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Kinetics on the cheletropic addition of sulfur dioxide to (E)-1-methoxybutadiene (1) to give the
corresponding sulfolene 2 (2-methoxy-2,5-dihydrothiophene-1,1-dioxide) gave the rate law d[2]/dt
= K[1][SO,]* with x = 2.6 £+ 0.2 at 198 K. Under these conditions, no sultine 3 [(2RS,6RS)-6-methoxy-
3,6-dihydro-1,2-oxathiin-2-oxide] resulting from a hetero-Diels—Alder addition was observed, and
the cheletropic elimination 2 — 1 + SO, did not occur. Ab initio and DFT quantum calculations
confirmed that the cheletropic addition 1 + SO, — 2 follows two parallel mechanisms, one involving
two molecules of SO, and the transition structure with AG* = 18.2 4 0.2 kcal/mol at 198 K (exptl);
22.5—22.7 kcal/mol [B3LYP/6-31G(d,p)], the other one involving three molecules of SO, with AG*
=18.9 £ 0.1 kcal/mol at 198 K (exptl); 19.7 kcal/mol [B3LYP/6-31G(d,p)]. The mechanism involving
only one molecule of SO, in the transition structure requires a higher activation energy, AG* =
25.2 kcal/mol [B3LYP/6-31G(d,p)]. Comparison of the geometries and energetics of the structures
involved into the 1 + SO, — 2, 3 and 1 + 2SO, — 2, 3 + SO; reactions obtained by ab initio and
DFT methods suggest that the latter calculation techniques can be used to study the cycloadditions
of sulfur dioxide. The calculations predict that the hetero-Diels—Alder addition 1 + SO, — 3 also
prefers a mechanism in which three molecules of SO, are involved in the cycloaddition transition
structure. At 198 K and in SO; solutions, the entropy cost (TAS*) is overcompensated by the specific
solvation by SO, in the transition structures of both the cheletropic and hetero-Diels—Alder reactions

of (E)-1-methoxybutadiene with SO.

Introduction

Conjugated dienes have been known since 1914! to
undergo cheletropic additions? with sulfur dioxide, gen-
erating the corresponding 2,5-dihydrothiophene-1,1-
dioxide (sulfolenes). Homoconjugated dienes can be re-
arranged into conjugated 1,3-dienes in the presence of
SO, via ene reactions® or undergo homocheletropic
additions.*~7 At low temperature and in the presence of
a protic or Lewis acid catalyst, simple 1,3-dienes add
reversibly to SO, via suprafacial hetero-Diels—Alder
addition to generate 3,6-dihydro-1,2-oxathiin-2-oxides
(sultines).® They are usually unstable above —50 °C and
undergo fast cycloreversion liberating the starting dienes
and SO, that can undergo the expected cheletropic
addition at higher temperature. These observations led
us to invent a new carbon—carbon bond-forming reaction
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in which electron-rich dienes are condensed with electron-
rich alkenes and SO, giving sulfinic derivatives that can
undergo stereoselective retro-ene elimination of SO,
providing polypropionate fragments containing up to
three new stereogenic centers and a (E)-alkenic unit, on
one hand,® or that can react with electrophiles giving the
corresponding sulfones, on the other hand.’®!! An asym-
metric version of this one-pot four-component synthesis
of sulfones has been presented recently.’? In these
applications of SO, chemistry, substituted 1-alkyloxyb-
utadienes generate sultine intermediates, these later
being able to explain the stereoselectivity observed in the
products,*! even though 1-alkyloxybutadienes such as 1
does not form stable sultines to be observed in solution
(see Scheme 1).13

The mechanism of the Diels—Alder reactions between
dienes and SO, has been analyzed theoretically by means
of ab initio calculations. Aspects such as the regioselec-
tivity and stereoselectivity,'* the role played by Lewis
acid catalysts,’® solvent effects,’® or the substituent
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effects!” have been extensively discussed in terms of the
molecular orbital theory, showing how the theoretical
models helped to rationalize the experimental facts.
Particularly interesting was the interpretation of the exo/
endo stereoselectivity in terms of CH---O hydrogen bond-
ing.*4!® On the other hand, the theoretical analysis of the
corresponding cheletropic cycloaddition reactions®~2! has
allowed us to interpret the kinetic and thermodynamic
factors controlling the two competitive processes (Diels—
Alder and cheletropic additions).

As reported in a previous work,?? sulfur dioxide pro-
motes its hetero-Diels—Alder and cheletropic additions
to 1,2-dimethylidenecyclohexane. High-level ab initio
calculations [G2(MP2,SVP)] on the model reaction buta-
diene + SO, have shown that a second molecule of SO,
stabilizes the transition structures in such a way that
the reduction of the energy barrier overwhelms the loss
of entropy due to condensation. Two different mecha-
nisms are possible: (a) formation of the (SO;), dimer and
further reaction with the diene, or (b) formation of a
dienesSO, van der Waals prereactive complex with
further evolution to the product (sultine or sulfolene)
passing through a transition structure stabilized by the
second molecule of SO,. The (SO,), and dienesSO, species
involved in these mechanisms are known to exist in the
gas phase, with stabilization energies of ca. 3 kcal/mol?
and 3.2 kcal/mol (butadieneeS0O,),?* respectively.

(E)-1-Methoxybutadiene possesses, in principle, two
favorable sites for the SO, molecule to interact forming
van der Waals complexes, namely, the diene s-electron
cloud and the MeO group. Therefore, it is reasonable to
speculate that the transition structure for the (E)-1-
methoxybutadiene + SO, reactions could involve more
SO, molecules than that of butadiene + SO; as butadiene
has only one site (the diene s-electron cloud) to form
dienesSO, van der Waals complexes. In other words, it
is expected that the primary solvation shell (i.e., the
number of solvent molecules that surrender their own
translational freedom and remain with the solute when
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it moves relative to the surrounding solvent)? of the (E)-
1-methoxybutadiene + SO; transition structure contains
a greater number of SO, molecules than in the case of
the butadiene + SO, reaction.

