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Conformational properties of alkyl glucosyl
sulfones in solution†

Carlos A. Sanhueza, a,b Rosa L. Dorta a and Jesús T. Vázquez *a

The conformational properties of ester-protected alkyl glucosyl sulfones were studied by means of

nuclear magnetic resonance (NMR) and circular dichroism (CD). The equilibrium about the C5–C6

rotational axis (hydroxymethyl group) in polar and apolar media is distributed between the gg and gt rota-

mers, and the equilibrium contributions of each rotamer are modulated by the steric properties of the

aglycone, where an increment in the alkyl substituent’s bulkiness leads to progressive increments in gt

contributions at the expense of gg. The equilibrium about the glycosidic bond is also dependent on the

aglycone’s bulkiness and appears more sensitive to the media polarity. Glucosyl sulfones carrying small

aglycones, e.g, those substituted with methyl and ethyl groups, show a ϕ torsion predominated by the g+

conformer in apolar media (C6D6) and distributed between g− and g+ conformers in a polar solvent

(CD3CN). Compounds substituted with larger alkyl groups, such as iso-propyl and tert-butyl groups, show

glycosidic bond conformations predominated by the g− conformer.

Introduction

Carbohydrates are intrinsically flexible molecules playing criti-
cal roles in living systems.1 The molecular recognition of cell-
associated saccharides by protein receptors typically triggers a
plethora of physiological and pathological functions including
fertilization,2 immunity,3 infection,4 metastasis,5 and many
others.6 To successfully elicit such functions, the carbohydrate
ligand must fulfill geometrical and conformational require-
ments for an optimal interaction with the receptor. Hence, the
study of the conformational properties of carbohydrates is vital
to fully characterize and understand the molecular recognition
mechanisms at the molecular level. Moreover, understanding
the conformational patterns of sugars and the factors driving
them could prove useful in future studies of carbohydrates and
glycomimetics.

The conformational flexibility of hexopyranoses, the preva-
lent monosaccharide configuration in mammalian glycans,
lies on the glycosidic C1–O1 bond and the C5–C6 bond (hydro-

xymethyl group) (Fig. 1A). The torsional angles ϕ and ψ charac-
terize the glycosidic bond’s conformation. The free rotation
about ϕ generates three staggered rotamers called exo–syn (or
g−), exo–anti (or g+), and non–exo (or anti) (Fig. 1B) whose con-
tributions to the glycosidic conformational equilibrium are
determined by the regio- and stereochemistry of the glycosidic

Fig. 1 Conformational properties of glycosides. (A) Flexible bonds in
O-glycosides; (B) glycosidic bond rotamers; (C) hydroxymethyl group
rotamers.
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linkage, the media polarity, the anomeric effect, and the pres-
ence of intramolecular polar interactions. For example, in aryl
S-β-glucosides, the aglycone’s electronic properties appear to
be a relevant conformational modulator about ϕ, where exo–
syn is the predominant conformer in glucosides carrying elec-
tron-deficient aryl rings whereas those carrying electron-richer
substituents exhibit larger exo–anti and non–exo contri-
butions.7 The free rotation about ω (hydroxymethyl group) gen-
erates three rotamers called gauche–gauche (gg), gauche–trans
(gt ), and trans–gauche (tg) (Fig. 1C). The contributions of each
rotamer to the conformational equilibrium about C5–C6
depend on several factors including the stereochemical con-
figuration of C4, the nature of the C4 and C6 substituents, the
polarity of the media, the anomeric configuration, and the
chemical nature of the aglycone, including its stereochemistry.
We have extensively studied the effect of the aglycone’s nature
on the hydroxymethyl conformation of alkyl O-,8 S-,9 and C-10

glycosides as well as glycosyl sulfoxides,11 finding that the rota-
meric distribution about C5–C6 relates to the steric properties
of the alkyl aglycone, where a progressive increment of its
bulkiness leads to a correlating increment of gt percent contri-
butions at the expense of the predominant gg conformer. We
found a similar conformational behavior in aryl S-glycosides,
where increased gt contributions correlate with glycosides car-
rying stronger electron-withdrawing aryl substituents.7 The
elimination of the endocyclic oxygen atom leads to carbasugar
derivatives showing no conformational dependence on the
aglycone’s nature.12 We envisage these structure–conformation
relationships as an invaluable tool for upcoming studies of
conformationally modulated carbohydrates and glycomimetics
that could be useful in areas such as drug discovery and mole-
cular probe design. In our pursuit to expand our knowledge on
structure–conformation relationships, we centered our atten-
tion on the glycosidic and hydroxymethyl flexibility of alkyl

glucosyl sulfones. Glycosyl sulfones are an underexplored, yet
promising, class of glycosyl donors capable of generating cat-
ionic and radical glycosylating intermediates.

Synthesis and structural characterization of alkyl glycosyl
sulfones

We designed two series of model compounds namely acetates
(4a–4f ) and dibenzoates (9a–9f ) suitable for performing the
conformational analysis by nuclear magnetic resonance (NMR)
and circular dichroism (CD) respectively (Scheme 1). We
started the preparation of acetates 4a–4f from free glucose 1,
which was converted into glucose per-acetylated by treatment
with Ac2O in pyridine at room temperature. The anomeric
acetate in 2 was then substituted by an alkyl thiyl group by
treating the glycosyl donor with BF3·Et2O in DCM in the pres-
ence of the respective alkyl thiol.13 This procedure afforded
alkyl S-glycosides 3b–3f in moderate to good yields.9 Since the
volatility of methanethiol makes its direct glycosylation
difficult to implement, methyl derivative 4a was prepared by
the in situ methylation of a glucosyl thiouronium salt prepared
by refluxing a MeCN solution of 2, thiourea, and BF3·Et2O.

9,14

The subsequent oxidation of S-glycosides 3a–3f with per-acetic
acid, generated in situ by reacting H2O2 with Ac2O over SiO2 as
a catalyst,15 afforded the respective alkyl glycosyl sulfones 4a–
4f in excellent yields (91–99%). To prepare dibenzoates 9a–9f,
we subjected the C4 and C6 hydroxyl groups in 1 to regio-
selective protection as benzylidene acetal by treatment with
benzaldehyde dimethoxy acetal and p-toluenesulphonic acid
in DMF at 50 °C. The resulting benzylidene was subsequently
per-acetylated with Ac2O in pyridine to afford 5 as an anomeric
mixture. The C4/C6 diol 6 was obtained by dissolving 5 in an
AcOH/H2O (4 : 1) mixture and heating at 60 °C. Subsequent
installation of the p-bromobenzoate chromophores over C4
and C6, required for CD analysis, was accomplished by react-

Scheme 1 Synthesis of alkyl glucosyl sulfones. Conditions: (a) Ac2O, pyridine, rt; (b) for 4b–4f and 8b–8f: R-SH, BF3·OEt2, DCM, rt 4–12 h; for 4a
and 8a: (i) (NH2)2CS, BF3·OEt2, MeCN, reflux; (ii) Et3N, CH3I, reflux; (c) H2O2, Ac2O, silica gel 60, DCM, rt; (d) (i) PhCH(OMe)2, p-TsOH, DMF, 50 °C; (ii)
Ac2O, pyridine, rt; (e) AcOH/H2O (8 : 2), 60 °C; (f ) p-BrBzCl, pyridine, DMAP, 60 °C.
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ing 6 with p-bromobenzoyl chloride and DMAP in pyridine at
60 °C. The resulting glycosyl donor 7 was dissolved in DCM
and activated with BF3·Et2O in the presence of different alkyl
thiols to afford the respective S-glycosides 8b–8f in good yields
(40–55%).9 Methyl S-glycoside 8a was prepared in 42% yield
via methylation of the respective glucosyl thiouronium salt.9

The oxidation of alkyl S-glycosides 8a–8f with H2O2 in the pres-
ence of Ac2O and silica gel in DCM afforded the target alkyl
glycosyl sulfones 9a–9f in excellent yields (92–98%).

