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tric induction by the C-6
substituent on the oxidation reaction of
interglycosidic sulfur atom of thiodisaccharides†

J. P. Colomer,*a A. B. Peñéñory a and O. Varela *bc

Since the enantio or diastereoselective preparation of sulfoxides is a current challenge, we explore the

possibility of inducing diastereoselectivity in the oxidation of the sulfur atom of thiodisaccharides,

according to their substitution patterns. Thus, a series of 3-deoxy-4-S-(b-D-glucopyranosyl)-4-thio-b-D-

xylo-hexopyranoside derivatives, with different substituents at C-6 (OH, OAc or OTBS) of the reducing

end, have been synthesized and treated with m-CPBA for the oxidation of the sulfur atom at C-4, which

is vicinal to C-6. The absolute configuration at the sulfur stereocenter of the resulting sulfoxides was

established taking into account shielding/deshielding anisotropic effects of the S]O bond on the

chemical shift of the NMR signals of selected protons, in the most populated syn f/syn j conformation

of the thiodisaccharide S-oxides. The OAc and OTBS derivatives afforded diastereomeric mixtures of R

and S sulfoxides in a similar ratio (1.4 : 1 and 1.6 : 1, respectively). In contrast, the oxidation of

thiodisaccharide with a free hydroxyl group at C-6 was completely diastereoselective in favor of the R

sulfoxide. The influence of the thiodisaccharide C-6 substituent on the stereochemical course of the

oxidation is discussed.
Introduction

Numerous organic molecules containing sulfoxide functionality
show a wide range of interesting biological activities. Many
compounds of this type are employed as pharmaceuticals (e.g.,
sulforaphane,1 esomeprazole,2 and armodanil3) and present
a specic conguration at the sulfur stereocenter, which is
crucial to generate the desired biological effect. In addition,
enantiomerically pure sulfoxides are employed as powerful
chiral auxiliaries, ligands or catalysts in asymmetric
synthesis.4–7 Therefore, the enantio or diastereoselective prep-
aration of sulfoxides is a current challenge for synthetic organic
chemists. In this regard, a number of procedures for the dia-
stereoselective or enantioselective (including enzymes or
microorganisms) sulfoxidations have been reported.8–11

The oxidation of the sulfur atom of thioglycosides usually
affords diastereomeric mixtures of glycoside sulfoxides, and the
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diastereoselectivity relies on the solvent, the temperature and the
structure and substitution of the starting S-glycoside.12 In some
particular cases, high diastereoselectivities in the oxidation of
thioglycosides have been achieved.13 Witczak and coworkers14

reported the oxidation of thiodisaccharides to sulfoxides or
sulfones, derivatives that inhibit the proliferation of selected
murine and human tumor cell lines. However, the sulfoxides
were obtained as diastereomeric mixtures and the absolute
conguration of the SO group has not been established.

In connection with our work on the synthesis of thio-
disaccharides and their inhibitory activity of specic glycosi-
dases,15–19 we have studied the oxidation of these substrates to
their respective diastereomeric sulfoxides. These compounds
could be successfully separated in many cases and the absolute
conguration of the sulfur stereocenter was determined by
a procedure developed by us.20,21 This procedure is based on
NMR techniques and takes into account anisotropic effects of
the S]O group. Our results were in agreement with those ob-
tained using other methodologies employed to assign the sulfur
absolute conguration of glycosyl sulfoxides.13,22–24

The diastereomers RS and SS of sugar sulfoxides are hydro-
lyzed with different kinetics by acids or glycosidases.12 Thus, we
have prepared and assigned the conguration of sulfur for both
isomers of benzyl 3-deoxy-4-S-(b-D-galactopyranosyl)-4-thio-b-D-
threo-pentopyranoside S-oxides, which showed to be competi-
tive inhibitors of the b-galactosidase from Escherichia coli.20,21

The key structural features of the molecular recognition process
have been determined using NMR techniques and molecular
This journal is © The Royal Society of Chemistry 2017
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modelling.25 The different conguration at sulfur resulted in
dissimilar conformational behavior and in a distinctive
geometrical disposition of the molecule in the active site of the
enzyme. These structural modications justify the different
rates of hydrolysis observed for each diastereoisomer.

Due to the importance of a specic conguration at the
sulfur stereocenter of sulfoxides and as continuation of our
previous work on this subject, we report herein the study of the
oxidation of 3-deoxy-S-(1/4)-disaccharides, with the aim of
achieving high diastereoselectivity in the reaction.
Results and discussion

In order to determine the inuence of the C-6 substituent of the
reducing end, vicinal to the sulfur at C-4, on the stereochemical
course of the oxidation of this atom, a series of 3-deoxy-S-(1/4)-
disaccharides was synthesized. Thus, the synthetic route
employed involved the conjugate addition of 1-thioaldose deriv-
atives to sugar enones followed by reduction of the carbonyl
group, which proved to be highly diastereoselective and high
yielding.17,19 As Michael acceptors, the sugar enones 1–3, with the
C-6 hydroxyl group unprotected (2) or substituted as acetyl ester
(1) or tert-butyldimethylsilyl ether (TBS, 3), were prepared
(Scheme 1). The enone 1 was obtained by the methodology
previously described.26 The deacetylation of 1 to afford 2 was
conducted under mild conditions using bis(tributyltin) oxide27

(TBTO) in order to avoid the elimination of the AcO group at C-6.
Scheme 1 Synthetic sequence to obtain 2H-pyran-3(6H)-ones 1–3.

Scheme 2 Michael addition of thioaldose 4 to 2H-pyran-3(6H)-ones 1

This journal is © The Royal Society of Chemistry 2017
The silylation of the free hydroxyl group of 2 was performed with
tert-butyldimethylsilyl chloride (TBSCl) in MeCN to give the
enone 3.

The conjugate addition of 2,3,4,6-tetra-O-acetyl-1-thio-b-D-
glucopyranose28 (4) to 2H-pyran-3(6H)-ones 1 or 3 was con-
ducted at�18 �C for 1.5 h, in the presence of a catalytic amount
of triethylamine (Et3N). As already described in previous work,
and to avoid the retro-Michael reaction,19 the crude mixture of
2-keto thiodisaccharides 5 (Scheme 2) was treated with sodium
borohydride in MeOH (0 �C, 30 min) for the reduction of the
carbonyl group, to afford the 3-deoxy-4-S-glycosyl-4-
thiohexopyranosides 6–8 (from 1) and 9–11 (from 3). The
control of the temperature was important in order to increase
the diastereoselectivity during the sequence. The NaBH4

reduction requires also a short time, as longer reaction times
led to partial de-O-acetylation of the products.

The mixtures obtained were subjected to column chroma-
tography. The major product isolated starting from 1 was the
thiodisaccharide 6. The 1H NMR spectrum of 6 revealed small
coupling constant values for 4-H, which appeared as a broad
singlet, and for 2-H (J1,2 ¼ 3.5 Hz, J2,3eq.¼ J3eq,4 ¼ 3.7 Hz) indi-
cating the R conguration for the new stereocenters at C-4 and
C-2 (3-deoxy-D-xylo-hexopyranoside conguration for the
reducing end). Similarly, the coupling constant values deter-
mined for 4-H (J3ax,4 ¼ J4,5 ¼ 12.8, J3eq.4 ¼ 3.9 Hz) and for 2-H
(J1,2 ¼ 1.8, J2,3eq ¼ 4.3, J2,3ax ¼ 12.3 Hz), are indicative that the
thiodisaccharide 8, which was isolated as a minor product,
possessed respectively the R and S conguration at C-2 and C-4
(3-deoxy-D-ribo-hexopyranoside). The large J values observed for
J2,3ax, J3ax,4 and J4,5 are result of the axial disposition for both 2-H
and 4-H, in the preferred chair conformation of the 3-deoxy-
pyranoside unit. A third minor component of the mixture was
the thiodisaccharide 7, which was contaminated with a non-
reduced 2-keto thiodisaccharide 5. However, some signals
such as 1-H (broad singlet), 2-H (J2,3a ¼ J2,3b ¼ 4.6 Hz) and 4-H
and 3, followed by reduction, to afford thiodisaccharides 6–11.

RSC Adv., 2017, 7, 44410–44420 | 44411
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(broad singlet) allowed us to assign the conguration of the
reducing end of 7 as 3-deoxy-D-lyxo-hexopyranoside.

Thiodisaccharide 9 was the main product obtained from the
enone 3. This compound showed the same conguration at C-4
and C-2 as that of 6, with equatorial disposition for 4-H (broad
doublet) and axial for 2-H (J1,2 ¼ 3.7, J2,3eq ¼ 3.3 Hz).

The thiodisaccharides 10 and 11 were also isolated as an
inseparable mixture, in a 3.3 : 1 ratio, respectively. The cong-
uration of the new stereocenters at C-4 and C-2 of 10 and 11
were also assigned on the basis of 1H NMR signals that
appeared in a clean region of the spectrum (no overlapped with
other resonances). In the case of 10, the small coupling constant
values for 4-H (broad doublet) and 1-H (broad singlet) suggested
an equatorial disposition for both protons (3-deoxy-D-lyxo-
hexopyranoside conguration). The NMR spectrum of thio-
disaccharide 11 showed coupling constant values for 4-H (J3ax,4
¼ 13.5, J3eq,4 ¼ 4.2, J4,5 ¼ 11.1 Hz) and 2-H (J1,2 ¼ 3.5, J2,3ax ¼
12.4 Hz) in agreement with the axial disposition of 4-H and 2-H
(3-deoxy-D-ribo-hexopyranoside conguration).

The diastereofacial selectivity observed for the conjugate
addition reaction was attributed to the stereocontrol exerted by
the axial disposition of the benzyloxy group of dihydropyr-
anones 1 and 3, in the preferred 0H5 conformation.29 This
conformation is stabilized by the anomeric effect, increased by
the carbonyl group vicinal to the anomeric position,30 and also
because of the equatorial orientation of the bulky substituted
hydroxymethyl group. Similarly, the diastereofacial selectivity in
the borohydride reduction, in favor of the thiodisaccharides 6
and 8, was also attributed to the stereocontrol produced by the
axial benzyloxy group, which induced the approach of the
hydride from the Si face of the carbonyl. On the other hand, the
reduction of the 6-O-TBS substituted intermediate 5, led to an
approximately 1 : 1 ratio of 9 : 10. Probably the steric hindrance
generated by the silyloxymethyl group (even in an equatorial
disposition) in combination with the axially disposed thio-
glycoside unit, both opposite to the benzyloxy group, could
encumber the stereocontrol exerted by this anomeric substit-
uent, leading to a higher proportion of 10.

