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Derivatives by Molecular Modeling and NMR Spectroscopy. A
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6-Deoxy-L-mannose diphenyldithioacetal (1) unexpectedly gave the rearranged products phenyl 3,4-
di-O-acetyl-2-S-phenyl-1,2-dithio-6-deoxy-S-L-glucopyranoside (9) and 3,4-di-O-acetyl-2,5-anhydro-
6-deoxy-L-glucose diphenyldithioacetal (10) upon treatment with acetyl chloride, while 6-deoxy-L-
mannose ethylenedithioacetal (3) yielded (4aR,6S,7S,8R,8aS)-7,8-diacetyloxy-6-methylhexahydro-
4aH-[1,4]dithiino[2,3b]pyran (11), whose structure was further confirmed by X-ray diffraction, and
3,4-di-O-acetyl-2,5-anhydro-L-rhamnose ethylenedithioacetal (12). The geometry of the four rear-
ranged products as well as that of 1-thio-6-deoxy-L-mannopyranosides 5 and 7 and their acetyl
derivatives 6 and 8 was studied by density functional theory (B3LYP/6-31G*) molecular models,
in combination with a Karplus-type analysis of the NMR vicinal coupling constants, revealing that
the six-membered ring of pyranosides 5—9 and 11 exists in a slightly distorted chair conformation
(6—13% distortion) and that the conformational behavior of the 2,5-anhydro-6-deoxy-L-glucose
dithioacetals 10 and 12 is strongly influenced by the presence of stabilizing intramolecular
nonbonded sulfur—oxygen 1,4- and 1,5-interactions. Compounds 9—12 were formed by a molecular
rearrangement via sulfonium ion intermediates followed by stereoselective intramolecular cycliza-

tions as formulated by the quantum chemical calculations performed in the present study.

Introduction

Sulfur-containing monosaccharide derivatives provide
simple representative models to explore a wide variety
of conformational aspects also present in relevant com-
plex biomolecules.*~3 An interesting example of the latter
are the thiooligosaccharides which have been synthe-
sized* as tools for studies in structural biology for they
represent the largest class of competitive inhibitors of
glycoside hydrolases.>® Part of our ongoing research
program is directed toward the application of molecular
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modeling in the total stereochemical elucidation of cyto-
toxic 6-tetraacetyloxyheptenyl-5,6-dihydro-a-pyrones.” We
have been preparing some polyoxygenated molecules
derived from 6-deoxy-L-hexoses, such as dithioacetals,
which are then generally synthesized as versatile chiral
building blocks,® to provide us with an adequate group
of compounds to investigate the intramolecular sulfur—
oxygen interactions by quantum mechanical and NMR
spectroscopy studies. This approach, which is comparable
to classical NMR experimental studies (e.g., variable-
temperature measurements), proved to be an effective
methodology for determining the conformational equi-
libria of monosaccharides® and heterocyclic systems.©
For the present investigation, we used density func-
tional theory (DFT) calculations in conjunction with
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NMR data to explore the conformational behavior of a
series of 2,5-anhydro-6-deoxy-L-glucose dithioacetals. The
relevant influence of 1,4- and 1,5-interactions in the
conformational equilibria of these compounds is also
discussed. A limited number of investigations have been
focused on the energetics associated with this type of
interaction between nonbonded sulfur and oxygen atoms.
These geometry optimizations,’? in conjunction with
X-ray diffraction determined molecular structures,' al-
lowed for the calculation of the S—O distances, which
ranged from 2.7 to 3.1 A.

The new cyclic substances were unexpectedly obtained
from the preparation of peracetylated dithioacetals of
6-deoxy-L-mannose for which we used benzenethiol in
aqueous trifluoroacetic acid'* followed by treatments with
acetyl chloride. These new products were formed by
molecular rearrangements via sulfonium ion intermedi-
ates followed by stereoselective intramolecular cycliza-
tions.'>16 A reaction mechanism for the formation of these
new sulfur-containing cyclic derivatives was outlined
according to quantum chemical calculations.

Results and Discussion

Preparation and Structure Elucidation of Sulfur-
Containing Derivatives. 6-Deoxy-L-mannose diphen-
yldithioacetal (1) (Chart 1) was obtained using the
reaction conditions described by Funabashi et al.,'4
through treatment of 6-deoxy-L-mannose (L-rhamnose)
with benzenethiol in 90% aqueous trifluoroacetic acid.
This reaction produced the expected product 1 as well
as good yields of phenyl 1-thio-6-deoxy-L-mannopyrano-
sides 5 and 7, all subsequently easily purified by HPLC.
Treatment of both cyclic substances with acetyl chloride
yielded 6 and 8, respectively. Compounds 5, 6, and 8 are
extensively employed in the synthesis of relevant bioac-
tive compounds,*’~*° whereas phenyl 1-thio-6-deoxy-{-L-
mannopyranoside (7) is described herein for the first
time. The structure and stereochemistry of 7 were easily
deduced by comparison of its *H and 3C NMR signals
with those of the methyl 1-thio-6-deoxy-L-mannopyrano-
sides!” and triacetyl derivative 8. Treatment of 1 with
acetyl chloride afforded the expected product 2 together
with important amounts of the new phenyl 3,4-di-O-
acetyl-2-S-phenyl-1,2-dithio-6-deoxy-f-L-glucopyrano-
side (9) and 3,4-di-O-acetyl-2,5-anhydro-6-deoxy-L-glucose
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diphenyldithioacetal (10). Subjecting ethylenedithioacetal
3 to a similar treatment’ produced compound 4 and the
new cyclic derivatives (4aR,6S,7S,8R,8aS)-7,8-diacetyl-
oxy-6-methylhexahydro-4aH-[1,4]dithiino[2,3b]pyran (11)
and 3,4-di-O-acetyl-2,5-anhydro-L-rhamnose ethylene-
dithioacetal (12) along with trace amounts of compound
19. The structure for the last mentioned compound is
included in the reaction mechanism depicted in Scheme
1. The structures for all these new products were
determined by 1D and 2D spectroscopy, including COSY,
HMQC, and HMBC experiments. The stereochemistry for
the chiral center C2 on 9 and 11 was assigned on the
basis of the observed NOESY correlations (H2—H4, H1—
H5, H1-H3, and H3—H5) although both coupling con-
stants (Ji, = Jz3 = 9—11 Hz) for its corresponding
methine signal provided enough evidence for the equato-
rial orientation of the thiophenyl substituent. The same
information was obtained from the observed NOE be-
tween H2 and H5 and used to confirm the cis relationship
for the substituents at C2 and C5 in the tetrahydrofurane
ring in 10 and 12. X-ray diffraction analysis of compound
11 was used to verify its structure and stereochemistry
(Figure 1).

