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Conformational Analysis of
Thiosugars: Theoretical NMR
Chemical Shifts and *J, 4
Coupling Constants of
5-Thio-Pyranose
Monosaccharides

Alonso Aguirre-Valderrama and José A. Dobado

Grupo de Modelizacién y Disefio Molecular, Departamento de Quimica Organica,
Facultad de Ciencias, Universidad de Granada, Granada, Spain

The conformational space of D and L, deoxy and nondeoxy, 5-thio-pyranoses with biologi-
cal properties as enzymatic inhibitors was explored using MM and B3LYP/6-31 + G*
methods in gas phase and solution. The preferred ring conformation for « and B
anomers of 5-thio-L-fucopyranose was the 1C4 form (about 99%), and for 5-thio-D-gluco-
pyranose and 5-thio-D-mannopyranose, the “C; one. The experimental conformational
order (*C;>1C,>2Sg) for L-ido derivatives was reproduced only considering the
solvent, though for 3-O-methyl-5-thio-a-L-idopyranose, the inclusion of methyl in Cj
changed the 2S¢ form to the B, 4 one.

Keywords Thiosugars, Thiopyranoses, 5-Thio-sugars, 5-Thiopyranoses, Confor-
mational analysis

INTRODUCTION

Glycosidases are important enzymes that are involved in many diseases and
metabolic disorders, such as diabetes, microbial infections, and metastasis.™
Inhibition of these enzymes is a challenging goal of carbohydrate-based
therapy.” Saccharides, a source of those natural inhibitors, constitute
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potential therapeutic agents, but unfortunately are usually degraded in the
digestive system and plasma'®* by glycosidases, which are abundant in organ-
isms." The use of carbohydrate mimics attempts to solve this problem, being
azasugars, in which the ring oxygen is replaced by nitrogen, the most
notable.'8! However, their nonspecificity is a disadvantage.'”

In this sense, 5-thio-sugars'” ! are promising because they resist hydroly-
sis by glycosidases, as opposed to their homologous natural saccharides.
Furthermore, they occasionally show more affinity to receptors than to their
natural counterparts.''? This is the case of 5-thio-a-L-fucopyranose, which is
a strong inhibitor of fucosidase due to the increasing hydrophobic interactions
between the upper side of the ring and the protein;” also, the ring sulphur
atom interacts with receptors."?

Since the first thiosugar (5-thio-D-xylopyranose) was synthesised in
1961,13 3 number of biologically active derivatives have been developed.
For instance, 5-thio-glucopyranose!’® inhibits D-glucose transport across cell
membranes,*® cytotoxicity against hypoxic tumor cells,"'” inhibition of plant
growth,'® and other biochemical effects.”® The 5-thio-D-arabinose™® and
5-thio-L-galactose'?” compounds have inhibitory activity against a-L-fucosi-
dase from bovine kidney. Deoxythionojirimycin (1-deoxy-5-thio-D-glucose) is a
weak inhibitor of a- and B-D-glucosidases,’*!! and deoxythiomannojirimycin
(1-deoxy-5-thio-D-mannose) is a weak competitive inhibitor or «-D-glucosi-
dase.?? Thiosugars have been found also in nature as the 5-thio-D-mannopyr-
anose'?¥ isolated from the marine sponge Clathria pyramida®* or salacinol®®
from Salacia reticulata, the herb used in Indian traditional medicine for
diabetes, being strong inhibitors of a-glucosidases. On the other hand, unna-
tural oligosaccharides built up of 5-thio-glycosides have a direct application
in the development of oligosaccharide-based drugs such as cancer vaccines!?
and may be used to probe the hydrophobic surface in the binding pocket of
oligosaccharide-binding proteins.”” Nevertheless, to understand these pro-
cesses all conformational aspects should be considered.

Carbohydrates are multifunctional compounds where the OH groups are
used to link different target positions.2¢?” Its experimental characterization is
a complex task and, therefore, theoretical information about these 5-thiosugars
is critical for a rational design of oligosaccharide-based drugs.”?®?8! Moreover,
even for a monosaccharide structure, several effects (anomeric,?” exo-anomeric,
(The exo-cyclic O1 lone pair delocalizes into the endocyclic o*ci_os bond
orbital), hockey-stick (It is defined as the repulsive 1,3 syn-diaxial interaction
between the lone pair of an OR (OH in this case) group in axial overlapping
with the axial orbital of S,,,)) determine the conformational distribution.

However, the lack of theoretical studies devoted to thiosugars is evident
and, to the best of our knowledge, only one work deals with the greater sweet-
ening power of 5-thio-D-glucose compared to D-glucose!”! and one recent paper
reports on the molecular modeling by molecular mechanics (MM) of docked



20:56 22 January 2011

Downl oaded At:

Conformational Analysis of Thiosugars

structures of 5-thio-D-glucopyranosylamine and 5-thio-D-glucopyranosylamidi-
nium bromide in the active site of the protein.'3!

We start this series of theoretical studies exploring the conformational
analysis and spectroscopic properties of thiosugars. In the present work, we
focus on monosaccharides. Several 5-thio-pyranoses were selected, considering
the current trend on the design of small mimic molecules,'®? and the prefer-
ence for the pyranose form of the free 5-thiosugars in solution.™® The com-
pounds studied are shown in Scheme 1, 5-thio-a,B-L-fucopyranose (1 and 2),
5-thio-a-D-glucopyranose (3), 5-thio-a-D-mannopyranose (4), and four 5-thio-
a-L-idopyranose derivatives (5—8).1*3' The nucleotide of 2 (guanosine 5-dipho-
spho-5-thio-B-L-fucose), having recently been synthesized, proved to be a
substrate for glycosyl transferases valid for the enzymatic syntheses of many
valuable oligosaccharides."?

In the conformational space of pyranoses, the ring can adopt 38 different
canonical forms. Moreover, with only a threefold rotation for each hydroxyl
group, the number of possible conformations rises to 38 x 3" (where n is the
number of hydroxyl groups) for each molecule. Therefore, a key step in the con-
formational analysis is the choice of an appropriate methodology to explore the
potential energy surface. Thus, the conformational search was performed using
MM methods in the first stage and extended at the B3LYP/6-31+G* level.

HO HO
H
H SR, H SH H SH
H H
H OH OH H OH OH
HO Ry HO OH HO OH
OH H H OH H H
L-GALACTO
(3) 4)
('R, =0OH,R, =H D-GLUCO D-MANNO

)R, =H,R,=OH

1| 6-Deocxy-5-thio-a-L-galactopyranose

’ H Son (5-Thio-a-L-fucopyranose)
R3R4 H \i 2| 8-Deoxy-5-thio-3-L-galactopyranose
HO H {5-Thio-B-L-fucopyranose)
H OH 5-Thio-w-D-glucopyranose
L-IDO

5-Thio-g-D-mannopyranose

{5)R,=0H R, =Me
{6)R,=OH,R,=CH,

(TYR;=0OMe , R, =Me
(8)R,=OMe , R, =CH,

5-Thio-tt-L-idopyranose
6-Deoxy-5-thio-a-L-idopyranose
3-0-Methyl-5-thio-ci-L-idopyrancse

o~ |k |w

6-Deoxy-3-0 -methyl-5-thio-at-L-idopyranose

Scheme 1: 5-Thio-pyranoses under study.
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Density functional theory (DFT) methods have been shown to yield results
similar to those of MP2.!3435 Because water is essential in all biological inter-
actions,®® we also carried out geometrical optimizations with the Polarizable
Continuum Model (PCM)®738 to account for the solvent effect, and the
results were compared with those in the gas phase.

On the other hand, nuclear magnetic resonance (NMR) spectroscopy is a
widely used tool for the determination of complex carbohydrate struc-
tures.'®>4% Therefore, theoretical calculations of vicinal coupling constants
3JH,H and NMR chemical shifts (6y, 6c) have been performed both in the gas
phase and in solution, and compared with the experimental data when avail-
able. In addition, the 3JH,H vicinal coupling constants have been calculated
using the indirect nuclear spin—spin coupling constants (SSCC)“!*2! method
at the B3LYP/6-31+G* level, and computed with the Haasnoot-Leeuw-
Altona empirical equation.4?!