In this paper, we explore the possibility that the (E)-
1-methoxybutadiene + SO, cycloadditions proceed through
mechanisms involving more than two molecules of SO,.
Theoretical (post Hartree—Fock and Kohn—Sham) cal-
culations and experimental work have been coordinated
in order to accumulate evidence to validate such an
hypothesis.

Theoretical Methods

Ab initio calculations have been carried out to evaluate
the thermodynamic and activation parameters of the
Diels—Alder and cheletropic addition of (E)-1-methoxyb-
utadiene to sulfur dioxide. Moller—Plesset (MP2)%¢ per-
turbation method and density functional theory (DFT)?”
with Becke's three-parameter exchange functional®® and
the correlation functional of Lee—Yang—Parr?® (B3LYP)
were employed to explore the corresponding potential
energy surfaces (PESs). Pople and co-worker’s standard
6-31G(d,p) basis sets were used in both MP2 and DFT-
(B3LYP) calculations.

The MP2/6-31G(d,p) methodology has been extensively
employed as a standard level to study chemical reactiv-
ity.%0 Particularly, it has proved to produce reliable
predictions when studying pericyclic reactions proceeding
through a one-step mechanism.3! On the other hand, the
DFT method is a very efficient computational tool when
the size of the chemical systems under consideration
becomes a critical factor.32 In this context, Houk and co-
workers have shown that the DFT method makes correct
predictions for the activation energies and isotope effects
of Diels—Alder additions following either concerted or
stepwise mechanisms.33

In the present work, we will perform optimizations of
cycloaddition transition structures involving up to 142
electrons and 277 basis functions which in order to keep
the computational cost within practical limits we used
the DFT method. In addition to these mechanistic stud-
ies, our purpose was also to compare the performance of
the MP2 and DFT methodologies, thus complementing
in some aspects previous studies.®?73* On one hand, we
were interested in analyzing how the geometrical and
energetic data vary between the MP2 and DFT(B3LYP)
calculations for transition structures of cycloadditions
involving one molecule of diene and one molecule of SO,
(2:1 complexes). On the other hand, we explored other
transition structures with stoichiometries dienes(SO,),
and dienes(S0O,)3;, involving m-electron cloud---SO,,
MeO:--:SO,, and SO,++-SO, noncovalent interactions. It
is well-known35—37 that the present DFT functionals such
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as B3LYP do not represent properly the London disper-
sion (attractive) component of the interaction energy.
Consequently, the DFT methodology was not expected
to be appropriate to carry out studies on systems where
the dispersion forces are expected to play a relevant role.
The superiority of MP2 over DFT for studying nonbonded
interactions has been stressed in a recent feature article
by Rappé and Bernstein.®” Nevertheless, we will show
that in cases such as the Diels—Alder and cheletropic
addition of SO; to (E)-1-methoxybutadiene the nature of
the interactions involved in the structures considered is
such that DFT provides predictions that are consistent
with those given by the ab initio MP2 approach. This was
encouraging and permitted the rationalization of our
experimental observations. We are dealing with weakly
bound molecules in which the “binding” is mainly derived
from the electrostatic interactions between molecules.3®

The basis set superposition error (BSSE) is expected
to make non-negligible contributions to the stabilization
energies of the weakly bound complexes analyzed in the
present work. However, its consideration, by means of
the counterpoise procedure (CP), % rarely varies the
relative stabilities in a family of related complexes.*0~42
Thus, bearing in mind that the application of the CP
algorithm is not straightforward in the cases of trimers
or larger clusters,*® we estimated the BSSE only for the
prereactive (dimer) van der Waals complexes.

The location of the minima and transition structures
on the PESs was performed by means of standard
algorithms as implemented in the GAUSSIAN 98 pack-
age of programs.** All the stationary points located were
characterized by computing the Hessian matrix and by
checking the number of negative eigenvalues (zero for
the minima and one for the transition structures). This
allowed us to perform the thermochemistry analysis
using the ideal gas, rigid-rotor, and harmonic oscillator
approximations.*® To take into account the effects of the
condensed phase*® we have also computed the Gibbs free
energies changing the ideal gas standard state (p = 1
atm, 0.041 M) to a new state defined in accordance with
the condensed phase experimental contitions (p = 261
atm, 16.1 M).

Results and Discussion

Experimental Results. The cheletropic addition 1 +
SO, — 2 has been studied by *H NMR at 198 K, the
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temperature at which the reverse reaction (cheletropic
elimination) is not observed. Pseudo-first-order rate
constants were determined for various excesses of SO,
by following both the formation of sulfolene 2 and the
disappearance of diene 1. The rate follows the law d[2]/
dt = Kops[1] with Kgps: (0.26 £+ 0.12) x 1075, (1.23 + 0.66)
x 1076, (1.17 £ 0.14) x 1075, (3.52 4 0.06) x 107, (4.40
+ 0.07) x 1075, (8.4 £ 0.4) x 10°%, (11.9 4+ 0.07) x 1076,
(11.6 +£ 1.3) x 1075, (13.0 £ 0.06) x 1076, (18.7 £ 0.2) x
1076 dm?® mol~* st for [SO,] = 2.21, 3.88, 4.30, 7.42, 7.86,
10.15, 10.87, 11.13, 11.66, and 13.39 molar (error < 2%),
respectively. These data allow one to measure the partial
order for SO,, by fitting the experimental data with Kgps
= K[SO,]%, yielding a partial order of x = 2.6 + 0.2 with
k = (1.9 £ 0.6) x 1078, Such a partial order can be seen
as a combination of different pathways involving either
two or three more molecules of SO, in the transition
structure than in the reactant. Fitting Kops = k2[SO,]? +
ks[SO,]® to the experimental data gives k, = (3.0 &+ 1.2)
x 1078 dm® mol=2 st and k; = (5.6 + 1.0) x 107° dm®
mol~3 s7%. These rate constants can be converted into
Gibbs activation energies AG*, = 18.2 4+ 0.2 and AG*; =
18.9 4+ 0.1 kcal/mol at 198 K, respectively.