Conformational Analysis by Molecular Modeling
and NMR Spectroscopy. Using a Dreiding model
guided systematic conformational search, the structures
for pyranoside derivatives 5—9 and 11, as well as those
for the 2,5-anhydrohexose derivatives 10 and 12, were
initially analyzed by molecular mechanics employing the
MMFF94 force field.?’ Their minimum energy conformers
were generated after taking into consideration the fol-
lowing assumptions: (a) that the number of possible
conformers could be established and limited by varying
each of the endocyclic torsion angles in steps of 30° within
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FIGURE 1. Density functional theory (B3LYP/6-31G¥*) opti-
mized geometry of compounds 9 (top) and 11 (middle) and the
X-ray diffraction structure of 11 (bottom).

the range allowed by the constrained geometry of each
ring, (b) that the anticlinal geometry could be adjusted
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for the acetyloxy moieties prior to the minimization
procedure but left without restrictions during the calcu-
lations, (c¢) that the conformation of thiophenyl and
dithiolanyl moieties could be explored by full rotation of
the torsion angles Ph—S—C1—C2 and/or S—C1-C2—-C3
in steps of 10° and (d) that ring inversion of the
dithiolanyl fragment would have to be considered for
compound 12. A Monte Carlo protocol®! was then applied
to the structures obtained by the above outlined system-
atic procedure to explore their complete conformational
surface. The global minimum energy conformations were
geometrically optimized by DFT (B3LYP/6-31G*) calcula-
tions.?22® The calculated coupling constants were ob-
tained from the H—C—C—H dihedral angles measured
in the minimum energy DFT molecular models by means
of the Altona equation.?425

(a) Pyranoside Derivatives 5—9 and 11. The sys-
tematic molecular mechanics search, as well as the Monte
Carlo protocol for this group of cyclic substances, indi-
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TABLE 1. Density Functional Theory (B3LYP/6-31G*) Total Energy (hartrees), Calculated H—C—C—H Dihedral Angles
(deg), and Calculated and Observed? *H—-'H Vicinal Coupling Constants (Hz) for the Pyranose Ring of Compounds 5—-9

and 11 and Comparison with the X-ray Data of 11

PH1-c—Cc-H2 J12(caled) J1.2(obsd) PH2-C—C-H3 J2.3(caled) J2.3(obsd) PHI-C—C-H4 J34(caled) J3.4(obsd) PHA-C—C—H5 J45(caled) J4,5(obsd)

compd EpeT
5 —1165.959 467 73.8 1.3 1.5 51.3
6 —1623.957 632 65.8 1.8 1.6 57.0
7 —1165.962 107 —57.2 0.9 1.2 53.2
8 —1623.956 939 —54.6 1.2 1.2 52.8
9 —2025.312698 —167.5 10.7 11.0 164.3
11 —1640.639592 —175.2 10.9 9.5 169.0
11k —-179.1 10.8 1735

3.3 —177.3 9.5 9.3 —178.8 9.2 9.3

3.3 —172.0 9.2 9.8 1715 9.1 9.8

35 —173.3 9.1 9.2 179.8 9.2 9.2

3.4 —176.9 9.7 10.1 —178.6 9.3 9.4

11.0 —164.8 8.1 9.5 176.8 9.3 9.5

10.5 —163.6 8.0 9.3 173.6 9.2 9.5
—168.3 8.4 —178.8 9.3

a Measured in CDCl; solutions. ® From X-ray diffraction coordinates.

FIGURE 2. Density functional theory molecular models
(B3LYP/6-31G*) of pyranoside derivatives 5—8.

cated that the six-membered ring of the pyranoside
derivatives mainly exists in a single preferred chair
conformation. Table 1 lists the DFT total energy for the
most stable conformers of 5—9 and 11, the calculated
H—C—C—H dihedral angles of the pyranose rings, and a
comparison between the calculated and observed *H—'H
vicinal coupling constants validating the experimental
conformation of the six substances. The pyranose ring of
compound 5 (Figure 2) exists in a chair conformation
moderately distorted (11%) with a H1-C1-C2—H2 di-
hedral angle of 74°. The chair distortion may be caused
by the steric hindrance of the axial orientation of the
thiophenyl group as well as by the syn orientation of the
phenyl group with an O1—-C1—S1—Cjy, torsion angle of
—77°. The pyranose rings of compounds 6—8 are slightly
distorted chairs, with distortion percentages of 7%, 9%,
and 6%, respectively. It is noteworthy that the minimum
energy conformation of thiopyranosides 5, 7, and 8
possesses a syn-oriented phenyl group in relation to the
pyranoside oxygen atom while in the triacetyl derivatives
6 the phenyl group remains anti-oriented (Figure 2). A
detailed description of the pyranose ring conformations
was obtained through the use of the polar set of Cremer
and Pople?s parameters (angular variables 6 and ¢ as well
as the total puckering amplitude Q), which were calcu-

(26) Cremer, D.; Pople, J. A. J. Am. Chem. Soc. 1975, 97, 1354—
1358.
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lated from the atomic coordinates of the DFT molecular
models. These parameters and a description of the six-
membered ring conformation of 5—9 and 11 are shown
in Table 2. According to these summarized results, the
pyranose ring of compounds 9 and 11 (Figure 1) exhibited
a distorted chair conformation, whereas the dithiane
moiety of compound 11 exists in a conformation very close
to the classical chair form. For all the calculated pyra-
noside rings, the chair distortion ranged from 6% to 13%.
Consistently, the X-ray structure of 11 showed the
pyranoside ring distorted by 11% (Table 2). A comparison
between the X-ray diffraction structure and the DFT
optimized geometry of the dithiinopyran 11 (Figure 1)
shows that the conformation of the two heterocyclic rings
is similar in both the solid state and in the calculated
molecular model. The RMS value between the X-ray
structure of 11 and its DFT molecular model was 0.073
A for the non-hydrogen atoms of the dithiinopyran moiety
and 0.299 A including the methyl and acetoxyl groups.
The X-ray diffraction bond angles and interatomic dis-
tances of the 1,4-dithiane ring of 11 are summarized in
Table 3 together with the corresponding DFT calculated
parameters. Both structural features were in good agree-
ment with the previously reported data for the 1,4-
dithiane.?

