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ABSTRACT: α-Substituted sulfoxides can experience both
gauche and anomeric effects, since these compounds have the
geometric requirements and strong electron donor and acceptor
orbitals which are essential to make operative the hyper-
conjugative nature of these effects. Indeed, the title effects were
calculated to take place for 1,3-oxathiane 3-oxide in polar
solution, where dipolar effects are absent or at least minimized,
while only the gauche effect is present in 2-fluorothiane 1-oxide.
Since the fluorine atom is a suitable probe for structural analysis
using NMR, the 1JCF dependence on the rotation around the F−C−SO dihedral angle of (fluoromethyl)methyl sulfoxide was
evaluated; differently from 1,2-difluoroethane and fluoro(methoxy)methane, this coupling constant is at least not exclusively
dependent on dipolar interactions (or on hyperconjugation). Because of the nonmonotonic behavior of the 1JCF rotational
profile, this coupling constant does not appear to be of significant diagnostic value for probing the conformations of α-fluoro
sulfoxides.

■ INTRODUCTION

In order to investigate whether the gauche and anomeric effects
can operate simultaneously, α-substituted sulfoxides (substitu-
ent OR, F) were computationally analyzed. The gauche effect is
defined as the surprising tendency that electronegative groups
have in preferring the gauche orientation instead of the anti
orientation; the anomeric effect is the preference of electro-
negative substituents attached to the anomeric carbon (C-1) to
occupy an axial orientation (α-anomer) instead of the less
hindered equatorial orientation (β-anomer) that would be
expected from steric considerations of a chair conformation
this definition has been extended to acyclic compounds. The
origins of both effects are assumed to be due to hyper-
conjugation,1 but interpretations based on dipolar effects have
also been invoked.2−4 α-Substituted sulfoxides have the
potential of experiencing both interactions simultaneously,
although their importance to conformer stabilization has not
been proved.
Sulfoxides play an important role in medicinal chemistry, e.g.

as inhibitors of gastric acid secretion like the widely used
omeprazole;5 structural changes due to replacement of any
atom by other substituents can affect bioactivity. α-Substitution
by oxygen is expected to modify the physical and chemical
properties of a sulfoxide molecule; likewise, replacing hydrogen
by fluorine does not have a significant steric effect, but it
influences the pKa of functional groups and alters the solution
conformation.6,7 Both C−O and C−F bonds are polar and,
therefore, subject to strong stereoelectronic effects. Particular
attention is given to fluorinated derivatives, since 19F is a
suitable nucleus in NMR spectroscopy, which is a useful
technique for structural analysis.

■ RESULTS AND DISCUSSION

1,3-Oxathiane 3-oxide (1, Figure 1) was computationally
(B3LYP/aug-cc-pVDZ) found to be more stable in the SOax
conformation than in the SOeq form by 0.8 kcal mol−1 in the
gas phase. The SOeq conformation agrees with the X-ray crystal
structure of 2-phenyl-1,3-oxathiane 3-oxide8 but not with the
more structurally similar compounds trans-5-methyl-3-oxo-1,3-
oxathiane9 and (2SC,3RS,4RC)-2-methyl-4-propyl-1,3-oxathiane
3-oxide (Figure 1);10 other examples of the preferred gauche
orientation along the OCSO fragment can be found in the
Cambridge Structural Database (43 hits from the SOCH2O
substructure). Actually, a more general representation of 1,3-
oxathio 3-oxide compounds is the model (methoxymethyl)-
methyl sulfoxide (CH3SOCH2OCH3); a conformational
screening around the C−O−C−S and O−C−S−O dihedral
angles gives the energy hypersurface of Figure 2, in which the
global minimum A and a local minimum G correspond to
gauche conformers relative to the O−C−S−O dihedral angle.
The remaining forms are anti relative to this dihedral angle.
Indeed, both experiment8−10 and theory suggest that