The characterization of the glycosyl sulfones was performed
by means of 1D (1H, 13C{1H}, 1D-NOESY) and 2D (COSY,
HSQC) NMR spectroscopy. The β anomeric configuration was
determined from the 3JH1,H2 coupling constants which oscil-
lated between 9.4 to 9.9 Hz among sulfones from both series.
Moreover, the assigned anomeric stereochemistry was con-
firmed from the observed cross-peaks between the anomeric
proton H1 with H3 and H5 in the selective 1D-NOESY
experiments.

Results and discussion

The correct identification of the pro-chiral H6S and H6R
protons is critical for the correct assessment of the confor-
mational equilibrium about ω. We identified H6S and H6R fol-
lowing the protocol established by Ohrui et al.16 Briefly, in
ester-protected D-glucopyranosides, H6R appears downfield
with respect to H6S (δH6R > δH6S) and the 3JH5,H6R coupling
constant values are higher than 3JH5,H6S regardless of the pro-
tective group patterns and media. All synthesized glycosyl sul-
fones showed well-isolated H6R and H6S peaks in their 1H
NMR spectra, and the reported δH6R > δH6S relationship is
fulfilled by the per-acetates 4a (R = Me), 4b (R = Et) and 4c (R =
n-Pr). As the size of the alkyl aglycones increases, we observe
progressive H6R deshielding and H6S shielding, resulting in
sulfones 4d (R = i-Pr), 4e (R = Cy), and 4f (R = t-Bu) showing
H6S downfield with respect to H6R (δH6S > δH6R). In the
dibenzoate series, H6S appears downfield with respect to H6R
in all derivatives. Because of this discrepancy, which probably
originated from a combination of the anisotropic effect of the
sulfinyl group and the conformational preferences about ϕ

and ω, we assigned the proton identities based on the 3JH5,H6R

and 3JH5,H6S values. Since in simple glucosides, the contri-
butions of the tg rotamer to the C5–C6 conformational equili-
brium are negligible, we expect low 3JH5,H6S and high 3JH5,H6R

values, reflecting the predominance of the gg and gt rotamers
typically observed on glucosides.

Table 1 collects selected NMR data (CDCl3) for acetates 4a–
4f and dibenzoates 9a–9f. In the acetates, we can observe an
interesting trend in the chemical shifts of H6R and H6S with
respect to the aglycone’s structure. As the alkyl substituent’s
bulkiness increases, δH6R moves upfield whereas δH6S moves
downfield. Thus, H6R progressively shields from 4.32 (4a, R =
Me) to 4.13 ppm (4f, R = t-Bu) and H6S deshields from 4.20
(4a, R = Me) to 4.24 ppm (4f, R = t-Bu), with H6R being the
proton exhibiting the largest Δδ of 0.19 ppm (vs. Δδ =

0.04 ppm for H6S). In contrast, both δH6R and δH6S in
dibenzoates 9a–9f show a small upfield displacement (Δδ =
0.05 ppm) as the aglycone becomes bulkier. The chemical
shifts of the anomeric proton (H1) and carbon (C1) also
appear to depend on the aglycone’s structure in both sulfone
series, where δH1 moves downfield and δC1 upfield as the
aglycone increases its volume. In the acetate series, the anome-
ric proton H1 deshields from 4.35 (4a, R = Me) to 4.84 ppm (4f,
R = t-Bu) (Δδ = 0.49 ppm) and from 4.47 (9a, R = Me) to
4.95 ppm (9f, R = t-Bu) in the dibenzoates (Δδ = 0.48 ppm). In
turn, the anomeric carbon shields from 88.4 (4a, R = Me) to
86.3 ppm (4f, R = t-Bu) in the acetates (Δδ = 2.1 ppm) and from
88.2 (9a, R = Me) to 86.4 ppm (9f, R = t-Bu) in the dibenzoates
(Δδ = 1.8 ppm).

Conformational analysis of the hydroxymethyl group

We analyzed the acetates 4a–4f and dibenzoates 9a–9f in
media with different polarities. The observed 3JH5,H6R and
3JH5,H6S values in each solvent are collected in Table 2 for acet-
ates 4a–4f and in Table 3 for dibenzoates 9a–9f. In the acetate
series, analyzed in CDCl3, we observe 3JH5,H6R values to vary
between 4.7 and 6.5 Hz whereas 3JH5,H6S shows smaller fluctu-
ations between 2.1 and 2.4 Hz. Moreover, we observe a 3JH5,H6R

dependency on the aglycone’s structure, namely 3JH5,H6R

increases as the aglycone becomes bulkier. Thus, glycosides 4a
(R = Me), 4b (R = Et), 4c (R = n-Pr) and 4d (R = i-Pr) show
3JH5,H6R values of ∼4.8 Hz which increase to 5.6 and 6.5 Hz in
cyclohexyl (4e) and tert-butyl (4f ) derivatives respectively. We
observe the same trend for the dibenzoates in CDCl3. In this
series, methyl derivative 9a shows a 3JH5,H6R value of 4.9 Hz
which progressively increases to 6.7 Hz in tert-butyl sulfone 9f.
The 3JH5,H6S values range from 2.1 to 2.4 Hz for this series in
CDCl3. The analysis of the 3JH5,H6R and 3JH5,H6S data in the
remaining solvents shows the same trends for both sulfone
series. Regardless of the solvent’s polarity, 3JH5,H6R exhibits

Table 1 Selected 1H and 13C{1H} NMR data (CDCl3) for alkyl glucosyl
sulfones 4a–4f and 9a–9f

Cmpd R δC1 δH1 δH6R δH6S
Acetate series (R′ = Ac)

4a Me 88.4 4.35 4.32 4.20
4b Et 87.5 4.46 4.26 4.21
4c n-Pr 87.8 4.42 4.26 4.20
4d i-Pr 85.9 4.63 4.20 4.23
4e Cy 85.7 4.60 4.16 4.22
4f t-Bu 86.3 4.84 4.13 4.24
Dibenzoate series (R′ = p-BrBz)
9a Me 88.2 4.47 4.44 4.62
9b Et 87.4 4.58 4.44 4.60
9c n-Pr 87.8 4.54 4.44 4.60
9d i-Pr 85.8 4.74 4.43 4.56
9e Cy 85.6 4.70 4.42 4.55
9f t-Bu 86.4 4.95 4.39 4.57
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larger values that increase as the aglycone’s size increases
whereas 3JH5,H6S shows smaller values with small fluctuations
throughout each series.

Due to the small chemical shift differences between H6R
and H6S in the 1H NMR spectra, ABX systems were obtained.
To test how this could affect the values of 3JH5,H6R and 3JH5,H6S,
we proceed to simulate the NMR regions containing H6R, H6S,
H5 and H4 as an ABXY pattern for acetylated sulfones 4a–4f
(CDCl3 and CD3CN) and dibenzoates 9a–9f (CDCl3) using the
built-in algorithm (DAISY) in Bruker TopSpin 4.0.7. The over-
laid spectral comparison between those obtained directly and
those after simulation is in excellent agreement, either in
chemical shifts or in coupling constants (ESI Tables S2–S4 and
Fig. S26–S45†). Both analyses show the same general behav-
iour, an increase and a decrease in the 3JH5,H6R and 3JH5,H6S

values, respectively, as the bulkiness of the alkyl group
increases. The conformational information contained in the
3JH5,H6R and 3JH5,H6S constants was converted into percent con-
tributions of gg, gt, and tg (Pgg, Pgt, and Ptg) using eqn (1)–(3),
developed by Crich et al.17 These equations include optimized

limiting coupling constants for the gg, gt, and tg rotamers
allowing for accurate Pgg, Pgt, and Ptg calculations.