The free hydroxyl group of thiodisaccharides 6 and 9 was
subjected to acetylation leading to compounds 12 and 13, which
differ in the substitution at C-6. Furthermore, in order to obtain
an analogue with the 6-OH unprotected, the TBS group of
compound 13 was removed using a solution of tetrabuty-
lammonium uoride (TBAF) in THF to afford the desired thio-
disaccharide 14 (Scheme 3).

Having in hand the thiodisaccharides 12–14, with the same
conguration of all the stereocenters but different substitution
at 6-C (OAc, OTBS and OH), they were subjected to oxidation of
Scheme 3 Desilylation reaction of compound 13 to obtain the thio-
disaccharide 14.

44412 | RSC Adv., 2017, 7, 44410–44420
the sulfur atom employing m-chloroperoxybenzoic acid (m-
CPBA) (Scheme 4). The reaction was conducted in 1 : 1 CH2Cl2/
Et2O at 0 �C for 30 min, in order to prevent the oxidation to the
sulfone. Thus, the oxidation of 12 or 13 gave the diastereomeric
mixture of sulfoxides 15R,S or 16R,S, respectively. These poor
selectivity is in agreement with the results of Crich and
coworkers,31 who reported that oxidation of equatorial thio-
glicosides (b conguration) afforded mixtures of sulfoxides,
while the oxidation of axial thioglycosides (a conguration) are
usually highly diastereoselective.

All the efforts to separate the diastereomeric mixture 15R,S
were unsuccessful. However, isomer 15R could be isolated in
pure form by means of the procedure described below. Fortu-
nately, the mixture of sulfoxides 16R and 16S, obtained from 13
in 96% overall yield, could be separated by column chroma-
tography. Interestingly, the oxidation of 14 was highly diaster-
eoselective to afford 17 as a single product in 80% yield. The
stereoisomer 15R was obtained through a short synthetic route
starting from 16R, which was treated with TBAF for O-desilyla-
tion to afford 17R. The NMR spectra of 17R were identical to the
product of oxidation of 14. Acetylation of 17R led to 15R.

The absolute conguration at the sulfur stereocenter of each
individual sulfoxide was determined following the procedure
reported from our laboratory.20,21 For this purpose, it was
necessary to establish the predominant conformations adopted
for each diastereoisomer, as result of the rotation of the thio-
glycosidic linkage. These conformations (rotamers) can be
described according to the torsion angles f (H-10–C-10–S–C-4)
and j (C-10–S–C-4–4-H) dened for such a linkage. The pres-
ence of a given rotamer may be determined by the experimental
detection of characteristic interresidue NOE interactions.16,32–34

Furthermore, the shielding/deshielding effects on the signals of
specic protons in the 1H NMR spectrum were analyzed. Such
effects are produced by the anisotropy of S]O bond (consid-
ered to be of acetylenic character and with axial symmetry) and
with the shielding cones oriented along the S]O linkage.35

Additionally, the shielding effect on hydrogen atoms disposed
a anti-axial to the lone pair of electrons of the sulfoxide group
must be considered, as well as the deshielding of protons
having a syn-axial orientation with respect to the S]O bond.35–38

The oxidation of 12 afforded an inseparable mixture of
sulfoxides 15R,S (which was later determined to be in a ratio
15R : 15S 1.4 : 1). The 1H and 13C NMR spectra of the mixture
were clear enough to assign all the signals of each individual
sulfoxide. As explained above, the assignment of the sulfur
atom conguration required the evaluation of the conformation
of these molecules. The coupling constants values (J) observed
for the vicinal protons of 15 indicated, as expected, a strong
preference for the 4C1 conformation of both hexopyranose
rings. These conformations were conrmed, for each diaste-
reoisomer, by the presence of characteristic intraresidue NOE
cross peaks (3ax-H–5-H; 10-H–30-H, 10-H–50-H, 30-H–50-H, and 20-
H–40-H) in the NOESY spectrum of 15. Key interresidue NOE
contacts were also detected, that allowed the assignment of the
most populated rotamers around of the thioglycosidic linkage.
Thus, the major isomeric sulfoxide (later assigned as 15R)
showed an intense interresidue NOE contact between 3eq-H–10-
This journal is © The Royal Society of Chemistry 2017
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Scheme 4 Oxidation reaction of thiodisaccharides 12–14.
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H, and a barely perceptible cross-peak between 4-H–10H sug-
gesting the presence of the syn f/syn j rotamer. The lack of NOE
interactions between 2-H–10-H and 4-H–20-H revealed that the
respective syn f/anti j and anti f/syn j rotamers were practically
absent. This result is in agreement with the reported preferred
conformation adopted for (1/4)-thiodisaccharides.32,33 This
rotamer is stabilized by the exo-anomeric effect generated by
the sulfur lone-pair disposed anti to the polar C-10–O-10 bond.
Similarly to 15R, the NOESY spectrum of 15S showed as major
rotamer the syn f/syn j (cross peak between 4-H–10-H) and the
anti f/syn j (weak cross peak 4-H–20-H) as minor conformer.

On the other hand, the oxidation reaction of thio-
disaccharide 13 afforded the sulfoxides 16R (59% yield) and 16S
(37%), which were separated by column chromatography. The
coupling constants values (J) observed for the vicinal protons of
16R and 16S also indicated, the almost exclusive 4C1 confor-
mation of both hexopyranose rings. The presence of some
characteristic intraresidue NOE cross peaks in the NOESY
spectra of these sulfoxides also conrmed this observation (10-
H–30-H, 10-H–50-H, 30-H–50-H, and 20-H–40-H). The predomi-
nance of the syn f/syn j form for 16R was established on the
basis of the NOE interactions between 3eq-H–10-H. The detec-
tion of a very weak interaction 4-H–20-H suggested low pop-
ulation of the anti f/syn j conformer. Similarly, the isomer 16S
showed the same preference for the syn f/syn j rotamer (strong
interaction between 4-H–10-H) and the barely perceptible cross-
peak 4H–20-H was indicative of a very low population of the anti
f/syn j form.

Interestingly, oxidation of the thiodisaccharide 14was highly
diastereoselective to give the sulfoxide 17R as the unique
isomer, in 80% yield. As for the other sulfoxides already
Table 1 Relevant 1H NMR chemical shift values of thiodisaccharide
sulfoxides useful to determine the absolute configuration at sulfur
stereocenter

Sulfoxide

Chemical shi d [ppm]

2-H 3eq-H 5-H 6a-H 6b-H

15R 4.70 2.01 4.66 4.46 4.46
15S 5.22 2.50 4.54 4.22 4.22
16R 4.67 2.03 4.55 4.02 3.86
16S 5.18 2.40 4.32 3.72 3.72
17R 4.60 2.05 4.50 3.81 3.74

This journal is © The Royal Society of Chemistry 2017
described, 17R showed a preference for the 4C1 conformation
for both hexopyranose rings, and the intense cross peak 3eq-H–

10-H in the NOESY spectrum suggested the syn f/syn j as the
main rotamer.

Finally, the absolute conguration of the sulfur stereocenter
of each sulfoxide was established according to the chemical
shis observed in their respective 1H NMR spectra. The chem-
ical shi values for the signals of the more relevant protons are
listed in Table 1. As can be seen, the protons 2-H and 3eq-H are
more deshielded in 15S than in 15R, while 5-H, 6a-H and 6b-H
are more shielded in 15S compared with 15R. These chemical
shi differences could be explained considering the anisotropic
effects of the S]O bond on the given protons, according to their
relative special orientation. Thus, as shown in Fig. 1, in the syn
f/syn j conformation of 15S (S conguration at the sulfur
stereocenter) the protons 2-H and 3eq-H are located within the
deshielding cone of S]O bond; while 5-H, 6a-H and 6b-H are
placed near to the sulfur lone pair, lying in a shielding zone.
Similar effects operating in the syn f/syn j conformation of
isomer 15R justify the chemical shis observed. Thus, the
signals of 2-H and 3eq-H appeared upeld in 15R, with respect
to those of 15S, as such protons are sited near to sulfur lone
pair, in a protection zone. In contrast 5-H, 6a-H and 6b-H are
located in the deshielding region of the S]O bond.

The same analysis allowed us to establish the absolute
conguration at the sulfur atom of 16S and 16R. As these
isomers are populating the same rotamer conformations as
found for 16S and 16R, respectively, the invoked anisotropic
effects justify the chemical shis of the protons located near to
the S]O group. Thus, the signal of 2-H and 3eq-H are shied
downeld in 16S respect to 16R, while the opposite displace-
ments are observed for the signals of 5-H, 6a-H and 6b-H, which
are shied upeld in 16S respect to 16R. It is worth to mention
that our assignments are in agreement with those predicted by
the empirical rule which states that the signal of the anomeric
carbon (C-10) of the RS diastereoisomer is shielded upeld with
respect to the same signal in the SS counterpart.23,39

The absolute conguration of 17R was assigned, as a rst
approximation, by comparison of the chemical shi values of
the signals of 2-H and 3eq-H of 17Rwith those of sulfoxides 15S,
15R, 16S and 16R. These two protons, in contrast with 5-H, 6a-H
and 6b-H, are located at a major distance of C-6, and therefore
are less affected by the electronic properties of different
RSC Adv., 2017, 7, 44410–44420 | 44413
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Fig. 1 Conformations of thiodisaccharide sulfoxides 15S, 15R, 16S, 16R and 17R in the predominant conformation syn f/syn j, based on the NOE
interactions detected.

Scheme 5 Diastereoselective delivery of oxygen fromm-CPBA to the
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substituents at C-6. Thus, the chemical shi values observed for
the signals of 2-H and 3eq-H of 17R (Table 1), and also the d1-C0,
were very similar to thosemeasured for 15R and 16R, suggesting
that the absolute conguration of the sulfoxide was also R. It is
important to mention that this analysis could be performed,
because all the thiodisaccharide sulfoxides present the same
preferred syn f/syn j conformation. Therefore, the relative
orientations and anisotropic effects of the S]O bond are ex-
pected to be very similar for compounds with the same S]O
conguration. This assignment was conrmed by conducting
the silylation of the OH-6 of 17R. The NMR spectra of the
product obtained were identical to those of 15R, indicating that
17R possessed the same absolute R conguration at the sulfur
stereocenter.

