy.
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drawing ester substituents on the alkene are also disadvanta-
geous to the reaction efficiency. Accordingly, the reactivity of

the alkene partner could successfully be increased by changing
its ester protecting groups to electron-donating benzyl groups

(22). In this way, the yields with benzyl mercaptan and 1-thio-
glycerol could be doubled (24 a/b, 25 a/b) and a moderate re-

action could also be elicited with the highly resonance stabi-
lized phenylthiyl radical (23). It has to be noted, that in the ab-

sence of DPAP and thiol, the perbenzylated glycal 22 was com-

pletely resistant to UV irradiation. However, during the thiol-
ene coupling reaction, due to the easily abstractable benzylic

hydrogen, side reactions also occurred which made difficult
the purification and, in some cases, noticeably decreased the

isolated yields
We also demonstrated that the reactivity of a thiol toward a

given alkene can be tuned by its substitution pattern. The syn-

thesis of 25 a,c and d highlighted that electron withdrawing
substituents on the thiol are most preferred for increasing its

reactivity.
The effect of solvents was also studied. It is important to

note that the reaction is compatible with all solvents, and the
high concentration of reactants is crucial for the high conver-

sion in the thiol-ene coupling reaction. Therefore, the choice

of solvent is primarily governed by the solubility of the reac-
tion partners. We have found toluene the best solvent for the

reactions with apolar thiols. Although the reactions proceeded
with the same efficacy in dichloromethane, we observed de-

acetylation of the products in several experiments. Toluene–
MeOH or MeOH have been used as the solvents for the thiol-

ene couplings with polar thiols ; which, however, resulted in

low conversions in some cases. In those cases, significantly en-
hanced yields were achieved in DMF–water (e.g. in the synthe-

sis 25 a), presumably because the DMF–water system stabilized
the polar carbon-centered radical intermediate better than

MeOH.
The method was utilized for the synthesis of S-linked di- and

trisaccharides by reacting 1-thioglucose 5 with different 2-sub-

stituted hexoglycals including 2-acetoxy d- and l-glycals (11,
13, 26, 27), 2-acetamido-d-glucal (28), and maltose-derived dis-

accharide glycal (29) as the alkene partners (Scheme 5).[28–30] In
all cases exclusively the expected 1,2-cis a-S-glycoside was

formed, highlighting that the identity of reactants does not
affect the complete stereoselectivity of the reaction. On the

other hand, the low yields of 30–33 obtained in the d-galacto,
-allo, -gulo, and l-fuco cases at room temperature revealed the
high impact of the configuration of glycals on the efficiency of

the addition.[28–30] Through further optimization experiments,
we discovered the very unique temperature effect that heating

inhibits, whereas cooling promotes the thiol-ene coupling re-
action.[38] It was found that conversion of the starting glycals

increased gradually by cooling and good to excellent yields

were achieved at @80 8C in most cases (30–34).[28–30] We formu-
lated that the reaction temperature controls the equilibrium of

the rapidly reversible thiyl addition (propagation) step of the
radical chain process and conducting the reactions at low tem-

perature is an adequate strategy to prevent the degradation of
the intermediate carbon-centered radical, formed in the thiyl

addition step, hence allowing it to react with a thiol in the hy-

drogen abstraction step. Although enoses with all-equatorial
substitution patterns (28, 29) generally showed good reactivity
at room temperature, the cooling was beneficial in those cases
too.

The heating proved to be detrimental to the reaction as it
was demonstrated by running the hydrothiolation of d-galac-
tal 11 and l-fucal 27 at + 50 8C.[30]

The low-temperature thiol-ene coupling reaction was ex-
ploited for the stereoselective synthesis of a series of 1,2-cis-a-

thio-linked d-glucoside (37–39), d-galactoside (40–44), l-fuco-
side (45, 47–50), and d-GlcNAc (52–54) derivatives

(Scheme 6).[28–30] The reactions generally worked efficiently at

@80 8C with various thiols, including 1-thiomaltose 38, using a
low, 1.2 equivalents thiol excess. In the case of alkyl thiols,

however, high thiol excess and moderate cooling proved to be
the adequate strategy to elicit efficient additions, probably be-

cause the excessive cooling inhibits the hydrogen abstraction
from alkyl thiols. It is worth noting that though the reaction

Scheme 5. Configuration- and temperature-dependent reactivity of glycals—
Unique promoting effect of cooling.
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mixture was frozen at @80 8C in some cases, the reactions also
took place in frozen mixtures.