3JH5;H6R ¼ 1:0 Pgg þ 11:0 Pgt þ 4:8 Ptg ð1Þ
3JH5;H6S ¼ 2:2 Pgg þ 2:5 Pgt þ 10:2 Ptg ð2Þ

1 ¼ Pgg þ Pgt þ Ptg ð3Þ

Table 4 shows the calculated gg, gt, and tg rotamer popu-
lations for the acetyl derivatives 4a–4f and Table 5 presents the
respective conformational data for dibenzoates 9a–9f obtained
by using the experimental data contained in Tables 2–3.

In the per-acetylated glucosyl sulfones 4a–4f, the confor-
mational equilibrium about ω distributes between the gg and
gt rotamers with small to no contributions of tg in all solvents.
Independent of the media polarity, the gg conformer predomi-
nates the equilibrium in most sulfones. However, the gg predo-
minance clearly depends on the aglycone’s nature since Pgg
progressively declines as the size of the alkyl substituent
increases, and this Pgg detriment correlates with a progressive

Table 2 3JH5,H6R and 3JH5,H6R coupling constants in various solvents for alkyl glucosyl sulfones 4a–4f

Cmpd R

C6D6 CDCl3 CD3OD CD3CN

3JH5,H6R
3JH5,H6S

3JH5,H6R
3JH5,H6S

3JH5,H6R
3JH5,H6S

3JH5,H6R
3JH5,H6S

4a Me 4.7 2.0 4.8 2.2 4.9 2.3 5.1 2.4
4b Et 4.8 2.2 4.7 2.1 5.0 2.2 5.4 2.4
4c n-Pr 4.8 1.9 4.8 2.3 5.0 2.3 5.4 2.4
4d i-Pr 4.4 3.0 4.8 2.4 5.4 2.4 6.0 2.4
4e Cy 5.4 2.2 5.6 2.3 5.4 2.4 5.3 3.0
4f t-Bu 6.4 2.2 6.5 2.4 6.2 2.4 6.1 2.9

Table 3 3JH5,H6R and 3JH5,H6S values for alkyl glucosyl sulfones 9a–9f in
CDCl3 and CD3CN

Cmpd R

CDCl3 CD3CN

3JH5,H6R
3JH5,H6S

3JH5,H6R
3JH5,H6S

9a Me 4.9 3.0 4.7 3.0
9b Et 5.3 3.0 5.0 3.0
9c n-Pr 5.4 3.0 5.1 3.0
9d i-Pr 5.8 2.7 5.5 2.9
9e Cy 5.9 2.4 5.7 2.8
9f t-Bu 6.7 2.3 6.3 2.1

Table 5 Calculated gg, gt and tg rotational populations in CDCl3 and
CD3CN for sulfones 9a–9f

Cmpd R

CDCl3 CD3CN

Pgg Pgt Ptg Pgg Pgt Ptg

9a Me 56 36 8 58 34 8
9b Et 52 40 8 55 37 8
9c n-Pr 51 41 8 54 38 8
9d i-Pr 49 46 5 51 42 7
9e Cy 51 49 0 49 45 6
9f t-Bu 44 46 0 48 52 0

Table 4 Calculated gg, gt, and tg rotational populations for sulfones 4a–4f in various solvents

Cmpd R

C6D6 CDCl3 CD3OD CD3CN

Pgg Pgt Ptg Pgg Pgt Ptg Pgg Pgt Ptg Pgg Pgt Ptg

4a Me 63 37 0 62 38 0 61 39 0 58 41 1
4b Et 62 38 0 63 37 0 60 40 0 56 44 0
4c n-Pr 62 38 0 62 38 0 60 40 0 56 44 0
4d i-Pr 61 31 8 61 38 1 56 44 0 50 50 0
4e Cy 56 44 0 54 46 0 56 44 0 52 40 8
4f t-Bu 46 54 0 45 55 0 48 52 0 45 48 7
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increment in the gt contributions. In C6D6, the lowest polarity
solvent used in this study, gg shows a 63% contribution in the
methyl-substituted compound 4a, which falls to 46% in the
tert-butyl sulfone 4f, whereas the gt contribution correspond-
ingly increases from 37% (4a, R = Me) to 54% (4f, R = t-Bu).
Similarly, in CDCl3, Pgg diminishes from 62% (4a, R = Me) to
45% (4f, R = t-Bu) and Pgt increases from 38% (4a) to 55% (4f ).
In CD3OD, the population fluctuations are Pgg: 61% (4a)/48%
(4f ) and Pgt: 39% (4a)/52% (4f ) and in CD3CN, they are Pgg:
58% (4a)/45% (4f ) and Pgt 41% (4a)/48% (4f ).

Regarding the tg rotamer, three per-acetylated sulfones
exhibit tg contributions with the iso-propyl derivative 4d being
the only compound showing tg contributions in two different
media with Ptg values of 8% and 1% in C6D6 and CDCl3,
respectively. In CD3CN, methyl, cyclohexyl and tert-butyl sul-
fones 4a, 4e and 4f show small 1%, 8%, and 7% tg contri-
butions, respectively.

The C5–C6 conformational dependency on the aglycone’s
substituent is also present in the dibenzoates. For compounds
9a–9f we observe an equilibrium predominated by gg and gt
regardless of the media polarity. In CDCl3, methyl sulfone 9a
shows a gg contribution of 56% which progressively
diminishes to 44% in the tert-butyl derivative 9f, while the gt
population increases from 36% (9a, R = Me) to 46% (9f, R =
t-Bu). Likewise, in CD3CN, the gg population gradually
decreases from 58% (9a, R = Me) to 48% (9f, R = t-Bu) and cor-
respondingly, the gt population increases from 34% (9a) to
52% (9f ). In both CDCl3 and CD3CN, the tg contributions
remain about ∼8% for most sulfones. Dibenzoates show larger
tg contributions compared with their parent acetates, probably
by a favorable π–π interaction between the two aromatic rings,
and independently of the media, the tg rotamer decreases its
population from the methyl (9a, 8%) to the tert-butyl (9f, 0%)
derivative, favoring the gt population.

Given the evident relationship between the hydroxymethyl’s
rotational populations and the aglycone’s volume, we rep-
resented the calculated Pgg and Pgt data set versus the Charton
values (ν) of the respective alkyl substituents Fig. 2.24 The
Charton value is a steric descriptor derived from Taft’s steric
parameter24,25a–d which was developed to include electronic
factors and is a practical choice for a broader understanding of
steric trends across physicochemical phenomena.26 From the
Pgg and Pgt versus ν plots shown in Fig. 2, the linear relation-
ship between the rotational populations and the steric descrip-
tor becomes clear. In both per-acetyl and dibenzoate series, we
observe a positive linear correlation of gt with ν and a negative
one for gg in all analysed solvents. As the Charton value
increases, i.e., the aglycone’s alkyl substituent becomes
bulkier, the gt population linearly increases at the expense of
gg until reaching predominance in sulfones 4f and 9f, both
substituted with the bulkiest alkyl group examined in this
study.

This relationship between aglycone’s bulkiness and
rotational populations was also observed in the respective P%
vs. ν plots performed based on the calculated 3JH5,H6R and
3JH5,H6S values (algorithm DAISY, in Bruker TopSpin 4.0.7.),

confirming the above-mentioned conclusion (see ESI Table S5
and Fig. S46–S48†).

Study of hydroxymethyl conformation by circular dichroism

Circular dichroism (CD) is a powerful technique that has been
mainly used for the determination of absolute configurations
of a great number of compounds of both natural and synthetic
origin. Further developments came with the CD exciton chiral-
ity method,27 which allows the determination of absolute con-
figurations in a non-empirical way. Applications of circular
dichroism have also been widely applied to the conformational
studies in a solution of small-to-medium sized molecules, as
well as macromolecules, especially proteins.28

The CD exciton chirality method is based on the through-
space interaction of the electric transition moments of two
chromophores that gives rise to an excited state split into two
energy levels. Excitations to these levels lead to a CD spectrum
with two Cotton effects of opposite signs, namely to a “split”
CD curve. The chiral environment of the two chromophores
determines the sign of the Cotton effects, with the sign of the
exciton chirality being that of the first Cotton effect, the one at
a longer wavelength (Fig. 3).