Next, in order to determine the diastereoselectivity observed
in the oxidation reaction of 12–14, the conformations of these
thiodisaccharides were assessed. As for the corresponding
sulfoxides, the NOESY spectra of thiodisaccharides 12–14
exhibited clear 3eq-H–10-H and 4-H–10H interresidue cross
peaks, suggesting again the syn f/syn j as major rotamer in the
conformational equilibrium. The diastereoselectivity in the
oxidation of thiodisaccharides 12 and 13 were similar, even
when the size of the substituents of C-6, vicinal to the sulfur
atom, is different (tert-butyldimethylsilyloxy versus acetoxy). In
order to explain this behavior, the spatial arrangement of the
TBSO group of 13 was investigated by NOESY spectroscopy. The
NOESY spectrum of 13 showed NOE interactions between the
methyl and t-butyl protons of TBS with 5-H as well as between
the TBS-t-butyl and PhCH2O protons. These cross peaks sug-
gested that the TBS group was located remote to the sulfur
reactive center (probably in a gt conformation for the
44414 | RSC Adv., 2017, 7, 44410–44420
substituted hydromethyl group) and hence the steric hindrance
of TBS on sulfur should be negligible. Therefore, the chemical
environment of sulfur should be similar in the preferred syn f/
syn j conformation of thiodisaccharides 12 and 13, giving rise
to a similar diastereoselectivity during the oxidation. On the
other hand, the NOESY spectrum of 14 showed a NOE interac-
tion between OH and H-4, indicating that the hydroxyl group
was disposed in the proximity of the sulfur reactive center.
Therefore, as described for the epoxidation reaction of allylic
alcohols (Henbest rule),40,41 the hydroxyl group at C-6 can
interact by hydrogen bonding with m-CPBA, and then deliver
the oxidant to the pro-(R) lone pair of electrons of S, which is the
closer electron pair in space in the syn f/syn j conformation,
with complete diastereoselectivity (Scheme 5).

Once stablished the conguration at the sulfur stereocenter
of all thiodisaccharides S-oxides, we proceed with the O-deace-
tylation of the sulfoxide obtained with complete diaster-
eoselectivity 17R. The hydrolysis of the acetyl protecting groups
was performed with a mixture of MeOH/Et3N/H2O (4 : 1 : 5) to
pro-(R) lone pair of electrons of sulfur of 14.

This journal is © The Royal Society of Chemistry 2017
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Scheme 6 Deprotection of thiodisaccharide S-oxide 17R.
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lead the free 3-deoxy-S-(1/4)-disaccharide S-oxide 18R in very
good yield (Scheme 6). The evaluation of the free glycosyl sulf-
oxide as enzyme inhibitor, as well as antitumor agents, is
underway.
Conclusions

The oxidation reaction of the sulfur atom of benzyl 2-O-acetyl-3-
deoxy-4-S-(2,3,4,6-tetra-O-acetyl-b-D-glucopyranosyl)-4-thio-b-D-
xylo-hexopyranosides, with different substituents on C-6 (12–
14), was performed employingm-CPBA as oxidant. The absolute
conguration at the sulfur stereocenter of each sulfoxide was
established taking into account shielding/deshielding aniso-
tropic effects of the S]O bond on the chemical shi of the NMR
signals of selected protons, in the most populated syn f/syn j

conformation of the thiodisaccharide S-oxides.
Oxidation of the sulfur atom of thiodisaccharides with the

hydroxymethyl group (C-6) substituted with acetyl (12) or TBS
(13) afforded the diastereomeric mixtures of sulfoxides 15R,S
and 16R,S, in a similar ratio (1.4 : 1 and 1.6 : 1, respectively). In
contrast, the oxidation of thiodisaccharide 14, with a free
hydroxyl group at C-6 led to a single sulfoxide with R congu-
ration (17R). Under the reaction conditions employed, the
oxidation of all the thiodisaccharides studied was in favor of the
R-isomer. The selectivity observed may be justied taking into
account that, in the most populated syn f/syn j conformer of
the precursors, the pro-(R) lone pair of electrons of sulfur is less
hindered that the pro-(S). The comparable selectivity in the
oxidation reaction of 12 and 13 suggested a similar environ-
ment around the sulfur atom. In fact, the TBS substituent on 13
was located remote to this reactive center (as shown by NOE
experiments) and the steric hindrance produced by the bulky
group should be negligible. The asymmetric induction in the
oxidation of 14 may be attributed to a hydrogen bonding
interaction of the OH group with m-CPBA, delivering the
oxidant to the pro-(R) lone pair of electrons, which is closer in
space in the syn f/syn j conformation of the thiodisaccharide.
In agreement with this result, an enhanced diastereoselectivity
was observed for the oxidation of thioglycosides when the
vicinal OH group at C-2 was unprotected.12,39
Experimental section
General methods

Column chromatography was carried out with silica gel 60 (230–
400 mesh). Analytical thin-layer chromatography (TLC) was
carried out on silica gel 60 F254 aluminium backed plates (layer
thickness 0.2mm). Compounds were visualized by UV absorption
at 254 nm, and by charring with a solution of
This journal is © The Royal Society of Chemistry 2017
(NH4)6Mo7O24$4H2O 25 g L�1, (NH4)4Ce(SO4)4$2H2O 10 g L�1 and
10% H2SO4 in H2O. Optical rotations were measured at 25 �C in
a 1 dm cell in the solvent indicated. Nuclear magnetic resonance
(NMR) spectra were recorded at 400 or 500 MHz (1H) and 100.0 or
125.7 MHz (13C). Chemical shis were referred to tetramethylsi-
lane or to the residual solvent peak (CHCl3:

1H: d¼ 7.26 ppm, 13C:
d ¼ 77.2 ppm). Assignments of 1H and 13C NMR spectra were
supported by 2D 1H–COSY, NOESY and 2D 1H–13C HSQC and
HMBC experiments. High-resolution mass spectra (HRMS) were
obtained using the electrospray ionization (ESI) technique and Q-
TOF detection.

Benzyl 3,4-dideoxy-a-D-glycero-hex-3-enopyranosid-2-ulose (2).
A solution of enone 1 (282 mg, 1.01 mmol), TBTO (1 mL, 1.96
mmol) in toluene (8mL) was stirred at 80 �C for 20 h. The reaction
was monitored by TLC (pentane/EtOAc, 1 : 1), until complete
conversion of the starting material (Rf ¼ 0.80) into a more polar
product (Rf ¼ 0.52). The mixture was concentrated and the
residue dissolved in MeCN (60 mL) and extracted with hexane (4
� 30 mL). The acetonitrile phase was concentrated and the
residue was puried by column chromatography using hexane/
EtOAc (2 : 1 / 1 : 1) as eluent, to give enone 2 (213 mg, 90%)
as a light yellow syrup. [a]28D ¼ +65.5 (c¼ 1.0, CHCl3).

1HNMR (400
MHz, CDCl3): d¼ 7.37–7.30 (m, 5H, PhCH2O), 6.98 (dd, J3,4¼ 10.6,
J4,5¼ 1.6 Hz, 1H, 4-H), 6.20 (dd, J3,4¼ 10.6, J3,5¼ 2.3 Hz, 1H, 3-H),
5.00 (s, 1H, 1-H), 4.83 (d, J ¼ 11.8 Hz, 1H, PhCH2O), 4.74 (d, J ¼
11.8 Hz, 1H, PhCH2O), 4.61 (m, 1H, 5-H), 3.85 (br. d, J6a,6b ¼
11.3 Hz, 1H, 6a-H), 3.77 (dd, J6a,6b¼ 10.9, J5,6b¼ 4.4 Hz, 1H, 6b-H),
1.90 (br. s, 1H, OH) ppm. 13C NMR (100 MHz, CDCl3): d ¼ 188.6
(C-2), 148.2 (C-4), 136.8, 128.7, 128.3 (�2) (C-aromatic), 126.6 (C-
3), 97.3 (C-1), 71.3 (PhCH2O), 69.7 (C-5), 64.4 (C-6) ppm. HRMS
(ESI): calcd for C13H14NaO4 257.0784 [M + Na]+; found 257.0793.

Benzyl 3,4-dideoxy-6-O-(tert-butyldimethylsilyl)-a-D-glycero-
hex-3-enopyranosid-2-ulose (3). To a solution of enone 2
(614 mg, 2.62 mmol) and TBSCl (526 mg, 3.49 mmol) in MeCN
(3.2 mL) was added imidazole (396mg, 5.82mmol). Themixture
was stirred at room temperature for 30 min, when TLC (hexane/
EtOAc 1 : 1) showed until complete conversion of the starting
material (Rf ¼ 0.28) into a faster moving compound (Rf ¼ 0.82).
The reaction mixture was diluted with CH2Cl2 (50 mL) and
washed with water (3 � 40 mL). The organic layer was dried
(MgSO4) and ltered. The evaporation of the solvent gave an oily
residue, which was puried by column chromatography
employing hexane/EtOAc (97 : 3 / 90 : 10). The enone 3 was
isolated as a syrup (592 mg, 65%). [a]28D ¼ +11.5 (c¼ 1.0, CHCl3).
1H NMR (500MHz, CDCl3): d¼ 7.37–7.30 (m, 5H, PhCH2O), 7.11
(dd, J3,4¼ 10.6, J4,5¼ 1.6 Hz, 1H, 4-H), 6.16 (dd, J3,4¼ 10.6, J3,5¼
2.4 Hz, 1H, 3-H), 4.95 (s, 1H, 1-H), 4.83 (d, J ¼ 11.7, 1H,
PhCH2O), 4.72 (d, J¼ 11.7, 1H, PhCH2O), 4.53 (m, 1H, 5-H), 3.86
(dd, J6a,6b¼ 10.2, J5,6a¼ 5.6 Hz, 1H, 6a-H), 3.67 (dd, J6a,6b¼ 10.0,
J5,6b ¼ 7.0 Hz, 1H, 6b-H), 0.91 (s, 9H, Si(CH3)2C(CH3)3), 0.10,
0.09 (2 s, 6H, Si(CH3)2C(CH3)3) ppm. 13C NMR (125.7 MHz,
CDCl3): d ¼ 189.0 (C-2), 149.5 (C-4), 136.9, 128.6, 128.2 (�2) (C-
aromatic), 125.4 (C-3), 97.1 (C-1), 71.0 (OCH2Ph), 69.6 (C-5), 64.6
(C-6), 25.9 (Si(CH3)2C(CH3)3), 18.4 (Si(CH3)2C(CH3)3), �5.2 (�2)
(Si(CH3)2C(CH3)3)) ppm. HRMS (ESI): calcd for C19H28NaO4Si
371.1649 [M + Na]+; found 371.1663.
RSC Adv., 2017, 7, 44410–44420 | 44415
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General procedure for the conjugate addition and NaBH4

reduction reactions

The corresponding 2H-pyran-3(6H)-one (0.50 mmol) and thio-
aldose 4 (182 mg, 0.50 mmol) were dissolved in anhydrous
CH2Cl2 (1.0 mL) and cooled to �18 �C. A solution of NEt3 (3.8
mL) in CH2Cl2 (0.2 mL) was added, and the mixture was stirred
at�18 �C for 1.5 h, when TLC showed complete consumption of
the starting materials. The mixture was concentrated and the
residue was dissolved in dry MeOH (2.7 mL) and treated with
sodium borohydride (21 mg, 0.56 mmol) at 0 �C for 30 min.
Then, the mixture was stirred in batch with Dowex 50W (H+)
resin, ltered, and concentrated. Column chromatography of
the residue with pentane/EtOAc (4 : 1 / 1 : 1) afforded the
desired thiodisaccharides.
Michael addition of thioaldose 4 to enone 1