conformers SOax and SOeq must be populated very similarly
in the equilibrium. In the gas phase, the SOax conformer of 1 is
clearly disfavored because of higher steric/electrostatic
repulsion, particularly due to gauche repulsion between the
oxygen atoms. This can be confirmed by natural bond orbital
(NBO) analysis,11 using deletion of non-Lewis (starred)
orbitals; the role of electronic delocalization can be
quantitatively assessed by deleting all non-Lewis NBOs, giving
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a “natural Lewis structure” wave function, which is perfectly
localized, with all Lewis-type NBOs doubly occupied. Deletion
of all hyperconjugative interactions involving antibonding and
Rydberg orbitals indicates that the SOax conformer of 1 is ca.
15.5 kcal mol−1 more stabilized than the SOeq conformer by
electron transfers from filled to vacant orbitals (485.5 against
470.0 kcal mol−1 of stabilization) and, thus, the SOeq conformer
is less destabilized due to steric/dipolar effects by 16.3 kcal
mol−1. In 1, the main vicinal hyperconjugative contributions in
the SOax conformer relative to the SOeq conformer is the nS→
σ*CO interaction (corresponding to the hyperconjugative
nature of the anomeric effect), which is ca. 2 kcal mol−1

more stabilizing than the corresponding nS→σ*CH interaction
in the SOeq conformer, and the σC2H,ax→σ*SO (corresponding
to the hyperconjugative nature of the gauche effect), which is ca.
1 kcal mol−1 stronger than the corresponding σC5C6→σ*SO
interaction in the SOeq conformer (Table 1).
In solution, where dipolar interactions are minimized, the

quantum effects in both conformers are more competitive: the
total hyperconjugative energies in SOax and SOeq conformers
are quite similar in DMSO (448.8 and 448.6 kcal mol−1,
respectively). In fact, the calculated conformational energies in
DMSO using the polarizable continuum model by Tomasi and
co-workers (in its integral equation formalism12) and using a
cavity built up using the UFF (radii with spheres around each
solute atom) at the same level of theory indicate that SOax and
SOeq are very closely populated (indeed, a slight preference for
the SOax conformer of 1 is calculated, by 0.3 kcal mol−1).
Consequently, SOax is calculated to be slightly less destabilized
due to steric/dipolar effects than SOeq (by ca. 0.1 kcal mol−1),
since the total energy is a contribution from quantum and
Lewis-type interactions. Therefore, the endocyclic gauche and
anomeric effects take place in polar solution, and the origins of
these effects in 1 appear to be ruled by quantum and classical
effects: while hyperconjugative interactions are prevalent in the

SOax conformer (especially the nS→σ*CO and σC2H,ax→σ*SO
interactions), the reduced dipolar repulsion in polar solution
also leads to the structure with a gauche O−C−S−O
arrangement.
Because hyperconjugation and dipolar effects were found to

operate in 1, introduction of a vicinal fluorine atom in thiane
oxide to give 2-fluorothiane 1-oxide (2) can be of interest, since
the C−F bond is the most polar bond in organic chemistry and
is thus subjected to strong dipolar and hyperconjugative (via
the low-lying σ*CF orbital) interactions. The gauche effect in
organofluorine compounds has been found to be due to
antiperiplanar interactions between σCH as the electron-donor
orbital and the σ*CF vacant orbital.13−15 The anomeric effect
has been attributed as due to both hyperconjugation and
dipolar interactions.1,4,16,17

The R,R and R,S diastereoisomers of 2 are shown in Figure 1.
In the gas phase (calculated at the B3LYP/aug-cc-pVDZ level),
the diaxial conformer of the R,R diastereoisomer is significantly
more populated than the remaining forms, which is clearly an
effect of weaker electrostatic repulsion between the electro-

Figure 1. Conformational isomerism in 1,3-oxathiane 3-oxide (1) and
2-fluorothiane 1-oxide (2) and compounds obtained from the
literature8−10 using X-ray crystallography.