In the belief that CD is an extremely sensitive spectroscopic
technique to study the rotational population of the hydroxy-
methyl group in alkyl glucopyranoside sulfones, the CD
spectra of compounds 9a–9f were recorded in CH3CN.

The CD curves of compounds 9a–9f (Fig. 4) showed a first
Cotton effect around 251 nm and a second Cotton effect
around 233 nm, centered around the UV λmax 245 nm
(Table 6), in agreement with the exciton chirality method. In
addition, a general decrease in the intensities of the first and
second Cotton effects, or their A values, from the methyl
derivative 9a (A value 21.5), to the ethyl derivative 9b (19.4), to
the n-propyl 9c (18.7), to the isopropyl 9d (16.3), to the cyclo-
hexyl 9e (14.2), and to the tert-butyl derivative 9f (11.2), can be
observed.

According to the sign of the pairwise interaction between
the chromophores at the 4 and 6 positions in the gg, gt and tg
rotamers (Fig. 5), the general decrease in the CD Cotton effects
can only be explained by a decrease in the population of the gg
rotamer (positive contribution) and an increase in the popu-
lation of the gt rotamer (negative contribution).

CD and 1H NMR data comparison indicated the existence
of an excellent correlation between the magnitudes of the
rotamer populations obtained by 1H NMR and the CD A
values.

Conformational analysis of the glycosidic bond

To gain a deeper insight into the flexibility of alkyl glucosyl
sulfones, we examined the conformational properties about
the ϕ (H1–C1–S–C) torsion angle by means of selective
1D-NOESY spectroscopy. The free rotation about C1–S, either
for glucosyl sulfoxides or sulfones, generates three staggered
rotamers called g−, g+ and anti (Fig. 6), based on the spatial
relationship between the aglycone’s carbon directly attached to
the sulfur atom and the endocyclic oxygen O5.
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As can be observed in Fig. 7, for the g− conformer, we
anticipate nOe couplings between H1 and the aglycone’s
protons closer to the sulfur, whereas for the g+ conformer, we
expect similar nOe couplings between the aglycone’s protons
and H2. In C2-substituted β-glucosides, the anti rotamer is
heavily destabilized by steric repulsions and we do not expect
significant contributions from it. Therefore, we carried out
selective 1D-NOESY experiments in C6D6 (apolar) and CD3CN

(polar) for the per-acetylated sulfones 4a (R = Me), 4b (R = Et),
4d (R = i-Pr), and 4f (R = t-Bu), thus representing glucosides
carrying methyl, primary, secondary, and tertiary alkyl
aglycones.

Fig. 8 shows stacked sections of the 1D-NOESY spectra for
selected sulfones. We selectively excited the alkyl’s hydrogen
atoms closer to H1 and H2 corresponding to the methyl group
in 4a, the ethyl’s methylene in 4b, the iso-propyl’s methine in

Fig. 2 Pgg (red color) and Pgt (blue color) versus alkyl’s Charton values (ν) for per-acetylated glucosyl sulfones 4a–4f in: (A) C6D6;
18 (B) CDCl3;

19 (C)
CD3OD;20 (D) CD3CN;

21 and for dibenzoate glucosyl sulfones 9a–9f in: (E) CDCl3;
22 (F) CD3CN.23
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4d, and the tert-butyl’s methyl groups in 4f, whose signals
were well isolated in the respective 1H NMR spectrum on both
tested solvents, allowing for selective irradiation.

In the apolar media (C6D6), we observe that methyl and
ethyl derivatives 4a and 4b show strong nOe couplings with H2
and a weak interaction with H1, suggesting that in these
small-aglycone-carrying sulfones, the g+ rotamer predominates
the conformation about ϕ. As the aglycone increases its degree
of substitution, the intensity of the nOe peak with H2
decreases and that with H1 increases. Thus, iso-propyl sulfone
4d shows comparable nOe intensities between H1 and H2 nOe
peaks, suggesting an equilibrium between the g− and g+ con-
formers. In tert-butyl sulfone 4f, the larger nOe peak with H1
suggests a ϕ torsion largely predominated by the g− confor-
mer. No nOe spatial couplings with the acetyl group at C2 were
observed upon irradiation of the above-mentioned protons.

In CD3CN, the conformation about ϕ shows a different
pattern, especially for those glucosyl sulfones carrying smaller
alkyl substituents. Thus, we observe that derivatives 4a and 4b
exhibit comparable intensities on the H1 and H2 nOe peaks,
which points to a glycosidic ϕ conformation distributed
between the g− and g+ rotamers. The iso-propyl glucoside 4d
shows nOe peaks with H1 and H2, with H1 being the most

Fig. 3 Nondegenerate system in which chromophoric groups i and j
undergo O → a transitions to give split levels separated by interaction
energy 2Vij. Δε is the molar circular dichroism, Ri,j is the interchromo-
phoric distance vector from i to j, and μioa and μjoa are electric transition
dipole moments of excitation O → a. 1La is the transition dipole moment
in p-substituted benzoate chromophores.

Fig. 4 CD curves (CH3CN) for alkyl glucosyl sulfones 9a–9f at 25 °C.

Table 6 Wavelength, intensity of the Cotton effects and A values of the
CD spectra for sulfones 9a–9f (CH3CN)

Cmpd R

First Cotton
effect

Second Cotton
effect

A valueλ (nm) Δε λ (nm) Δε

9a Me 251 14.9 233 −6.6 21.5
9b Et 251 13.5 233 −5.9 19.4
9c n-Pr 251 12.9 235 −5.8 18.7
9d i-Pr 252 10.9 232 −5.4 16.3
9e Cy 252 9.8 229 −4.4 14.2
9f t-Bu 250 7.1 232 −4.1 11.2

Fig. 6 Staggered g−, g+, and anti conformers about the ϕ (C–S–C1–
O5) torsion angle for glucosyl sulfoxides and sulfones and the nomen-
clature used herein.

Fig. 7 Expected nOe couplings between H1 and the aglycone’s protons
closer to the sulfur.

Fig. 5 Sign of the pairwise interaction between the chromophores at
the 4 and 6 positions in the gg, gt and tg rotamers.
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intense, suggesting a preference for the g− conformer. In tert-
butyl sulfone 4f, the largely predominant H1 nOe peak evi-
dences a glycosidic conformation anchored in g−. Thus, the
effect of the media polarity over the glycosidic bond confor-
mation seems to be more relevant in glycosides carrying small

alkyl substituents, where we observe higher flexibilities. As the
aglycone substituent’s size increases, the glycosidic bond
becomes stiffer and anchored in g− in both polar and apolar
media, likely due to the steric repulsions with H2 which desta-
bilize g+.

Conclusions

Herein we have shown by means of NMR and CD spectroscopy
that the rotamer populations of the hydroxymethyl group in
alkyl glucosyl sulfones depend on the structural nature of the
aglycone. Thus, in both synthetic models, an increment in the
alkyl substituent’s bulkiness leads to progressive increments
in gt contributions at the expense of gg. In addition, as the
Charton value (ν) increases, the gt population linearly
increases at the expense of the gg population.

These results are like those obtained with alkyl O-,8 S-,9 and
C-10 glycosides as well as RS glucosyl sulfoxides, but opposite
to those from the SS glucosyl sulfoxides.11 All these studies
pointed to different values of the stereoelectronic exo-anomeric

Fig. 8 Stacked 1D-NOESY spectra for glucosyl sulfones 4a (R = Me), 4b (R = Et), 4d (R = i-Pr), and 4f (R = t-Bu) in C6D6 (A) and CD3CN (B).
Irradiated hydrogens are highlighted in red.

Fig. 9 Pgt versus alkyl’s Taft’s values (Es) for alkyl O-glucosides, thioglu-
cosides, glucosyl sulfoxides and sulfones.
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effect to be responsible for this behavior. In addition, the inde-
pendent conformational properties of carbasugars12 of the
aglycone reveal that the endocyclic oxygen is involved and it is
necessary for this relationship.