COMPUTATIONAL METHODS

Conformational Analysis

In a preliminary step, a conformational search for compounds 1 to 8 was
conducted at the MM level using the MMX force field."*

To explore the different stable conformers on the whole potential energy
surface (PES), we generated 38 canonical ring forms (We used an in-house
algorithm to generate the 38 canonical forms (ideal basic conformations) of
the pyranose six-membered ring) from a single optimized structure of each
molecule (1-8), and subsequently the corresponding OH rotamers (threefold
rotation of 120°) for each ring form. Thus, the total number of structures gen-
erated was 3078 (38 ring forms x 3* rotamers) for deoxy molecules and 27,702
(38 ring forms x 3° rotamers) for nondeoxy. After the generation of each indi-
vidual conformation, the structures were optimized at the MMX force-field
method. Thus, a systematic conformational space was explored for all the
compounds (1-8).

Selection of Structures

Due to the computational cost of optimizing at the DFT level all the
structures generated for compounds 1-8, it was necessary to develop a
systematic approach to select a subset of relevant structures representing
the PES. To avoid the automatic discarding of structures of conformational
relevance and to explore the PES at DFT level, we used the following
strategy: the optimized MMX structures, within a 10 kcal/mol range, were
grouped according to its ring form'?' and the rotamers according to the OH
dihedral angle values. From each OH group with the same ring form and
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dihedral classification, the lowest energy conformation was selected, giving
rise to a representative set of rotamers and rejecting numerous duplicated
structures in a reliable way.

Two representative sets of rotamers (A and B) were chosen, the A set
being up to 5 kcal/mol and the B set from 5 to 10 kcal/mol above the
minimum. All the structures from the A set were selected in the final list
together with the first rotamers of the B set with the ring form not present
in the A set. Although being aware that in an energy range larger than 3
kcal/mol the structures do not contribute meaningfully to the Boltzman popu-
lations, we enlarged the cut-off range to 5 kcal/mol for further geometry
optimization at B3LYP/6-31G* and B3LYP/6-31+G* levels, with the
Gaussian03 program.'®

Classification of Rotamers by Dihedral Angles

We adopted the common criteria®**” of assigning a letter to the dihedral

Ci41-Ci-O-H angle: g+ (60°), ¢ (180°) and g- (—60°) (g = gauche; ¢ = anti).
Therefore, each letter includes a range for the aforementioned angle, g+ =0
to 120°, g—= 0 to —120°, and ¢ = 120 to —120°. Thus, each structure is charac-
terized by a sequence of characters (according to the ring-atom numbering)
that identifies the OH dihedral (For example, t g+ t g— means OH1 =t,
OH2 =g+, OH3 =t and OH4 = g—). In addition to this notation, we also
added different arrows (— and <« to indicate a possible intramolecular
hydrogen bonding between contiguous OH groups, (All H---O distances closer
to 2.5A were classified as possible hydrogen bonds) pointing the arrows to
the O acceptor atom), as shown in Figures 1 and 2.

Solvent-Effect Calculations

Additional calculations that account for water as a solvent were per-
formed for all the compounds (1-8) using the default PCM?®"%8 in
Gaussian03*% at the B3LYP/6—31+G* level. For this purpose, B3LYP/6—
31G* was discarded because the diffuse functions proved necessary for the
accurate energy-order reproduction of rotamers and ring forms. Previous cal-
culations using the PM3™"8 semiempirical method with the explicit inclusion
of the solvent reproduced the interchange of the chair forms of L-ido com-
pounds in solution compared to the gas phase results in the same form as
it is discussed in the next section. However, the PM3 method was unable to
solve the rotamer analysis, and therefore this method was discarded. We
used an implicit solvent model in Gaussian03'*¢' that allows NMR calcu-
lations and geometrical optimizations. The Onsager'*® method failed to repro-
duce the aforementioned interchange of the chair forms while the PCM
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Cn+2

120°

g+t g+g-
c) g+g+

Figure 1: Adopted criterion to assign the dihedral angle of rotamers. (a) The different
orientations of the OH dihedrals for the 5-thio-a- L-fucopyranose. (b) Range values for the g+,
g-. and t orientations of rotamers. (c) lllustration (only for L-Ido configuration) of the different
orientations at Cs when C, presents a CH,OH group.

method gave good results. Other available methods do not permit geometrical
optimizations.

NMR Chemical Shifts and 3J,, 4 Calculations

The 3JH,H coupling constants were computed using the implementation
of indirect nuclear SSCC"*?' with the Gaussian03"® program at the
B3LYP/6-31+G* level, and also using the Haasnoot-Leeuw-Altona empirical
equation,®® the two methods in the gas phase and in solution, respectively.

The 3C and "H NMR chemical shifts were also calculated in the gas phase
and in solution with the Gaussian03 program'*®’ by means of the GIAO
method,'®” wusing tetramethylsilane as a reference (5c=190.8 and
6y =32.1ppm in solution (PCM-B3LYP/6-31+G*) and 6c=191.4 and
6y = 32.0 ppm in gas phase at the (B3LYP/6-31 + G*)).

For comparisons with the experimental data, the average values of both
coupling constants and chemical shifts were computed using the mole frac-
tions—populations—(;) given by the Boltzman distribution (Eq. (1)), where
g; is the number of identical conformations of conformer i (statistical weight)
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Gas-phase Aqueous solution

Cy-5-C5= 99.3° Gy 2o
e 1-8-C5= 99, Cs-S = 1855
C4-5-C5 = 100.5° 01"3 _ 1.831 §-C4-04 = 113.3° . C1-04 = 1.416
§.C,-0; = 114.5° 55 =188

G0y =114 Cy-04 = 1.428

S

Cy
exo-syn el
teg-«tet t g-«tet
0=26,$=3322,Q2=0613 ,BPR=554% 9=52 ¢$=3035,0=0643, BPR=32.7%
= o C4-5 =1.851
S-C4-0q = 115.7° 59 = 1. AT . 0y =
rOr = TIST Sl ' C;-0;=1.413
S Cq ' H
. "
Ca
/ exo-anti
g tetet g- tetet
0=34,$=3556,Q=0614 BPR=00% 6=52,4=2989,Q=0640 , BPR=04%
= - Cy-S =1.826
& =1 SCe= 99.8° 1
C5Cs= 989 g;g e gjcf_gf S Cs-S =1856
§-C;-05 = 110.0 Ry _ C;-04=1425
7
S Gi . H
l ’
Cz
non-exo
gt— gt gt gt g+ >ttt
6=96,$=2842 Q=0657 BPR=414% 0=45,¢=2928,Q=0631,BPR=27%

Figure 2: Selected bond distances and angles (A and degrees) for the most stable rotamers
of each possible orientation of the anomeric OH for compound 1 in the gas phase and in
solution, and scheme of top view of the C;-O bond (exo-syn, exo-anti, and non-exo,
according to the exo-anomeric effect). Puckering coordinates (6, ¢, Q) and Boltizman
population rates (BPR) are also included. The arrows indicate OH - - - O inferaction between
OH groups.

and AE; is the energy of the ith conformer.

.»—E;/RT
Ny =L M
>, gie Ei/ET

563



20:56 22 January 2011

Downl oaded At:

564 A. Aguirre-Valderrama and J. A. Dobado

RESULTS AND DISCUSSION

Conformational Analysis

5-Thio-a-L-fucopyranose (1) and 5-Thio-B-L-fucopyranose (2)

After completing the structure selection process at the MMX level (see Com-
putational Methods), we obtained a final number of 185 and 238 conformations,
within a 10 kcal /mol energy range, for 1 and 2, respectively. The number of struc-
tures resulting from the refining process with BSLYP/6—-31+G*, described in the
methodological section, was 37 and 31 structures for 1 and 2, respectively.

Theoretical calculations in the gas phase of the natural counterpart
a-L-fucopyranose indicated that the most stable conformation presented
maximal intramolecular OH---O interactions.'®*5! This behavior was repro-
duced only with methods that include electron correlation, and therefore this
indicated that the B3LYP/6-31G* level was a valid method for these
molecules.3*

For validation of our conformational analysis procedure, the analysis at
B3LYP/6-31G* was extended to the natural counterparts of both the a- and
B-anomers, and the results for the a- anomer were compared with the afore-
mentioned previous theoretical works,®*?! resulting mainly in agreement.
In MM methods, the only disagreement appeared for the remaining ring
forms, which have a negligible conformational weight.