Six different mechanisms for the cheletropic addition
of SO, to (E)-1-methoxybutadiene involving either two
or three molecules of SO, can be envisaged (see Scheme
2 where Ky = Kqilk—i and * denotes the rate determining
step). Mechanisms A and B correspond to processes
involving two molecules of SO, and are similar to those
previously proposed for the hetero-Diels—Alder and
cheletropic reactions of SO, with 1,2-dimethylidenecy-
clohexane.?? The first one (A) implies the formation of a
prereactive van der Waals complex between the diene
and one molecule of SO,, 1¢SO,, whereas in the second
one (B), (E)-1-methoxybutadiene adds to (SO,), present
in liquid SO,.4” The remaining four mechanisms (C—F)
involve three molecules of SO,. In mechanisms C and D,
it is considered that sulfur dioxide can exists as monomer
(SO,) or dimer [(SO,),] units in solution.*” In a second
step, the diene forms a prereactive van der Waals
complex either with SO, (C) or with (SO,), (D) and finally
the sulfolene 2 is formed by liberating two molecules of
SO, (since the experimental condictions are chosen in
such a way that k_.3 and k_q3 in Scheme 2 are negligible,
it does not matter whether 2SO, or (SO,), are released).
Mechanisms E and F contemplate the consecutive forma-
tion of two prereactive van der Waals complexes, 1¢SO,
and 1.2S0,, the latter leading to the final product 2 with
liberation of two molecules of SO, [2SO, or (SO,),;
Scheme 2 assumes 2S0,].

According to our calculations (see below), the 1¢SO,
prereactive complex is more stable than (SO;), [the MP2/
6-31G(d,p) stabilization energies are 5.6 and 3.1 kcal/mol,
respectively]. This result agrees with the experimental
observation that electron rich dienes such as 1 form a
yellow colored complex on disolving in SO,/CH,CI, solu-
tions. This coloration disappears at the end of the
cheletropic addition. IR absorption spectra did not pro-
vide conclusive evidence for the formation of 1eSO,
complexes as the main SO, absorption (1336 and 1145
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Scheme 2
MECHANISM A
1
ka1 ko
1+250, 10S0,+80, — 2+S0,
_al k-az

A[2Vdt=K o[]S0, - k o[2][SO5]

MECHANISM B
T
kyy kya
1+280, —= 1+(S0,), — 2+80,
kp L

d[2Vdt=Ky, ko[ 1][SO,T - ko{21SO5]

MECHANISM C
i3
kel k2 ke3
1+380, == 1+(S0,),+S0, = 18580, +(S0,), — 2+280;
k—cl k-c2 k—c3
d[2Vdt=K K oke3[11[S0,)’ - k321801
MECHANISM D
t
ka1 kp ka3
1+380, == 1+(80,),+S0, =— 18(50,),+ S0, — 2+280,
kg L) ks
d[2/dt=K ;K kg3 [11[SO1’ - k. 5(21(802)°
MECHANISM E
+
kel keZ ke3
1+380, === 180, +(S0,), = 10280;+50, — 2+ 280,
k—e k422 k-e3
d[2Ydt=K 1Kok [1][SO,1 - k. a[2][SOo1
MECHANISM F
T
k, k, k
i 72 3
1+380;, === (1850, +2S0, = 10280, +80, — 2+ 280,
kp kp kp

d[2)/8t=K Kk [11[SO,] - k3 21[SO,T

cm™1) coincides with that of the diene. Alternatively, the
relative concentration of complexes 1¢SO, in equilibrium
with 1 + SO, might be too low to be detected by IR
spectroscopy (see below). UV/vis measurements were not
found useful as our experimental device did not allow us
to cool the system at temperatures lower than —25 °C
(above this temperature, sulfur dioxide initiates diene
polymerization,*84° see Scheme 1). Ab initio calculations
have been applied to determine the structures of these
complexes.

All the rate laws given in Scheme 2 are consistent with
the pseudo-first-order rate law d[2]/dt = kgns[1] with
Kobs = Ka1Ka2[SO2)? (a0 = a, b; mechanisms A and B) and
Kobs = KuaKe2Kas[SO2® (a0 = ¢, f; mechanisms C—F),
derived experimentally under conditions where the chele-
tropic elimination is not observed [k_q, (a0 = a,b) = k_43
(o =c—f) =0].

Calculations and Discussion

Prereactive van der Waals Complexes. Sulfur
dioxide has been known for some time to form van der
Waals complexes in the gas phase and solution with

(48) Staudinger, H.; Ritzenthaler, B. Chem. Ber. 1935, 68, 455.
(49) Fueno, T.; Tsunetsugu, T.; Arimoto, K.; Furukawa, J. J. Polymer
Sci. A 1971, 9, 163.
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small unsaturated hydrocarbons.>°5! Several of these
complexes have been studied in the past decade by means
of microwave spectroscopy by Kuczkowski and co-work-
ers.52 Their work has provided general patterns and
trends for these systems. For example, all of them showed
a stacked near parallel plane configuration in which the
sulfur end of SO, is usually closer to the sw-electron cloud
and the distances between the centers of mass of the two
moieties are about 3.5 A. SO, complexes with nitrogen
or oxygen Lewis base donors (for example, methanoleSO,)>
have been studied as well. They show the same structural
pattern described above but are characterized by shorter
distances (below 3 A).