(b) 2,5-Anhydrohexose Derivatives 10 and 12.
Application of the Monte Carlo method to structures 10
and 12, followed by a conformational systematic clas-
sification according to their geometrical parameters
(essentially Ph—S—C1-C2, 01-C2—-C1-S, and C2—C3—
C4—C5 dihedral angles) and the molecular mechanics
energy (0—5 kcal/mol), revealed the presence of three
relevant conformers for the tetrahydrofuran ring as well
as three entities produced by the rotation of the C1-C2
bond. The highly flexible dithiophenyl moiety of 10
allowed for a large number of conformational variants,
but the selected energy window limited the possibilities
to only 15 conformers from the energetically wide con-
formational dispersion inherent to this structure. Dithi-
olane 12 possessed fewer degrees of freedom and an
energetically narrower conformational divergence afford-
ing 16 conformations. A selection of the three most stable
conformers from each of the two groups obtained, which
represented all the C1—C2 rotameric species, were
geometry optimized by using a DFT hybrid at the 6-31G*/
B3LYP level of theory.?>?2 The minimun energy confor-
mations are listed in Table 2 and their corresponding
energies in Table 4. The pseudorotation of the furanoside

(27) Davalos, J. Z.; Flores, H.; Jiménez, P.; Notario, R.; Roux, M.
V.; Juaristi, E.; Hosmane, R. S.; Liebman, J. F. J. Org. Chem. 1999,
64, 9328—9336.
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TABLE 2. Density Functional Theory (B3LYP/6-31G*) Conformation for the Heterocyclic Rings of 5—-12

conformational contributions?

conformational params

ring
compd (ring) chair boat twist-boat conformation QP @° o°
5 (0—C1-C2—-C3-C4—C5)4 89 5 6 distorted chair 0.55 17.32 7.02
6 (O—C1—-C2—-C3—-C4—C5)d 93 2 5 distorted chair 0.55 20.01 4.25
7 (O—C1-C2—-C3—-C4—C5)d 91 8 1 distorted chair 0.59 4.27 5.84
8 (0—C1-C2—-C3—-C4-C5)d 94 6 0 distorted chair 0.58 1.46 3.80
9 (0O—C1-C2—-C3—-C4—C5)d 87 5 8 distorted chair 0.55 18.15 8.74
11 (O—C1—-C2—-C3—-C4—C5)d 90 8 2 distorted chair 0.57 6.66 6.26
11 (C1-C2-S—-C8-C7-S)d 98 2 0 chair 0.72 6.23 1.17
11 (O—C1-C2—-C3—-C4-C5)® 89 5 6 distorted chair 0.58 17.37 7.14
11 (C1-C2-S—C8—C7-S)¢ 95 0 5 chair 0.72 29.78 3.79
conformational contributions? ring conformational params
compd (ring) envelope twist conformation QP @°
10A (O—C2-C3—-C4—C5)d 66 34 1E 0.38 6.12
10P (O—C2—-C3—C4—C5)d 48 52 STa 0.37 9.37
10M (O—C2—-C3—-C4—-C5)d 79 21 SE 0.35 3.75
12A (O—C2—-C3—C4—C5)d 32 68 T, 0.36 12.35
12M (O—C2-C3—-C4—C5)d 57 43 3Ta 0.35 7.70
12P (O—C2—-C3—-C4—C5)d 34 66 5Ty 0.37 11.93
12A (C1-S—C7—-C8-S)d 66 34 between envelope and twist 0.48 6.03
12M (C1-S—C7-C8-S)d 47 53 between envelope and twist 0.47 9.61
12P (C1-S—C7-C8—-S)4 60 40 between envelope and twist 0.51 7.14

a Quantitative contributions of basic conformations in percentage. ® Total puckering amplitude in angstroms. ¢ In degrees. ¢ From density

functional theory coordinates. ¢ From X-ray diffraction coordinates.

TABLE 3. X-ray Interatomic Distances (A), Bond Angles (deg), and Torsion Angles (deg) of the 1,4-Dithiane Ring of 11
and the Corresponding Density Funtional Theory (B3LYP/6-31G*) Calculated Parameters

param X-ray data DFT (B3LYP) param X-ray data DFT (B3LYP)
Cci-c2 1.525 1.536 C7-C8-S2 111.6 1135
Cl-s1 1.816 1.842 C1-S1—-C7 99.9 99.5
C2-S2 1.824 1.847 C2-S2—-C8 99.2 99.7
C7-C8 1.523 1.526 S1-C1-C2-S2 65.6 67.6
S1-C7 1.798 1.836 C2-C1-S1-C7 -57.2 -59.4
S2—-C8 1.808 1.834 C1-S1-C7-C8 59.2 58.7
C2—-C1-s1 114.3 113.7 S1-C7—-C8-S2 —-70.1 —67.4
C1-C2-S2 112.4 112.3 C7-C8-S2—-C2 62.7 59.9
C8—-C7-S1 113.3 113.5 C1-C2—-S2—-C8 —60.6 —59.6

TABLE 4. Calculated 'H—'H Vicinal Coupling Constants for the H1-C1-C2—-H2 Fragment of Compounds 10 and 12
Using Molecular Mechanics and the Density Functional Theory?

molecular mechanics (MMFF)

DFT calculations (B3LYP/6-31G*)