We and Soms#k’s group[30, 39] demonstrated that the radical-
mediated S-glycosylation method opens the way for expedi-

tious synthesis of higher oligosaccharide mimetics possessing
the challenging 1,2-cis-a-S-linkages (Scheme 7). Hydrothiola-

tion of 2-acetoxy glycal 29 with mono- and disaccharide thiols

at low temperature provided the non-reducing tri- and tetra-
saccharides (57 and 55) with moderate to excellent yields

(Scheme 7 A).[30]

L#z#r et al. developed an iterative thiol-ene coupling proto-

col for the synthesis of thio-linked maltooligomers up to pen-
tasaccharide (Scheme 7 B).[39] The starting 1,4-dithio-glucopyra-

noside 58 was converted to both enose 59 and thiol 60, then
the 1,2-cis a-configured anomeric sulfur atom was introduced

in the radical-mediated coupling step with full stereoselectivity
to produce trithiomaltoside 61 as the only product. Toward

higher oligomers 64–67, the neccessary 2-acetoxy-glycals and
thiols were formed at oligosaccharide levels and coupled to

each other by irradiating with UV-light at @80 8C. All coupling

steps proceeded with full 1,2-cis a-stereoselectivity, albeit the
yields decreased when higher coupling partners were reacted.

It is well known from previous studies that radical addition
of thiols onto substituted cyclohexene derivatives occurs pref-

erentially in a trans-diaxial manner as the result of a kinetically
favored axial attack of the thiyl radical onto the cyclic alkene in

its half-chair conformation together with a stereoselective hy-

drogen abstraction from the thiol into an axial position.[40,41]

However, complete diastereoselectivity has not been reported,

because the nature of the thiol, the configuration of the
alkene, the molar ratio of the reactants and also the tempera-

ture play a role in the stereochemical outcome of the reac-
tions.[37, 41, 42]

Scheme 6. UV-induced low-temperature hydrothiolation of 2-substituted gly-
cals—Universal method for stereoselective 1,2-cis-a-S-glycosylation (Condi-
tions: hn, 3 V 15 min; 3 V 0.1 equiv DPAP).

Scheme 7. Synthesis of higher thio-oligosaccharides by the low-temperature
thiol-ene coupling.
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In the case of 2-substituted hexoglycals, the highly different
stability of the possible carbon-centered radical intermediates

and the rapidly reversible nature of the thiyl addition step[43]

together lead to the complete 1,2-cis-a-stereoselectivity. The

reaction proceeds exclusively through the most stable chair
conformational form of the intermediate C2-centered radicals

(4C1 in the d-series and 1C4 in the l-series), whereas the other
C2-centered radical intermediates are of high-energy, therefore
rapidly dissociate to the starting compounds in the first rever-

sible step before reacting with a thiol in the H-abstraction step
(Figure 1).

Extending the hydrothiolation reactions to pentopyranosyl

glycals, a lower level of diastereoselectivity was observed
(Scheme 8).[30] Addition reactions of 1-thiosugars 5 and 56 to

2-acetoxy d- and l-pentoglycals 68–70 led to the formation of
1,2-cis-a- and 1,2-cis-b-thioglycosides 71–78 in varying ratios

depending on the temperature and the configuration of both
reactants. Cooling had a double positive effect on the reac-

tions, increased the yields and in most cases significantly
raised the stereoselectivity. Starting from the d-xylose-derived
glycal 68 the 1,2-cis-b-S-linked d-lyxosides 71 and 73 were ob-

tained at @80 8C with high yields and almost complete stereo-
selectivity, whereas hydrothiolation of d-arabinal 69 proceeded

with a moderate 1,2-cis-a-d-ribo selectivity at either @80 8C or
@100 8C, and addition of 5 to the l-arabinose-derived glycal 70
occurred with very high 1,2-cis-a-diastereoselectivity and excel-
lent yield at @80 8C. Although the additions proceeded with
exclusive 1,2-cis selectivity in all cases, our results suggest that

the exact stereochemical outcome of the reactions in the pen-
topyranosyl series is difficult to predict.