Some recent theoretical work on SO, containing van
der Waals complexes from our laboratory*°~42 has shown
that high-level ab initio studies nicely complements the
spectroscopic results, providing structural and energetic
information in good agreement with the experimental
data. To the best of our knowledge, no spectroscopic
studies on the of 1:1 van der Waals complexes between
(E)-1-methoxybutadiene and SO, have been reported yet.
Our theoretical results (geometrical parameters, rota-
tional constants and dipole moments for all the structures
located in the present work are available upon request)
may be useful to plan future experimental work on these
systems (e.g., rotational spectra).>*

Figure S1 (Supporting Information) shows the 10 1:1
van der Waals structures located on the PES for the
reaction of diene 1 and SO,. Table 1 collects the corre-
sponding interaction energies. Five of them involve the
s-trans conformer of (E)-1-methoxybutadiene (T1—T5)
and the other five the s-cis conformers (C1—C5). Three
favorable regions in the diene are expected to give rise
to molecular associations with a Lewis acid such as SO,:
(a) the lone pair at the oxygen atom in the MeO group
(see T1 and C1). This type of interaction is similar to
that reported for the CH3OHeSO, van der Waals complex,
an outer complex with methanol acting as a donor and
sulfur dioxide as an acceptor,*® (b) the z-electron cloud
(see T2, T3, T4 and C2, C3, C4). In particular, the
relative orientation of SO, in structure T2 is quite similar
to that found experimentally for the butadieneeSO,
complex.%® In this case, the SO, is sitting above the center
of the diene plane (approximately over the C—C single
bond) with the SO, and hydrocarbon planes very nearly
coplanar, and (c) the hydrogen atoms in the MeO group
(see T5 and Cb), give rise to a side-long structure quite
similar to that reported for the CH30OHeSO, system in
which sulfur dioxide acts as a donor and methanol as an
acceptor.*°

Inspection of Figure S1 shows that the relative orien-
tations adopted by the two subunits (diene and SO,) are
rather similar at the MP2 and DFT(B3LYP) levels. The
discrepancies in some of the distances are a direct
consequence of the flatness of the PES inherent to this

(50) See Tan, X.; Xu, L.; Tubergen, M. J.; Kuczkowski, R. L. J. Chem.
Phys. 1994, 101, 6512 and references therein.

(51) Booth, D.; Dainton, F. S.; lvin, K. J. Trans. Faraday Soc. 1959,
55, 1293.

(52) Kuczkowski, R. L.; Taleb-Bendiab, A. In Structures and Con-
formations of Non-Rigid Molecules; Laane, J., Dakkouri, M., van der
Veken, B., Oberhammer, H., Eds.; Kluwer Academic: Dordrecht, 1993.

(53) Sun, L.; Tan, X.; Oh, J. J.; Kuczkowski, R. L. J. Chem. Phys.
1995, 103, 6440.

(54) Peebles, S. A.; Kuczkowski, R. L. J. Phys. Chem. A 1998, 102,
8091.

(55) Xu, Li-Wei; Teleb-Bendiab, A.; Nemes, L.; Kuczkowski, R. L.
J. Am. Chem. Soc. 1993, 115, 5723.
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Table 1. MP2, B3LYP and MP2//B3LYP Stabilization (Do and Gibbs Free (AG)) Energies (Related to Reactants:
s-trans-(E)-1-MeO-butadiene and SO, in kcal/mol) Corresponding to the van der Waals Complexes Located on the
Potential Energy Surface for the (E)-1-MeO-butadiene (s-trans and s-cis) + SO, Reaction?

Do = AH (0 K) AG (1 atm) AG (261 atm)
structure MP2 DFT MP2//DFT MP2 DFT MP2//DFT MP2 DFT MP2//DFT
T1 —4.9(-15) —36(-12) -4.8(-17) +0.8(+4.2) +1.9(+4.3) +06(+3.7) —1.4(+2.0) —0.3(+2.1) —1.6(+1.5)
T2 —4.7(-1.0) —3.6(-13) -3.8(-0.6) +1.4(+5.0) +2.6(+4.9) +2.3(+5.6) —0.8(+2.8) +0.4(+2.7) +0.2 (+3.4)
T3 —-43(-1.3) —35(-10) -4.0(-0.3) +1.1(+41) +26(+5.1) +25(+5.7) —1.1(+1.9) +05(+2.9) +0.3(+3.6)
T4 —3.7(=0.9) —2.9(-10) -2.7(-0.2) +1.8(+45) +25(+4.4) +2.7(+5.2) —0.4(+2.4) +0.3(+2.2) +0.5(+3.0)
T5 —2.2(-04) —1.1(+0.1) -2.1(-05) +2.8(+45) +3.4(+4.6) +2.5(+4.0) +0.6(+2.3) +1.2(+2.4) +0.4(+1.8)
c1 —3.2(+0.9) —0.3(+2.0) -23(+0.7) +3.2(+7.2) +52(+7.5) +3.1(+6.2) +1.0(+5.0) +3.0(+5.3) +0.9 (+4.0)
c2 —25(+15) —0.1(+25) —09(+2.9) +3.8(+7.8) +5.9(+85) +52(+9.0) +1.6(+5.6) +3.7(+6.4) +3.0(+6.8)
C3 —2.0(+1.4) +0.1(+2.4) -17(+15) +3.8(+7.1) +6.0(+8.3) +4.2(+7.3) +1.6(+5.0) +3.8(+6.1) +2.0(+5.2)
ca 1.6 (+1.6) +0.9(+3.0) —1.2(+1.8) +45(+7.7) +6.6(+8.7) +4.6(+7.4) +2.3(+55) +4.4(+6.5) +2.4(+5.3)
c5 +0.3 (+2.1) +2.3(+35) +05(+2.1) +53(+7.0) +7.1(+8.3) +5.4(+6.8) +3.1(+4.8) +4.9(+6.1) +3.2(+4.7)