Benzyl 6-O-acetyl-3-deoxy-4-S-(2,3,4,6-tetra-O-acetyl-b-D-glu-
copyranosyl)-4-thio-a-D-erythro-hexopyranosid-2-ulose (5) and
benzyl 6-O-acetyl-3-deoxy-4-S-(2,3,4,6-tetra-O-acetyl-b-D-gluco-
pyranosyl)-4-thio-a-D-lyxo-hexopyranoside (7). Column chroma-
tography of the residue afforded rst the less polar products (Rf ¼
0.34, pentane/EtOAc, 1 : 1) which were identied as a mixture of
non-reduced 2-keto thiodisaccharide 5 and thiodisaccharide 7
(56 mg, 17%, ratio 5 : 7, 0.7 : 1), 1H NMR (400 MHz, CDCl3) data
for 5: d ¼ 7.37–7.30 (m, 5H, PhCH2O overlapping with PhCH2O of
7), 5.19 (t, J20,30 ¼ J30,40 ¼ 9.3 Hz, 1H, 30-H), 5.03 (t, J30,40 ¼ J40,50 ¼
9.7 Hz, 1H, 40-H), 4.95 (dd, J10,20 ¼ 10.0, J20,30 ¼ 9.4 Hz, 20-H), 4.78 (s,
1H, 1-H), 4.77 (d, J ¼ 11.7 Hz, 1H, PhCH2O), 4.62 (d, J ¼ 12.5 Hz,
1H, PhCH2O), 4.61 (d, J10,20 ¼ 9.9 Hz, 1H, 10-H), 4.52 (dd, J6a,6b ¼
11.7, J5,6a¼ 1.4 Hz, 1H, 6a-H), 4.34 (dd, J6a,6b¼ 12.0, J5,6b¼ 5.3 Hz,
1H, 6b-H), 4.29–4.19 (m, 1H, 5-H overlapping with 6a-H, 6b-H, 60a-
H of 7), 4.14 (m, 2H, 60a-H, 60b-H overlapping with 60b-H of 7), 3.63
(ddd, J40,50 ¼ 9.9, J ¼ 5.2, J ¼ 2.3 Hz, 1H, 50-H), 3.32 (m, 1H, 4-H
overlapping with 4-H of 7), 2.91 (dd, J3a,3b ¼ 15.0, J2,3a ¼ 12.0 Hz,
1H, 3a-H), 2.85 (dd, J3a,3b ¼ 15.0, J2,3b ¼ 6.4 Hz, 1H, 3b-H), 2.11–
1.99 (5s, 15H, COCH3 overlapping with COCH3 of 7) ppm. 13C
NMR (CDCl3, 100.0 MHz) data for 5: d ¼ 198.8 (C-2), 170.7–169.4
(COCH3 � 5 overlapping with COCH3 of 7), 136.3, 128.8, 128.3,
128.1 (C-aromatic), 98.2 (C-1), 83.0 (C-10), 76.0 (C-50), 73.7 (C-30),
70.3 (C-5), 70.2 (C-20), 70.1 (PhCH2O), 68.2 (C-40), 63.7 (C-6), 62.1
(C-60), 43.4 (C-3), 42.6 (C-4), 20.9–20.7 (COCH3 � 5 overlapping
with COCH3 of 7) ppm. HRMS (ESI) data for 5: calcd for
C29H36NaO14S 663.1718 [M + Na]+; found 663.1720.1H NMR (400
MHz, CDCl3) data for disaccharide 7: d ¼ 7.37–7.30 (m, 5H,
PhCH2O overlapping with PhCH2O of 5), 5.23 (t, J20,30 ¼ J30,40 ¼
9.3 Hz, 1H, 30-H), 5.09 (t, J30,40 ¼ J40,50 ¼ 9.1 Hz, 1H, 40-H), 5.04 (t,
J10,20 ¼ J20,30 ¼ 9.1 Hz, 1H, 20-H), 4.85 (br. s, 1H, 1-H), 4.73 (d, J ¼
11.6 Hz, 1H, PhCH2O), 4.67 (d, J10,20 ¼ 10.1 Hz, 1H, 10-H), 4.50 (d, J
¼ 11.6 Hz, 1H, PhCH2O), 4.42 (m, 1H, 5-H), 4.29–4.19 (m, 3H, 6a-
H, 6b-H, 60a-H, overlapping with 5-H of 5), 4.10 (m, 1H, 60b-H
overlapping with 60a-H and 60b-H of 5), 3.70 (m, 2H, 2-H, 50-H),
3.50 (d, JOH,2 ¼ 9.9 Hz, 1H, OH) 3.32 (br. s, 1H, 4-H overlapping
with 4-H of 5), 2.29 (m, 2H, 3a-H, 3b-H), 2.11–1.99 (5s, 15H,
COCH3 overlapping with COCH3 of 5) ppm. 13C NMR (CDCl3,
100.0 MHz) data for disaccharide 7: d ¼ 170.7–169.4 (COCH3 � 5
overlapping with COCH3 of 5), 137.1, 128.7, 128.5, 128.3 (C-
44416 | RSC Adv., 2017, 7, 44410–44420
aromatic), 99.9 (C-1), 82.2 (C-10), 76.3 (C-50), 73.9 (C-30), 69.9 (C-
20), 69.2 (PhCH2O), 68.5 (C-5), 68.2 (C-40), 67.1 (C-2), 65.3 (C-6), 62.0
(C-60), 39.1 (C-4), 30.9 (C-3), 20.9–20.7 (COCH3 � 5 overlapping
with COCH3 of 7) ppm. HRMS (ESI) data for 7: calcd for
C29H38NaO14S 665.1874 [M + Na]+; found 665.1867.

Benzyl 6-O-acetyl-3-deoxy-4-S-(2,3,4,6-tetra-O-acetyl-b-D-glu-
copyranosyl)-4-thio-a-D-xylo-hexopyranoside (6). Column chro-
matography of the residue afforded a second product (Rf ¼ 0.23,
pentane/EtOAc, 1 : 1), which was identied as thiodisaccharide 6
(135 mg, 37%). 1H NMR (400 MHz, CDCl3): d ¼ 7.38–7.30 (m, 5H,
PhCH2O), 5.20 (t, J20,30 ¼ J30,40 ¼ 9.3 Hz, 1H, 30-H), 5.07 (t, J30,40 ¼ J40,50
¼ 9.7 Hz, 1H, 40-H), 5.00 (t, J10,20 ¼ J20,30 ¼ 9.6 Hz, 1H, 20-H), 4.91 (d,
J1,2 ¼ 3.5 Hz, 1H, 1-H), 4.76 (d, J ¼ 11.5 Hz, 1H, PhCH2O), 4.58 (d,
J10,20 ¼ 10.1 Hz, 1H, 10-H), 4.51 (d, J ¼ 11.5 Hz, 1H, PhCH2O), 4.27
(m, 1H, 5 H), 4.23–4.11 (m, 4H, 6a-H, 6b-H, 60a-H, 60b-H), 4.06 (m,
1H, 2-H), 3.66 (ddd, J40,50 ¼ 9.9, J50,60a ¼ 4.6, J50,60b ¼ 2.4 Hz, 1H, 50-
H), 3.32 (br. s, 1H, 4-H), 2.19 (dt, J3a,3b¼ 12.6, J2,3a¼ J3a,4¼ 3.7 Hz,
1H, 3a-H), 2.09 (m, 1H, 3b-H), 2.07, 2.05 (�2), 2.01, 1.99 (5s, 15H,
CH3CO) ppm. 13C NMR (100 MHz, CDCl3): d¼ 170.8, 170.7, 170.2,
169.5 (�2) (COCH3), 137.0, 128.7, 128.3 (�2) (C-aromatic), 97.2 (C-
1), 83.1 (C-10), 76.1 (C-50), 74.0 (C-30), 70.1 (C-20), 69.5 (PhCH2O),
68.4 (�2, C-5, C-40), 65.5 (C-6), 64.4 (C-2), 62.1 (C-60), 43.2 (C-4), 35.0
(C-3), 20.9, 20.8, 20.7 (�3) (COCH3) ppm. HRMS (ESI): calcd for
C29H38NaO14S 665.1874 [M + Na]+; found 665.1875.

Benzyl 6-O-acetyl-3-deoxy-4-S-(2,3,4,6-tetra-O-acetyl-b-D-glu-
copyranosyl)-4-thio-a-D-ribo-hexopyranoside (8). Next, the more
polar product was isolated (Rf ¼ 0.19, pentane/EtOAc, 1 : 1) and
identied as thiodisaccharide 8 (66 mg, 18%) and was obtained as
a white solid, mp at 113.6 �C (dec.).[a]25D ¼ +30.4 (c ¼ 1.0, CHCl3).
1H NMR (400 MHz, CDCl3): d ¼ 7.38–7.30 (m, 5H, PhCH2O), 5.18
(t, J20,30 ¼ J30,40 ¼ 9.3 Hz, 1H, 30-H), 5.03 (t, J30,40 ¼ J40,50 ¼ 9.8 Hz, 1H,
40-H), 4.95 (t, J10,20 ¼ J20,30 ¼ 9.5 Hz, 1H, 20-H), 4.93 (d, J1,2 ¼ 1.8 Hz,
1H, 1-H), 4.75 (d, J ¼ 11.7 Hz, 1H, PhCH2O), 4.58 (d, J10,20 ¼
10.3 Hz, 1H, 10-H), 4.55 (d, J ¼ 11.8 Hz, 1H, PhCH2O), 4.45 (dd,
J6a,6b¼ 11.9, J5,6a¼ 1.3 Hz, 1H, 6a-H), 4.28 (dd, J6a,6b¼ 12.0, J5,6b¼
5.4 Hz, 1H, 6b-H), 4.16 (dd, J60a,60b ¼ 12.1, J50,60a ¼ 5.1 Hz, 1H, 60a-
H), 4.05 (dd, J60a,60b ¼ 12.4, J50,60b ¼ 1.9 Hz, 1H, 60b-H), 3.80 (ddd,
J4,5 ¼ 11.0, J5,6b ¼ 5.4, J5,6a ¼ 1.4 Hz, 1H, 5-H), 3.75 (m, 1H, 2-H),
3.59 (ddd, J40,50 ¼ 9.5, J50,60a ¼ 4.7, J50,60b 2.0 Hz, 1H, 50-H), 2.90 (td,
J3b,4 ¼ J4,5 ¼ 12.8, J3a,4 ¼ 3.9 Hz, 1H, 4-H), 2.26 (dt, J3a,3b ¼ 11.8,
J2,3a¼ J3a,4¼ 4.3 Hz, 1H, 3a-H), 2.10, 2.07, 2.03, 2.01, 1.99 (5s, 15H,
CH3CO), 1.88 (q, J2,3b¼ J3a,3b¼ J3b,4¼ 12.3 Hz, 1H, 3b-H) ppm. 13C
NMR (100 MHz, CDCl3): d ¼ 170.7, 170.6, 170.2, 169.4 (�2)
(COCH3), 137.1, 128.7, 128.3, 128.2 (C-aromatic), 97.1 (C-1), 82.8
(C-10), 75.9 (C-50), 73.8 (C-30), 70.2 (C-5), 70.1 (C-20), 69.7 (PhCH2O),
68.2 (C-40), 67.8 (C-2), 64.2 (C-6), 62.1 (C-60), 39.8 (C-4), 35.9 (C-3),
21.0, 20.8, 20.7 (�3) (COCH3) ppm. HRMS (ESI): calcd for
C29H38NaO14S 665.1874 [M + Na]+; found 665.1872.
Michael addition of thioaldose 4 to enone 3