However, in case of 5-thio-a-L-fucopyranose, these calculations at the
B3LYP/6-31G* level failed to describe the exoanomeric effect (The exo-cyclic
O1 lone pair delocalizes into the endocyclic 0*¢1_o5 bond orbital) due to the
presence of stabilizing OH.--S,;,, intramolecular interactions, as it is explained
below. Therefore, considering the presence of these long-range interactions, we
introduced diffuse functions to the basis set.

For example, the first two rotamers for the natural analog of 1 (a-L-fucopyr-
anose) are [t < g— <t <« ¢] and [g+ — g+ — g+ — g+] 'C/** in concor-
dance with the exo-anomeric effect, which favors the It orientation.’®® These
two rotamers have the maximal numbers of OH---O interactions (anticlockwise
and clockwise, respectively), which improve their stability.

Sulphur, though less electronegative than oxygen, still induces this exo-
anomeric effect in 5-thio-glycosides.'®® However, calculations without diffuse
functions inverted the energetic order of the two main contributing
conformations. This resulted probably because the 4 g-+orientation of
g+ — g+ — g+ — g+] conformer led to a OH(4)---S,ins interaction, which
gave additional stabilization.'®* However, the inclusion of diffuse functions
(B3LYP/6—31+G*) yielded both rotamers in the same energy order as in the
a-L-fucopyranose. Other similar energy-order inversions, depending on the
calculation method, were found for 1.



20:56 22 January 2011

Downl oaded At:

Conformational Analysis of Thiosugars

Also, it is remarkable how the B3LYP/6—-31G* level yields overestimated
stability to the ring-form alternative to the 'C, conformation in 2, in confronta-
tion to the B3LYP/6—-31 + G* level. These artificially stabilized ring forms are
two *C; rotamers, [g+ g— g— — g—] and [g+ g— g— — t], one °S; [g+ g—
g+ <« t], and one *Cy [g+ g— ¢ < g+]. The common fact for these alternative
ring forms are the I g+ and 2 g— orientation. The first orientation gives rise
to a nonadjacent OH(1) — OH(3) interaction for *C; and a double nonadjacent
interaction OH(1) — OH(4)/OH(1) < OH(3) for °S;. The second orientation
induces overestimated stabilizing OH(2)---S,,, interaction, presumably
caused by the absence of diffuse functions in the basis used.

In contrast to the BSLYP/6-31G* level, the BSLYP/6—-31+G* level yields
the mentioned “C; and °S; rotamers at a higher energy, strongly decreasing
their population (further calculations at MP2/6-311++G** level for these
specific conformers supported this result, as it is shown in Table 6).

On the other hand, the results in the gas phase at BSLYP/6-31+G* of the
a- and B- anomers of 5—thio-L-fucopyranose for the main ring form (*C,)
showed the same pattern as its natural analog; that is, the most stable
rotamers are those with a maximal number of OH---O interactions, forming
intramolecular anticlockwise or clockwise unidirectional chains of hydroxyl
groups. Moreover, when these interactions were directed at one oxygen (bidir-
ectional chains, for instance, to C, position in the «—C, rotamer
[g+ — t < t < t]), the resulting conformations were less stable.

Tables 1 and 2 list the conformer distribution at the B3BLYP/6-31+G* level
in the gas phase and in solution for the - and B-thiofucopyranose. In both cases
(a and B), when the solvent was taken into account, the ring forms were auto-
matically classified according to their relative energy, while for calculations in
the gas phase the ring forms appear mixed.

From the comparison between the gas phase and solution conformers, the
relative energy range was narrower in solution. Thus, for example, the first 10
rotamers of the a-anomer were in a 3.25 kcal/mol energy range in the gas
phase and in a 1.67 kcal/mol range in solution, yielding for the B-anomer
similar energy ranges of 3.33 and 1.17 kcal/mol, respectively. On the other
hand, when the optimization includes the PCM method, some rotamers turn
the OH groups to avoid the adjacent OH---O interactions with a much more
favorable position for interacting with solvent molecules. For instance, the
a-lCy [t <« g— g+ > g—] and a-'C4 [t <« g— g+ — g+] rotamers in the gas
phase (12th and 5th), after solution, break two of their adjacent OH---O inter-
actions, becoming the second and third most stable rotamers. This stabilization
is due to the presence of four and three free OH groups, respectively. The main
rotamer for both gas phase and solution [t «—g— <« ¢ <« ¢] / [t g— <t <]
also breaks the 1 < 2 interaction (Figs. 2 and 3) for further stabilization
with the solvent. Although the trend is also visible for B-fucopyranose, these
breaks are not as evident as in the a-anomer.
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Table 1: Comparative Results for 5-Thio-a-L-fucopyranose (1) between the gas-phase and agqueous solution at the
B3LYP/6-31+G* theoretical level.
|

OH rotamers®

free

cf® OH1 OH2 OH3 OH4 sring® hck® OH° exo' AEY  BPR”
Gas-phase

'C4 1 <« g- <« 1 pa t 4 1 exs 0.00 55.3
'C, o+ — o+ — o+ — g+ 48 nex 0.17 414
'C, t o+ — o+ — o+ 48§ 1 exs 2.10 1.6
'C, o+ — g+ — o+ - g- 4 4 nex 2.56 0.7
'Cy T <« g- o+ — o+ 48 1 exs 3.25 0.2
'C, g+ - t «~ t «~ t 4 2 nex 3.32 0.2
'C, t P g- <« t o+ 4 S 1 exs 3.34 0.2
1C4 1 T <« 1 <~ 1 4 1.2 exs 3.41 0.2
'Cy o+ — g+ — g- «~ t 4 3 nex 3.75 0.1
'C,4 t o+ — o+ — g- 4 1.4 exs 4.43 0.0
'C, t o+ - g- « t 4 1,3 exs 4.88 0.0
'Cy t < g- o+ — g- 4 1,4 exs 5.30 0.0
o o+ — t «~ t o+ 48 1,2 nex 5.72 0.0
4C, g- N g- t <« g+ 2—S 3 exa 6.00 0.0
4, g- — g- g- — t 2—-S 4 exa 6.22 0.0
'C, g- t t - t 4 2 exa 6.3 0.0
'C4 o+ — g+ — g- g- 4 3,4 nex 6.82 0.0
'C,4 t <« 1 g+ 4S5 1,2 exs 6.90 0.0
2 t -~ t g+ - g+ 45 1 exs 7.13 0.0
“C, t « t g- N 1 2 1.4 exs 7.62 0.0
4C, t « t g- — g- 2 1,4 exs 7.69 0.0
4C, « t 1 « o+ 2 1,3 exs 7.87 0.0
C g- - g+ g- - g 2 2.4 exa 816 00
c g- - g+ e - t 2 2.4 exa 8.58 0.0
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0.00 32.7
0.54 13.1
0.73 9.5
0.87 7.5
0.89 7.3
0.96 6.5
1.05 5.6
1.06 54
1.48 2.7
1.67 20
1.71 1.8
1.71 1.8
1.74 1.7
1.99 1.1
2.36 0.6
2,67 04
4.02 0.0
4.08 0.0
4.20 0.0
4.22 0.0

(confinued)
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Table 1: Continued.

OH rotamers®

free
cf° OH1 OH2 OH3 OH4 sring®  hek® OH° exof AE°  BPR"
“c, g- — g- g- N t 2,5 4 exa 4.22 0.0
icy g- - g- T <« g+ 2—3S 3 exa 4.26 0.0
ic, t t « g+ 2 1,2,3 exs 4.49 0.0
'Ss t g- g- - t 124 exs 5.18 0.0
'S t g+ - g- > t 1,4 exs 5.87 0.0
%, t < t < t - t 2 1 exs 6.15 0.0
%, t - t t - t 2 1,3 exs 6.57 0.0
5S, g- ~ g- - t - t 12 exa 1126 00
%S, t - g- - t < t 1 exs 11.47 0.0

“Classification by dihedral angles (see text); the OH groups are numbered according to the ring carbons (see Fig. 1). The arrows indicate OH - - - O

intferaction between adjacent hydroxyls.