a According to the experimental conditions (see the text) a temperature of 198 K was assumed. AG (261 atm) includes the correction

factor for changing the standard state from 1 to 261 atm (see the text). BSSE corrected values in parentheses. All calculations were
carried out with the 6-31G(d,p) basis set. See Figure S1 (Supporting Information) for notation.

type of molecular complexes. Nevertheless, the geo-
metrical discrepancies do not exert appreciable influences
on the computed interaction energies. Indeed, Table 1
shows that the MP2//DFT stabilization energies coincide
in most of the cases with those obtained at the MP2 level.
The DFT energies are consistently lower (absolute values;
i.e., less stabilizing) than the MP2 ones. This can be
interpreted in terms of the dispersion contributions that
are not accounted for in the former calculation method
(the fact that the lowering is greater in the case of the
more “compact” cis structures supports this hypothesis).
The most stable structures are the T1/C1 complexes with
interaction energies (Do) of —4.9/-3.2 kcal/mol [(MP2/6-
31G(d,p)] or —3.6/-0.3 kcal/mol [B3LYP/6-31G(d,p)], al-
though the interaction of SO, with the z-system is strong
enough to give rather similar stabilization energies for
the complexes T2/C2: —4.7/-2.5 [MP2/6-31G(d,p)] and
—3.6/-0.1 [B3LYP/6-31G(d,p)]. T3/C3 and T4/C4 struc-
tures are somewhat less stable and T5/C5 are clearly the
least stable structures. The calculated binding energies
obtained for the complexes of s-trans and s-cis butadiene
at the same levels of theory are —3.2 (s-trans)/-0.6 (s-
cis) kcal/mol [MP2/6-31G(d,p)] and —1.9 (s-trans)/+1.3 (s-
cis) kcal/mol [B3LYP/6-31G(d,p)], respectively. An ex-
perimental stabilization energy of —3.24 + 0.48 kcal/mol
was estimated for the s-trans complex in a photoioniza-
tion study by Grover et al.?* Comparison between the
binding energies calculated above suggests that 1.SO,
complexes are, in general, more stable than butadienesSO,
complexes.

Since (E)-1-methoxybutadiene has more “binding sites”
than butadiene, mechanisms C—F (Scheme 2) that
involve one additional molecule of SO, are theoretically
plausible.

It is important to stress that the small magnitude of
the above binding energies suggests that they cannot
overwhelm the cost of the entropy of condensation.
Indeed, the formation of the most stable prereactive
complex (T1) in Table 1 (1 + SO, = 1eS0O,) becomes an
endergonic process at 198 K when BSSE is taken into
account [AG(198 K, 261 atm) = 1.5—2.1 kcal/mol], and
consequently, the above equilibrium is expected to shift
toward reactants (1 + SO,).

Transition Structures of Diels—Alder and Chele-
tropic Additions with 1:1 Stoichiometry. Figures S2
and S3 (Supporting Information) represent the transition
structures resulting from the Diels—Alder addition 1 +
SO, — (DA),* — 3 and the cheletropic addition 1 + SO,

— (Che),* — 2 as computed at the MP2/6-31G(d,p) and
B3LYP/6-31G(d,p) levels of theory. The formation of the
two new bonds, C—S and C—O in (DA);* (with MP2
Pauling bond orders® 0.28 and 0.20, respectively), and
C—-S and C-S in (Che);* (with MP2 Pauling bond
orders® 0.28 and 0.21) is asynchronous. Systematically,
the DFT(B3LYP) structures result more asynchronous
than the corresponding MP2 ones. The discrepancies
between the MP2 and B3LYPT distances for the forming
bonds in the Diels—Alder cycloaddition is larger than that
reported for the standard cycloaddition reactions,3233 in
agreement with previous findings.3* In the case of the
cheletropic reaction the discrepancies become larger. The
MP2 methodology predicts structures where the distance
between one of the SO, oxygen atoms and one of the MeO
hydrogen atoms in the diene is significantly shorter than
that predicted by the DFT(B3LYP) method. This suggests
that the MP2 calculations are more likely to favor the
C—H---O hydrogen bonding interactions.

The calculated energies collected in Table 2 show that
at both levels [MP2 and DFT(B3LYP)] the Diels—Alder
cycloaddition is faster than the cheletropic reaction. The
B3LYP barrier heights (9.2 and 18.4 kcal/mol, respec-
tively) are 3—5 kcal/mol lower than the MP2 ones and
compare rather well with the barriers predicted by the
G2(MP2, SVP) method (11.5 and 16.0 kcal/mol, respec-
tively),?! thus suggesting a good performance of nonlocal
DFT methods in estimating reaction barriers, in agree-
ment with previous studies on different systems.3?734 The
energy lowering when passing from MP2 to B3LYP has
also been observed when studying other Diels—Alder and
cheletropic reactions between dienes and SO,.5” The three
levels of theory [MP2, DFT(B3LYP) and G2(MP2, SVP)]
agree predicting 3 as the kinetic product for the (E)-1-
methoxybutadiene + SO, reaction (although 3 is not
experimentally detected, there are experimental**~3 and
theoretical?! evidences supporting its formation).