Benzyl 3-deoxy-6-O-(tert-butyldimethylsilyl)-4-S-(2,3,4,6-
tetra-O-acetyl-b-D-glucopyranosyl)-4-thio-a-D-lyxo-hexopyranoside
(10) and benzyl 3-deoxy-6-O-(tert-butyldimethylsilyl)-4-S-(2,3,4,6-
tetra-O-acetyl-b-D-glucopyranosyl)-4-thio-a-D-ribo-hexopyranoside
(11). The rst fraction isolated from the column was in fact
a mixture of two disaccharides (Rf ¼ 0.70, pentane/EtOAc, 1 : 1).
This journal is © The Royal Society of Chemistry 2017
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They were identied as 10 and 11 (235 mg, 44%, ratio 10/11
3.3 : 1.0). 1H NMR (400MHz, CDCl3) data for disaccharide 10: d¼
7.37–7.28 (m, 5H, PhCH2O overlapping with PhCH2O of 11), 5.23
(t, J20,30 ¼ J30,40 ¼ 9.3 Hz, 1H, 30-H), 5.09 (t, J30,40 ¼ J40,50 ¼ 9.8 Hz, 1H,
40-H), 5.03 (t, J10,20 ¼ J20,30 ¼ 9.8 Hz, 1H, 20-H overlapping with 40-H
of 11), 4.85 (br. s, 1H, 1-H), 4.76 (d, J¼ 11.7Hz, 1H, PhCH2O), 4.71
(d, J10,20 ¼ 10.0 Hz, 1H, 10-H), 4.51 (d, J ¼ 11.7 Hz, 1H, PhCH2O),
4.26 (m, 1H, 5-H), 4.23 (dd, J60a,60b ¼ 12.5, J50,60a ¼ 4.8 Hz, 1H, 60a-
H), 4.09 (dd, J60a,60b ¼ 12.4, J50,60b ¼ 2.2 Hz, 1H, 60b-H), 3.76–3.64
(m, 4H, 6a-H, 6b-H, 50-H, 2-H overlapping with 2-H of 11), 3.36 (br.
d, J ¼ 2.5 Hz, 1H, 4-H), 2.26 (m, 2H, 3a-H, 3b-H overlapping with
3a-H of 11), 2.05–1.98 (4 s, 12H, CH3CO overlapping with CH3CO
of 11), 0.88 (s, 9H, Si(CH3)2C(CH3)3), 0.08, 0.07 (2 s, 6H,
Si(CH3)2C(CH3)3 overlapping with Si(CH3)2C(CH3)3 of 11) ppm.
13C NMR (CDCl3, 100.0MHz) data for isomer 10: d¼ 170.6, 170.2,
169.5, 169.4 (CH3CO), 137.4, 128.6, 128.3, 128.0 (C-aromatic),
100.0 (C-1), 81.6 (C-10), 76.1 (C-50), 74.0 (C-30 overlapping with C-
30 of 11), 71.1 (C-5), 70.2 (C-20), 69.0 (PhCH2O), 68.3 (C-40), 67.5 (C-
2), 64.3 (C-6), 62.1 (C60), 38.8 (C-4), 30.2 (C-3), 26.0 (Si(CH3)2-
C(CH3)3), 20.8–20.6 (CH3CO), 18.3 (Si(CH3)2C(CH3)3), �5.2, �5.3
(Si(CH3)2C(CH3)3) ppm. 1H NMR (400 MHz, CDCl3) data for
disaccharide 11: d ¼ 7.37–7.28 (m, 5H, PhCH2O overlapping with
PhCH2O of 10), 5.15 (t, J20,30 ¼ J30,40 ¼ 9.3 Hz, 1H, 30-H), 5.03 (t, J30,40
¼ J40,50 ¼ 9.6 Hz, 1H, 40-H overlapping with 20-H of 10), 4.93 (dd,
J10,20 ¼ 10.1, J20,30 ¼ 9.4 Hz, 20-H), 4.89 (d, J1,2 ¼ 3.5 Hz, 1H, 1-H),
4.76 (d, J10,20 ¼ 10.2 Hz, 1H, 10-H), 4.73 (d, J ¼ 9.9 Hz, 1H,
PhCH2O), 4.54 (d, J ¼ 9.9 Hz, 1H, PhCH2O), 4.18 (dd, J60a,60b ¼
12.4, J50,60a ¼ 5.1 Hz, 1H, 60a-H), 4.05 (dd, J60a,60b ¼ 12.5, J50,60b ¼
2.1 Hz, 1H, 60b-H), 3.93 (dd, J6a,6b¼ 11.5, J5,6a¼ 3.7 Hz, 1H, 6a-H),
3.79 (dd, J6a,6b ¼ 11.3, J5,6a ¼ 0.8 Hz, 1H, 6b-H), 3.76–3.64 (m, 1H,
2-H, overlapping with 6a-H, 6b-H, 50-H, 2 H of 10), 3.58 (ddd, J40,50
¼ 10.0, J50,60a ¼ 5.1, J50,60b ¼ 2.2 Hz, 1H, 50-H), 3.52 (br. dd, J4,5 ¼
10.8, J5,6b ¼ 1.9 Hz, 1H, 5-H), 3.01 (ddd, J3b,4 ¼ 13.5, J4,5 ¼ 11.1,
J3a,4 ¼ 4.2 Hz, 1H, 4-H), 2.26 (m, 1H, 3a-H overlapping with 3a-H
and 3b-H of 10), 2.05–1.98 (4 s, 12H, CH3CO overlapping with
CH3CO of 10), 1.83 (q, J2,3b ¼ J3a,3b ¼ J3b,4 ¼ 12.4 Hz, 1H, 3b-H),
0.91 (s, 9H, Si(CH3)2C(CH3)3), 0.09, 0.07 (2s, 6H, Si(CH3)2-
C(CH3)3 overlapping with Si(CH3)2C(CH3)3 of 10) ppm. 13C NMR
(CDCl3, 100.0 MHz) data for isomer 11: d ¼ 170.7, 170.2, 169.5,
169.3 (CH3CO), 137.5, 128.6, 128.1, 128.0 (C-aromatic), 97.2 (C-1),
83.3 (C-10), 75.8 (C-50), 74.0 (C-30 overlapping with C-30 of 10), 73.2
(C-5), 70.4 (C-20), 69.4 (PhCH2O), 68.3 (C-40), 68.1 (C-2), 62.8 (C-6),
62.2 (C60), 39.1 (C-4), 35.7 (C-3), 26.1 (Si(CH3)2C(CH3)3), 20.8–20.6
(CH3CO), 18.5 (Si(CH3)2C(CH3)3), �4.9, �5.1 (Si(CH3)2C(CH3)3)-
ppm. HRMS (ESI): calcd for C33H50NaO13SSi 737.2634 [M + Na]+;
found 737.2661.

Benzyl 3-deoxy-6-O-(tert-butyldimethylsilyl)-4-S-(2,3,4,6-tetra-
O-acetyl-b-D-glucopyranosyl)-4-thio-a-D-xylo-hexopyranoside (9).
The second fraction of the column afforded the more polar
compound (Rf ¼ 0.60, pentane/EtOAc, 1 : 1), which was obtained
as a colourless syrupy and identied as thiodisaccharide 9
(168 mg, 31%). [a]20D ¼ +16.8 (c ¼ 1.1, CHCl3).

1H NMR (400 MHz,
CDCl3): d ¼ 7.36–7.28 (m, 5H, PhCH2O), 5.19 (t, J20,30 ¼ J30,40 ¼
9.3 Hz, 1H, 30-H), 5.07 (t, J30,40 ¼ J40,50 ¼ 9.7 Hz, 1H, 40-H), 5.00 (t,
J10,20 ¼ J20,30 ¼ 9.6Hz, 1H, 20-H), 4.89 (d, J1,2¼ 3.7 Hz, 1H, 1-H), 4.79
(d, J ¼ 11.6 Hz, 1H, PhCH2O), 4.58 (d, J10,20 ¼ 10.1 Hz, 1H, 10-H),
4.51 (d, J¼ 11.5 Hz, 1H, PhCH2O), 4.21 (dd, J60a,60b ¼ 12.4, J50,60a ¼
This journal is © The Royal Society of Chemistry 2017
4.7 Hz, 1H, 60a-H), 4.11–4.06 (m, 3H, 60b-H, 5-H, 2-H), 3.67 (m, 2H,
6a-H, 6b-H), 3.64 (ddd, J40,50 ¼ 9.7, J50,60a ¼ 4.6, J50,60b ¼ 2.4 Hz, 1H,
50-H), 3.34 (br. d, J¼ 2.0 Hz, 1H, 4-H), 2.15 (dt, J3a,3b¼ 11.7, J2,3a¼
J3a,4 ¼ 3.3 Hz, 1H, 3a-H), 2.05, 2.03, 2.00, 1.98 (4s, 13H, CH3CO
overlapping with 3b-H), 0.88 (s, 9H, Si(CH3)2C(CH3)3), 0.07, 0.06
(2s, 6H, Si(CH3)2C(CH3)3) ppm. 13C NMR (100 MHz, CDCl3): d ¼
170.7, 170.2, 169.5, 169.4 (COCH3), 137.3, 128.6, 128.3, 128.1 (C-
aromatic), 97.1 (C-1), 82.7 (C-10), 76.0 (C-50), 74.0 (C-30), 71.3 (C-
5), 70.4 (C-20), 69.1 (PhCH2O), 68.3 (C-40), 64.6 (C-2), 64.4 (C-6),
62.1 (C-60), 42.8 (C-4), 34.5 (C-3), 26.0 (Si(CH3)2C(CH3)3), 20.8,
20.7, 20.6 (�2) (COCH3), 18.3 (Si(CH3)2C(CH3)3), �5.2 (�2)
(Si(CH3)2C(CH3)3) ppm. HRMS (ESI): calcd for C33H50NaO13SSi
737.2634 [M + Na]+; found 737.2623.
General procedure for the O-acetylation of thiodisaccharides

To a solution of thiodisaccaride (0.16 mmol) in pyridine (1 mL)
was added dropwise Ac2O (1 mL). The reaction was stirred at
room temperature for 3 h. Then, the mixture was cooled in an
ice/water bath and MeOH was added dropwise (1 mL) and
stirred for 30 min. The evaporation of the solvent followed by
co-evaporation with toluene (3 � 1 mL) afforded the desired
pure product.