Emm QHi-ci-c2-H2  J12 nJi 2 Eprr ¢H1-c1-c2-H2  J12 nJi
conformer  (kcal/mol) nb (deg) (Hz) (Hz) (hartrees) nb (deg) (Hz) (Hz)
10P 65.911 0.0041 67.2 1.05 0.004 —2025.306449 0.1791 79.0 0.53 0.095
10A 62.665 0.9901 —173.0 10.48 10.376 —2025.306736  0.2429 170.2 10.87 2.640
10M 65.711 0.0058 —52.2 4.50 0.026 —2025.307555 0.5780 —63.1 297 1.717
total 1.0000 10.406 (4.0) 1.0000 4.452 (4.0)
12P 43.419 0.4072 66.8 1.10 0.448 —1640.634842 0.2773 70.4 0.87 0.241
12A 43.207 0.5824 —169.8 10.17 5.923 —1640.635741 0.7189 —=174.9 10.60 7.620
12M 45.592 0.0104 —65.6 2.64 0.027 —1640.630798 0.0038 —65.0 2.71 0.010
total 1.0000 6.398 (7.8) 1.0000 7.871 (7.8)

a Experimental values are given in parentheses. P Molar fraction at 298 K.

ring?® of the dithiophenyl derivative 10, through its
stabilized conformations E, 3T,, and °E, is far more
extreme than the one calculated for the dithiolanyl 12,
whose resulting conformations were 1T,, 3T,, and 5T,.
Both sets of movements follow a comparable pathway as
reflected by the quantitative Cremer and Pople param-
eters (Table 2).

The calculated coupling constants of 10 and 12 were
estimated by taking into consideration the corresponding

(28) Houseknecht, J. B.; McCarren, P. R.; Lowary, T. L.; Hadad, C.
M. J. Am. Chem. Soc. 2001, 123, 8811—8824.

molar fraction based on Boltzmann populations in rela-
tion to the DFT energy values of each conformer.® The
experimental vicinal coupling constants for the protons
attached to the tetrahydrofuran moiety (H2 through H5)
of both derivatives were in agreement when the presence
of the three calculated main conformations for the cyclic
moiety were taken into consideration. In contrast, par-
ticularly in the case of the dithiophenyl derivative 10,
the difference between the observed and calculated J; ,
values (calcd, 10.4 Hz, vs obsd, 4.0 Hz) was remarkably
large. This inconsistency appeared when using the mo-
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1P 12P
S4/0; (DFT) = 2.92 A $,/0, (DFT) =311 A
54/0; (MMFF) = 3.18 A S/0; (MMFF) = 3.19 A

10A4 124
S,/0, (DFT) = 3.00 A S0, (DFT) = 3.14 A
S4/0; (MMFF) = 3.13 A /0, (MMFF) = 3.18 A

10oM 2M

S/0; (DFT) =296 A
S0 (MMFF) = 3.05 A

S5/0, (DFT) =318 A
Su/0y (MMFF) =330 A

FIGURE 3. Quantum mechanics models (DFT/B3LYP/6-
31G*) of 2,5-anhydro-6-deoxyl-L-glucose dithioacetals 10 and
12.

lecular mechanics approach but was nullified when high
levels of quantum mechanics theory were applied. It can
be assumed that the large J; , vicinal coupling constant
(Table 4), calculated by MMFF molecular mechanics,
indicated that the conformer with H1 and H2 in an anti
orientation is the most stable if only steric effects were
considered. On the other hand, the notable convergence
in the J;, value, when the DFT calculations were applied,
suggested a strong influence of electronic interactions.
Figure 3 shows the geometrically optimized minimum
energy conformers, and the S---O interatomic distances
corresponding to the 1,4 and 1,5 electrostatic sulfur—
oxygen intramolecular interactions are included, which
in all cases were considerably smaller than those found
in the molecular mechanics models. The density func-
tional theory sulfur—oxygen interatomic distances noted
in Figure 3 were smaller (2.92—3.18 A) than the sum of
the van der Waals radii of the corresponding atoms
(3.25—3.30 A), fully agreeing with the previously reported
theoretical values for such interactions.’>!3 These dis-
tances were shorter than the molecular mechanics cal-
culated values. Also, the distortion of the H1I-C1-C2—
H2 dihedral angles with respect to the molecular
mechanics models provided additional support for the
strength of this atomic interaction (Table 4).

Evidence of the rotameric equilibrium in dithiophenyl
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4.6
4.4 4
4.2 4
4.0 4
3.8
J1,2
(Hz) 3.6 -
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3.2
y = 0.01496x — 0.36911
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FIGURE 4. H NMR spectrum of dithiophenyl derivative 10
as a function of temperature (bottom) and correlation line for
the H1—H2 coupling constant temperature dependence varia-
tion (top).

derivative 10, obtained by performing variable-temper-
ature 'H NMR experiments in the range of 223—323 K,
supported the S:--O electrostatic interactions (Figure 4).
Decreasing the temperature favored the stabilization of
conformations minus and plus (10M and 10P; Table 4)
where the attractive interactions were present. Heating
increased the entropy term, resulting in a more evenly
rotamerically distributed population. Figure 4 shows that
raising the temperature increases the J;, coupling
constant value in agreement with the above-mentioned
hypothesis in that the observed coupling constant at 223
K had a value of 2.9 Hz, while at 323 K this value went
up to 4.4 Hz. DFT molecular models of derivative 10 were
found to overwhelmingly prefer a gauche conformation
in which the angle for the segment H1-C1-C2—H2 is
distorted by more than 12° when compared to the
molecular mechanics models (Figure 3). This situation
was quite evidently due to the stabilization gained by the
electrostatic attraction between the two involved het-
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eroatoms. Averaging the population of the three rota-
meric species would result in a value of ca. 7 Hz.