Transition Structures of Diels—Alder and Chele-
tropic Additions with 1:2 Stoichiometry. In a previ-
ous study on the butadiene + SO, reaction,?? we found
that a second molecule of SO, has a notable effect on the
Diels—Alder and cheletropic mechanisms producing a
considerable lowering of the energy barriers. It was
shown that the stabilization of the transition structure
is more important than the loss of entropy due to

(56) Pauling, L. 3. Am. Chem. Soc. 1947, 69, 542.
(57) Monnat, F.; Vogel, P.; Sordo, J. A. Helv. Chim. Acta, in press.
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Table 2. MP2/6-31G(d,p) and B3LYP/6-31G(d,p) (in Parentheses) Electronic Energies, Enthalpies, and Gibbs Activation
Energies (Related to Reactants in kcal/mol) Corresponding to the Transition Structures Located on the Potential
Energy Surface for the (E)-1-MeO-butadiene + SO, Reaction (DA: Diels—Alder, Che: Cheletropic)?2

AU AH? TAS* (1 atm) AG* (1 atm) TAS* (261 atm) AG* (261 atm)
Bar, 13 63 uo 63 27 N B2 WY gy %9 Hg 8D
(DAY 5.2 20 76 4.0) -152 (-152) 227 (19.2) -108 (-10.8) 183  (14.8)
Egﬁgzg* 16 E:g.zg 42 E:é.gg ~15.8 g:;gg 20.1 823 ~114 E:E.gg 15.7 (1(8.8
(Che)y* 202 (174) 215  (184)  -88  (-90) 303 (274)  —66  (-68 281  (252)
(Che)zt 137  (13.8) 159  (15.7) 150 (-144) 309 (30.1) —10.6 (-10.0) 265 (257
(Che)a® 121 92) 145 (113) 151 (-156) 296 (26.9) —10.7 (-112) 252  (22.5)
(Che)ot 112 (93) 136 (115) -152 (-156) 288 (27.1) —10.8 (-112) 244  (22.7)
(Che)s* (1.3) (4.4) (—22.1) (26.5) (~15.3) (19.7)

a According to the experimental conditions (see text), a temperature of 198 K was assumed. AG(261 atm) includes the correction factor

for changing the standard state from 1 to 261 atm (see the text).

condensation, consistently with kinetics of pseudo-first
order with a partial order 2 in SO; (i.e., d[product]/dt =
kops[butadiene] with kqps = k[SO,]?). We analyze now the
kinetic effects of a second molecule of SO, in the 1 4+ 2S0,
— 2 4+ SO, and 1 + 250, — 3 4+ SO, additions.

After an exhaustive search on the PES, three 1:2
transition structures were located at the MP2/6-31G(d,p)
level for both Diels—Alder [see (DA)..f, (DA)2", and
(DA),.F in Figure S2] and cheletropic [see (Che)as",
(Che),,*, and (Che),.* in Figure S3] additions. In all
cases, one of the SO, molecules exhibits a geometrical
disposition rather similar to that adopted by the SO,
molecule in the 1:1 transition structures (DA),* and
(Che),* (with similar values of the C—S and C—O bond
forming distances). It is the reacting molecule that
becomes part of the resulting sultine (3) or sulfolene (2).
In the case of the (DA).." and (Che),,* structures, the
second SO, molecule clearly interacts with the MeO
group staying far away from the other SO, molecule. In
the remaining four transition structures [(DA)2*, (DA).c,
(Che),y*, and (Che),:"], besides the dienesSO, interac-
tion, the two SO, molecules interact each other (O—S—
0---S0O,) adopting geometrical dispositions closely resem-
bling those found for the butadiene + SO, cycloaddition
reaction.?

Table 2 shows that (DA)..* and (DA),," are about 5—6
kcal/mol lower in energy than (DA),* and that the (DA)*
transition structure is about 10 kcal/mol more stable than
the corresponding 1:1 transition structure (DA),*. In the
case of the cheletropic addition, the three structures
(Che).s*, (Che)apt, and (Che)a* do not differ too much
in energy, representing a stabilization of 6—8 kcal/mol
with respect to the 1:1 transition structure (Che),*. The
entropy contributions (TAS*) predict an energy cost of
about 4 kcal/mol for both cycloaddition reactions at 198
K (once the appropriate corrections for the reference state
are considered).*® As a global result, the Gibbs activation
energies for the transition structures involving two
molecules of SO,, (DA)..F and (Che),.*, become about
3—5 kcal/mol smaller than the AG* values for the 1:1
transition structures. These results are consistent with
the mechanisms A and B in Scheme 2.

In Figures S2 and S3, the corresponding B3LYP/6-31G-
(d,p) transition structures (2a, 2b, and 2c) are presented.
The DFT(B3LYP) methodology failed to locate the weak-
est complex (DA),.* arising from the MP2 exploration of
the PES. This result suggests that for that weakly bound
structure the dispersion forces, which as mentioned above
are not properly represented by today’'s DFT poten-
tials, 3% might play a relevant role. The remaining five

transition structures [(DA),,* and (DA),.* for the Diels—
Alder reaction and (Che),.*, (Che)ap¥, and (Che),* for
the cheletropic addition] show geometries quite similar
to those obtained at the MP2 level with the exception of
(Che),* for which the second molecule of SO, tends to
adopt an orientation slightly more favorable for the
interaction with the MeO group at the B3LYP level. As
demonstrated in the case of the prereactive van der
Waals complexes (T1—T5 and C1—C5), the discrepancies
between the B3LYP and MP2 distances in the transition
structures 2a—c must be ascribed to the flatness of the
PESs for those regions corresponding to long-distance
interactions and have little effect on the energetics (small
variations in some dihedral angles give rise to ap-
preciable changes in the distances between some atoms
separated by long distances, producing negligible varia-
tions in the electronic energies). The B3LYP energy
barriers for the 1:2 transition structures are about 2—5
kcal/mol lower than the MP2 ones in agreement with the
trends found for the 1:1 transition structures (see above).