Fig. 9 shows the general behavior of Pgt versus Taft’s steric
parameter (ES) of the alkyl group attached to O-, S-, RS and SS
sulfinyl as well as sulfonyl groups in CDCl3. It can be observed
that in all cases but the SS glucosyl sulfoxides, an increase in
the absolute value of ES leads to larger gt populations.
Therefore, it seems that the conformational properties of the
hydroxymethyl group of ester-protected alkyl glucosyl sulfones
are also directly related to the stereoelectronic exo-anomeric
effect.

Opposite to the sulfinyl group, the sulfonyl group possesses
higher π character in the SvO bond.29 This property could
give rise to a πSvO → σ*C1–O5 interaction that, in a similar way
to other glycosides, led to the existence of the exo-anomeric
effect in alkyl glucosyl sulfones. Either the g− or the g+ confor-
mation fulfills the spatial requirements for the πSvO → σ*C1–O5
interaction to take place.

The nOe study on the conformational patterns about the
glycosidic bond ϕ (H1–C1–S–C) revealed its dependency on the
aglycone’s nature. As the alkyl substituent increases its degree
of substitution, the intensity of the nOe peak with H2
decreases and that with H1 increases, meaning that the g−
conformer increases its predominance at the expense of g+.

The solvent polarity exerts an important influence over the
conformational pattern of the glycosidic bond and a less pro-
nounced one over the hydroxymethyl group’s flexibility. In
apolar media (C6D6), glycosides carrying small aglycones
exhibit a glycosidic conformation markedly predominated by
g+, whereas in a polar solvent (CD3CN), the glycosidic bond
becomes more flexible with comparable g+ and g− distri-
butions. In both polar and apolar media, we observe the same
hydroxymethyl conformational trends with comparable Pgg, Pgt,
and Ptg values in both glycoside series studied.

Experimental
General information

NMR spectra were recorded in Bruker AVANCE 400, 500 and
600 spectrometers. Mono-dimensional 1H NMR spectra were
collected at 400, 500 and 600 MHz and 1D 13C NMR spectra
were collected at 100 and 150 MHz, VTU 300.0 °K. Chemical
shifts are reported in parts per million (ppm). The residual
solvent peak was used as an internal reference. FIDs were pro-
cessed using Bruker TopSpin software by applying a Fourier
transform with phase correction combined with exponential
multiplication (efp command). The 3JH,H coupling constants
were measured directly from the peak’s chemical shift differ-
ences of the resulting spectra or using the distance measure-
ment tool in TopSpin. The H5,H6 coupling constants (ABX
system) were obtained (i) by direct measurement of the lines of
H6R, H6S, or H5 in spectrometers of different magnetic field
strengths (from 400 to 600 MHz) and (ii) by simulating each

spectrum by using Bruker’s simulation and iteration tool
(DAISY) available in TopSpin 4.0.7 (see ESI Tables S2–S4 and
Fig. S26–S45†).30

HRMS spectra were analyzed by TOF MS ES+. For analytical
and preparative thin-layer chromatography, silica gel ready-
foils and glass-backed plates (1 mm) were used, respectively,
being developed with 254 nm UV light and/or spraying with
AcOH/H2O/H2SO4 (80 : 16 : 4) and heating at 150 °C. Column
chromatography was performed using silica gel
(0.015–0.04 mm) and n-hexane/EtOAc solvent systems. All
reagents were obtained from commercial sources and used
without further purification. Solvents were dried and distilled
before use.

For general procedures for the synthesis and characteriz-
ation of the alkyl β-D-thioglucopyranosides 3a, 3b, and 3(d–f )
and 8(a–f ), see ref. 9, 13 and 14. For compound 3c, see the fol-
lowing section.

n-Propyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside (3c)

To a stirred solution of 1,2,3,4,6-penta-O-acetyl-β-D-glucopyra-
nose (855 mg, 2.2 mmol) and propanothiol (2 eq., 0.40 mL) in
dry dichloromethane (5 mL mmol−1) at room temperature and
under an N2 atmosphere, boron trifluoride etherate (0.1 eq.)
was added dropwise. The reaction progress was followed by
TLC. When the starting compound was consumed, it was
quenched by the addition of Et3N and diluted with CH2Cl2.
The organic layer was washed with brine, dried over anhydrous
Na2SO4, and concentrated under reduced pressure. The
product was purified by chromatography using silica gel and
n-hexane/ethyl acetate as the eluent to afford the n-propyl thio-
glucoside 3c (818 mg, 1.5 mmol, 92%). Rf: 0.43 (n-hex/EtOAc
3 : 2); [α]D: −27.4 (c 1.2, CHCl3); HRMS (FAB): calcd for
C17H26O9NaS [M + Na]+: 429.1195, found: 429.1190; 1H NMR
(δ, 400 MHz, CDCl3): 5.21 (dd, J = 9.4 and 9.4 Hz, H-3), 5.07
(dd, J = 9.4 and 9.4 Hz, H-4), 5.02 (dd, J = 9.7 and 9.7 Hz, H-2),
4.47 (d, J = 10.0 Hz, H-1), 4.23 (dd, J = 5.0 and 12.3 Hz, H-6R),
4.12 (dd, J = 2.2 and 12.3 Hz, H-6S), 3.69 (ddd, J = 2.2, 5.0 and
9.8 Hz, H-5), 2.71–2.57 (m, 2H), 2.07 (s, 3H), 2.05 (s, 3H), 2.01
(s, 3H), 1.99 (s, 3H), 1.67–1.57 (m, 2H), 0.97 (dd, J = 7.3 and 7.3
Hz, 3H); 13C NMR (δ, CDCl3): 170.6 (s), 170.2 (s), 169.4 (s),
169.3 (s), 83.7 (d, C-1), 75.8 (d, C-5), 73.9 (d, C-3), 69.9 (d, C-2),
68.4 (d, C-4), 62.2 (t, C-6), 32.1 (t), 23.1 (q), 20.7 (q), 20.6 (q),
20.5 (q), 13.4 (q); E.A.: calcd for C17H26O9S: C, 50.24; H, 6.45;
S, 7.89, found: C, 50.34; H, 6.60; S, 7.78.

General procedure for the oxidation of alkyl S-glycosides to
alkyl glycosyl sulfones

Alkyl S-glucoside (1.0 equiv.), Ac2O (3.0 equiv.), and SiO2

(200 mg mmol−1 of S-glucoside) were suspended in DCM
(5.0 ml mmol−1 of S-glucoside), and H2O2 (3.0 equiv., from a
35% in H2O solution) was added at room temperature and
under vigorous stirring. The reaction was maintained under
stirring until achieving complete oxidation of the starting
material (TLC analysis). The system was then diluted with
DCM, filtered through filter paper to remove SiO2, and the fil-
trate was transferred to a separation funnel and subsequently
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washed with 10% Na2S2O3, NaHCO3 (sat.), and brine. The
organic layer was collected, dried over Na2SO4, filtered, and
concentrated in a rotary evaporator. The resulting crude was
then purified by normal phase flash chromatography using
mixtures of ethyl acetate and n-hexane as the eluent system in
proportions according to the sulfone’s polarity.