Figure 2. Conformational hypersurface for (methoxymethyl)methyl
sulfoxide (B3LYP/6-31g(d,p)). After optimization (B3LYP/aug-cc-
pVDZ level) of the minima A−I found in the hypersurface, conformers
A, B, F, H, and I converged to be structurally equivalent to each other,
as well as C and E. Relative energies (in kcal mol−1) are given in
parentheses.
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negative fluorine and oxygen atoms. It is worth mentioning that
steric effects between oxygen and fluorine can also take place,
but to a lesser extent, since replacement of hydrogen by
fluorine does not have a significant steric effect.6,7 The anti
orientation of the SO and CF bonds is consistent with the X-
ray crystal structure of (1R,4R,5S)-3-benzoyl-4-carbomethoxy-
2,2-dimethyl-5-fluoro-1-oxothiazolidine.18 However, the figure
changes in polar (DMSO) solution, where the most polar forms
(R,R-ee and R,S-ae) are the theoretically most stable ones
(Table 2). In polar solution, where intramolecular dipolar
interactions are reduced, steric effects and hyperconjugation are
expected to be retained, thus dominating the conformational
and configurational energies in 2. The anomeric effect in its
hyperconjugative nature (nS→σ*CF) does not appear to

operate, since the form with an ability to exhibit such an
interaction (R,S-ea) is not the main conformation in polar
solution (relative energy of 0.6 kcal mol−1). However, the three
preferred forms in DMSO solution (R,R-ee, R,S-ae, and R,S-ea)
have the gauche O−S−C−F arrangement; the gauche effect is
clearly operating.
Hyperconjugative interactions have usually been analyzed on

the basis of natural bond orbitals, and the deletion of all
interactions involving electronic transfer from full to vacant
orbitals can give insight into classical and nonclassical
contributions for the structural stabilization of 2 (Table 2).
Indeed, this model considers that the full energy of a system
can be partitioned into Lewis-type and quantum-type
contributions. In the gas phase, the diaxial form is the least
stabilized by hyperconjugation, but it is the most stable one;
this reinforces the hypothesis above that dipolar interaction is
the dictating effect of the conformational/configurational
stability and that R,R-aa should be the most stable form in
the gas phase because of lower Lewis-type, repulsive
interactions. However, in polar solution (DMSO), the diaxial
form was calculated to be the most favored by hyper-
conjugation, despite its highest overall energy; thus, Lewis-
type interactions between the axial heteroatoms seems to rule
the lower stability of R,R-aa in DMSO solution. One of the
most stable forms, R,R-ee, is not privileged by hyperconjugation,
but it experiences the weaker steric effects; R,S-ae, the other
lowest energy form, is predicted to have important hyper-
conjugative interactions, which govern the conformational
isomerism toward the R,S-ea form. As a concluding remark
for 2, the gauche effect appears where dipolar interactions are
absent (polar solution) in the conformational isomerism of the
R,R (or S,S) diastereoisomeric form, but it is due to repulsion
involving the fluorine and oxygen atoms.
NMR coupling constants have been shown to be an

important probe for structural analysis and have been used to
identify and interpret manifestations of stereoelectronic
interactions, such as the gauche and anomeric effects, the
main focus of this work.19 1JCF coupling constants are
particularly useful for this purpose, since they are sensitive to
conformational changes.20 This coupling has shown to be
dependent on dipolar interactions;17,21 however, it increases
(becomes more negative) with dipolar interactions involving
the coupled fluorine in 1,2-difluoroethane21 but decreases
(becomes less negative) when the molecular dipole moment is
dictated by the mutual orientation between the C−F bond and
lone pairs, such as in sevoflurane.17 α-Fluoromethyl sulfoxides
are interesting models, since the fluorine atom can interact both
with the SO polar bond (which should have an effect similar
to that of 1,2-difluoroethane) and with a sulfur lone pair (which
should have an effect similar to that of sevoflurane). In order to
investigate how the 1JCF coupling constants vary in such a
system with the molecular dipole moment, (fluoromethyl)-
methyl sulfoxide was utilized as a prototypical compound, while
the coupling constant calculations were carried out at the
BHandH/EPR-III level (the cc-pVDZ basis set was used for the
sulfur atom).
The angular dependence of 1JCF in (fluoromethyl)methyl

sulfoxide was found to be independent of the molecular dipole
moment (Figure 3). This is probably because of the
antagonistic dipolar effects of bonding (σSO) and nonbonding
(nS) orbitals on