PRing conformation.

°Number of ring carbons with an OH - - - S inferaction.
9INumber of ring carbons which shows the hockey-stick effect.

®Number of ring carbons for which the OH groups are in advantageous orientation to interact with water molecules of solvent.

Exo-anomeric effect being exs = exo-syn, exa = exo-anti, and nex = non-exo.

9Relative energy in kcal/mol.

.hBoI’rzmon population rate.

The exo-anomeric effect is favorable, but this orientation has 1,3 syn-diaxial steric impediment.
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Table 2: Comparative results for 5-Thio-B-L-fucopyranose (2) between the gas-phase and aqueous solution at the B3LYP/6-31+G*

theoretical level.

|
OH rotamers®

cf® OH1 sring® exo? AE" BPR
Gas-phase

'C, g- - o+ - o+ - 45 1 nex 0.00 0.40
'Cy t -« t « t « 1 exs 0.16 0.30
C, o+ « t « t « 1 exa 024 027
Cy4 t g+ - g+ - 45 1 exs 2,05 0.01
'Cy t « t « t 45 1 exs 257 001
'Cy t <« t o+ - 45 1 exs 267  0.00
C, g- - o+ - o+ - nex 3.04 0.00
4c, g+ g- g- - 1-3 255 4 exd 311  0.00
ic, o+ g- g- - 1-3 25 4 exd 3.14  0.00
C, o+ « t <« t 45 1 exa 3.33  0.00
C, g+ «~ t g+ - 45 1 exa 3.67 0.00
ic, g+ g- t « 1-3 2-8 3 exd 379 0.00
B1.4 g+ g- t <« 14 23S 3 exd 3.81 0.00
C4 g- - g+ g- « 3 nex 421  0.00
53, o+ g- g+ «~ 154, 2->5S exa 422  0.00

1«3

'C, g+ g+ - g+ 1.4 exa 437  0.00
33, g+ t « t 14 2 exd  4.63 000
53, t g+ g+ 14 1.2 exs 508  0.00
5s, t « t « t 1.2 exs 528 0.00
1C4 t o+ - o+ - 1.4 exs 533  0.00
25g o+ t g- . 45 exa 541  0.00

(continued)
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Table 2: Continued.

OH rotamers®

free
cf° OH1 OH2 OH3 OH4 nadj° sring® hck® OH' exo° AE” BPR
]CA o+ o+ — g- <« t 4 1,3 exa 5.51 0.00
4C, g+ t g- — t 1—-3 2 2,4 exa 5.67 0.00
'C4 t « t o+ — g- 4 1,4 exs 573  0.00
'C4 g+ «~ t o+ — g- 4 1.4 exa 584 0.00
53, g+ o+ o+ <« t 1«3, 2 2 exa 6.02 0.00
1—-4

]CA t g+ — g- <« t 4 1,3 exs 6.34 0.00
5 t « t « t « g+ 1 exs. 6.39  0.00
4c, o+ g+ g- — g- 1—-3 2 2.4 exay 6.50  0.00
254 o+ t g- — t 1—-3 2,4 exca 7.82 0.00
18 t «~ 1 g- — t 1,4 exs 9.99  0.00
Aqueous solution

'Cy g+ <« 1 pa t pa t 4 1 exa 0.00 0.25
'C, t <« t <« 1 <« 1 4 1 exs 0.06 0.23
'C4 t « t «~ t g+ 45 1 exs 070 0.08
'C, g+ « 1 <« t o+ 4S5 1 exa 0.78 0.07
'C4 1 « t g+ — g+ 45 1 exs 079  0.07
'Cy4 g+ <« t o+ o+ 4 S 1.3 exa 0.96 0.05
1C4 o+ « t o+ g- 4 1.34  exa 1.08 0.04
'C, g+ g+ — g+ — a- 4 1.4 exa 1.09 004
'C, t «~ t g+ - g- 4 1.4 exs 111 0.04
'C, t o+ — o+ — o+ 48 1 exs 1.17 0.04
C, g+ g+ -  g- - t 4 1,3  exa 119 003
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'C, t

'Cy 9-
'Cy g-
'Cy g-
33, g+
ic, g+
ic, g+
ic, g+
iC, g+
ic, g+
5B1,4 g+
Sy 1

'Ss t

53, g+
'S¢ 1

53, t

2Sg g+

<«
<«

(R R

g+
g_
g+
g+
g_
¥
1.
g_
g_
g_
g_
¥
g+
T

g+

g_
+

g_

L B O B T T T A

¥

—

g_
¥
g+
g_
1.

T
g+
T
g_
g_
1.

T
g+
g+
1.

1.
1.
1.

L —

V1

1—-3

A DNDhLWWWwWWw

48§

2—-3S
2—->3S

2—->3S
2—-S

exs
exs
nex
nex
nex
exay
exal
exa
exa
exa
exa
exa
exs
exs
exd

exs
exs
exd

5.86
7.42
8.64

9Classification by dihedral angles (see text); the OH groups are numbered according to the ring carbons (see Fig. 1). The arrows indicate OH - - - O

intferaction between adjacent hydroxyl.

PRing conformation.

“OH. . .OH interactions between nonadjacent OH groups, the number indicating the ring carbon.

9Number of ring carbons with an OH - - - Siing iNferaction.

°Number of ring carbons, which show the hockey-stick effect.
Number of ring carbons for which the OH groups are in advantageous orientation to interact with water molecules of solvent.
9Exo-anomeric effect being exs = exo-syn, exa = exo-anti, and nex = non-exo.

"Relative energy in kcal/mol.
‘Boltzman population rate.

'The OH group is endo but is stabilized by the nonadjacent OH . - - OH inferaction.
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Gas phase Aqueous solution

C-S =1.849 Cq-§ =1.861

Cs-S =1.853 Cs5S =1.852
C4-5-C5= 97.9° C4-01= 1416 C4-5-C5= 98.7° C4-0q = 1.411
S§-C4-04 =110.0° exo-syn §-C4-04 =108.5°
tetetet tetetet
0=90,4=327.9,Q=065,BPR=302% 6=71,¢=2957,Q=0650,BPR=226%

Cy-S =1.860

S
Cq-S =1.847 \-/
Cs-S =1.856 H

Cs5-S =1853
C4-04=1.420 _ C4-04=1.410
C4-5-Cg =100.3° exo-anti C4-8-Cg z 98.9:
S-C4-04 = 109.2° §-C4-04 = 108.9
gt tetet gretetet
6=29,4$=199,Q=0610,BPR=26.6% 6=51,4=2937,Q=0645, BPR=25.1%

/ Cy-S =1845
Cs-S =1852

| C-S =1.845
Cs-S =1.852
Ci-8-Cs= 965° C?-CH —1410 Cy-5-C5= 98.8° C1-01=1.417
$-C4-04 =106.5 non-exo §-C4-O7 = 104.5°
g- > gt > gt > g+ g- gt grogv
0=123,$=2989,Q=0687, BPR=39.9% 6=85,0=2886,Q=0653,BPR=14%

Figure 3: Selected bond distances and angles (A and degrees) for the most stable rotamers
of each possible orientation of the anomeric OH for compound 2 in the gas phase and in
solution, and scheme of fop view of the C;-O bond (exo-syn, exo-anti, and non-exo,
according to the exo-anomeric effect). Puckering coordinates (6, ¢, Q) and Boltzmnan
population rates (BPR) are also included. The arrows indicate OH - - - O interaction between
OH groups.

The most remarkable result concerns the exo-anomeric effect. For the 'C, ring
forms of both a- and B-anomers, we find that calculations in solution favorably
reproduced the exo-anomeric effect, and the different rotamers are ordered
(exo-syn > non-exo > exo-anti for the «, and exo-syn = exo-anti > non-exo for
the B) according to this effect (see Tables 1 and 2). Thus, for a-thiofucose, most
of the forms with the I¢ orientation, which allows the favorable exo-syn one, are
the most stable rotamers, with the exception of [t ¢t < ¢ g+] and [t ¢t g+ — g—1]
ones. The non-exo rotamers (I g+ orientation) are closely grouped above those
exo-syn, with a relative energy greater than 1.48 kcal/mol. The exo-anti, which
shows 1,3-syndiaxial repulsion of OH(1) with H(3) and H(5), is the less stable
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1C, rotamer. However, in the gas phase the non-exo rotamers are stabilized and
mixed with the exo-syn ones, the relative destabilization of the rotamer
[g+ — g+ — g+ — g+] from the gas phase (2nd) to solution (10ths) being the
most significant, in agreement with the exo-anomeric effect.