2,3,4,6-Tetra-O-acetyl-1-(methylsulfonyl)-β-D-glucopyranoside
(4a)

Following the general procedure for the synthesis of alkyl gly-
cosyl sulfones, methyl S-glucoside 3a (83 mg, 0.22 mmol)
afforded glycosyl sulfone 4a (90 mg, 0.219 mmol, 99%) as a
white solid. Rf: 0.33 (n-hex/EtOAc 2 : 3); [α]D: −2.7 (c 0.9,
CHCl3);

1H NMR (δ, 400 MHz, CDCl3): 5.42 (dd, J = 9.6 and 9.6
Hz, H-2), 5.30 (dd, J = 9.3 and 9.3 Hz, H-3), 5.12 (dd, J = 9.7
and 9.7 Hz, H-4), 4.35 (d, J = 9.9 Hz, H-1), 4.32 (dd, J = 4.8 and
12.7 Hz, H-6R), 4.20 (dd, J = 2.2 and 12.7 Hz, H-6S), 3.85 (ddd,
J = 2.2, 4.8, and 10.0 Hz, H-5), 2.95 (s, 3H), 2.08 (s, 3H), 2.06 (s,
3H), 2.03 (s, 3H), 2.02 (s, 3H); 13C{1H} NMR (δ, 100 MHz,
CDCl3): 170.4 (s), 169.9 (s), 169.5 (s), 169.2 (s), 88.4 (d, C-1),
76.8 (d, C-5), 73.0 (d, C-3), 67.4 (d, C-4), 66.7 (d, C-2), 61.3 (d,
C-6), 36.4 (q), 20.6 (q), 20.6 (q), 20.5 (q), 20.4 (q). HRMS (FAB):
calcd for C15H22O11S Na [M + Na]+: 433.0781, found: 433.0770.

2,3,4,6-Tetra-O-acetyl-1-(ethylsulfonyl)-β-D-glucopyranoside
(4b)

Following the general procedure for the synthesis of alkyl gly-
cosyl sulfones, ethyl S-glucoside 3b (115 mg, 0.29 mmol)
afforded glycosyl sulfone 4b (119 mg, 0.28 mmol, 97%) as a
white solid. Rf: 0.37 (n-hex/EtOAc 2 : 3); [α]D: −9.6 (c 0.3,
CHCl3);

1H NMR (δ, 400 MHz, CDCl3): 5.49 (dd, J = 9.6 and 9.6
Hz, H-2), 5.31 (dd, J = 9.4 and 9.4 Hz, H-3), 5.12 (dd, J = 9.8
and 9.8 Hz, H-4), 4.46 (d, J = 9.9 Hz, H-1), 4.26 (dd, J = 4.7 and
12.7 Hz, H-6R), 4.21 (dd, J = 2.1 and 12.7 Hz, H-6S), 3.83 (ddd,
2.1, 4.7, and 9.2 Hz, H-5), 3.14 (m, 2H), 2.08 (s), 2.07 (s), 2.04
(s), 2.03 (s), 1.40 (dd, J = 7.5 and 7.5 Hz, 3H); 13C{1H} NMR (δ,
100 MHz, CDCl3): 170.4 (s), 170.0 (s), 169.3 (s), 169.2 (s), 87.5
(d, C-1), 76.8 (d, C-5), 73.1 (d, C-3), 67.4 (d, C-4), 66.5 (d, C-2),
61.4 (t, C-6), 43.9 (t), 20.6 (q), 20.6 (q), 20.5 (q), 20.4 (q), 5.4 (q);
HRMS (FAB): calcd for C16H25O11S [M + H]+: 425.1118, found:
425.1133.

2,3,4,6-Tetra-O-acetyl-1-(n-propylsulfonyl)-β-D-glucopyranoside
(4c)

Following the general procedure for the synthesis of alkyl gly-
cosyl sulfones, n-propyl S-glucoside 3c (91 mg, 0.22 mmol)
afforded sulfone 4c (92 mg, 0.21 mmol, 95%) as a white solid.
Rf: 0.47 (n-hex/EtOAc 2 : 3); [α]D: −17.2 (c 0.9, CHCl3);

1H NMR
(δ, 400 MHz, CDCl3): 5.47 (dd, J = 9.6 and 9.6 Hz, H-2), 5.30
(dd, J = 9.3 and 9.3 Hz, H-3), 5.11 (dd, J = 9.7 and 9.7 Hz, H-4),
4.42 (d, J = 9.9 Hz, H-1), 4.26 (dd, J = 4.8 and 12.6 Hz, H-6R),
4.20 (dd, J = 2.3 and 12.6 Hz, H-6S), 3.82 (ddd, J = 2.3, 4.8, and
10.0 Hz, H-5), 3.08 (m, 2H), 2.08 (s, 3H), 2.06 (s, 3H), 2.03 (s,
3H), 2.02 (s, 3H), 1.90 (m, 2H), 1.09 (dd, J = 7.4 and 7.4 Hz,
3H); 13C{1H} NMR (δ, 100 MHz, CDCl3): 170.4 (s), 170.0 (s),
169.3 (s), 169.2 (s), 87.8 (d, C-1), 76.7 (d, C-5), 73.1 (d, C-3),

67.4 (d, C-4), 66.4 (d, C-2), 61.4 (t, C-6), 50.9 (t), 20.6 (q), 20.6
(q), 20.5(q), 20.5(q), 14.7 (t), 13.2 (q); HRMS (FAB): calcd for
C17H26O11SNa [M + Na]+: 461.1094, found: 461.1075.

2,3,4,6-Tetra-O-acetyl-1-(iso-propylsulfonyl)-β-D-
glucopyranoside (4d)

Following the general procedure for the synthesis of alkyl gly-
cosyl sulfones, iso-propyl S-glucoside 3d (95 mg, 0.23 mmol)
afforded sulfone 4d (92 mg, 0.21 mmol, 91%) as a white solid.
Rf: 0.38 (n-hex/EtOAc 2 : 3); [α]D: −12.4 (c 0.9, CHCl3);

1H NMR
(δ, 600 MHz, CDCl3): 5.56 (dd, J = 9.6 and 9.6 Hz, H-2), 5.33
(dd, J = 9.6 and 9.6 Hz, H-3), 5.11 (dd, J = 9.6 and 9.6 Hz, H-4),
4.63 (d, J = 9.6 Hz, H-1), 4.23 (dd, J = 2.4 and 12.6 Hz, H-6S),
4.20 (dd, J = 4.8 and 12.6 Hz, H-6R), 3.80 (ddd, J = 2.4, 4.8, and
9.6 Hz, H-5), 3.48 (m, 1H), 2.08 (s, 3H), 2.06 (s, 3H), 2.04 (s,
3H), 2.03 (s, 3H), 1.39 (d, J = 7.2 Hz, 3H), 1.37 (d, J = 7.2 Hz,
3H); 13C{1H} NMR (δ, 100 MHz, CDCl3): 170.3 (s), 170.1 (s),
169.2 (s), 169.0 (s), 85.9 (d, C-1), 76.7 (d, C-5), 73.2 (d, C-3),
67.5 (d, C-4), 66.5 (d, C-2), 61.6 (t, C-6), 51.2 (d), 20.6 (q), 20.6
(q), 20.5(q), 20.4(q), 16.1 (q), 13.4 (q); HRMS (FAB): calcd for
C17H26O11SNa [M + Na]+: 461.1094, found: 461.1092.

2,3,4,6-Tetra-O-acetyl-1-(cyclohexylsulfonyl)-β-D-
glucopyranoside (4e)

Following the general procedure for the synthesis of alkyl gly-
cosyl sulfones, cyclohexyl S-glucoside 3e (101 mg, 0.25 mmol)
afforded sulfone 4e (110 mg, 0.23 mmol, 94%) as a white
solid. Rf: 0.52 (n-hex/EtOAc 2 : 3); [α]D: −14.6 (c 1.2, CHCl3);

1H
NMR (δ, 400 MHz, CDCl3): 5.55 (dd, J = 9.7 and 9.7 Hz, H-2),
5.32 (dd, J = 9.4 and 9.4 Hz, H-3), 5.07 (dd, J = 9.5 and 9.5 Hz,
H-4), 4.60 (d, J = 9.8 Hz, H-1), 4.22 (dd, J = 2.3 and 12.5 Hz,
H-6S), 4.16 (dd, J = 5.6 and 12.5 Hz, H-6R), 3.78 (ddd, J = 2.3,
5.6, and 10.1 Hz, H-5), 3.24 (m, 1H), 2.16 (m, 2H), 2.07 (s, 3H),
2.03 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H), 1.60 (m, 4H), 1.26 (m,
4H); 13C{1H} NMR (δ, 100 MHz, CDCl3): 170.3 (s), 170.1 (s),
169.2 (s), 169.0 (s), 85.7 (d, C-1), 76.7 (d, C-5), 73.2 (d, C-3),
67.5 (d, C-4), 66.3 (d, C-2), 61.8 (t, C-6), 58.9 (d), 25.9 (t), 25.1
(t), 25.0 (t), 25.0 (t), 22.8 (t), 20.6 (q), 20.5 (q), 20.5(q), 20.4(q);
HRMS (ESI): calcd for C20H30O11NaS [M + Na]+: 501.1422,
found: 501.1407.