Mechanism Involving 1,2-Sulfur Migration in the
o-Hydroxyalkyldithioacetal Derivatives. A conceiv-
able mechanistic pathway for the transformation of 3 into
11, 12, and 19 is illustrated in Scheme 1. The acidic
condition of the acylating agent provoked the nucleophilic
attack of the anti-oriented sulfur atom to position C2 in
13 (Scheme 1), resulting in the substitution of the
protonated hydroxyl group. The nuclephilic action of the
C5 oxygen atom on C1 could cause a molecular rear-
rangement in the generated thiiranium ion (14) with a
consequent C—S bond breakage to yield dithiinopyran 15.
A similarly described 1,2-sulfur migration, with the
participation of a three-membered ring sulfonium ion
intermediate,'® occurred in a-hydroxyalkyldithioacetals.®
On the other hand, the sulfonium ion 14 could also reach
an equilibrium with 18 through intermediate 17, and the
C2—C3 bond rotation of 18 could lead to 21. The hydroxyl
group located at C-5 in 21 attacked position C2 and
yielded 2,5-anhydro-L-rhamnose ethylenedithioacetal (20).
The resulting five-membered ring closure was possible
because conformation 21 possessed the adequate spatial
orientation. However, if the hydroxyl group at C5 became
acetylated, the cyclization reaction would be prevented.
In which case intermediate 16 could be stabilized by the
loss of a proton from C1, resulting in an unsaturated
substance whose complete acetylation yielded alkene 19.
Similarly, intermediates 15 and 20 must undergo a full
acetylation to yield 11 and 12. The tridimensional
structures of all above-mentioned intermediates (Scheme
1) were calculated at the DFT (B3LYP/6-31G*) level of
theory, allowing a clear visualization of the 1,2-sulfur
migrations supported by the reaction energetics. DFT
energy values (hartrees) were also included for each
intermediate. This theoretical approach also helped us
to explain the formation of the unexpected rearranged
products through the postulation of feasible intermedi-
ates. Compounds 11, 12, and 19 were obtained in 40%,
1.6%, and 0.5% vyields, respectively. Intermediate 15
affords 11 and is by far more stable (6.84 kcal/mol) than
intermediate 20, which in turn yields 12. However, the
presence of 12 and 19 as reaction products may be
attributed to the higher stability of intermediates 17, 18,
and 21 over intermediate 14.

Conclusions

The present study represents an example of how the
application of quantum mechanics calculations can be
used to understand the conformational behavior of sulfur-
containing monosaccharide derivatives. This approach
also lends itself to the exploration of the relevance of the
electrostatic intramolecular attraction between sulfur
and oxygen (which might also operate in complex bio-
molecules®) with its implication in reaction mechanisms.
Through the above-described energetical and geometrical
evidence, the conformation of compounds 10 and 12
reflects the dominance of electrostatic sulfur—oxygen
intramolecular attractions over steric effects. The syn-
thesis and conformational analysis by molecular model-
ing and NMR spectroscopy of sulfur-containing 6-deoxy-
L-hexose derivatives, used as enantiopure building blocks
for the acyclic moiety of cytotoxic polyoxygenated 6-hep-

JOC Article

tenyl-5,6-dihydro-o-pyrones, will be the subject of further
investigations in our laboratories.

Experimental Section

Treatment of 6-Deoxy-L-mannose with Benzenethiol.
A mixture of 6-deoxy-L-mannose (500 mg, 2.74 mmol) and
benzenethiol (1.5 mL, 14.6 mmol) in 90% trifluoroacetic acid
was stirred at 55 °C for 1 h. The reaction mixture was
evaporated to dryness under an Ar flow, and the residue was
purified by column chromatography on Si gel (100 g). Elution
with 19:1 CH,Cl./MeOH afforded derivative 1 (515 mg, 51%,
R¢ = 0.43) and a mixture of 5 and 7 (235 mg, 36%, Rs = 0.36,
9:1 CH,CIly/MeOH). This mixture was submitted to normal-
phase preparative HPLC using an isocratic elution with
CHCl,/MeOH (49:1) and a flow rate of 6 mL/min to yield
compounds 5 (33 mg, 4%, tg = 17.1 min) and 7 (58 mg, 8%, tr
= 19.3 min).

Phenyl 1-Thio-6-deoxy-o-L-mannopyranoside (5): white
solid; mp 86—88 °C (lit.X¥ mp 99 °C); ORD (c 0.19, MeOH) [a]ss0
—233, [(1]578 _243, [0-]546 _278, [(1]436 _493, [(1]355 _843; 1H
NMR (500 MHz, CsDsN) 6 7.66—7.64, 7.30—7.18, 6.08 (dd, J
=1.4,0.5 Hz, H1), 4.76 (dd, J = 3.3, 1.5 Hz, H2), 4.62 (dq, J
= 9.3, 6.2, H5), 4.44 (dd, J = 9.3, 3.3, H3), 4.32 (dd, J = 9.3,
9.3, H4), 1.61 (d, J = 6.2, H6); *C NMR (125.7 MHz, CsDsN)
0136.1, 131.4 (x2), 129.4 (x2), 127.2,90.0 (C1), 74.0 (C4), 73.8
(C2), 73.3 (C3), 71.2 (C5), 18.4 (C6); EIMS (20 eV) m/z (rel
intens) [M]* 256 (25), [M — CsHsS]" 147 (100), 146 (13), [147
— H0]" 129 (68), 111 (17), [CsHsS]™ 110 (60), [CsHsS] 109
(16), 87 (15), [129 — C,H4O]" 85 (95), 83 (14), 75 (17), 73 (24),
[85 — CH,]*" 71 (93), 61 (27), 60 (10), 59 (40), 58 (10), 57 (40),
55 (18), 45 (23), 43 (37), 41 (20), 31 (9), 29 (14); HREIMS (70
eV) m/z [M]* 256.0774 (calcd for C1,H1604S 256.0769).

Phenyl 1-Thio-6-deoxy-f-L-mannopyranoside (7): white
solid; mp 142—144 °C; ORD (c 0.71, MeOH) [a]sgs +70, []s7s
+73, [(1]546 +83, [0.]435 +147, [0.]355 +245, 1H NMR (500 MHZ,
CsDsN) 6 7.74—7.71, 7.65—7.63, 7.36—7.20, 5.35 (d, J = 1.2
Hz, H1), 4.64 (dd, 3 = 3.5, 1.2 Hz, H2), 4.17 (dd, J = 9.2, 9.2
Hz, H4), 4.09 (dd, J = 9.2, 3.5 Hz, H3), 3.72 (dq, J = 9.2, 6.1
Hz, H5), 1.58 (d, J = 6.1 Hz, H6); *C NMR (125.7 MHz, CsDsN)
0137.6,129.7 (x2), 129.2 (x2), 126.5, 88.3 (C1), 77.5 (C5), 76.1
(C3), 74.0 (C2), 73.3 (C4), 18.6 (C6); EIMS (20 eV) m/z (rel
intens) [M]* 256 (8), [M — CsHsS]™ 147 (64), [147 — H,O]" 129
(50), 111 (15), [CeHeS]t 110 (47), [CeHsS]H 109 (12), 87 (14),
[129 — C,H,O]* 85 (96), [85 — CH,]* 71 (100), 59 (43), 58 (11),
57 (47), 55 (20), 45 (28), 43 (45), 41 (26), 31 (12), 29 (17);
HREIMS (70 eV) m/z [M]* 256.0774 (calcd for Ci2H1604S
256.0769).