For the B-thiofucopyranose (2) also the exo-anomeric effect is best repro-
duced when the solvation effects are included. For 'C, ring forms, the non-exo
conformers are the less stable in the conformational distribution list. Thus,
the [g— — g+ — g+ — g+] rotamer, which is the most populated one for the
gas-phase calculations, becomes the 14th in solution. A similar but less pro-
nounced behavior was noted for the [g— — g+ — g+ — g—] rotamer. Now, for
the B-anomers, none of the exo forms (exo-syn and exo-anti) have steric
interactions and therefore both are equally probable (see Table 2).

The aforementioned trend for breaking the OH---O interactions in solution
is less noticeable here. For B-anomers, the first and second most populated
rotamers in solution showed the maximum number of OH---O interactions in
a unidirectional anticlockwise pattern, a feature that was kept from the corre-
sponding conformers in the gas phase. Nevertheless, the effect of being
solvated is still noticed in a slight rotation of OH groups in order to be more
accessible to the solvent molecules.

From these results, it can be concluded that calculations in solution result
in breaking the intramolecular OH---O interactions, because of the stabiliz-
ation with the solvent. For both a- and B-anomers in solution, the 'C4 ring
forms are the main rotamers. Calculations in the gas phase lead to those
ring forms with indifferently clockwise or anticlockwise unidirectional intra-
molecular OH---O patterns to be the most stable structures. In solution,
however, the clockwise forms are energetically penalized, in agreement with
the exo-anomeric effect, thus concluding that the gas-phase calculations are
unable to reproduce this effect.

5-Thio-a-D-glucopyranose (3) and 5-Thio-a-D-mannopyranose (4)

The CH,OH group at Cg, present in 3 and 4, caused a higher amount of
rotamers. For both molecules, the situation was similar to that in 1 and 2, in
the sense that, in solution, the different ring forms appeared energetically
ordered, and the most contributing conformations lay in a narrower energy range.

Figure 4 shows the most contributing rotamer for 3 and 4 in the gas phase
and in solution. Both showed the same pattern as in 1 and 2, that is, a maximal
number of anticlockwise OH---O interactions between adjacent OH groups.
Additionally, in the gas phase, the OH group from the hydroxymethyl group
participates in the interaction chain in the same direction, but this interaction
is eliminated after solution through a change in the rotations of the CH,;OH
group. For 3, as in 1 and 2, clockwise interaction patterns, after solution, are
relatively destabilized, with larger AE values. This is again explained with
the exoanomeric effect, because these clockwise patterns coincide with

573
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Gas phase Aqueous solution

/ exs

4C) tegretettgt (4 6) 4C) tegretet gg-

(3)

exs exs

4C1 t g-<g-<t tg+ (4 <6) 4C tteg-«t grg+
4)
Figure 4: The main rotamers for compounds 3 and 4 in the gas phase and in solution. The

orientations of the anomeric OH according to the exo-anomeric effect are depicted
(exs: exo-syn). The arrows indicate OH - - - O interaction between OH groups.

non-exo forms for 3. However, for 4 this effect is not noticeable, due to the
impossibility of a OH(1)---OH(2) interaction that could stabilize the non-exo
orientation (I g- for 4), as was the case for 1-3.

L-Ido derivatives (6-8)

Four different L-ido derivatives were studied here, the 5-thio-a-L-idopyranose
(5), its 6-deoxy compound (6), the 3-OMe derivative of 5 (7), and its 6-deoxy
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compound (8). Previous experimental NMR analysis?>®¥ concluded the confor-
mational preference of 5 (and some of its derivatives also) to be *C; > 'C, > 2Sq.
Our current theoretical results in solution were in agreement for 5, 6, and 8,
whereas for 7, the 2Sg skew-boat was replaced with the B;,4 boat in the confor-
mational preference.

The geometries of the first rotamers for each ring form are depicted in
Figures 5 to 8. The conformational analysis for deoxy molecules (both in the
gas phase and in solution) reproduced the experimental energy order,
4C; > 'C4 > ?Sg, although in the gas phase the 'C, form was overestimated,
as indicated by the experimental 3JH,H data. However, for the nondeoxy
structures 5 and 7, the conformational preferences of the chair rings were
interchanged in the gas phase (1C4>*C;), whereas calculations in
solution reproduced the experimental energy order (*C; > 'C,). Moreover, in
solution, the 2Sg form of 5, 6, and 8 (B1,4 for 7) increased their conformational
weight.

The rotamer analysis showed remarkable results regarding the favoring
of the 'C4 form in the gas phase. For compounds 58, the 'C, form (where
OH---O adjacent interactions are not possible) exhibits two nonadjacent
hydrogen bonds between OH(1) and OH(3) (OMe for 7 and 8) and
between OH(2) and OH(4). These interactions are responsible for its greater
population rates in the gas phase. Furthermore, the nondeoxy molecules
present an additional stabilization due to the hydrogen bond between OH(4)
and OH(6), thus inverting the conformational preference and favoring this
ring form.

On the other hand, taking into account the fact that the adjacent inter-
actions are weaker than nonadjacent ones,'®® the *C; form is relatively desta-
bilized with respect to the 'C, form in the gas phase. Furthermore, the
presence of weak unidirectional chain interactions allows, after solution,
better interaction with the solvent molecules through the loss of some of
these interactions, or reorientation of the OH groups. Furthermore, for the
OH(6) group of nondeoxy molecules (5 and 7), the free form is preferred
instead of its participation in the intramolecular hydrogen bonds, increment-
ing their relative stability in solution.

The experimental conformational order for 5-thio-L-derivatives (including
5-8) is generally explained in terms of the “hockey-stick” effect. According to
this effect, the 1C, form (with a double effect at Cs and C,) should be less
stable than the *C; ring form. Our results confirm this effect in solution, but
not in the gas phase, although, in principle, the “hockey-stick” effect should
be valid also for the gas phase. Even more, from our conformational study,
several ring forms compatible with this effect were stabilized by intramolecular
OH.---O interactions, while in other conformers, the rotation of some OH groups
gave rise to stabilizing OH.-.-S,y,, interactions, these being incompatible with
the nature of the “hockey-stick” effect.

575
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Gas phase Aqueous solution

C4 t g+ g- - g+g- 4C{ ttetet ggt
(1<3,2—>4,4-6)AE=0.00 AE =0.00

/

4Cy tetetettg (4 6) Cq g-g+ttgg+
AE =+0.74 (13,254 AE=+275
exs
25g ttetet tg- (44 6) 255 ttetttg-
AE = +4.87 AE = +2.93

(5)

Figure 5: The main rotamers of the most significant conformations for compound 5 in the gas
phase and in solution. The orientations of the anomeric OH according to the exo-anomeric
effect are depicted (exs: exo-syn, exa: exo-anti). The arrows indicate OH---O interaction
between OH groups (the inferaction between no adjacent OH groups are noted in
parentheses).

All of this indicates that, although valid, the “hockey-stick” effect may
not be the determining factor for resolving the conformation in these kinds
of molecules, and further studies about the relevance of this effect are
necessary.
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Gas phase Aqueous solution
T exs \ exs
4Cy tetetet 4Cqy tttet
AE = 0.00 AE =0.00

\

ey tgrg-t (1<3,254) Ty g-g+tt (153,254)
AE = +0.50 AE = +1.94

25g ttett 25g ttet g+
AE = +4.02 AE = +2.36

(6)

Figure 6: The main rofamers of the most significant conformations for compound 6 in the gas
phase and in solution. The orientations of the anomeric OH according to the exo-anomeric
effect are depicted (exs: exo-syn, exa: exo-anti). The arrows indicate OH..-O intferaction
between OH groups (the inferaction between no adjacent OH groups are noted in
parentheses).