Benzyl 3-deoxy-2,6-di-O-acetyl-4-S-(2,3,4,6-tetra-O-acetyl-b-D-
glucopyranosyl)-4-thio-a-D-xylo-hexopyranoside (12). The disac-
charide 6 was O-acetylated to afford a 12 (121 mg, 98%) as
a white solid, mp at 110 �C (dec.). Rf ¼ 0.53 (pentane/EtOAc,
1 : 1). [a]25D ¼ +28.5 (c ¼ 1.2, CHCl3).

1H NMR (400 MHz,
CDCl3): d ¼ 7.36–7.29 (m, 5H, PhCH2O), 5.21 (m, 2H, 2-H, 30-H),
5.08 (t, J30,40 ¼ J40,50 9.7 Hz, 1H, 40-H), 5.01 (t, J10,20 ¼ J20,30 ¼ 9.6 Hz,
1H, 20-H), 5.01 (d, J1,2¼ 3.2 Hz, 1H, 1-H), 4.74 (d, J¼ 12.0 Hz, 1H,
PhCH2O), 4.61 (d, J10,20 ¼ 10.0 Hz, 1H, 10-H), 4.52 (d, J ¼ 12.0 Hz,
1H, PhCH2O), 4.36 (m, 1H, 5-H), 4.21 (dd, J60a,60b ¼ 12.5, J50,60a ¼
4.6 Hz, 1H, 60a-H), 4.16 (m, 2H, 6a-H, 6b-H), 4.13 (dd, J60a,60b ¼
12.5, J50,60b ¼ 2.3 Hz, 1H, 60b-H), 3.67 (ddd, J40,50 ¼ 9.9, J50,60a ¼
4.4, J50,60b ¼ 2.4 Hz, 1H, 50-H), 3.39 (br. d, J ¼ 2.1 Hz, 1H, 4-H),
2.34 (td, J2,3a ¼ J3a,3b ¼ 12.6, J3a,4 ¼ 3.6 Hz, 1H, 3a-H), 2.14 (m,
1H, 3b-H), 2.07, 2.06 (�2), 2.03, 2.01, 1.99 (COCH3) ppm. 13C
NMR (100 MHz, CDCl3): d ¼ 170.7, 170.6, 170.2 (�2), 169.7,
169.4 (COCH3), 137.3, 128.6, 128.1, 128.0 (C-aromatic), 94.9 (C-
1), 82.8 (C-10), 76.1 (C-50), 73.9 (C-30), 70.0 (C-20), 69.2 (PhCH2O),
68.3 (�2, C-40, C-5), 66.9 (C-2), 65.4 (C-6), 62.0 (C-60), 42.9 (C-4),
30.9 (C-3), 21.1, 20.9, 20.8, 20.7 (�3) (COCH3). HRMS (ESI): calcd
for C31H40NaO15S 707.1980 [M + Na]+; found 707.1959.

Benzyl 2-O-acetyl-3-deoxy-6-O-(tert-butyldimethylsilyl)-4-S-
(2,3,4,6-tetra-O-acetyl-b-D-glucopyranosyl)-4-thio-a-D-xylo-hexopy-
ranoside (13). The O-acetylation of compound 9 gave the thio-
disaccharide 13 (167 mg, 100%) as a colourless syrup. (Rf ¼ 0.73,
pentane/EtOAc, 1 : 1). [a]20D ¼ +21.5 (c¼ 1.0, CHCl3).

1HNMR (400
MHz, CDCl3): d ¼ 7.34–7.28 (m, 5H, PhCH2O), 5.24 (m, 1H, 2-H),
5.21 (t, J20,30 ¼ J30,40 ¼ 9.4 Hz, 1H, 30-H), 5.08 (t, J30,40 ¼ J40,50 ¼
9.7 Hz, 1H, 40-H), 5.01 (t, J10,20 ¼ J20,30 ¼ 9.9 Hz, 1H, 20-H), 4.98 (d,
J1,2¼ 3.3 Hz, 1H, 1-H), 4.77 (d, J¼ 12.1 Hz, 1H, PhCH2O), 4.60 (d,
J10,20 ¼ 10.1 Hz, 1H, 10-H), 4.53 (d, J ¼ 12.1 Hz, 1H, PhCH2O), 4.22
(dd, J60a,60b ¼ 12.3, J50,60a ¼ 4.7 Hz, 1H, 60a-H), 4.20 (m, 1H, 5-H),
4.09 (dd, J60a,60b ¼ 12.3, J50,60b ¼ 2.2 Hz, 1H, 60b-H), 3.66 (m, 3H, 50-
H, 6a-H, 6b-H), 3.41 (br. d, J ¼ 2.1 Hz, 1H, 4-H), 2.31 (td, J2,3a ¼
RSC Adv., 2017, 7, 44410–44420 | 44417
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J3a,3b ¼ 12.3, J3,4 ¼ 3.3 Hz, 1H, 3a-H), 2.12 (m, 1H, 3b-H), 2.06,
2.05, 2.04, 2.01, 1.99 (COCH3), 0.89 (s, 9H, Si(CH3)2C(CH3)3), 0.08,
0.07 (2s, 6H, Si(CH3)2C(CH3)3).

13C NMR (100 MHz, CDCl3): d ¼
170.6, 170.3, 170.2, 169.9, 169.5 (COCH3), 137.5, 128.5, 128.0,
127.9 (C-aromatic), 94.7 (C-1), 82.4 (C-10), 76.0 (C-50), 74.0 (C-30),
71.2 (C-5), 70.2 (C-20), 68.9 (OCH2Ph), 68.4 (C-40), 67.2 (C-2), 64.4
(C-6), 62.1 (C-60), 42.5 (C-4), 30.3 (C-3), 26.0 (Si(CH3)2C(CH3)3),
21.1, 20.8, 20.7 (�3) (COCH3), 18.4 (Si(CH3)2C(CH3)3), �5.2 (�2,
Si(CH3)2C(CH3)3) ppm. HRMS (ESI): calcd for C35H52NaO14SSi
779.2739 [M + Na]+; found 779.2721.

Desilylation reaction of thiodisaccharide 13

Benzyl 2-O-acetyl-3-deoxy-4-S-(2,3,4,6-tetra-O-acetyl-b-D-glu-
copyranosyl)-4-thio-a-D-xylo-hexopyranoside (14). To a solution
containing thiodisaccharide 13 (276 mg, 0.365 mmol) in THF
(12.8 mL) was added dropwise 1 M TBAF in THF (0.44 mL). The
mixture was stirred at room temperature for 3 h, then the
solvent was evaporated and the residue was dissolved in 50 mL
of CH2Cl2. The resulting solution was washed with H2O (2 � 25
mL), dried (MgSO4), and ltered. Evaporation of the solvent
afforded an oily residue that was puried by column chroma-
tography with hexane/EtOAc (4 : 1 / 1 : 1) to give the thio-
disaccharide 14 (153 mg, 65%) as a more polar product (Rf ¼
0.29, hexane/EtOAc, 1 : 1), and a white solid, mp at 146 �C (dec.)
[a]28D ¼ +32.9 (c ¼ 1.0, CHCl3).

1H NMR (500 MHz, CDCl3): d ¼
7.35–7.27 (m, 5H, PhCH2O), 5.21 (t, J20,30 ¼ J30,40 ¼ 9.4 Hz, 1H, 30-
H), 5.10 (ddd, J2,3a¼ 12.0, J2,3b¼ 4.6, J1,2¼ 3.8 Hz, 1H, 2-H), 5.04
(dd, J40,50 ¼ 10.0, J30,40 ¼ 9.6 Hz, 1H, 40-H), 5.00 (dd, J10,20 ¼ 10.0,
J20,30 ¼ 9.4 Hz, 1H, 20-H), 4.96 (br. d, J1,2 ¼ 3.6 Hz, 1H, 1-H), 4.72
(d, J ¼ 12.2 Hz, 1H, PhCH2O), 4.58 (d, J10,20 ¼ 10.1 Hz, 1H, 10-H),
4.54 (d, J ¼ 12.2 Hz, 1H, PhCH2O), 4.18 (m, 1H, 5-H), 4.14 (m,
2H, 60a-H, 60b-H), 3.71 (dd, J6a,6b ¼ 11.6, J5,6a ¼ 7.7 Hz, 1H, 6a-
H), 3.70 (m, 1H, 50-H), 3.56 (dd, J6a,6b ¼ 11.6, J5,6b ¼ 6.2 Hz,
1H, 6b-H), 3.39 (br d, J¼ 2.5 Hz, 1H, 4-H), 2.36 (td, J2,3a¼ J3a,3b¼
12.4, J3a,4 ¼ 3.6 Hz, 1H, 3a-H), 2.17 (br. td, J3a,3b ¼ 12.8, J2,3b ¼
J2,3b ¼ 3.8 Hz, 1H, 3b-H), 2.08, 2.07, 2.03, 2.01, 1.99 (COCH3)-
ppm. 13C NMR (125.7 MHz, CDCl3): d¼ 170.7, 170.2 (�2), 169.9,
169.4 (COCH3), 137.4, 128.5, 128.0 (�2) (C-aromatic), 95.2 (C-1),
83.8 (C-10), 76.1 (C-50), 73.7 (C-30), 70.2 (C-20), 69.7 (C-5), 69.6
(PhCH2O), 68.3 (C-40), 67.5 (C-2), 62.3 (C-6), 62.1 (C-60), 43.6 (C-
4), 31.3 (C-3), 21.1, 20.8 (�2), 20.7 (�2) (COCH3). HRMS (ESI):
calcd for C29H38NaO14S 665.1875 [M + Na]+; found 665.1885.

