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Promotion of a Reaction by Cooling: Stereoselective 1,2-cis-a-
Thioglycoconjugation by Thiol-Ene Coupling at �80 8C

D?. Eszenyi, V?. Kelemen, F?. Balogh, M?. Bege, M?. Cs�v�s, P?. Herczegh, and A?. Borb�s*[a]

Abstract: The photoinitiated thiol-ene coupling reactions
of 2-substituted glycals were studied as a generally appli-
cable strategy for stereoselective 1,2-cis-a-thioconjugation.
Although all glycals reacted with full a-selectivity, the effi-
cacy of the reactions varied in a broad range depending
on their configuration and glycals bearing axial acetoxy
substituents reacted with very low efficacy at room tem-
perature. The study revealed that the reaction progress
could be promoted by cooling and inhibited by heating.
At �80 8C, the equilibrium of the rapidly reversible addi-
tion of the thiyl radical to alkenes is shifted almost com-
pletely toward products, leading to efficient addition reac-
tions. By exploiting this unique temperature effect a series
of a-thio-l-fucosides, -d-galactosides, and d-GlcNAc deriv-
atives were prepared with high efficacy and complete ste-
reoselectivity.

&&Please provide first names of authors&&The a-O-glyco-
sides are abundantly found in nature and many 1,2-cis-a-linked
sugars including a-l-fucosides, a-d-galactosides&&ok?&&

as well as 2-deoxy-2-aminoglycosides with a-d-gluco and a-d-
galacto configurations play important roles in various biologi-
cal processes. For example, a-GlcNAc is a key component of
lipid II ; a precursor molecule used in the biosynthesis of the
peptidoglycan cell wall of bacteria,[1] a-galactosylceramide is a
glycolipid of an important immunostimulant activity,[2] and the
a-NAc-galactosamine linked to serine or threonine represents
the conserved region of the mucin O-glycoproteins and also
known as a tumor-associated carbohydrate antigen (Tn anti-
gen).[3]

l-Fucose (6-deoxy-l-galactose), always a-linked at a ter-
minal position, is a common component of many N- and O-gly-
coproteins and glycolipids produced by mammalian cells and
it is involved in a large number of cellular processes.[4] For ex-
ample, the blood group antigen sialyl Lewis X is a fucosylated
glycan which plays an important role in inflammation, cancer
metastasis and fertilization.

Because of the chemical and enzymatic instability of the O-
glycosidic bond, recent research has focused on the efficient
synthesis of S-glycosidic analogues of biorelevant glycosides[5]

possessing a higher stability in biological milieu than that of
the native O-glycosides.[6] However, stereoselective formation
of the 1,2-cis-a-glycosidic bond is a notoriously difficult task.
Although a-glycosyl thiols provide the opportunity to con-
struct a-thio-linked glycoconjugates in a stereoselective
manner, their efficient synthesis is not trivial.[7] Therefore, de-
velopment of complementary strategies for the stereoselective
1,2-cis-a-thioconjugation is needed.

The thiol-ene coupling (also called thio-click reaction),[8]

where a reactive thiyl radical undergoes an addition reaction
onto an alkene to furnish a thioether linkage, has emerged as
a mild and efficient method for the preparation of sulfur con-
taining glycoconjugates and thiosugars.[9] Recent studies have
revealed that the exocyclic sulfur atom could be efficiently in-
troduced into the sugar backbone through photoinduced
thiol-ene reactions employing endo-[10] and exoglycals[11] as ac-
ceptor substrates. We have demonstrated on the exemplary
case of 2-acetoxy-d-glucal derivative 1 that the UV-light-initiat-
ed addition of thiol-containing peptides and sugars occurs
with high yields and exclusive 1,2-cis-a stereoselectivity.[10a]

This prompted us to study the thiol-ene coupling of 2-substi-
tuted glycals, which are available easily, as a generally applica-
ble method for the preparation of 1,2-cis-a-S-linked glycans
and glycoconjugates.