Geometrical Parameters

Figures 2 and 3 display a selection of geometric parameters for the most
stable structures of 1 and 2, respectively, such the bond distances, angles,
and puckering parameters for each possible exo-anomeric orientation.”

o577
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Gas phase Aqueous solution

\ exs

(—____\
1C4 g- g+ t g- g+g- 4C, tttettg (4¢ 6)
(153.2 54,4 6)AE = 0.00 B0

4C) tettettg (4« 6) cy g- g+ ttig+
AE = +2.30 (1>3,2-4) AE=+0.93

Big t<ttg g+g- (4 6) Big tttg g+g- (4-6)
AE = +4.88 AE =+2.20

@)

Figure 7: The main rotamers of the most significant conformations for compound 7 in the gas
phase andin solution. The orientations of the anomeric OH according to the exo-anomeric effect
are depicted (exs: exo-syn, exa: exo-anti). The arrows indicate OH---O inferaction between OH
groups (the interaction between no adjacent OH groups are noted in parentheses).

Puckering coordinates™®' were used to analyze and classify the resulting ring

conformations. As expected, the thiofucose rings showed larger @ values
than did fucose, signifying their higher deviation from planarity. On the
other hand, C, rings of thiofucose showed a greater twisting than in fucose,
indicated by larger 6 values. This was also observed in the experimental data
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Gas phase Aqueous solution

4Cq tettet
AE=0.00

(\__\\ \
1y g.gtt-g- (153,254) 1Cq g-g+ttt (153,254
4 g 4
AE = +0.08 AE =+1.22
exs
exs
//
285 tg-—>g+ gt 285 t g-—> gt gt
AE = +3.51 AE=+1.72

(8)

Figure 8: The main rofamers of the most significant conformations for compound 8 in the gas
phase and in solution. The orientations of the anomeric OH according fo the exo-anomeric
effect are depicted (exs: exo-syn, exa: exo-anti). The arrows indicate OH---O interaction
between OH groups (the interaction between no adjacent OH groups are noted in
parentheses).

for other thiosugars”’g] and explained with the larger C-S.i,; bond distance

(compared to C-Oyine) and the smaller 2 C;-S,i,4-C5 angles.

Moreover, our results of fucopyranose agreed well with the X-ray experi-
mental data. Although X-ray and theoretical geometries cannot be directly
compared due to the different environments, their comparison can provide

579
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valuable information on the main geometrical trends of the compounds under
study and the accuracy of the calculations. The maximal deviations from exper-
imental bond lengths in a-fucopyranose were of 0.034 A for C5-Oring and 0.046
A for C1-O;. The remaining distances were in good agreement, including the
C1-Oring distance (deviation of 0.01 A). However, the bond angles displayed
larger deviations of 4.5° and 7.1° for £ C1-Oyine-H and £04-C4-Hj, respectively.
In general, the B3LYP/6-31 4+ G* method agreed well with the experimental
data,'®® supporting this as a correct method for reproduction of pyranose
geometries.

Focusing on the studied 5-thiofucopyranoses 1 and 2, some noteworthy
features were examined from a geometrical comparison between these a- and
B- anomers. The B3LYP/6-31 4+ G* geometries, both in the gas phase and in
solution, reproduced correctly the anomeric effect.”®! Thus, the C;-S distance
of a- thlofucopyranose was shortened with respect to the - analog (average
values of 1.830 A vs. 1.836 A in the gas phase, and 1.845 A Vs. 1.858 A in
solution) whereas the C;-O; distances were lengthened (1.423 A vs. 1.406 A
and 1.412 Avs. 1.408 A). On the other hand, the 2 S-C;-O angle was lengthened
for 1 (in the gas phase 112.6 vs. 107.7° and in solution 112.5 vs. 108.3°). This was
expected from the experimental data of monosaccharides!®” and was reproduced
correctly, corroborating the presence of the anomeric effect in thiopyranoses.

The exo-anomeric effect in thiosugars was also experimentally evidenced.?
The most remarkable geometrical results were found for this effect. In opposition
to the anomeric one, the exo-anomeric effect for saccharides shortens the C;-O,
bond distance and lengths the C;-Oying one.®™ Our geometric results also
indicate that calculations in solution are necessary for reproducing the exo-ano-
meric effect.

Table 3 lists the C;-O; and C;-S,ing bond-length differences in exo-anomeric
forms with respect to the non—exo-anomeric bond lengths, for both the gas
phase and in solution. For all compounds studied, results in solution indicate
a decreasing length for C;-O; bonds and an increasing one for C;-S,i,s bonds,
in complete agreement with the overall behavior in monosaccharides.
However, gas-phase results generally failed to reproduce the C;-O; bond short-
ening, resulting in an increase. Additionally, there was a slight agreement in
the case of the lengthening of C1-Sine bond, although bond length increases
were occasionally very small.

Finally, in order to allow a direct correlation between the spectroscopic and
geometric data, Table 4 summarizes the main calculated structural data in
solution for the most stable rotamers of each compound. It is noteworthy that
the S-C;-O; angle allows a direct determination of the nature (axial/equatorial)
of the anomeric C;-O; bond. Values about 113° and 108° correspond to axial and
equatorial arrangements, respectively. Complementarily, this permits to identify
the axial/equatorial arrangements for skew boat conformations (e.g., the
28, conformation), where the visual determination is complex.



20:56 22 January 2011

Downl oaded At:

Conformational Analysis of Thiosugars

Table 3: Theoretical exonameric lengthening of C4-S distance and shortening of
C,-O; one, with respect to the corresponding non-exo values (in A).
.____________________________________________________________________________________________________________________|]

Gas phase Aqueous solution

(oo o exob A C1-S A C'|'O'| A C1-S A C1'O'|

1 'C, exa +0.019 -0.005 +0.025 -0.012
exs +0.003 +0.011 +0.022 —0.009

2 'C, exa +0.002 +0.010 +0.015 —-0.007
exs +0.004 +0.006 +0.016 —0.006

3 4C, exa +0.027 —0.008 +0.029 -0.013
exs +0.013 +0.007 +0.026 —0.011

5 4C, exa +0.005 +0.006 +0.018 —0.009
exs +0.008 +0.004 +0.018 —0.008

C, exa +0.038 —0.037 +0.028 —0.021

exs +0.016 -0.013 +0.016 —-0.014

6 4, exa +0.008 +0.006 +0.017 —0.009
exs +0.012 +0.004 +0.019 —0.009

C, exa +0.031 -0.036 +0.028 —-0.021

exs +0.012 —0.011 +0.018 —-0.015

8 4C, exa +0.006 +0.007 +0.017 —0.009
exs +0.009 +0.005 +0.018 —0.008

“Ring conformation.
PExo-anomeric effect being exs = exo-syn and exa = exo-anti.

Spectroscopic Properties

The '3C and 'H NMR chemical shifts were calculated using the GIAO
method in the gas phase and in solution, and the results are graphically
displayed in Figure 9 and listed in Table 5.

The main differences between 1 and 2 and their natural counterparts in the
gas phase were found for ¢, and 8¢5 chemical shifts, with a downfield displace-
ment for these thiosugars, and displacements of 15 and 24 ppm, respectively, in
the a-anomers (17 and 27 ppm in the case of B-anomers). These values
reproduce the experimental trend.®358

Similar results were found for the 'H shifts when comparing thiosugars 1
and 2 and the fucopyranoses, the 6gs and 67 values both being downshifted
0.5 ppm for the a-anomer. However, although similar displacements were
noted for the 8ys values for the B-anomer (about 0.5 ppm), a small blueshift
of about 0.2 ppm was found for ;. This effect of the 8 was found both exper-
imentally and theoretically.!3%58!