General Procedure for Acetylation. A solution of the
starting material (1 mmol) in acetyl chloride (100 mmol), used
as provided by the manufacturer without purification, was
stirred at room temperature for 2 h and evaporated under a
N; flow. Column chromatography on Si gel (1:100) with a
gradient of EtOAc in n-hexane afforded the corresponding
peracetyl derivative.

Phenyl 2,3,4-Tri-O-acetyl-1-thio-6-deoxy-a-L-mannopy-
ranoside (6). Acetylation of 5 (54 mg) yielded 6 (45.2 mg, 67%,
R¢=0.42, 7:3 n-hexanes/EtOAc): white solid; mp 114—116 °C
(lit.*” mp 116—118 °C); ORD (c 9.71, CHCIs) [a]sse —90, [a]s7s
—94, [(1]546 —107, [0.]435 _185, [(1]355 _297; EIMS (20 BV) m/z
(rel intens) [M]* 382 (0.1), 275 (2), 274 (9), [M — CsHsS]* 273
(67), [273 — C,H40,]" 213 (20), [213 — C,H,0]" 171 (27), 154
(9), [171 — H,0]* 153 (100), 129 (10), [171 — C,H4O,]" 111
(92), [111 — CO]* 83 (31), [CoH30]™ 43 (59); positive FAB-MS
m/z (rel intens) [M + Na]* 405 (10), [M + H]* 383 (7), [M]*
382 (4), [M + H — C;H40O,]" 323 (6), [M + H — SCeHs]* 273
(100), 213 (20), 203 (27), 171 (21), 154 (28), 153 (64), 137 (12),
136 (24), 111 (64), 83 (27), 43 (63).

Phenyl 2,3,4-Tri-O-acetyl-1-thio-6-deoxy-f#-L-mannopy-
ranoside (8). Acetylation of 7 (81 mg) yielded 8 (64.5 mg, 53%,
R¢ = 0.35, 7:3 n-hexanes/EtOAc): oil;® ORD (c 6.35, CHCIy)
[(1]589 +36, [(1]573 +37, [(1]546 +42, [(1]436 +72, [(1]365 +110; EIMS
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(20 eV) m/z (rel intens) [M]* 382 (0.27), [M — CgHsS]* 273 (65),
[273 _— CoH402]" 213 (17), [213 — CyH,0]t 171 (27), [171 —
H.O]* 153 (100), [171 — C,H4O,]" 111 (84), [111 — CO]* 83
(44), [C.H30]1* 43 (88); positive FAB-MS m/z (rel intens) [M +
Na]* 405 (3), [M + H]* 383 (13), [M]*" 382 (5), 289 (12), 275
(12), 274 (67), [M + H — SCeHs]™ 273 (100), 231 (12), 221 (12),
213 (32), 204 (20), 203 (10), 189 (16), 171 (30), 154 (33), 153
(63), 138 (15), 137 (20), 136 (30), 129 (10), 111 (62), 107 (10),
83 (24), 43 (79).

Treatment of 6-Deoxy-L-mannose Diphenyldithioac-
etal with Acetyl Chloride. Acetylation of 1 (440 mg) yielded
compound 2 (206.4 mg, 32.2%, Rs = 0.46), compound 9 (67 mg,
12.9%, Rf = 0.53), and compound 10 (23.9 mg, 4.6%, R; = 0.49,
7:3 n-hexane/EtOAC).

Phenyl 3,4-Di-O-acetyl-2-S-phenyl-1,2-dithio-6-deoxy-
p-L-glucopyranoside (9): white solid; mp 97—99 °C; ORD (c
3.67, CHCl3) [a]sse 16, [as7s +6, [0sas +8, [0t]aze +17, [0t]zes
+36; 'H NMR (500 MHz, CDClg) 6 7.53—7.51, 7.48—7.45, 7.29—
7.26,5.16 (dd, 3 = 11.0, 9.5 Hz, H3), 4.70 (dd, J = 9.5, 9.5 Hz,
H4), 4.45 (d, J = 11.0 Hz, H1), 3.43 (dg, J = 9.5, 6.0 Hz, H5),
3.05 (dd, J = 11.0, 11.0 Hz, H2), 2.01 (s, 3H), 1.94 (s, 3H),
1.19(d, J = 6.0 Hz, H1); *3C NMR (125.7 MHz, CDCls3) 6 170.1,
169.9, 134.2 (x2), 133.3 (x2), 131.7, 131.5, 129.0 (x2), 128.8
(x2), 128.3, 128.0, 86.3 (C1), 74.5 (C4), 74.2 (C3), 73.8 (C5),
52.3 (C2), 20.7, 20.6, 17.5 (C6); EIMS (20 eV) m/z (rel intens)
[M]T 432 (1.1), [M — CeHsS]* 323 (1), [323 — C,H40,]" 263
(9), 204 (15), [263 — C,H402]* 203 (100), 177 (4), 149 (4), 139
(7), 137 (5), 111 (8), 110 (7), 97 (5), 83 (14), 71 (6), 69 (7), 57
(8), 44 (6), [C2H30]* 43 (31); positive FAB-MS m/z (rel intens)
[M + Na]* 455 (4), [M + H]" 433 (4), [M]* 432 (11), [M —
SCe¢Hs]* 323 (37), 307 (30), 289 (22), [323 — C,H40,]* 263 (22),
204 (22), [263 — C,H40,]* 203 (100), 155 (13), 154 (53), 138
(16), 137 (34), 136 (39), 107 (10), 89 (11), 77 (11), 43 (21). Anal.
Calcd for Cx»H220sS,: C, 61.09; H, 5.59; S, 14.82. Found:
C,61.06; H, 5.47; S, 14.78.