1JCF, which are both operating in this kind of
compound, but it is also due to other interactions which
possibly contribute for this coupling, such as hyperconjugation.

Table 1. Relative Energies and Antiperiplanar
Hyperconjugative Interactions in 1 (in kcal mol−1)a

param 1-SOax 1-SOeq

Erel(gas) 0.8 0.0
Erel(DMSO) 0.0 0.3
nO(1)→σ*CS 0.9 0.6
nO(2)→σ*CS 15.2 14.6
nS→σ*CO 3.4
nS→σ*CC 2.2
nS→σ*CH2 1.3
nS→σ*CH6 1.6
σSO→σ*CH2 0.6
σSO→σ*CH6
σSO→σ*CO 1.2
σSO→σ*CC 0.7
σC2H→σ*SO 1.8
σCH6→σ*SO 1.9
σCO→σ*SO
σCC→σ*SO 0.9
σCH2→σ*CO 3.7 3.6
total hyperconjugation (gas) 485.5 470.0
total hyperconjugation (DMSO) 448.8 448.6

aIndividual hyperconjugative interactions were similar in the gas and
DMSO.

Table 2. Relative Energies and Antiperiplanar
Hyperconjugative Interactions in 2 (in kcal mol−1)a

param R,R-aa R,R-ee R,S-ae R,S-ea

Erel(gas) 0.0 2.0 1.1 2.5
Erel(DMSO) 0.7 0.0 0.0 0.6
σC3H→σ*CF 6.7 1.2 0.7 5.9
σSO→σ*CF 1.5
nS→σ*CF 0.7 3.7
σC3C4→σ*CF 3.3 3.8
σSC6→σ*CF 3.0 3.1
σCH6→σ*SO 2.0 1.8
σCH2→σ*SO 1.6
σCF→σ*SO
σC2C3→σ*SO 0.8 0.8
σC5C6→σ*SO 0.9 1.1
nF→σ*SO 1.0
nO→σ*CF 2.0
total hyperconjugation (gas) 511.4 512.7 521.4 521.4
total hyperconjugation (DMSO) 498.3 477.9 490.3 485.2

aIndividual hyperconjugative interactions were similar in the gas and
DMSO.
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For instance, the Perlin effect (1JCH,ax <
1JCH,eq in cyclohexane

and tetrahydropyran rings) has been attributed to antiper-
iplanar interactions from σCH or nO orbitals to σ*CH, resulting
in longer and therefore weaker C−Hax bonds in comparison to
C−Heq bonds.22−25 This interpretation was refuted later,26,27

but hyperconjugation has been found to be the dictating
mechanism of coupling constants in many systems.28 In 2, the
C−F bond length in R,R-aa was calculated to be only 0.01 Å
longer than in the remaining forms. It is complex to establish

any relationship between specific hyperconjugative interactions
with 1JCF in (fluoromethyl)methyl sulfoxide, since many nF-,
σCF-, and σ*CF-based interactions (orbitals possibly involved in
the coupling pathway) are importantly operating, but the sum
of all hyperconjugative interactions on the basis of natural bond
orbital analysis does not appear to correlate with 1JCF (Figure
3). Indeed, this behavior suggests that an interplay of classical
and quantum interactions govern 1JCF in (fluoromethyl)methyl
sulfoxide, such as in α-fluorosulfones.29 Similarly to α-
fluorosulfones,29 this coupling constant does not appear to be
of significant diagnostic value for probing the conformations of
α-fluorosulfoxides, despite the calculated 1JCF for the global
energy minimum of (fluoromethyl)methyl sulfoxide differing by
ca. +10 to −20 Hz from the corresponding values of the local
minima (Figure 3); this is due to the nonmonotonic behavior
of 1JC,F in this prototypical compound.
In order to evaluate this, the 1JCF coupling constants for the