For a-anomer of thiofucose 1, the calculated *C and 'H NMR data in the
gas phase yielded a better agreement with the experimental data than in
solution, the latter 6c; and 8¢5 being the most deviated chemical shifts.
Similar results for the B-anomer 2 were found in the 'H spectrum. The
absence of 13C experimental data for 2 hampers its comparison. In general,
the results from calculations in solution yielded higher values than in the
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Table 4: Selected geometrical parameters (A and degrees) and puckering
coordinates of compounds 1-8 af the B3LYP/6-31+G* theoretical level in solution
for the first rotamers of the main ring forms.
_____________________________________________________________________________________________________________|
Puckering
coordinates

(o 0 ¢ Q CiS CsS C-0; C4§-Cs S-C4-0,
1 'C, 52 3035 0643 1.848 1.855 1.416 99.3 113.3
2 'C, 5.1 2937 0645 1.860 1.853 1.410 98.9 108.9
3 4Cy 1710 1122 0661 1848 1.848 1.413 98.9 113.7
4 iCy 1767 1052 0421 1.845 1.849 1.416 100.6 113.4
5 iCy 1717 1176 0645 1866 1.845 1.409 99.9 107.9
'C, 56 3020 0633 1.858 1.854 1.414 99.6 113.6
2Ss 8562 20695 0.886 1863 1.850 1.414 98.2 113.3
6 “C, 1710 1087 0453 1.864 1.848 1.411 99.7 108.1
'c, 52 2979 0631 1.85 1.856 1.416 99.9 113.4
2Ss 864 2669 0878 1860 1.851 1.417 98.7 113.2
7 4Cy 1734 1386 0639 1864 1842 1.409 100.6 107.5
'C, 6.3 2948 0638 1.857 1.854 1.415 99.0 113.3
Bia 914 190.8 0.769 1.870 1.861 1.411 102.4 107.3
8 4Cy 1721 1035 0640 1.859 1.846 1.411 99.9 108.2
'c, 52 2992 0629 1.854 1.855 1.417 99.9 113.6
2Ss 829 2678 0.888 1.857 1.85] 1.415 98.2 112.6

“Ring conformation.

gas phase, without noticeable differences between the two anomers. The &¢5
chemical shifts were similar for - and B- anomers in the gas phase and in
solution. However, the 8¢, results yielded distinct values.

Experimental analysis of the vicinal 3JH,H coupling constants usually gives
key structural information for these compounds. The calculated Jy 51 average
values by the Haasnoot-Leeuw-Altona empirical equation and by the SSCC
were compared with the experimental ones. The *Jypy values of the
Haasnoot-Leeuw-Altona empirical equation accurately fit the experimental
data, the largest errors being about 0.5 Hz for J5 3 and J;5 6. These deviations
can be considered very small, regarding the uncertainty in the experimental
data (about 0.4 and 0.1 Hz, respectively). Also, it can be observed that
the 3JH,H values show an indirect dependence with the OH orientations.
Therefore, the average 3JH,H values depend not only on the ring form, but
also on the energetic order of the different rotamers. According to these
ideas, the computations in solution improved for both o- and B-anomers,
because of the better distribution of rotamers.

For 3 and 4, the '3C results of the anomeric carbon are not as good as for 1
and 2, although there is an improvement for the rest of the carbon atoms. The
results of TH agree with the experimental data, but, as opposed to the calculated
'H NMR data of 1 and 2, the gas-phase results yielded better agreement than in
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Figure 9: Calculated vs. experimental H, ¥C, and ®J,  data for compounds 1-8 together
with the corresponding regression lines. AS, calculations in solution; GP, gas phase; H,

calculations of 3JH,H coupling constants with the empirical Haasnoot-Leeuw-Altona equation,
S, 3JH,H obtained with the SSCC method. References to the experimental data are tabulated
in Table 7.
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Table 5: Calculated 'H NMR (GIAO method) and °J 1 (Haasnoot equation) for 1-8 at the B3LYP/6-314G* theoretical level in solution.
Values corresponding to the first rofamers of each main conformation.
_____________________________________________________________________________________________________________________________________________________]

o4 (PPM) 3Jum (H2)

Ci° CDA® BPR° HI H2 H3 H4 H5 H6 H6 H6' Home 2 dos Jsa Jas Jse Jse JIse
1 'c, tg-tt 327 52 41 40 44 38 1.3 29 98 27 17 6.6
Expt® 49 39 38 40 35 10 31 100 27 16 7.0-
7.1
2 'C, g+ttt 251 50 40 37 43 36 13 91 97 25 16 6.6
Exo 45 35 31 36 30 1.1 89 96- 29 16 7.0-
10.0 7.1
3 iC, tg+tt 92 53 38 39 41 34 36 4.6 30 95 91 111 20 21
g-9-
Exotl® 50 38 37 36 32 39 39 31 94 89 91 30 5.1
4 ‘C, ttg-t 69 51 45 39 39 37 46 35 27 25 93 110 37 115
g+9+
Exotl” 48 41 37 38 32 39 38 39 27 93 96 42 63
5 iC,  tttt 24 52 38 37 43 33 40 3.7 90 93 92 46 30 111
g-g+
5 'C, g-g+t 04 52 43 44 44 40 39 41 28 36 38 1.7 27 109
T
. 970+
5 25 03 52 40 39 43 39 40 35 67 102 58 46 117 46
trtt
tg - .
Arg’ 52 38 37 43 33 40 37 90 92 91 46 30 110
Exoff 50 36 40 36 3.1 39 38 71 100 93
6 C, 337 53 38 38 43 32 13 90 92 92 44 6.5
trtt
6 'C, 13 51 42 44 44 39 1.3 28 36 38 16 6.6
g— o+t
1.
6 25 06 51 41 37 39 38 12 70 101 51 37 6.6

Tttg+
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G839

Avrg'
Exptl”
7 ‘C 37.6
Tttt
tg —
7 'Cy 7.8
g- g+t
Ttg+
7 B4 0.9
tttg—
g+g-—- .
Avrg'
Exptl”
8 “C, 30.4
g-ttt
8 'C, 3.8
g- g+t
1.
8 °Sg 1.7
tg— g+
g+ .
Avrg'
Exptl”

5.3

4.9

5.2

5.2

5.8

5.2
5.1

5.1

5.1

3.9
3.53-
3.60

4.0

4.4

4.1

4.0
3.8
4.4

4.0

3.8
3.53-
3.60

3.5

3.9

3.6

3.6
3.2
3.8

3.2

4.3
3.87-
3.95

4.3

4.7

4.6

4.4
4.0
4.3

4.0

4.1
4.0

3.2
3.06-
3.11
3.4

3.7

3.7

3.5
3.2
3.8

3.8

3.3

1.3
14

14
14

1.4

INGEN

3.9

3.8

4.3

3.7

3.6

40

3.7

3.7

3.5

3.6

3.7
3.7
3.5

3.7

3.7

O »®®
NN

N Co N oo
® WVO-—

64

8.1
8.0-
8.3

9.1

9.6

34

3.7

8.5
9.3
3.5

10.1

9.0

9.2

3.8

22

8.2
9.3
3.7

5.0

8.5
8.2-
8.6

4.3

5.1

4.5
4.4
1.6

3.5

4.1

10.9

1.8

10.8

2.7

3.3

23

2.8

6.5
7.4

6.5
6.6

6.6

6.6

9Ring conformation.
bClassification by dihedral angles (see text): the OH groups are numbered according to the ring carbons (see Fig. 2).
“Boltzman population rate.
“rom the equivalent H(6) methyl protons.

SFrom ref. (33).
From ref. (33).
9From ref. (59).
PFrom ref. (24).

'Averaged values of the three rotamers according to their populations rate.
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solution. As a general trend, the 3JH,H data calculated in solution, compared
with those in the gas phase, clearly agreed better with the experimental data,
not only for 3 and 4, but also for all the compounds studied. Particularly for
J5.6, the results failed in the gas phase, presumably due to the overestimation
of the OH(6)---OH(4) interaction in the first rotamer for 3 and 4.

For L-ido derivatives (5—8), although not all the signals are assigned exper-
imentally, the JJ; s anomeric couplings, which give the most relevant structural
information (*C4 vs. *C; or a vs. B), agreed well with the available experimental
data.’® For both deoxy and non deoxy derivatives, only the data from calcu-
lations in solution fit correctly. For deoxy compounds, the disagreement of
the gas phase results was caused by the aforementioned overestimation of
the 'C4 ring form, while in the non deoxy compounds, the disagreement is
much more evidenced, because the same overestimation leads to the inversion
of the chair ring-form conformational preference. With respect to the chemical
shifts of 5—8, even though there is a lack of experimental data for 7, the main
tendencies for the 6c and 6y shifts are similar to those found for 3 and 4.