The lack of complete diastereoselectivity in the pentose
series can be explained by the higher conformational flexibility

of the pentopyranoses.[44] Whereas in the hexose series, one of
the chair conformations of the intermediate radical has exqui-

site stability due the bulky C6 group, in the case of pentopyra-
noses, the 1C4 and 4C1 forms of the radical intermediate have

comparable stabilities ; therefore, the reaction can proceed

through both chair conformations. In these cases, the low-reac-
tion temperature proved to be a stereo controlling effect shift-
ing the product ratio towards the stereoisomer which was
formed through to a more stable radical.[30]

Photoinduced Hydrothiolation of Glycals and
1-Substituted Glycals

The photoinduced thiol-ene additions of unsubstituted and

1-substituted glycals enabled regio- and stereoselective syn-
thesis of 2-thio-linked saccharide mimetics (Scheme 9 and

Scheme 10).[27,30,34]

The room temperature hydrothiolation of peracetylated d-

glycals was first investigated by Dondoni and Marra.[45] They re-

ported that although regioselective addition occurred in all
cases, mostly very low stereoselectivity and often low yields

were observed. We studied the effect of cooling on the effi-
ciency and diastereoselectivity of the hydrothiolation of vari-

ous glycals, for example, d-glucal 79, d-galactal 80 and l-rham-
nal 81 (Scheme 9).[30] Cooling always promoted the conversion

Figure 1. Plausible mechanistic pathway of free-radical addition of thiols to
2-substituted hexoglycals shown on the example of 1. The only productive
pathway leading to complete 1,2-cis-a diastereoselectivity is highlighted in
green.

Scheme 8. Extension of the reaction to 2-acetoxy pentoglycals—The exclu-
sive 1,2-cis-a-selectivity turns to 1,2-cis-selectivity.
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and in most cases significantly increased the stereoselectivity.
Performing the reactions at @80 8C, the additions occurred

with excellent yields and, with the exception of the galacto

case, with high to complete diastereoselectivity in favor of the
axially C2-S-linked products.

The hydrothiolation reactions of glycals proceed through
stable glycosyl radicals of different conformational forms

(Figure 2). It has been demonstrated that the most preferred
conformation of glycopyranosyl radicals is the one in which

the C2 substituent adopts a quasi-axial position, because this

conformer is stabilized by the so-called quasi-homo-anomeric
effect.[46] At low temperature, the reaction is shifted towards

the product formed through the lower energy radical inter-

mediate, as it is demonstrated by the increased ‘manno’ selec-
tivity at @80 8C in the case of 79 and 81. The substantially low

diastereoselectivity observed at any temperature upon hydro-
thiolation of galactal 80 can be explained by the very similar

energy of the of the 4C1 talopyranosyl and 4H5 galactosyl radi-
cal intermediates.[30]

Soms#k’s group reported that the free-radical hydrothiola-

tion of amide-, methoxycarbonyl- and cyano-substituted glycal
derivatives (e.g. 88–91) took place with full regio- and stereo-

selectivity due to the preferential axial attack of the thiyl radi-
cal to the less substituted C2 position of the pyranose ring and

the preferred axial attack on the C1 radical in the hydrogen ab-
straction step (Scheme 10).[34]

The glycal configuration (88 vs. 91) had no effect on the ste-

reochemical outcome of the reaction. However, the efficiency
of the additions to 88–90 was highly variable and increased in
line with the decreasing electron-withdrawing capabilities of
the 1-C substituents (CN>COOMe>CONH2).

Remarkably, this approach allows the stereoselective synthe-
sis of the challenging b-mannosidic motif (97), and get an

access to valuable glycomimetics such as 99 which is an S-
linked analogue of the natural a-(2–6)-linked sialyl-galactoside
structure.[27]

Photoinduced Hydrothiolation of exo-Glycals

Our group and Soms#k’s group investigated the thiol-ene reac-

tions of hexo- and pentopyranosyl exo-glycals as a stereoselec-

tive method for the synthesis of glycosylmethyl sulfide type
glycomimetics (Schemes 11and 12)[27, 31–33] . Addition of thiols

onto d-gluco (100) and galacto (104) configured exo-glycals
furnished the b-C-S-bonded glycosides (101–103, and 105)

with exclusive regio- and stereoselectivity (Scheme 11).[31–33] In
most cases the reaction went to completion within 15 min at

Scheme 9. Regioselective hydrothiolation of glycals—cooling increases the
axial selectivity (except for the galacto case).