General procedure for the oxidation reaction of S-(1/4)-
thiodisaccharides (12–14) to sulfoxides (15–17)

A solution of mCPBA (77%, 32 mg, 0.141 mmol) in 2 mL of dry
CH2Cl2 was added dropwise to another solution of the thio-
disaccharide (0.072 mmol) in 2 mL of ethyl ether at 0 �C. The
reaction was allowed to reach room temperature and aer
30 min of stirring was diluted with EtOAc (30 mL). To the
mixture was added a solution of NaHSO3 (satd. aq.; 10 mL) and
stirred for 30 min. The organic phase was separated and stirred
with NaHCO3 (satd. aq.; 10 mL) for 30 min. The organic extract
was washed with NaHCO3 (satd. aq.; 10 mL) and brine (10 mL),
dried (MgSO4), and ltered. The evaporation of the solvent,
followed by co-evaporation with 1 : 1 toluene/EtOH (5 � 10 mL)
44418 | RSC Adv., 2017, 7, 44410–44420
afforded an oily residue that was puried by column chroma-
tography with pentane/EtOAc (3 : 2 / 1 : 1) or CH2Cl2/EtOAc
(8 : 1 / 4 : 1), to give the diasteromeric mixture of sulfoxides,
which in some cases could be separated.
Oxidation reaction of thiodisaccharide 12 to sulfoxides 15R
and 15S

Benzyl 3-deoxy-2,6-di-O-acetyl-4-S-(2,3,4,6-tetra-O-acetyl-b-D-
glucopyranosyl)-4-thio-a-D-xylo-hexopyranoside (R,S)-S-oxide
(15R,S). The oxidation reaction of the thiodisaccharide 12 gave
the diasteromeric mixture of sulfoxides 15R,S that could not be
separated by column chromatography. The mixture (42 mg,
74%, ratio R/S, 1.4 : 1) showed a single spot by TLC (Rf ¼ 0.29,
pentane/EtOAc, 1 : 1). The isomer 15R was obtained pure by the
procedure described below; but the spectral data described for
15S were obtained from the mixture 15R,S. 1H NMR (400 MHz,
CDCl3) data for S isomer: d ¼ 7.39–7.30 (m, 5H, PhCH2O over-
lapping with PhCH2O of 15R), 5.43 (d, J10,20 ¼ J20,30 ¼ 9.4 Hz, 1H,
20-H), 5.28 (t, J20,30 ¼ J30,40 ¼ 9.2 Hz, 1H, 30-H), 5.22 (m, 1H, 2-H),
5.20 (d, J1,2 ¼ 1.6 Hz, 1H, 1-H), 5.09 (t, J30,40 ¼ J40,50 ¼ 9.7 Hz, 1H,
40-H), 4.74 (d, J ¼ 11.9 Hz, 1H, PhCH2O), 4.55–4.53 (m, 2H,
PhCH2O, 5-H overlapping with 10-H of 15R), 4.32 (d, J10,20 ¼
9.7 Hz, 1H, 10-H), 4.26–4.16 (m, 4H, 6a-H, 6b-H, 60a-H, 60b-H
overlapping with 60a-H, 60b-H of 15R), 3.79 (m, 1H, 50-H over-
lapping with 50-H of 15R), 3.45 (m, 1H, 4-H), 2.50 (ddd, J3a,3b ¼
13.3, J2,3a ¼ 5.7, J3a,4 ¼ 2.6 Hz, 1H, 3a-H), 2.28 (m, 1H, 3b-H
overlapping with 3a-H of 15R), 2.09–2.01 (6 s, 18H, COCH3

overlapping with COCH3 and 3b-H of 15R) ppm. 13C NMR
(CDCl3, 100.0 MHz) data for S isomer: d¼ 170.7–168.8 (CH3CO),
137.2, 128.6, 128.1, 128.0 (C-aromatic), 95.1 (C-1), 90.4 (C-10),
77.0 (C-50), 73.4 (C-30), 69.9 (OCH2Ph), 68.6 (C-20), 67.7 (C-40),
66.5 (C-2), 66.2 (C-5), 63.7 (C-6), 61.6 (C-60), 55.0 (C-4), 22.9 (C-3),
21.1–20.6 (COCH3) ppm. HRMS (ESI): calcd for C31H41O16S
701.2110 [M + H]+; found 701.2085.

Benzyl 3-deoxy-2,6-di-O-acetyl-4-S-(2,3,4,6-tetra-O-acetyl-b-D-
glucopyranosyl)-4-thio-a-D-xylo-hexopyranoside (R)-S-oxide
(15R). Compound 15R was obtained as a single diastereoisomer
starting from 16R. Thus, compound 16R (32 mg, 0.041 mmol)
dissolved in THF (1.5 mL) and treated with a solution of TBAF
1 M in THF (50 mL). The mixture was stirred at room tempera-
ture for 2.5 h, then the solvent was evaporated and the residue
was dissolved in CH2Cl2 (50 mL). The resulting solution was
washed with H2O (2 � 25 mL), dried (Na2SO4), and ltered.
Evaporation of the solvent afforded a product that exhibited
NMR data identical to that of sulfoxide 17R (see below). Acety-
lation of 17R (acetic anhydride/pyridine 1 : 1, 0.4 mL) at room
temperature for 2 h led, aer column chromatography, to
syrupy 15R (18 mg, 61% from 16R). 1H NMR (400 MHz, CDCl3):
d¼ 7.39–7.30 (m, 5H, PhCH2O), 5.47 (t, J10,20 ¼ J20,30 ¼ 9.5 Hz, 1H,
20-H), 5.40 (t, J20,30 ¼ J30,40 ¼ 9.2 Hz, 1H, 30-H), 5.12 (t, J40,50 ¼ J30,40 ¼
9.7 Hz, 1H, 40-H), 5.08 (d, J1,2 ¼ 3.3 Hz, 1H, 1-H), 4.82 (d, J ¼
11.8 Hz, 1H, PhCH2O), 4.70 (dt, J2,3a ¼ 8.8, J1,2 ¼ J2,3b ¼ 3.9 Hz,
1H, 2-H), 4.66 (m, 1H, 5-H), 4.58 (d, J ¼ 11.7 Hz, 1H, PhCH2O),
4.56 (d, J10,20 ¼ 9.6 Hz, 1H, 10-H), 4.46 (m, 2H, 6a-H, 6b-H), 4.23
(dd, J60a,60b ¼ 12.4, J60a,50 ¼ 2.3 Hz, 1H, 60a-H), 4.17 (dd, J60a,60b ¼
12.5, J60b,50 ¼ 5.6 Hz, 1H, 60b-H) 3.80 (ddd, J40,50 ¼ 9.9, J60b,50 ¼ 5.5,
This journal is © The Royal Society of Chemistry 2017
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J60a,50 ¼ 2.3 Hz, 1H, 50-H), 3.62 (br. s, 1H, 4-H), 2.34 (td, J2,3a ¼
J3a,3b ¼ 13.6, J3a,4 ¼ 3.9 Hz, 1H, 3a-H), 2.08–2.02 (6 s, 19H,
COCH3, 3b-H) ppm. 13C NMR (CDCl3, 100.0 MHz): d ¼ 170.7–
168.8 (CH3CO), 136.8, 128.7, 128.3, 128.1 (C-aromatic), 94.9 (C-
1), 86.8 (C-10), 77.4 (C-50), 74.0 (C-30), 69.4 (OCH2Ph), 69.2 (C-5),
68.0 (C-40), 67.1 (C-2), 66.4 (C-20), 64.7 (C-6), 62.1 (C-60), 58.8 (C-
4), 25.9 (C-3), 21.0–20.6 (COCH3) ppm.
Oxidation reaction of thiodisaccaride 13 to sulfoxides 16R and
16S

Benzyl 2-O-acetyl-3-deoxy-6-O-(tert-butyldimethylsilyl)-4-S-
(2,3,4,6-tetra-O-acetyl-b-D-glucopyranosyl)-4-thio-a-D-xylo-hexopy-
ranoside (R)-S-oxide (16R). The major product of the oxidation of
thiodisaccharide 13was the sulfoxide 16R (50 mg, 59%) obtained
as a white solid, mp at 166.2 �C (dec.). Rf ¼ 0.56, CH2Cl2/EtOAc
(4 : 1). [a]25D ¼ +25.4 (c ¼ 1.0, CHCl3).

1H NMR (500 MHz, CDCl3):
d ¼ 7.39–7.29 (m, 5H, PhCH2O), 5.46 (t, J10,20 ¼ J20,30 ¼ 9.5 Hz, 1H,
20-H), 5.40 (t, J20,30 ¼ J30,40 ¼ 9.2 Hz, 1H, 30-H), 5.10 (dd, J40,50 ¼ 10.1,
J30,40 ¼ 9.2 Hz, 1H, 40-H), 5.07 (d, J1,2 ¼ 3.5 Hz, 1H, 1-H), 4.91 (d, J
¼ 11.9Hz, 1H, OCH2Ph), 4.67 (dt, J2,3b¼ 12.7, J1,2¼ J2,3a¼ 4.0 Hz,
1H, 2-H), 4.62 (d, J ¼ 11.9 Hz, 1H, OCH2Ph), 4.56 (d, J10,20 ¼
9.7 Hz, 1H, 10-H), 4.55 (dt, J5,6a ¼ 8.7, J4,5 ¼ J5,6b ¼ 1.8 Hz, 1H, 5-
H), 4.21 (dd, J60a,60b ¼ 12.5, J50,60a ¼ 3.0 Hz, 1H, 60a-H), 4.18 (dd,
J60a,60b ¼ 12.5, J50,60b ¼ 5.6 Hz, 1H, 60b-H), 4.02 (dd, J6a,6b ¼ 11.9,
J5,6a¼ 8.9 Hz, 1H, 6a-H), 3.86 (dd, J6a,6b¼ 11.9, J5,6b¼ 2.0 Hz, 1H,
6b-H), 3.80 (ddd, J40,50 ¼ 10.1, J50,60b ¼ 5.5, J50,60a ¼ 2.9 Hz, 1H, 50-
H), 3.53 (br. S, 1H, H-4), 2.36 (td, J2,3a ¼ J3a,3b ¼ 13.5, J3a,4 ¼
4.0 Hz, 1H, 3a-H), 2.08 (�2), 2.05, 2.04, 2.02 (5 s, 16H, CH3CO
overlapping with 3b-H), 0.90 (s, 9H, Si(CH3)2C(CH3)3), 0.09, 0.07
(2 s, 6H, Si(CH3)2C(CH3)3) ppm. 13C NMR (125.7 MHz, CDCl3):
d ¼ 170.8, 170.5 (�2), 169.3, 168.9 (COCH3), 137.1, 128.6, 128.3,
128.1 (C-aromatic), 94.5 (C-1), 86.6 (C-10), 77.4 (C-50), 74.1 (C-30),
72.7 (C-5), 68.7 (OCH2Ph), 68.0 (C-40), 67.4 (C-2), 66.4 (C-20), 64.3
(C-6), 62.2 (C-60), 59.4 (C-4), 26.2 (C-3), 26.1 (Si(CH3)2C(CH3)3),
21.1, 20.9, 20.8, 20.7 (�2) (COCH3), 18.4 (Si(CH3)2C(CH3)3), �5.0,
�5.2 (Si(CH3)2C(CH3)3) ppm. HRMS (ESI): calcd for C35H52-
NaO15SSi 795.2688 [M + Na]+; found 795.2699.