For all compounds, the SSCC method failed to reproduce the high values of
3JH,H, giving lower values than those of the Haasnoot-Leeuw-Altona empirical
equation, with the deviation of SSCC data from the experiment being much
larger.

Figure 9 shows the theoretical data of 'H, '3C, and 3JH,H correlated with
the experimental data when available. As reflected in Figure 9, a better agree-
ment was consistently found for calculations in solution, with good regression
values r. Moreover, in the case of 3JH’H, the Haasnoot-Leew-Altona empirical
equation in solution gave the best agreement with the experiment.

Figure 10 displays the correlation of the experimental ?Jy; ;; couplings with
the calculated Haasnoot and SSCC values, respectively. In order to visualize
the different degree of correlation, the graphics have been arranged in three
different series. The first series includes compounds 1 and 2 and presents a
high degree of correlation for both theoretical methods.

On the other hand, for the remaining series the scattering is more pro-
nounced. In the second series, which includes compounds 3 and 4, the scatter-
ing is caused mainly by the J5 ¢ and J5 ¢ couplings, which correspond to the
free rotation of the CHyOH group. In fact, for 3, the theoretical values are
improved after considering the averaged values of the seven first rotamers.
All of these rotamers present the [t g+ t t] classification of dihedral angles
for the ring carbon atoms, and differ only in the classification of CH,OH
group rotation. Furthermore J5¢ and J5 ¢” couplings do not contribute to the
elucidation of the ring conformation (*C; chair form).

The third series (L-ido compounds 5-8) yielded the worst correlation,
undoubtedly due to the J; 2 value of 5 and 7. For some of the compounds
included in this series, there are scarce experimental data, avoiding a better
correlation. Despite these difficulties, it can be stated that the conformational
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Figure 10: Calculated (Haasnoot-Leeuw-Altona equation, and SSCC method) vs.
experimental 3Jy 4 coupling constants for compounds 1-8 in solution together with the
corresponding regression lines. References to the experimental data are tabulated in Table 7.
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Table 6: Comparative Results® between B3LYP/6-314+-G* and MP2/6-3114-+G**
calculations of selected structures for 2 in the gas phase, and for 6 and 8 in aqueous

solution.
|
MP2/6-
B3LYP/6-31+G* 311++6G*
cf° CDA° AEY BPR® AEY BPR®
2 'C, g- g+ g+ 9+ 0.00 (0.00) 95.8 (82.0) 0.00 98.0
'C, tg+ g+ g+ 2.05 (1.94) 3.0@3.1) 2.32 1.9
ic, g+g-g-t 3.11 (1.66) 0.5(4.9) 5.06 0.0
ic, g+9-g-g- 3.14 (1.58) 0.5(.7) 4.73 0.0
iC1 g+g-tg+ 3.79 (2.53) 02(1.2) 5.79 0.0
53, g+g- g+t 4.22 (1.94) 0.1@3.1) 7.82 0.0
6 ic, tttt 0.00 94.7 0.00 95.2
'C, g-— g+ tt 1.94 3.6 1.93 3.7
2Ss tttg+ 2.36 1.8 2.65 1.1
8 ic, g-ttt 0.00 84.7 0.00 65.9
'C, g— g+ tt 1.22 10.7 0.48 29.3
25 tg— g+ 9+ 1.72 4.6 1.55 4.8

“n parenthesis data calculated at the B3LYP/6-31G* level.
PRing conformation.,

“Classification by dihedral angles.

9Relative energy in kcal/mol.

®Boltzman population rate.

order is *C; > 1C, > 2Sq (B4 in case of 7) for all the L-ido compounds here
studied. Although in some particular cases, the comparison of the anomeric
J1,2 coupling constant (only experimentally available for 6 and 7) could raise
doubts about whether the *C; or 2Sg are the main ring form, the Js34 data
clearly support the *C; form. This is additionally supported by calculations
at a higher level of theory (MP2/6—311++G**) for some of these structures,
yielding the same conformational preference (see Table 6).

Besides, Table 5 presents the 'H chemical shifts and 3JH,H coupling con-
stants, arranged by conformation (the most populated). This table allows a
direct comparison of the spectroscopic data for the possible conformation of

Table 7: List of references corresponding to the sources of

the NMR experimental data.
. _______________________________________________________________________|]

Compound éc (*3C) o4 ('H) 3Ju 1
1 33 33 33
2 — 33 33
3 59 59 59
4 23,24 24 24
5-8 33 33 33
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each compound. Compounds 1-4 yielded only one main 'C, or *C; confor-
mation, in agreement with the experimental coupling constants. For L-ido com-
pounds 5—8, where the computed data showed three main conformations, the
agreement between the averaged computed and experimental coupling con-
stants was very good. Generally, good results are obtained with the exception
of J5 ¢ and J5 ¢ of 3 and 4, as it is explained above.

CONCLUSIONS

A conformational analysis of different 5-thio-pyranose derivatives was per-
formed by MM and DFT methods in the gas phase and in solution with the
PCM. In contrast with their natural homolog, the inclusion of diffuse functions
was necessary for a correct reproduction of the rotamer population, yielding the
calculations without diffuse-function erroneous results on the relative energy
orders, overestimating the stabilizing OH(n)---S,ine interactions.

The calculations in solution (PCM-B3LYP/6-31+ G*) accurately re-
produced the reported experimental data, while gas-phase calculations
failed. Gas-phase results showed different relative rotamer-energy orders
and conformational preferences than in solution. In particular, for L-ido deriva-
tives (5—8), the calculations in the gas phase did not match the experimental
conformational preference, even inverting the order of the 'C4 and *C; chair
forms for nondeoxy derivatives. Therefore, the gas-phase calculations were
not suitable to describe the preferences in solution.

The OH(6) was revealed as a key element in determining the conformation-
al order because of the additional and more stabilizing nonadjacent intramole-
cular interactions. Additionally, for 7, the presence of a methyl group at Cs
caused the By 4 boat conformation to be preferred over the 2Sg skew-boat as
the third ring form.

The main ring form for 1 and 2 in the gas phase presented a maximal
number of OH---O intramolecular interactions. These interactions were
arranged as intramolecular anticlockwise (or clockwise) unidirectional chains
of the hydroxyl groups, similar to their natural counterparts. Moreover,
when these interactions were directed at one oxygen (bidirectional chains),
the resulting conformations became less stable. It was found that
OH(n)---S,ing interactions were a source of additional stabilization. However,
the calculations in solution indicated that 5-thio-pyranose derivatives tend to
break their intramolecular OH---O interactions, favoring the interaction of
the OH groups with the solvent molecules. Also, the conformational analysis
revealed that, after inclusion of the solvent in the calculations, the different
rotamers were energetically ordered, according to the exo-anomeric effect.

From the conformation analysis, it was found that the “hockey-stick” effect
is reproduced only theoretically in solution, where conformations compatible
with this effect appear stabilized with OH---O interactions. Therefore, the
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validity of the “hockey-stick” effect is questioned for the gas phase, and further
investigation is needed.

The exo-anomeric effect is correctly reproduced only with the B3LYP/6—
31 + G* method including the PCM solvation method. The bond distances
related to this effect are reproduced, as well as the rotamer-energy order
caused by the exo-anomeric effect. This highlights the necessity of considering
the solvent for the study of these and other carbohydrates.

The GIAO-calculated NMR 'H chemical shifts accurately reproduced the
experimental trends for the thiosugars studied. However, *C chemical shifts
were less accurate. The 3JH,H coupling constants calculated in solution with
the Haasnoot-Leeuw-Altona empirical equation also matched the experimental
data. However, the 3J. m,u calculations with SSCC were in disagreement for high
coupling-constant values, these being lower than those obtained with the
Haasnoot-Leeuw-Altona equation. It is worth mentioning that, for an
accurate reproduction of spectroscopic properties, it is necessary to take into
account the Boltzman population rates.

SUPPLEMENTARY DATA

Pdb files of the rotamers for compounds 1-8, computed at the PCM-B3LYP/6—
31+ G* theoretical level, are available at www.ugr.es/local/gmdm/supinf/
thiol.htm.
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