The hetero-Diels-Alder addition of sulfur dioxide: structure of the
first crystalline sultine. Quantum calculations on the confor mations of
6-fluor 0-3,6-dihydr o-1,2-oxathiine 2-oxidest
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The hetero-Diels—Alder addition of sulfur dioxide to (E)-
and  (Z)-4-(fluoromethylidene)-3-methylene-2,3-dihydro-
naphthalene follows the endo Alder rule. The first example
of a crystalline sultine has been obtained. In agreement with
high level quantum calculations, (1SR,3SR)-1-fluoro-
1,4,5,6-tetrahydronaphtho[2,1-d][1,2]oxathiine 3-oxide
adopts a sofa conformation in its ground state.

At low temperature and in the presence of a catalyst, smple
alkyl-substituted 1,3-dienes add reversibly to SO, via hetero-
Diels-Alder additions to generate the corresponding 3,6-dihy-
dro-1,2-oxathiine 2-oxides (sultines).® They are unstable above
—50 °C and undergo fast cycloreversion liberating the starting
1,3-dienes and SO, that can undergo the expected chelotropic
additions at higher temperature. Until now sultines have been
characterised in solution by their NMR data only.*.2 Because of
their instability, none of them have been isolated and better
characterised. We report here the successful crystallisation of a
fluorosultine and its structure determination by X-ray radio-
crystallography. Whereas cyclohexene adopts a pseudo-chair
conformation in its ground-state that interconverts through sofa
transition structures, 6-fluoro-3,6-dihydro-1,2-oxathiine 2-ox-
ides seem to prefer sofa conformation in their ground state with
the intra-ring oxygen atom lying in the plane of the four carbon
centres. We demonstrate also that the hetero-Diels-Alder
addition of SO, obeys the endo Alder rule.3

The fluorodienes (E)-3 and (2)-3 were derived from 14 as
shown in Scheme 1.5 SO, added to (2)-3 at —80 °C (2 h) giving
sultine 4. When allowed to stand at —40 °C it isomerised into 5.
Above —30 °C, 5 was decomposed, no trace of the correspond-
ing sulfolene could be detected! Diene (E)-3 was less reactive
than (2)-3. It reacted with SO, at —40 °C (15 h) giving sultine
5 that could be crystallised at —50 °C and analysed by X-ray
radiocrystallography at —100 °C (Fig. 1), thus establishing its
structure unambiguously. That of the cis-sultine 4 was deduced
fromitsNMR data and by itsisomerization into the more stable
trans-isomer 5.6

Compound 5 represents the first example of a crystalline
sultine.” The most striking observation is that it adopts a nearly
sofa conformation in the crystalline state. This may not be the
unique conformation available in solution as suggested by the
1H NMR spectrum. Assuming validity of therelation5J, 4 = (5
Hz) (sinb)2(sin@)2 for the coupling constants between the
homoallylic proton pairs8 at C-2 and C-5, alarger value should
be measured for 3J(H-2,H-5) than for 3J(H-2,H-5) since H;
makes a greater angle with the C-2, 1, 6, 5 plane than H, (see
Fig. 1). However, one finds similar values 5J(H-2,H.-5) <0.2

T Electronic supplementary information (ESI) available: synthetic proce-
dures, data for (E)-3, (2)-3, 4 and 5. Crystal and molecular structures of 5,
tables of calculated data and representations of calculated minima and
transition structures. See http://www.rsc.org/suppdata/cc/b1/b103096p/
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Hz, 5J (H-2,H-5) = 0.8 Hz and 5J(F-2,H-5) = 5J(H-2,H-3) =
6.2 Hz suggesting that 5 exists as an equilibrium of severa
conformers in solution.

We have explored using high-level quantum calculations the
potential energy surface (PES) of the Diels-Alder additions of
SO, to (E)- and (2)-1-fluorobutadiene (Figs. 2 and 3). The
relative energies were computed using G3 theory® with the
AE(2df,p) contribution estimated at the MP2 level (while the
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Fig. 1 ORTEP representation of 5 showing the nearly sofa conformation of
this 6-fluorosultine. For reasons of commodity atom numbering does not
follow IUPAC recommendations. Selected bond lengths (A), bond angles
(°) and torsion angles (°): S1-02 1.475(2), S1-O1 1.6840(19), S1-C4
1.796(3), O1-C1 1.413(3), C1-F1 1.414(3), 02-S1-01 102.91(11), O2—
S1-C4 106.94(13), 01-S1-C4 93.57(11), O1-C1-F1 106.6, 02-S1-O1-
C1 179.11(18), C1-C2-C3-C4 10.4(4).
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Fig. 2 G3 calculated energiesfor the hetero-Diels-Alder additions of SO, to
6 giving sultine 7 (cis). Values (kca mol—1) given relative to cycload-
dends.

CPU times on a NEC SX-4 supercomputer were affected by a
factor near 10, a difference of only 0.3 kcal mol—1 was found
when computing thisterm for (S)-7 at the MP4 level). The spin-
orbit term was not included because of the lack of data for
sultines, the zero-point energy was computed from MP2/
6-31G(d) harmonic frequencies scaled by a factor of 0.96, and
the frozen-core approximation was employed to carry out the
geometry optimizations (see ESI1). Both dienes (E)-6 and (2)-6
prefer the endo mode (Alder rule)3 of addition and (2)-6 is less
reactive than (E)-6, in agreement with our results with dienes
(2)-3 and (E)-3, respectively. The calculations predict that cis-
fluorosultine 7 prefers a sofa conformation S-7 with pseudo
axial S=O (Fig. 2). The interconversions of S-7 and of the
pseudo-chair conformer C-7 can follow two paths. That with the
lowest energy barrier involves equilibrium with a boat con-
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Fig. 3G3 calculated energiesfor the hetero-Diels-Alder additions of SO, to
6 giving sultine 8 (trans). Vaues (kcal mol—1) given relative to
cycloaddends.

former B-7. In the case of the trans-fluorosultine 8 (Fig. 3) a
sofa S-8 with pseudo-equatorial S=O bond (corresponds to the
X-ray structure of 5) and a ‘flattened’ pseudo-chair conformer
C-8 of similar stabilities are found in agreement with our NMR
datafor 5. A boat conformer B-8isonly 1 kcal mol—1 above S-8
and C-8 and isreached with an energy barrier of 1.2 kcal mol—1.
Alternatively, interconversion S-8 = C-8 can operate through a
boat transition structure B*-8 with an energy barrier of 4.3
kcal mol—1 only, suggesting that 8 is more flexible than 7. If
such aflexibility difference should prevail in the cases of 4 and
5, it could contribute to make 5 more stable than 4.

We have proposed that sultines are intermediates in our new
carbon—carbon forming reaction between electron-rich dienes
and enoxysilanes.10 These species raise fundamental questions
concerning their reactivity!! and, as shown here, about their
structure.
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