Scheme 10. Hydrothiolation of 1-substituted glycals occurs with exclusive
1,2-cis-b-selectivity.

Figure 2. Stable glycopyranosyl radical intermediates (RI) formed upon
upper- and bottom-face attacks by the thiyl radicals to d- and l-glycals 79–
81.[30]
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room temperature (rt), demonstrating the high reactivity of
exo-glycals in the thiol-ene reactions. Addition of various thiols

onto the d-manno-configured exo-glycal 106 proceeded with
the same exclusive stereoselectivity to provide C-b-d-manno-

pyranosyl derivatives (e.g. 107, 108) as the sole products.[47]

The exclusive b-selectivity in the ‘manno’ series is of particular
significance because synthesis of b-d-manno configured C-gly-

cosides with high selectivity is notoriously difficult.[48]

The thiol-ene reactions of hexopyranosyl 2-deoxy-exo-gly-

cals 109 and 112 also proceeded with exclusive regio- and ste-
reoselectivity providing the corresponding C-b-d-glycopyrano-

syl derivatives 110, 111, 113 and 114 with good yields

(Scheme 11). The results highlight that the radical-mediated
approach enables stereoselective construction of novel types
of glycomimetics in the 2-deoxy-glycopyranosyl series[49] of

high biological relevance.
The exclusive b-stereoselectivity of the reaction in the

hexose series can be explained by the exquisite stability of the
radical intermediate in the 4C1 conformation and by the pre-
ferred axial attack on this radical in the hydrogen abstraction
step.

Hydrothiolation reactions of pentopyranosyl exo-glycals took
place with complete regioselectivity (Scheme 12). However,
similarly to endo-glycals, the total stereoselectivity of the addi-
tions ceased in the pentose series, and, in contrast to the
hexose series, the presence and absence of the C2-acyloxy

group greatly influenced on both the efficacy and the stereo-
chemical outcome of the reactions. Additions to pentopyrano-

syl exo-glycals bearing C2-acyloxy group (e.g.115) proceeded
with high to complete stereoselectivity, providing the C-b-gly-
cosides with good yields. In the case of 2-deoxy-exo-glycals the

b-selectivity of the reaction drastically decreased, or even
turned to a-selectivity as shown in the reactions of 119 and

121. The strikingly different stereochemical results observed
can be explained by the different conformational preferences

Scheme 11. Thio-click reaction of hexopyranosyl exo-glycals including 2-
deoxy-exo-glycals—Synthesis of C-S-bridged disaccharides with full b-C-se-
lectivity.

Scheme 12. Hydrothiolation of pentopyranosyl exo-glycals including 2-
deoxy-exo-glycals.
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of the intermediate glycosyl radicals, which is governed by the
number and spatial arrangement of the substituents of glycals.

In the case of 115, the reaction predominantly (or exclusively)
occurs through the 4C1 conformational form, in the case of the

2-deoxy glycal 119 the 1C4 and 4C1 forms of the glycosyl radical
have comparable stabilities, whereas upon addition reaction of

121 the glycosyl radical dominantly exists in its 1C4 form. In
these cases, the effect of temperature has not been studied in
detail.

Photoinduced Hydrothiolation of Enoses other
than Glycals

Extension of the thiol-ene reaction to unsaturated sugars with
endo- or exo-cyclic double bond at a non-anomeric position al-

lowed the synthesis of further valuable glycomimetics.[26,31, 50–53]