The analysis carried out in the previous subsections
leads us to conclude that the DFT(B3LYP) methodology
seems to be appropriate to investigate the way in which
the SO, promotes its hetero-Diels—Alder and cheletropic
additions to dienes as it makes predictions that basically
agree with those from other ab initio methods shown to
reproduce experimental data.?? The small stabilizing
contribution of the dispersion forces corresponding to the
van der Waals interactions underestimated at the DFT-
(B3LYP) level mentioned when analyzing the T1—T5 and
C1-C5 van der Waals complexes, is more than counter-
balanced by the greater stabilizing tendency observed for
the DFT(B3LYP) 1:1 and 1:2 transition structures. In the
next subsection we will use the B3LYP/6-31G(d,p) level
to explore the PESs of reactions of 1 with three molecules
of SO,. Both the size of the system considered (142
electrons and 277 basis functions) and the extreme
flatness of these PESs, implicating trimer molecular
associations [1¢(SO,),, (SO,)s], make the MP2/6-31G(d,p)
exploration impractical from the computational view-
point.

Transition Structures of Diels—Alder and Chele-
tropic Additions with 1:3 Stoichiometry. Figure 1
depicts the transition structures for the Diels—Alder
[(DA);7] addition 1 + 3SO, — 3 + 2SO0, and cheletropic
[(Che)s*] addition 1 + 2SO, — 2 + SO,, as computed at
the B3LYP/6-31G(d,p) level. One of the SO, molecules
adopts a geometrical disposition similar to that observed
in the (DA);* and (Che),* transition structures. It is the
reacting molecule forming two new bonds and giving rise
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Figure 1. MP2/6-31G(d,p) and B3LYP/6-31G(d,p) transition
structures with 1:3 stoichiometries located on the potential
energy surfaces for the Diels—Alder (DA)s* and cheletropic
(Che)s* reactions between (E)-1-methoxybutadiene and SO..
All distances are given in angstroms.

to the final sultine (3) and sulfolene (2), respectively. The
remaining two SO, molecules choose geometrical ar-
rangements that closely resemble those in the 2b and
2c 1:2 transition structures (those lower in energy), thus
fully confirming expectations based on energy criteria.

From an energy viewpoint, Table 2 shows that (DA)s*
is 15.2 kcal/mol lower in enthalpy than (DA),* whereas
the predicted entropy contribution (TAS*) is only 13.1
kcal/mol (taking p = 1 atm as the reference state) or 8.7
kcal/mol (taking as the reference state p = 261 atm which
reproduces closer the experimental conditions)* It means
that the change in Gibbs activation energy (AGY) is
smaller for the transition structure involving three
molecules of SO, than for the transition structures
involving one or two SO, molecules (when the TAS¥
values corresponding to the p = 1 atm reference state
are used, the resulting AG* value is slightly greater than
the corresponding value for the (DA),.* transition struc-
ture). In the case of the cheletropic cycloaddition, the AG*
value for (Che)s* is somewhat smaller than those for the
(Che);* and (Che),,_c transition structures, no matter
the reference state considered (see Table 2). These results
are consistent with the mechanisms C—F in Scheme 2.

The above theoretical results can be summarized as
follows: the B3LYP/6-31G(d,p) AG* values (1 atm/ 261
atm reference states) for the transition structure involv-
ing three molecules of SO, (26.5/19.7 kcal/mol) are
smaller than those for the standard mechanism involving
a single molecule (27.4/25.2 kcal/mol) and similar in
magnitude to those corresponding to a mechanism im-
plicating two SO, molecules (26.9/22.5 kcal/mol). There-
fore, the present theoretical results suggest that the
mechanisms A and B (involving two molecules of SO,)
and C—F (involving three molecules of SO;) are equally
probable and consequently a rate law with a partial order
in SO, between 2 and 3 should be found. As mentioned
in the Experimental Section, the kinetic experiments
carried out lead to the rate law d[2]/dt = k[1][SO2]?%, in
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full agreement with our theoretical predictions. On the
other hand, the B3LYP/6-31G(d,p) AG* values computed
according to the p = 261 atm reference state for (Che)y*,
(Che),*, and (Che)s* are 22.5, 22.7, and 19.7 kcal/mol,
respectively. These values are not far away from the
Gibbs activation energies measured experimentally at
198 K for the pathways involving two (18.2 + 0.2 kcal/
mol) and three (18.9 + 0.1 kcal/mol) molecules of SO, and
can be considered a reasonable approach bearing in mind
the limitations inherent in our calculations, namely: (a)
the level of theory (method + basis set) employed,?* (b)
the underestimation of the stabilization energies for the
nonbonded interactions as a consequence of using the
DFT methodology,*~3" and (c) the errors in estimating
the thermodynamic functions as a consequence of the
anharmonicity of the intermolecular vibrations associated
with weakly bound interactions.585°

It should be stressed that the present calculations show
that the primary solvation shell of the transition struc-
ture for the reactions between (E)-1-methoxybutadiene
and SO is formed at least by three molecules (one of
them being reacting with the diene and giving rise to the
final sultine or sulfolene). The possibility that more than
three molecules of SO, are involved in the transition
structures of the cheletropic addition cannot be ruled out
on the basis of the experimental and theoretical results
reported in this work. The experimental data and calcu-
lations are consistent with (E)-1-methoxybutadiene (1)
equilibrating partially only with complex 1¢SO,. Going
from reactants to the transition structure of the chele-
tropic addition immobilizes at least two further molecules
of sulfur dioxide.