First, 2-acetamido-3,4,6-tri-O-acetyl-d-glucal 4, 2-acetoxy-
3,4,6-tri-O-acetyl-d-galactal 6 and 2-acetoxy-3,4-di-O-acetyl-l-
fucal 8 were reacted with thiosugar 2 a under previously estab-
lished standard conditions[10a, b] (Scheme 1). We were pleased to
find that all reactions proceeded with exclusive stereoselectiv-
ity and in the case of 2-acetamido-glucal 4 the expected 1,2-
cis-a-linked disaccharide 5 was formed in a good yield. Howev-
er, the d-galactal (6) and l-fucal (8) derivatives reacted with
significantly lower conversions then the gluco congeners 1
and 4, thereby the corresponding thiodisaccharides were ob-
tained in disappointingly low yields. Prolonged reaction time
and further irradiaton cycles did not promote the reactions
and applying a very high 6 equiv thiol excess in the reaction of
8 and 2 a only slightly increased the efficacy of the thiol-ene
reaction. To evaluate if the conversion can be influenced by
the initiation methods, the reaction of 6 with 2 a was repeated
upon thermal initiation with azobisisobutyronitrile&&ok?&&

(AIBN), or using Et3B[12] as the radical initiator. Unfortunately, no
addition reaction was observed in either case.
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The thiol-ene reaction is known to begin with a reversible
propagation step wherein a thiyl radical adds to an alkene
generating a carbon centered radical intermediate. This radical
intermediate then undergoes an irreversible chain-transfer step
by abstracting a hydrogen from another thiol to form a thio-
ether product along with a new thiyl radical, which can then
initiate another propagation step.[8] Recent computational and
kinetic analysis of thiol-ene click reactions has revealed the im-
portance of the stability of the carbon-centered radical inter-
mediate, which directly influences both the chain-transfer acti-
vation barrier and the reversibility of the propagation step.[13]

Our results with 2-substituted glycals 1, 4, 6 and 8 suggested
that the stability of the carbon-centered radicals is configura-
tion-dependent and the poor yields of 7 and 9 can be ex-
plained by the lower stability of the d-galactosyl and l-fucosyl
radicals generated from 6 and 8 compared to the correspond-
ing gluco-configured radicals. Therefore, a set of reactions
were carried out with thiol 2 a and 2-acetoxy fucal 8 in order
to study if the stability of the intermediate radical, and thereby
the conversion can be increased by changing the conditions
(Table 1).

Performing the reaction at 0 8C with a 1.2:1 thiol/ene ratio, a
significant increase of the conversion was observed and the
yield of 9 reached 33 % (Table 1, Entry 1). In further experi-
ments at this temperature the effects of solvents, concentra-
tion, thiol excess and irradiation time were studied. Screening
CH2Cl2, acetone, and MeOH as the solvent, a notable solvent
effect was not observed (Entry 1 and Table S1 in the Support-
ing Information) and prolonged irradiation was not beneficial
(Entries 2 and 4). A significant improvement was observed by
increasing the concentration (Entries 3–5) and applying a
slightly higher thiol excess. Thus 60 % yield of the isolated
product was obtained at 0 8C with a 0.25 m alkene concentra-
tion and a 1.5:1 thiol-ene ratio (Entry 5).

However, satisfactory results were only achieved by further
decreases in the reaction temperature (Entries 6 and 7). Run-
ning the reaction at �40 8C, by using 1.2 equiv of the thiol and
a 0.15 m alkene concentration, the yield of 9 increased to 66 %.

Finally, repeating this reaction at �80 8C, almost full conversion
and an excellent 90 % isolated yield of 9 was obtained.[14] We
assume that the lifetime/stability of the carbon-centered radi-
cal intermediate increases in line with the decreasing reaction
temperature that results in the gradually increasing yield.
Moreover, disulfide formation from the thiol, which is one of
the undesired termination steps of the reaction, was visibly de-
creased at lower temperatures then at room temperature,
which allowed an efficient reaction with a very low thiol
excess. Importantly, by running the reaction at + 50 8C, low
conversion and only a 9 % isolated yield was obtained
(Entry 8).