2,3,4,6-Tetra-O-acetyl-1-(tert-butylsulfonyl)-β-D-glucopyranoside
(4f)

Following the general procedure for the synthesis of alkyl gly-
cosyl sulfones, tert-butyl S-glucoside 3f (110 mg, 0.26 mmol)
afforded sulfone 4f (116 mg, 0.25 mmol, 96%) as a white solid.
Rf: 0.40 (n-hex/EtOAc 2 : 3); [α]D: −3.2 (c 1.0, CHCl3);

1H NMR
(δ, 400 MHz, CDCl3): 5.58 (dd, J = 9.3 and 9.3 Hz, H-2), 5.34
(dd, J = 9.3 and 9.3 Hz, H-3), 5.06 (dd, J = 9.8 and 9.8 Hz, H-4),
4.84 (d, J = 9.7 Hz, H-1), 4.24 (dd, J = 2.4 and 12.5 Hz, H-6S),
4.13 (dd, J = 6.5 and 12.5 Hz, H-6R), 3.80 (ddd, J = 2.4, 6.5, and
9.4 Hz, H-5), 2.07 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H),
1.47 (m, 9H); 13C{1H} (δ, 100 MHz, CDCl3): 170.2 (s), 170.1 (s),
169.2 (s), 168.9 (s), 86.3 (d, C-1), 76.5 (d, C-5), 73.2 (d, C-3),
67.7 (d, C-4), 66.5 (d, C-2), 62.6 (t, C-6), 62.1 (s), 23.9 (q, ×3C),
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20.6 (q), 20.6 (q), 20.5 (q), 20.4 (q); HRMS (FAB): calcd for
C18H29O11S [M + H]+: 453.1431, found: 453.1405.

2,3-Di-O-acetyl-4,6-bis-O-(4-bromobenzoyl)-1-(methylsulfonyl)-
β-D-glucopyranoside (9a)

Following the general procedure for the synthesis of alkyl gly-
cosyl sulfones, methyl S-glucoside 8a (18 mg, 0.03 mmol)
afforded sulfone 9a (19 mg, 0.027 mmol, 92%) as a white
solid. Rf: 0.43 (n-hex/EtOAc 1 : 1); [α]D: +9.4 (c 0.2, CHCl3);

1H
NMR (δ, 400 MHz, CDCl3): 7.81 (m, 4H), 7.56 (m, 4H), 5.53 (m,
H-2 and H-3), 5.45 (dd, J = 9.7 and 9.7 Hz, H-4), 4.61 (dd, J =
3.0 and 12.5 Hz, H-6S), 4.47 (d, J = 9.4 Hz, H-1), 4.44 (dd, J =
4.9 and 12.5 Hz, H-6R), 4.13 (ddd, J = 3.0, 4.9, and 9.7 Hz,
H-5), 2.97 (s, 3H), 2.09 (s, 3H), 1.93 (s, 3H). 13C{1H} NMR (δ,
100 MHz, CDCl3): 170.1 (s), 169.5 (s), 165.7 (s), 164.5 (s), 132.1
(d, ×2C), 131.9 (d, ×2C), 131.3 (s, ×2C), 131.1 (s, ×2C), 129.4 (s),
128.7 (s), 128.0 (s), 127.1 (s), 88.5 (d, C-1), 76.9 (d, C-5), 72.6 (d,
C-3), 68.7 (d, C-4), 66.7 (d, C-2), 62.5 (t, C-6), 36.6 (q), 20.6 (q),
20.4 (q); HRMS (FAB): calcd for C25H24 Br2O11SNa [M + Na]+:
712.9304, found: 712.9293; UV (CH3CN) λmax nm (ε): 245 (ε
38 200); CD (CH3CN) λext nm (Δε): 251 (14.9), 233 (−6.6).

2,3-Di-O-acetyl-4,6-bis-O-(4-bromobenzoyl)-1-(ethylsulfonyl)-
β-D-glucopyranoside (9b)

Following the general procedure for the synthesis of alkyl gly-
cosyl sulfones, ethyl S-glucoside 8b (19 mg, 0.03 mmol)
afforded sulfone 9b (20 mg, 0.028 mmol, 95%) as a white
solid: Rf: 0.47 (n-hex/EtOAc 1 : 1); [α]D: +8.6 (c 0.1, CHCl3);

1H
NMR (δ, 400 MHz, CDCl3): 7.81 (m, 4H), 7.58 (m, 4H), 5.59
(dd, J = 9.1 and 9.1 Hz, H-4), 5.55 (dd, J = 9.0 and 9.0 Hz, H-3),
5.44 (dd, J = 9.5 and 9.5 Hz, H-4), 4.58 (d, J = 9.6 Hz, H-1), 4.60
(dd, J = 3.0 and 12.1 Hz, H-6S), 4.43 (dd, J = 5.3 and 12.1 Hz,
H-6R), 4.11 (ddd, J = 3.0, 5.3, and 9.3 Hz, H-5), 3.15 (m, 2H),
2.08 (s, 3H), 1.93 (s, 3H), 1.36 (dd, J = 7.5 and 7.5 Hz, 3H); 13C
{1H} NMR (δ, 100 MHz, CDCl3): 169.7 (s), 169.1 (s), 164.9 (s),
164.1 (s), 131.9 (d, ×2C), 131.7 (d, ×2C), 131.1 (d, ×2C), 130.9
(d, ×2C), 129.2 (s), 128.6 (s), 127.8 (s), 126 (s), 87.4 (d, C-1),
76.9 (d, C-5), 72.5 (d, C-3), 68.5 (d, C-4), 66.2 (d, C-2), 62.3 (t,
C-6), 29.5 (t), 20.4 (q), 20.2 (q), 5.4 (q); HRMS (ESI) calcd for
C26H26O11NaSBr2 [M + Na]+: 726.9460, found: 726.9479; UV
(CH3CN) λmax nm (ε): 245 (ε 38 200); CD (CH3CN) λext nm (Δε):
251 (13.5), 233 (−5.9).

2,3-Di-O-acetyl-4,6-bis-O-(4-bromobenzoyl)-1-(n-
propylsulfonyl)-β-D-glucopyranoside (9c)

Following the general procedure for the synthesis of alkyl gly-
cosyl sulfones, n-propyl S-glucoside 8c (33 mg, 0.05 mmol)
afforded sulfone 9c (35 mg, 0.049 mmol, 98%) as a white solid.
Rf: 0.53 (n-hex/EtOAc 1 : 1); [α]D: +6.4 (c 0.3, CHCl3);

1H NMR
(δ, 400 MHz, CDCl3): 7.85–7.80 (m, 4H), 7.60–7.55 (m, 4H),
5.59 (dd, J = 9.1 and 9.1 Hz, H-2), 5.55 (dd, J = 9.3 and 9.3 Hz,
H-3), 5.43 (dd, J = 9.5 and 9.5 Hz, H-4), 4.60 (dd, J = 3.0 and
12.5 Hz, H-6S), 4.54 (d, J = 9.4 Hz, H-1), 4.44 (dd, J = 5.4 and
12.5 Hz, H-6R), 4.11 (ddd, J = 3.0, 5.4, and 9.5 Hz, H-5),
3.13–3.03 (m, 2H), 2.09 (s, 3H), 2.05 (s, 3H), 1.94–1.80 (m, 2H),
1.03 (dd, J = 7.5 and 7.5 Hz, 3H); 13C{1H} NMR (δ, 100 MHz,

CDCl3): 169.9 (s), 169.3 (s), 165.1 (s), 164.3 (s), 132.1 (d), 131.9
(d), 131.3 (d), 131.1 (d), 129.4 (s), 128.7 (s), 128.0 (s), 127.1 (s),
87.8 (d, C-1), 77.2 (d, C-5), 72.7 (d, C-3), 68.7 (d, C-4), 66.4 (d,
C-2), 62.6 (t, C-6), 51.1 (t), 20.6 (q), 20.4 (q), 14.8 (t), 13.2 (q);
HRMS (ESI); calcd for C27H28O11NaSBr2 [M + Na]+: 742.9596,
found: 742.9591; UV (CH3CN) λmax nm (ε): 245 (ε 38 200); CD
(CH3CN) λext nm (Δε): 251 (12.9), 235 (−5.8).