Conclusions

The mechanisms of the hetero-Diels—Alder and chele-
tropic cycloaddition reactions of (E)-1-methoxybutadiene
and SO, have been investigated in a combined experi-
mental—theoretical study. While the Diels—Alder reac-
tion does not form stable sultines to be observed in
solution, the formation of the corresponding sulfolene has
been studied by 'H NMR at 198 K. The cheletropic
addition follows the pseudo-first-order rate law d[2]/dt
= Kops[1] With Kgps = [SO,]?>6+0-2, The partial order in SO,
can be seen as a combination of different routes involving
either two (AG* = 18.2 £ 0.2 kcal/mol) or three (AG* =
18.9 £ 0.1 kcal/mol) molecules of SO; in the correspond-
ing transition structures.

Ab initio [MP2/6-31G(d,p)] and DFT [B3LYP/6-31G-
(d,p)] calculations were carried out to explore the poten-
tial energy surfaces of these reactions, considering tran-
sition structures involving one (1:1), two (1:2) and three
(1:3) molecules of SO, (the latter system could only be
explored at the DFT level due to computational limita-
tions). It is shown that even with some discrepancies in
the geometrical parameters, mainly arising from the
extreme flatness shown by the potential energy surfaces
at those regions corresponding to weakly bound interac-
tions, both methods provide similar pictures and energy
values for the 1:1 and 1:2 transition structures.

The B3LYP/6-31G(d,p) calculations suggest that the
Diels—Alder and cheletropic reactions proceed through

(58) Brafia, P.; Menéndez, B.; Fernandez, T.; Sordo, J. A. J. Phys.
Chem. A 2000, 104, 10842.
(59) Brafa, P.; Sordo, J. A. J. Am. Chem. Soc. 2001, 123, 10348..
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a combination of mechanisms involving transition struc-
tures with two and three molecules of SO,. The B3LYP/
6-31G(d,p) AG* computed values for the mechanisms
involving two (22.5—22.7 kcal/mol) and three (19.7 kcal/
mol) molecules of SO, in the cheletropic addition repre-
sent a reasonable approach to the experimentally esti-
mated Gibbs activation energies, bearing in mind the
limitations inherent in the computational level employed.
The results can be physically interpreted by invoking the
well-known concept of primary solvation shell. The
experimental facts and the B3LYP/6-31G(d,p) calcula-
tions suggest that the solvation number of the transition
structures for the reactions between (E)-1-methoxybuta-
diene and SO; is at least 3, although the kinetic data do
not allow one to exclude the possibility of a more crowded
primary solvation sheath. Our study demonstrates that
specific solvation effects must be expected for organic
reactions occurring in sulfur dioxide solutions.

Experimental Section

NMR Sample Preparation. Methoxybutadiene, CD,-
Cl,, and toluene were distilled, SO, was filtered through
a column of alkaline aluminum oxide 90 (activity I,
Merck) before use. In a weighed, dry 5-mm NMR Pyrex
tube, dienes (0.23—0.91 mmol), toluene (internal refer-
ence, 9—13 mg), CD,Cl, (0.16—0.48 g) and CFCl; (0.13—
0.39 g) were mixed at 20 °C. The solution was degassed
by several freeze—thaw cycles at 1072 Torr. Degassed SO,
(0.1-0.4 mL) was transferred to the above mixture on
the vacuum line. The NMR tube was sealed under
vacuum. The NMR tube, frozen in liquid N,, was trans-
ferred into the Bruker ARX-400 spectrometer probe
cooled to 198 + 1 K. When the kinetic measurements
were terminated, the NMR tube was allowed to reach
room temperature and was weighed together with the
piece of tube left over after sealing: this allowed verifica-
tion of the exact amount of SO, introduced in the diene
solution.

The kinetic measurements use 5 mm NMR tubes
prepared as above. 'H NMR (400 MHz) spectra were
recorded with 90° pulses and delay of 30 s, according full
relaxation for the toluene aromatic signals, used as
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Table 3. Details of Different Assays and Measured
Pseudo-First-Order Rate Constants

dienel SO, CFCl; CDCI, toluene volume

run (mmol) (mmol) (mg) (mg) (mg) (ML)  Kus(sH)
1 0.2509) 131 392 369 10.6 0.59 0.26 £0.12
2 0.27(0) 246 273 361 11.0 0.57 117 +£0.14
3 0.25(4) 261 318 477 11.4 0.67 1.23+0.66
4 051(1) 4.19 191 300 10.1 0.57 3.52 £ 0.06
5 0.28(4) 4.73 265 284 10.9 0.60 4.40 + 0.07
6 0.23(4) 6.41 199 295 12.9 0.63 8.4+04
7 091(2) 7.25 148 241 9.0 065 11.6+13
8 0.25(2) 6.72 297 162 11.2 0.62 11.9+0.07
9 0.25(1) 6.02 131 187 11.4 0.52 13.0+0.06
10 0.24(0) 9.49 196 228 11.0 0.71 18.7+0.2

internal reference for the concentration determination.
Pseudo-first-order Kinetic constants were calculated by
fitting the experimental concentration evolution for both
diene and sulfolene with an irreversible kinetic model
(see Table 3)

NMR characterization of 2-methoxy-2,5-dihydrothio-
phene-1,1-dioxide 2 has already been published.13°

Preliminary IR measurements have been realized with
a FT-IR Perkin spectrometer with a high-pressure cell,5!
with a 1 molar solution of methoxybutadiene and further
condensation of sulfur dioxide in the cooled (—30 °C) cell.
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