After optimizing the conditions, 2-acetoxy-fucal 8 was react-
ed with a range of thiols including sugars, amino acids as well
as sulfonic and carboxylic acid derivatives (Table 2). Depending
on the solubility of the thiols various solvents were used, and
the low-temperature thiol-ene coupling worked equally well in
every solvent to provide the a-thiofucosides with full stereose-
lectivity in good to excellent yields. Importantly, 11, a thio-
linked analogue of the Fucpa1-6GlcNAc core region of com-
plex N-glycoproteins as well as 13 and 14, stable mimics of the
Fucpa1-Ser/Thr residues which occur on essential coagulation
glycoproteins were obtained by this procedure with high effi-
cacy.

We assumed that the high temperature-dependence of free-
radical hydrothiolation of 8 is related to its axially substituted
hydroxy group. To test this hypothesis, we studied the temper-
ature effect on the addition of thiol 2 a to 2-acetoxy glycals 6,
17 and 19 bearing one or two axial OAc substituents (Table 3).
Similarly to the case of 6-deoxy-l-hexose derivative 8, the hy-
drothiolation of the d-hexose-derived glycals 6, 17 and 19 pro-
ceeded with exclusive a-selectivity, and the low efficacy ob-
served at room temperature could be significantly improved
by decreasing the reaction temperature (Entries 1–9).

Starting from glycals 6 and 17 bearing one axial substituent,
almost full conversion was observed at �80 8C, and the corre-
sponding galactosyl (7) and allosyl (18) derivatives were isolat-
ed in excellent yields. To further studying the temperature

Scheme 1. Synthesis of 1,2-cis-a-S-linked disaccharides from 2-substituted
glycals through photoinduced thiol-ene coupling under previously estab-
lished standard conditions.[10a, b]

Table 1. Optimization of conditions for UV-initiated hydrothiolation of 8
with 2 a.[a]

Entry Excess of
2 a
[equiv]

Irradiation
time
[min]

Conc. of
8
[m]

Temperature
[8C]

Conversion[b]

[%]

1 1.2 3 � 15 0.15 0–5 33[c]

2 1.2 6 � 10 0.15 0–5 34[d]

3 1.2 3 � 15 0.25 0–5 52
4 1.2 2 � 60 0.25 0–5 40[e]

5 1.5 3 � 15 0.25 0–5 60[e]]

6 1.2 3 � 15 0.15 �40 66
7 1.2 3 � 15 0.15 �80 92 (90[e])
8 1.2 3 � 15 0.25 + 50 9[f]

[a] Reactions were carried out on a 0.5–0.7 mmol scale in toluene using
0.1 equiv of DPAP/alkene/irradiation cycle. [b] Determined by 1H NMR
spectroscopy of the reaction mixture. [c] Similar conversions (33–36 %)
were observed in acetone, CH2Cl2, or MeOH. [d] 6 � 0.05 equiv of DPAP
was used. [e] Isolated yield.
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effect, the addition of 2 a to galactal 6 was also carried out at
elevated temperature (Entry 4). Running the reaction at
+ 50 8C, low conversion of the glycal was observed that result
in a significant decrease in the yield of product 7. Importantly,
the reaction of 1 and 2 a was also performed at + 50 8C. In this
case, the heating exerted an even greater negative effect on
the addition reaction and product 3 was obtained in only 6 %
isolated yield.

Compound 19 with two axial substituents demonstrated the
lowest reactivity upon hydrothiolation and, despite the benefi-
cial effect of cooling, only a 47 % isolated yield of the d-
gulose-containing thiodisaccharide 20 was obtained at �80 8C
(Entries 8 and 9).