stable conformers of (fluoromethyl)methyl sulfoxide were
computationally estimated in a nonpolar solvent (cyclohexane)
and in a polar solvent (DMSO), since conformer populations
are expected to vary with solvent, while intrinsic couplings are
supposed to be less sensitive to the medium than chemical
shifts;30 thus, changes in experimental coupling constants
(average of individual J) when varying solvents are usually
assumed to be only due to changes in conformations. The
relative energies of conformers A−C of (fluoromethyl)methyl
sulfoxide are depicted in Table 3; while the least polar
conformer, B, is predominant in nonpolar solution (63%), A
and C dominate in the polar solvent (42% and 40%,
respectively). Thus, if the calculated, individual 1JCF coupling
constants are averaged using the estimated populations in
cyclohexane and DMSO, the overall 1JCF in C6H12 for
(fluoromethyl)methyl sulfoxide would be −249.0 Hz, while
the corresponding value in DMSO would be −240.5 Hz.
Experimentally, this finding would not be expected to give
insight into the extent of conformational shift from nonpolar to
polar media, since the dependence of 1JCF on solvent is at least
comparable to that with conformational changes. In both
solvents, the mean 1JCF value is similar to that of conformer B.
Thus, the 1JCF coupling constant cannot be used to estimate the
conformational population of α-fluorosulfoxides.
In summary, both gauche and anomeric effects can operate

simultaneously in α-substituted sulfoxides. The nature of these
effects, especially the anomeric effect, has been debated
extensively in recent years4,31 as being due to dipolar or
hyperconjugative interactions. In this work, dipolar and
hyperconjugative interactions were found to be competitive
as driving forces of the above effects (when operating) in polar
solution, where intramolecular dipolar interactions are mini-
mized by the presence of a polar solvent; this information can
be particularly useful for studies in living (aqueous) systems.
Despite the fact that NMR coupling constants have been
successfully applied to study conformations in solution, 1JCF

Figure 3. Angular dependence of 1JCF in (fluoromethyl)methyl
sulfoxide and comparison with the relative energy of conformers A−
C (top), molecular dipole moment (middle), and hyperconjugation
(bottom).

Table 3. Calculated Dataa for the Conformers of (Fluoromethyl)methyl Sulfoxide

C6H12 DMSO

conformer Erel amt, % μ 1JCF Erel amt, % μ 1JCF

A 0.80 16 5.5 −235.1 0.00 42 6.8 −226.0
B 0.00 63 3.1 −247.5 0.52 18 3.8 −243.1
C 0.65 21 4.8 −264.3 0.03 40 6.0 −254.6

aErel in kcal mol−1, molecular dipole moment (μ) in D, and 1JCF in Hz.
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does not appear to be a significant tool in deciding the
conformation of α-fluorosulfoxides, because of the non-
monotonic behavior of the 1JCF rotational profile.

■ COMPUTATIONAL SECTION
Compounds were all optimized at the B3LYP/aug-cc-pVDZ
theoretical level,32 the same level used in the NBO calculations
(version 5.0). Calculations using implicit solvent were carried out
using the polarizable continuum model by Tomasi and co-workers (in
its integral equation formalism12) and using a cavity built up using the
UFF (radii with spheres around each solute atom) at the same level of
theory. The 3D potential energy surface for (methoxymethyl)methyl
sulfoxide was built from B3LYP/6-31 g(d,p) calculations. Coupling
constant calculations were carried out at the BHandH/EPR-III
level33,34 (the cc-pVDZ basis set was used for the S atom). All
calculations were performed using the Gaussian09 program.35
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