3,4-Di-O-acetyl-2,5-anhydro-6-deoxy-L-glucose Diphen-
yldithioacetal (10): oil; ORD (c 2.41, CHCls3) [asse +7, [a]s7s
+8, [(1]546 +9, [(1]435 +24, [(1]355 +55; IH NMR 6 (500 MHz,
CDCls) 6 7.51-7.48, 7.38—7.35,7.31-7.22,5.39 (dd, J =4.5,1.1
Hz, H3), 5.14 (dd, J = 4.0, 1.0 Hz, H4), 4.84 (d, J = 4.0 Hz,
H1), 4.16 (dg, J = 6.5, 4.0 Hz, H5), 4.03 (dd, J = 4.5, 4.0 Hz,
H2), 2.11 (s, 3H), 2.05 (s, 3H), 1.25 (d, J = 6.5 Hz, H6); 13C
NMR (125.7 MHz, CDCls) 6 170.2, 170.0, 134.3, 134.2, 132.9
(x2),132.7 (x2), 129.0 (x2), 128.9 (x2), 127.9, 127.8, 85.1 (C2),
80.8 (C3), 78.8 (C4), 77.4 (C5), 60.8 (C1), 20.8 (x2), 13.6 (C6);
EIMS (20 eV) m/z (rel intens) [M]* 432 (5), [M — CeHsS] " 323
(10), 264 (18), [323 — C,H,O,]* 263 (100), 221 (34), [263 —
CoH402]" 203 (14), 153 (14), 123 (16), 111 (37), 69 (19),
[C2H30]" 43 (55); positive FAB-MS m/z (rel intens) [M + Na]*
455 (1), [M + H]* 433 (11), [M]* 432 (14), [M — SCeHs]* 323
(21), [323 — C,H.0,]" 263 (100), 221 (18), [263 — C,H4O,]"
203 (23), 154 (16), 111 (15), 43 (11); HREIMS (70 eV) m/z [M]*
432.1060 (calcd for Co2H2405S, 432.1065).

Treatment of 6-Deoxy-L-mannose with 1,2-Ethanedithi-
ol. A solution of 6-deoxy-L-mannose (5 g, 27.5 mmol) in acetic
acid (50 mL) was treated with boron trifluoride etherate (2
mL) and 1,2-ethanedithiol (12.5 mL) and stirred for 1 h. The
reaction mixture was left overnight at room temperature. The
product was filtered and washed with chloroform to afford
6-deoxy-L-rhamnose ethylenedithioacetal (3) (476 mg, 38%).

Treatment of 6-Deoxy-L-mannose Ethylenedithioac-
etal with Acetyl Chloride. The general procedure for acetyl-
ation was applied to 3 (2.5 g), yielding compound 4 (2.4 g, 56%,
R¢=0.27), compound 11 (1.3 g, 40%, R = 0.37), and a mixture
of compounds 12 and 19 (128 mg, Rt = 0.30, 7:3 n-hexane/
EtOAc), which was purified by reversed-phase HPLC with 3:2
MeOH/H-0 at a flow rate of 3.5 mL/min to obtain compounds
12 (48 mg, 1.6%, tr = 13.6 min) and 19 (18 mg, 0.5%, tr =
15.8 min) separately.

(4aR,6S,7S,8R,8aS)-7,8-Diacetyloxy-6-methylhexahydro-
4aH-[1,4]dithiino[2,3b]pyran (11): white prisms; mp 110—
112 °C; ORD (C 3.58, CHC|3) [(1]539 —14, [(1]573 —15, [(1]545 —16,
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[a]ass —24, [0]ses —29; *H NMR (500 MHz, CDCls), 6 4.93 (dd,
J =10.5, 9.5 Hz, H3), 4.87 (dd, J = 9.5, 9.5 Hz, H4), 3.20 (dd,
J = 10.5, 9.5 Hz, H2), 3.66 (dgq, J = 9.5, 6.5 Hz, H5), 4.61 (d,
J = 9.5 Hz, H1), 3.22 (ddd, J = 14.0, 11.5, 2.5 Hz, H78), 2.99
(ddd, 3 =14.0,4.0, 2.5 Hz, H7a), 2.89 (ddd, J = 14.0, 11.5,2.5
Hz, H8a), 2.76 (ddd, J = 14.0, 4.0, 2.5 Hz, H8p), 2.06 (s, 3H),
2.03 (s, 3H), 1.24 (d, J = 6.5 Hz, H6); 13C NMR (125.7 MHz,
CDCls) 8 170.3, 169.7, 79.1 (C1), 75.2 (C5), 74.4 (C4), 72.3 (C3),
49.6 (C2), 33.1, 29.9, 20.6, 20.5, 17.6 (C6); EIMS (20 eV) m/z
(rel intens) [M]* 306 (6), [M — C,H,O,]" 246 (6), [246 —
C,H.0,]* 186 (34), [186 — CH3]* 171 (33), 160 (12), 158 (47),
130 (9), 111 (9), [C2H4S,] T 92 (100), [C,H30]" 43 (53); HREIMS
(70 eV) m/z [M]* 306.0595 (calcd for C1,H150sS; 306.0596).