Next, the efficacy of the thiol-ene coupling under the opti-
mized conditions was further demonstrated by reacting the
galactal derivative 6 with various thiols (Table 4). The additions
proceeded with good to excellent yields providing valuable
thio-analogues of galactans of major clinical significance such
as, e.g. , 21 showing the terminal (1–3)a-Galp motif of the a-
Gal epitope of the anti-Gal antibody.[15]

Table 2. Hydrothiolation of 8 under the optimized conditions.

Entry Thiol Product Yield[a] [%]

1 73[b]

2 90[c]

3 66[b]

4 88[d]

5 75[c]

6 98[e]

7 69[c]

[a] Isolated yield. [b] solvent: toluene. [c] solvent: toluene:MeOH 1:1.
[d] solvent: DMF:toluene:MeOH 1:4:6. [e] solvent: DMF:MeOH 1:1.

Table 3. Temperature dependence of the thiol-ene couplings of 2-OAc-
glycals.

Entry Glycal T [8C] Product Yield[a] [%]

1 6 0 7 48
2 6 �40 7 65
3 6 �80 7 85
4 6 + 50 7 16

5 0 38
6 �40 76
7

�80
92

8 rt 12
9 �80 47

[a] Isolated yield.

Table 4. Addition of thiols to 2-acetoxygalactal

Entry Thiol Product Yield[a] [%]

1 2 d 62[b]

2 2 e 93[c]

3 2 f

70[c]

12[d]

4 2 g

98[e]

15[d, e]

5 98[b]

[a] Isolated yield. [b] Solvent: toluene. [c] Solvent: toluene/MeOH 3:4.
[d] At room temperature with 2 equiv of thiol. [e] Solvent: MeOH.
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To test if the cooling has a beneficial effect on the thiol-ene
reaction of glycals without an axial substituent, the reaction of
2-acetamido-glucal 4 with thiol 2 a was carried out at �80 8C.
To our great delight, the yield of 5 increased from the 63 % ob-
served at room temperature (Scheme 1) to 73 % by cooling
(Table 5, Entry 1). Next, compound 4 was reacted with a range

of thiols at low temperature (Table 5). All of the couplings pro-
ceeded in good-to-excellent yields by using only 1.2 equiv
thiol. In some instances, we demonstrated that the hydrothio-
lation of 4 proceeded with a significantly lower efficacy at
room temperature than at �80 8C (Entries 3 and 6). It is worth
mentioning that thiol-ene couplings of 2-deoxy-2-aminoglycals
were hitherto unknown.&&ok?&&

The observed configuration-dependent reactivity of glycals
at rt can be explained on the basis of the energy-profile of the
rapidly reversible propagation step (Figure 1). Owing to the
steric congestion between the equatorial C2 and C3 substitu-
ents in the 4H5 half-chair conformation, the transition complex
of 2-acetoxy-d-glucal (red) is at a higher energy level than the
corresponding 2-acetoxy-d-galactal (blue). In contrast, among
the formed carbon centered radical intermediates existing in a
4C1 chair conformation, the gluco configured radical has lower
energy, owing to the all-equatorial substitution pattern. Thus,

the difference between the activation energy barriers of the
forward and reverse reactions is higher for glucal than galactal.
At rt, the high energy barrier efficiently prevents the fragmen-
tation of the gluco-intermediate ensuring the efficiency of the
thio-click process.[10a] However, in the case of the galacto-inter-
mediate the small difference in energy barriers allows the re-
verse reaction at rt which decreases the efficiency of the prod-
uct formation. According to our experimental results, the
energy profile of all glycals having axial substituents is similar
to that of 2-acetoxy-d-galactal, which explains their low reac-
tivity observed at rt.