Benzyl 2-O-acetyl-3-deoxy-6-O-(tert-butyldimethylsilyl)-4-S-
(2,3,4,6-tetra-O-acetyl-b-D-glucopyranosyl)-4-thio-a-D-xylo-hexo-
pyranoside (S)–S-oxide (16S). The minor product of the oxida-
tion of compound 13 was the white solid sulfoxide 16S (31 mg,
37%), mp at 118.1 �C (dec.). Rf ¼ 0.30, CH2Cl2/EtOAc (4 : 1).
[a]25D ¼ +31.1 (c ¼ 0.7, CHCl3).

1H NMR (500 MHz, CDCl3): d ¼
7.38–7.28 (m, 5H, PhCH2O), 5.49 (t, J10,20 ¼ J20,30 ¼ 9.5 Hz, 1H, 20-
H), 5.28 (t, J20,30 ¼ J30,40 ¼ 9.3 Hz, 1H, 30-H), 5.20 (d, J1,2 ¼ 2.8 Hz,
1H, 1-H), 5.18 (m, 1H, 2-H), 5.09 (dd, J40,50 ¼ 10.0, J30,40 ¼ 9.5 Hz,
1H, 40-H), 4.72 (d, J ¼ 12.1 Hz, 1H, OCH2Ph), 4.59 (d, J10,20 ¼
9.7 Hz, 1H, 10-H), 4.56 (d, J ¼ 12.1 Hz, 1H, OCH2Ph), 4.32 (td,
J5,6a ¼ J5,6b ¼ 6.6, J4,5 ¼ 2.6 Hz, 1H, 5-H), 4.22 (dd, J60a,60b ¼ 12.6,
J50,60a¼ 4.9 Hz, 1H, 60a-H), 4.13 (dd, J60a,60b¼ 12.6, J50,60b¼ 2.2 Hz,
1H, 60b-H), 3.74 (ddd, J40,50 ¼ 10.0, J50,60a ¼ 4.9, J50,60b ¼ 2.3 Hz,
1H, 50-H), 3.72 (m, 2H, 6a-H, 6b-H), 3.57 (dt, J3b,4 ¼ 5.0, J3a,4 ¼
J4,5 ¼ 2.5 Hz, 1H, 4-H), 2.40 (ddd, J3a,3b ¼ 13.2, J2,3a ¼ 5.1, J3a,4 ¼
2.5 Hz, 1H, 3a-H), 2.24 (ddd, J3a,3b ¼ 13.5, J2,3b ¼ 11.6, J3b,4 ¼
5.4 Hz, 1H, 3b-H), 2.07, 2.03, 2.02 (�2), 2.01 (COCH3), 0.92 (s,
9H, Si(CH3)2C(CH3)3), 0.10 (�2) (2s, 6H, Si(CH3)2C(CH3)3) ppm.
This journal is © The Royal Society of Chemistry 2017
13C NMR (125.7 MHz, CDCl3): d ¼ 170.6, 170.4, 170.0, 169.3,
168.9 (COCH3), 137.5, 128.6, 128.1, 128.0 (C-aromatic), 95.2 (C-
1), 90.7 (C-10), 77.0 (C-50), 73.9 (C-30), 70.0 (OCH2Ph), 68.2 (C-5),
67.7 (C-20), 67.6 (C-40), 66.8 (C-20), 62.2 (C-6), 61.8 (C-60), 53.7 (C-
4), 26.0 (Si(CH3)2C(CH3)3), 22.7 (C-3), 21.0, 20.8 (�2), 20.7 (�2)
(COCH3), 18.4 (Si(CH3)2C(CH3)3), �5.2 (�2) (Si(CH3)2C(CH3)3)-
ppm. HRMS (ESI): calcd for C35H52NaO15SSi 795.2688 [M + Na]+;
found 795.2705.

Benzyl 2-O-acetyl-3-deoxy-4-S-(2,3,4,6-tetra-O-acetyl-b-D-glu-
copyranosyl)-4-thio-a-D-xylo-hexopyranoside (R)-S-oxide (17R).
The product of the oxidation of thiodisaccharide 14 was the
sulfoxide 17R (43 mg, 80%) obtained as a white solid, mp at
158.1 �C (dec.). Rf¼ 0.34, pentane/EtOAc (3 : 1). [a]22D ¼ +4.0 (c¼
0.8, CHCl3).

1H NMR (400 MHz, CDCl3) d ¼ 7.37–7.29 (m, 5H,
PhCH2O), 5.50 (t, J10,20 ¼ J20,30 ¼ 9.5 Hz, 1H, 20-H), 5.41 (t, J20,30 ¼
J30,40 ¼ 9.3 Hz, 1H, 30-H), 5.12 (t, J30,40 ¼ J40,50 ¼ 9.7 Hz, 1H, 40-H),
5.04 (d, J1,2 ¼ 3.1 Hz, 1H, 1-H), 4.77 (d, J ¼ 12.1 Hz, 1H,
PhCH2O), 4.65 (d, J ¼ 12.2 Hz, 1H, PhCH2O), 4.61 (d, J10,20 ¼
9.7 Hz, 1H, 10-H), 4.60 (m, 1H, 2-H), 4.50 (m, 1H, 5-H), 4.24 (dd,
J60a,60b ¼ 12.3, J50,60a ¼ 1.3 Hz, 1H, 60a-H), 4.16 (dd, J60a,60b ¼ 12.4,
J50,60b ¼ 5.6 Hz, 1H, 60b-H), 3.81 (m, 2H, 6a-H, 50-H), 3.74 (m, 2H,
4-H, 6b-H), 2.37 (td, J3a,3b ¼ 13.9, J2,3a ¼ 3.8 Hz, 1H, 3a-H), 2.08
(�2), 2.06, 2.04, 2.02 (5 s, 16H, CH3CO overlapping with 3b-H).
13C NMR (CDCl3, 100.0 MHz) d ¼ 170.8, 170.5, 170.4, 169.3,
168.9 (COCH3), 137.1, 128.7, 128.3, 128.2 (C-aromatic), 95.3 (C-
1), 86.5 (C-10), 77.4 (C-50), 74.0 (C-30), 70.3 (PhCH2O), 69.5 (C-5),
68.0 (C-40), 67.7 (C-2), 66.2 (C-20), 62.0 (C-6), 61.8 (C-60), 58.9 (C-
4), 25.4 (C-3), 21.1, 20.8, 20.7 (�2), 20.6 (COCH3) ppm. HRMS
(ESI): calcd for C29H38NaO15S 681.1824 [M + Na]+; found
681.1830.

Benzyl 3-deoxy-4-S-(b-D-glucopyranosyl)-4-thio-a-D-xylo-
hexopyranoside (R)-S-oxide (18R). A solution of the thio-
disaccharide S-oxide 17R (49 mg, 0.074 mmol) in MeOH/Et3N/
H2O (4 : 1 : 5; 0.46 mL) was stirred at room temperature for 3 h.
The mixture was concentrated, and the resulting residue was
dissolved in water (1 mL) and eluted through a column lled
with a Dowex MR-3C mixed-bed ion-exchange resin. The
deionized solution was concentrated, and the unprotected
compound was puried by dissolution in water (1 mL) and
ltration through an octadecyl C18 minicolumn (Amprep,
Amersham Biosciences). Evaporation of the water gave the
unprotected thiodisaccharide S-oxides as colourless syrupy that
was identied as 18R (31 mg, 93%). Rf ¼ 0.72, BuOH/EtOH/H2O
(10 : 4 : 4). [a]23D ¼ +32.3 (c ¼ 1.0, MeOH). 1H NMR (400 MHz,
D2O) d ¼ 7.51–7.40 (m, 5H, PhCH2O), 5.10 (d, J1,2 ¼ 3.3 Hz, 1H,
1-H), 4.88 (d, J¼ 11.6 Hz, 1H, PhCH2O), 4.69 (d, J¼ 11.7 Hz, 1H,
PhCH2O), 4.56 (m, 1H, 5-H), 4.50 (d, J10,20 ¼ 9.2 Hz, 1H, 10-H),
3.96–3.89 (m, 3H, 2-H, 60a-H, 60b-H), 3.84 (m, 2H, 4-H, 6a-H),
3.76 (m, 2H, 6b-H, 20-H), 3.69 (t, J20,30 ¼ J30,40 ¼ 8.8 Hz, 1H, 30-
H), 3.66 (m, 1H, 50-H), 3.50 (t, J30,40 ¼ J40,50 ¼ 9.3 Hz, 1H, 40-H),
2.30 (td, J2,3a ¼ J3a,3b ¼ 14.3, J3a,4 ¼ 3.9 Hz, 1H, 3a-H) 1.96 (br dt,
J3a,3b ¼ 14.2, J2,3b ¼ J3b,4 ¼ 3.5 Hz, 1H, 3b-H) ppm. 13C NMR
(CDCl3, 100.0 MHz) d ¼ 136.9, 128.8, 128.6, 128.4 (C-aromatic),
97.1 (C-1), 87.2 (C-10), 80.5 (C-50), 76.8 (C-30), 71.2 (C-5), 69.6
(PhCH2O), 68.6 (C-40), 67.2 (C-20), 63.6 (C-2), 62.0 (C-6), 60.5 (C-
60), 56.7 (C-4), 27.9 (C-3) ppm. HRMS (ESI): calcd for
C19H28NaO10S 471.1295 [M + Na]+; found 471.1275.
RSC Adv., 2017, 7, 44410–44420 | 44419
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P. Kiełbasiński, Chem. Rev., 2017, 117, 4147–4181.

5 N. Khiar, A. Salvador, V. Valdivia, A. Chelouan, A. Alcudia,
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