X-ray Analysis of 11. Single crystals of 11 were grown by
slow crystallization from CH,Cl/hexane. They were ortho-
rhombic, space group P2:2;2;, with a = 9.1347(3) A, b =
9.4741(3) A, c = 18.1026(6) A, cell volume 1566.65(9) A3, peaica
= 1.30 g/cm? for Z = 4, MW = 306.38, and F(000)e~ = 648.
The intensity data were measured on a Bruker AXS Smart
6000 CCD diffractometer equipped with Mo Ka radiation (4
= 0.71073 A). The size of the crystal used was 0.47 x 0.33 x
0.38 mm3. A total of 10469 reflections were collected at 293 K
within a 6 range of 2.25—26.00°. They were corrected for
background, Lorentz polarization, and absorption (u = 0.351
mm™?) effects, while crystal decay was negligible. The number
of independent reflections was 3086 with Ri,: = 3.9%, and the
number of observed reflections was 2659 [I > 20(l)]. The
structure was solved by direct methods using SHELXS97.2°
For the structural refinement the non-hydrogen atoms were
treated anisotropically, and the hydrogen atoms, included in
the structure factor calculation, were refined isotropically.
Final discrepancy indices were Rg = 4.2% and Rw = 9.6% using
a unit weight for the 2659 reflections and refining 193
parameters. The final difference Fourier map was essentially
featureless, the highest residual peaks having densities of 0.22
e/A3. Crystallographic data for 11 have been deposited with
the Cambridge Crystallographic Data Centre as Supplemen-
tary Publication Number CCDC 213485. Copies of the data
can be obtained, free of charge, on application to the Director,
CCDC, 12 Union Rd., Cambridge CB2 1EZ, U.K. Fax: +44-
(0)1223-336033. E-mail: deposit@ccdc.cam.ac.uk.

3,4-Di-O-acetyl-2,5-anhydro-6-deoxy-L-glucose Ethyl-
enedithioacetal (12): oil, ORD (c 5.2, CHCl3) [a]sse +6, [os7s
+6, [asas +7, [0]azs +11, [a]ses +15; *H NMR (300 MHz,
CDCls), 0 5.14 (dd, J = 3.9, 1.2 Hz, H3), 5.12 (dd, J = 3.9, 1.2
Hz, H4), 4.65 (d, 3 = 7.8 Hz, H1), 4.21 (dg, J = 6.3, 3.9 Hz,
H5), 3.86 (dd, J = 7.8, 3.9 Hz, H2), 3.31-3.17 (m, 4H), 2.13 (s,
3H), 2.10 (s, 3H), 1.2 (d, J = 6.3 Hz, H6); **C NMR (75.4 MHz,
CDCls) 6 169.9, 169.5, 86.4 (C2), 80.2 (C3), 78.7 (C4), 77.6 (C5),
54.3 (C1), 38.8, 38.4, 21.1, 20.8, 14.0 (C6); EIMS (20 eV) m/z
(rel intens) [M]* 306 (5), [M — C,H4O.]" 246 (17), 202 (5), [M
— C3HsSy]t 201 (53), 186 (6), 141 (23), 107 (10), 106 (6),
[CsHsS2]t 105 (100), 99 (68), 43 (31); HREIMS (70 eV) m/z [M]*
306.0590 (calcd for C12H1805S, 306.0596).

3,4,5-Tri-O-acetyl-1-anhydro-2,6-dideoxy-L-mannose
Ethylenedithioacetal (19): oil, ORD (¢ 0.35, CHCl3) [a]ss9
+29, [(1]573 +31, [a]546 +37, [(1]436 +89, [a]gss +214; IH NMR
(300 MHz, CDCls) 6 6.3 (s, H2), 5.38 (dd, 3 = 5.9, 5.4 Hz, H4),
5.30 (d, J = 5.4 Hz, H3), 5.06 (dgq, J = 6.3, 5.9 Hz, H5), 3.23—
3.03 (m, 4H), 2.11 (s, 3H), 2.07 (s, 3H), 1.24 (d, J = 6.3 Hz,
H6); 13C NMR (75.4 MHz, CDCl;) 6 170.0, 169.8, 169.5, 122.8
(C1),116.3(C2), 74.3 (C3), 73.2 (C4), 67.7 (C5), 27.4, 26.5, 21.1,
20.8 (x2), 15.6 (C6); EIMS (20 eV) m/z (rel intens) [M]* 348
(10.5), [M — C,H40O.]" 288 (9), [288 — C,H,0O]* 246 (6), 203
(9), 189 (13), 188 (10), 187 (16), 186 (100), 185 (5), 160 (7), 159
(6), 158 (7), 153 (5), 149 (9), 148 (8), 147 (96), 146 (10), 145
(7), 126 (9), 117 (8), 43 (33); HREIMS (70 ev) m/z [M]* 348.0705
(calcd for Cl4H200682 3480701)

(29) Sheldrick, G. M. Programs for Crystal Structure Analysis;
Institit fur Anorganische Chemie der Universitat, University of
Gottingen: Gottingen, Germany, 1998.



Analysis of 6-Deoxy-L-hexose Derivatives

Molecular Modeling Calculations. Geometry optimiza-
tions were carried out using the MMFF94 force-field calcula-
tions® as implemented in the Spartan’02 molecular modeling
software from Wavefunction, Inc. (Irvine, CA). The systematic
conformational searches for the five- and six-membered rings
were carried out with the aid of Dreiding models considering
torsion angle movements of ca. 30°. The Emmvrr Values were
used as the convergence criterion, and a further search with
the Monte Carlo protocol?* was carried out considering an
energy cutoff of 5 kcal/mol above the global minimum. Within
this range, sets of 15, 38, 4, 16, 28, 15, 8, and 16 different
conformations were found and geometry analyzed for 5—12,
respectively. The molecular mechanics global minima of 5—9
and 11 and the three more stable rotameric species of 10 and
12 were submitted to density functional theory calculations
(DFT/B3LYP/6-31G*).2223 Conversions from dihedral angles to
vicinal coupling constants (3Juy) for each conformer were done
using the Altona equation.?*2> The population-weighted aver-
age coupling constant for each H—C—C—H dihedral fragment
was calculated using the equation 3Jcacs = N1J1 + NJ2 + SNidi.
For compounds 10 and 12 a cyclic equilibrium at 298 K
between the three selected conformers included in Table 4 was
assumed, which afforded kl,2 = ny/ny, k2y3 = nz/ny, k3';|_ = ny/ng,
and n; + ny + nz = 1.1030 Taking into account the Boltzmann
equation n; = e ABKT/5 ,e~ABIKT "where AE is the DFT energy
difference between pairs of conformers, equations n; =
nze~E2-BKT) and n; = npe~E2-E3KT were then solved to calculate
the molar fraction of each conformer.

(30) Arnd, M.; Marin, M. L.; Zaragoza, R. J. Magn. Reson. Chem.
1998, 36, 579—586.
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