2,3-Di-O-acetyl-4,6-bis-O-(4-bromobenzoyl)-1-(iso-
propylsulfonyl)-β-D-glucopyranoside (9d)

Following the general procedure for the synthesis of alkyl gly-
cosyl sulfones, iso-propyl S-glucoside 8d (36 mg, 0.05 mmol)
afforded sulfone 9d (33 mg, 0.046 mmol, 92%) as a white
solid. Rf: 0.50 (n-hex/EtOAc 1 : 1); [α]D: −6.4 (c 0.4, CHCl3)

1H
NMR (δ, 400 MHz, CDCl3): 7.81 (m, 4H), 7.56 (m, 4H), 5.65
(dd, J = 9.4 and 9.4 Hz, H-2), 5.57 (dd, J = 9.3 and 9.3 Hz, H-3),
5.40 (dd, J = 9.8 and 9.8 Hz, H-4), 4.74 (d, J = 9.6 Hz, H-1), 4.56
(dd, J = 2.7 and 12.4 Hz, H-6S), 4.43 (dd, J = 5.8 and 12.4 Hz,
H-6R), 4.09 (ddd, J = 2.7, 5.8, and 9.0 Hz, H-5), 3.47 (m, 1H),
2.07 (s, 3H), 1.92 (s, 3H), 1.36 (d, J = 7.0 Hz, 3H), 1.30 (d, J =
7.0 Hz, 3H); 13C{1H} NMR (δ, 100 MHz, CDCl3): 170.1 (s), 169.1
(s), 165.1 (s), 164.3 (s), 132.1 (d, ×2), 131.9 (d, ×2), 131.3 (d),
131.1 (d, ×2), 129.3 (s), 128.8 (s), 127.9 (s), 127.1 (s), 85.8 (d,
C-1), 76.6 (d, C-5), 72.3 (d, C-3), 68.8 (d, C-4), 66.5 (d, C-2), 62.7
(t, C-6), 51.2 (d), 20.6 (q), 20.5 (q), 16.2 (q), 13.3 (q); HRMS
(FAB): calcd for C27H28O11NaSBr2 [M + Na]+: 742.9596, found:
742.9551; UV (CH3CN) λmax nm (ε): 244 nm (ε 38 200); CD
(CH3CN) λext nm (Δε): 252 (10.9), 232 (−5.8).

2,3-Di-O-acetyl-4,6-bis-O-(4-bromobenzoyl)-1-
(cyclohexylsulfonyl)-β-D-glucopyranoside (9e)

Following the general procedure for the synthesis of alkyl gly-
cosyl sulfones, cyclohexyl S-glucoside 8e (71 mg, 0.1 mmol)
afforded sulfone 9e (70 mg, 0.093 mmol, 93%) as a white
solid. Rf: 0.58 (n-hex/EtOAc 1 : 1); [α]D: −8.3 (c 0.5, CHCl3);

1H
NMR (δ, 400 MHz, CDCl3): 7.82 (m, 4H), 7.57 (m, 4H), 5.66
(dd, J = 9.4 and 9.4 Hz, H-2), 5.55 (dd, J = 9.4 and 9.4 Hz, H-3),
5.39 (dd, J = 9.8 and 9.8 Hz, H-4), 4.70 (d, J = 9.6 Hz, H-1), 4.55
(dd, J = 2.4 and 12.5 Hz, H-6S), 4.42 (dd, J = 5.9 and 12.5 Hz,
H-6R), 4.08 (ddd, J = 2.4, 5.9, and 9.6 Hz, H-5), 3.24 (m, 1H),
2.17 (m, 2H), 2.07 (s, 3H), 1.98 (s, 3H), 1.56 (m, 4H), 1.20 (m,
4H); 13C{1H} NMR (δ, 100 MHz, CDCl3): 170.1 (s), 169.1 (s),
165.1 (s), 164.3 (s), 132.1 (d, ×2), 131.9 (d, ×2), 131.3 (d, ×2C),
131.1 (d, ×2), 129.3 (s), 128.8 (s), 127.9 (s), 127.3 (s), 85.6 (d,
C-1), 76.7 (d, C-5), 72.8 (d, C-3), 68.7 (d, C-4), 66.3 (d, C-2), 62.8
(t, C-6), 58.9 (d), 25.9 (t), 25.0 (t), 24.9 (t), 24.7 (t), 22.7 (t), 20.6
(q), 20.5 (q); HRMS (FAB): calcd for C30H32O11NaSBr2 [M +
Na]+: 780.9930, found: 780.9948; UV (CH3CN) λmax nm (ε):
244 nm (ε 38 200); CD (CH3CN) λext nm (Δε): 252 (9.8), 229
(−4.4).

2,3-Di-O-acetyl-4,6-bis-O-(4-bromobenzoyl)-1-(tert-
butylsulfonyl)-β-D-glucopyranoside (9f)

Following the general procedure for the synthesis of alkyl gly-
cosyl sulfones, tert-butyl S-glucoside 8f (106 mg, 0.15 mmol)
afforded sulfone 9f (99 mg, 0.14 mmol, 93%) as a white solid.
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Rf: 0.52 (n-hex/EtOAc 1 : 1); [α]D: −15.2 (c 0.8, CHCl3);
1H NMR

(δ, 400 MHz, CDCl3): 7.81 (m, 4H), 7.57 (m, 4H), 5.69 (dd, J =
9.2 and 9.2 Hz, H-2), 5.58 (dd, J = 9.1 and 9.1 Hz, H-3), 5.36
(dd, J = 9.6 and 9.6 Hz, H-4), 4.95 (d, J = 9.5 Hz, H-1), 4.58 (dd,
J = 2.6 and 12.2 Hz, H-6S), 4.39 (dd, J = 6.8 and 12.2 Hz, H-6R),
4.12 (ddd, J = 2.6, 6.8, and 9.9 Hz, H-5), 2.07 (s, 3H), 1.94 (s,
3H), 1.44 (s, 9H); 13C{1H} (δ, 100 MHz, CDCl3): 170.1 (s), 169.0
(s), 165.1 (s), 164.4 (s), 132.1 (d, ×2C), 132.0 (d, ×2C), 131.3 (d,
×2C), 131.1 (d, ×2C), 129.3 (s), 128.8 (s), 127.9 (s), 127.1 (s),
86.4 (d, C-1), 76.5 (d, C-5), 72.8 (d, C-3), 68.8 (d, C-4), 66.5 (d,
C-2), 63.2 (t, C-6), 62.6 (s), 23.9 (q, ×3C), 20.7 (q), 20.5 (q);
HRMS (FAB): calcd for C28H30Br2NaO11S [M + Na]+: 756.9753;
found: 756.9787; UV (CH3CN) λmax nm (ε): 244 nm (ε 38 200);
CD (CH3CN) λext nm (Δε): 250 (7.1), 232 (−4.1).
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