We demonstrated that hydrothiolation of 2,3-unsaturated

glycosides, which are readily available by Ferrier rearrangement
of commercially available glycals, is a useful strategy for intro-

duction of a thio-linkage to either C2- or C3-position of pyra-
noses, depending on the substitution of the double bond
(Scheme 13).[26,50,51] Studying the reaction of 124 with function-

alized anomeric thiols we have found that the thiyl radical
added axially to position C2 of the sugar ring with complete

regio- and stereoselectivity (e.g. 125).[26] The synthetic utility of
the method was demonstrated by the simple and efficient syn-

thesis of 127, an a-(1!2)-thio-linked mannobioside mimetic,

which was converted to multivalent mannoclusters for lectin-
binding studies.[50]

Hydrothiolation of 2,3-unsaturated glycoside 128 demon-
strated that the regioselectivity of the reaction can be changed

by substitution of position C2.[51] Surprisingly, whereas addition
of 5 led to the formation of the allo-configured thiodisacchar-

ide 129, reaction with 56 provided the gluco-configured prod-
uct 130. The different stereoselectivity observed with the dif-

ferent thiosugars can be explained by the steric congestion of
129 leading to different fitting to thiols of different configura-

tions. This phenomenon of double stereodifferentiation, is
well-known in the field of chemical glycosylation.[54]

The reaction was extended to furanose exomethylene deriv-
atives including glucofuranose 131 and nucleoside exomethy-
lenes 133–135 (Scheme 14).[31,52,53] Addition of various thiols

onto 3-exo-methylene-glucofuranose derivative 131 proceeded
with high yield and complete diastereoselectivity to give the
d-allofuranosyl glycomimetics, such as 132, as the sole prod-
ucts.[31]

Upon hydrothiolation of nucleoside exo-methylenes under
the standard conditions at room temperature moderate yields

and low level of stereoselectivity were observed. Cooling the
reaction mixture was again advantageous on both the conver-
sion and the stereoselectivity. This approach can be exploited
for rapid synthesis of nucleoside analogues with non-natural l-
lyxo (136), d-xylo (137) and d-arabino (138) configured sugar

units.[52,53]

Summary and Outlook

Development of efficient strategies for the stereoselective syn-
thesis of stable analogues of biorelevant glycans and glycocon-

jugates for biomedical applications is an important task for or-
ganic chemists.

Scheme 13. Regio- and stereoselective synthesis of 2-S- or 3-S-linked disac-
charide mimetics by photoinduced hydrothiolation of 2,3-unsaturated glyco-
sides.

Scheme 14. Hydrothiolation of furanosyl exomethylene derivatives (dr : dia-
stereomeric ratio).

Chem. Eur. J. 2020, 26, 6090 – 6101 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6099

Chemistry—A European Journal
Concept
doi.org/10.1002/chem.201905408

http://www.chemeurj.org


The results of our group and Soms#k’s group summarized in
this Concept article demonstrate that photoinitiated thiol-ene

reactions of enoses represent a powerful tool for stereoselec-
tive synthesis of a broad range of stable glycomimetics includ-

ing S-glycosides and new types of C-glycoside analogues.
The method can be applied on various unsaturated sugars

such as pyranosyl and furanosyl structures in both the pentose
and hexose series possessing endo- or exo-cyclic double bonds.

Our study revealed, that the reaction temperature profoundly

influences the reaction efficacy in the hexose series and both
the efficacy and stereoselectivity in the pentose series. The dis-

covery and application of the unique promoting effect of cool-
ing led to efficient conversions and complete or sufficient ste-

reoselectivity independently of the glycal identity, allowing uni-
versal applicability of the method.

As radical reactions, contrary to ionic ones, are not sensitive

to directing effects of neighbouring groups, the radical-mediat-
ed thiol-ene reactions can be utilized for efficient synthesis of

1,2-cis-a-, 2-deoxy-b as well as b-manno-linked carbohydrate
mimetics, structures which are very difficult to prepare by the
classical ionic methods. This characteristic makes the thiol-ene
approach an excellent complementary strategy to the existing

S- and C-glycosylation methods.

In a recent Review on radical reactions Studer and Curran
described: „The challenge in synthesis today is not so much

discovering new elementary reactions of organic radicals ; it is
instead discovering how to conduct these reactions efficiently

and selectively.“[55] We have met this challenge in the centena-
ry-old thiol-ene reaction by employing it as a novel S-glycosy-

lation method and by conducting the reaction at low tempera-

ture which led to excellent yields and high to complete stereo-
selectivity in most cases.
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