It is important to note, that although 2-acetoxy-glycals exist
in a rapid interconversion equilibrium between 4H5 and 5H4

half chair conformations,[16] we surmise that the free-radical hy-
drothiolation of 2-substituted d-glycals occurs exclusively via
the 4C1 conformer of the carbon-centered radical that is
formed from the 4H5 half-chair conformer of the glycal upon
bottom-face attack of the thiyl radical. Attacks of thiyl radicals
on the 5H4 conformer produce high-energy C2-centered radical
intermediates that fragment to starting compounds very rapid-
ly (for detailed explanation see Scheme S1). We assume that
the exclusivity of this reaction path and the kinetically pre-
ferred axial attack of thiols to cyclic alkenes[17] together ensure
the exclusive a-stereoselectivity of the reaction. Analogously,
owing to the exquisite stability of the 1C4 conformer of l-hexo-
ses, in the case of the l-fucal derivative the reactions proceed
through the corresponding 5H4 half chair and 1C4 chair con-
formers.

To understand the very unusual promoting effect of cooling
on the thio-click reaction, the relative energy barriers of both
the propagation step and the chain-transfer step should be
taken into account. By cooling, the equilibrium of the exother-
mic propagation step can be shifted toward the carbon-cen-
tered radical intermediate. However, this intermediate can only
be transformed into the product if the chain-transfer barrier is
sufficiently low. Our experimental results demonstrate that this

Table 5. Addition of thiols to 2-acetamido-glucal

Entry Thiol Product Yield[a] [%]

1 2 a 5 73

2 2 c 74[b]

3 2 e

70[c]

24[c, d]

4 2 f 66[e]

5 2 g 72[f]

6 2 i

73[e]

46[d, e]

[a] Isolated yield. [b] Solvent: DMF. [c] Solvent: toluene:MeOH 1:3. [d] At
room temperature with 2 equiv of thiol. [e] Solvent: toluene:MeOH 1:1.
[f] Solvent: MeOH.

Figure 1. Energy profile of the thiol-ene couplings of 2-acetoxy-d-glycals
with all-equatorial (red) and axial/equatorial (blue) substitution patterns.
DE�

R : activation energy barrier of the propagation step; DE�
RP : activation

energy barrier of the reverse propagation (fragmentation) step; DE�
CT: acti-

vation energy barrier of the chain transfer step.
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is the case for all the glycals studied. The calculated, low
chain-transfer energy barrier for hydrothiolation of vinyl and
allyl ethers (ca. 8 kcal mol�1) published by Northrop and Coffey
are in line with our results.[13b] Importantly, the insufficient reac-
tivity of the 2-acetamido derivative 4 at room temperature,
which is probably caused by electronic effects, could also be
increased by cooling.

In conclusion, we have developed an efficient strategy for
stereoselective 1,2-cis-a-thioconjugation by UV-light-initiated
thiol-ene coupling reaction of 2-substituted hexoglycals at
�80 8C. Our study revealed that the reaction temperature pro-
foundly influences the efficacy of the reactions by controlling
the equilibrium of the reversible propagation step of the radi-
cal chain process. Although heating is detrimental to the thiol-
ene coupling reactions of glycals, cooling has a very efficient
promoting effect. This unique temperature effect can be ap-
plied to further optimize the thiol-ene reactions in synthetic
chemistry.
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Promotion of a Reaction by Cooling:
Stereoselective 1,2-cis-a-
Thioglycoconjugation by Thiol-Ene
Coupling at �80 8C

Sulfur sugars : Reaction temperature in-
fluences the thiol-ene reactions of cyclic
alkenes in a very unique fashion: cool-
ing promotes whereas heating inhibits
the reaction. Unfavorable steric and
electronic effects resulting in low con-
versions at room temperature were
overcome by conducting the reactions
at �80 8C. The thiol-ene coupling reac-
tion of 2-substituted hexoglycals at
�80 8C is an efficient strategy for stereo-
selective 1,2-cis-a-thioconjugation.

Borb�s and coworkers from University of Debrecen couple thiol containing glycals: temperature makes the
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